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PREFACE

These Proceedings document the principal discussions and conclusions
arrived at during a Workshop held in July 1980 sponsored by the DOE Division
of Materials Sciences. The purpose of this Workshop was to bring together
scientists and engineers from academic, industrial, and government laboratories
to identify needs and opportunities for basic research on interfaces in
solar materials. The participants identified generic problems at materials
interfaces in solar energy conversion systems (SECS) and conceived stimulating
ideas on interfacial materials research to provide a scientific foundation -
for the needs of these technologies. With these Proceedings the scientific
research community can be exposed to the subject and de11berat1ons of the

Workshop.

An Executive Summary for these Proceedings is contained in Chapter .I.
Overviews of the current status of important top1cs related to SECS are con-
tained in Chapters II through IX; these are summaries of plenary lectures
presented on the first day of the Workshop. The needs and opportun1t1es for
research on interfaces in SECS are identified and discussed in Chapters X
through XV; these are summaries generated from intensive discussion and
analysis of six major problem areas by small working groups of the participants
during the last three days of the Workshop. :

Acronyms used throughout this document are not defined in each chapter
but are given in the Glossary located on pages 235-237. The editors only per-
mitted authors to define acronyms unique to their chapter.

The Solar Energy Research Institute provided assistance in the conduct of
this Workshop and the preparation of these Proceedings. The editors express
their deep appreciation to all participants for their analytical, creative,
and incisive involvement. We especially thank the authors of Chapters II-IX
and the chaimen of the working groups corresponding to Chapters X-XV for
their cooperation and efforts in producing and/or coordinating the preparation
of the written copy. Finally, we gratefully acknowledge the significant
administrative, coordinative, and secretarial contributions of Melody Albrandt,
Administrative Assistant for the Materials Branch at the Solar Energy Research
Institute, before, during, and after the Workshop in helping us produce
these Proceedings.



I. EXECUTIVE SUMMARY

R. J. Gottschall* and A. W. Czanderna+

Basic research needS and opportunities which pervade solar energy
conversion systems (SECS) evolve from four common fundamental considerations:

o The efficiency, degradation in performance, and device lifetime for
SECS are interwoven with and dependent on the structural, chemical,
and electronic behavior of interfaces. The important interfaces may
be grouped into three categories: Solid/Solid (S/S), Solid/Liquid
(S/L), and Solid/Gas (S/G).

o0 The interfaces of concern for SECS are area intensive because solar
radiation on the earth's surface is low in energy density. The present
energy needs of the United S&ates, approximately 85 quags, would
require approximately 7.3x10" square kilometers (2.8x10" square
miles) of solar collectors of 50% efficiency. Furthermore, the
interfacial area per unit device is significant, and is typically
measured in square centimeters up to square meters. Previous
developments in interfacial technology have led to the evolution
of thin-film microcircuit technology, where the interfacial area per
unit device is typically measured in square microns. The technological
experience with microcircuits can not be translated to solar devices
either linearly or by simply scaling-up however, as there are
particular problems associated with the production and behavior of
large-area interfaces. In addition, SECS must operate in a hostile
environment whereas small area microcircuits are readily encapsulated.

o Economic SECS typically require a high and non-degrading performance
lifetime of approximately thirty years. Maintenance needs and
Tifetime 1imits of SECS depend upon the design and behavior of the
interfaces from which device degradation and failures are initiated.
Short time laboratory data and field testing of themselves, are not
capable of giving reliable predictions of the required thirty year
behavior. A fundamental understanding of interfacial behavior and
degradation mechanisms at an atomistic level is necessary to pemit
valid extrapolation of short-time test data to thirty year behavioral
modeling, and to understand and ultimately minimize degradation in
real solar enviromments.

o The behavior of the S/G interface is more accessible to contemporary
analytical techniques than are S/L and S/S interfaces. However,
studying reactions at the S/G interface at ambient pressures which
correspond to normal solar operating environments, can not generally
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be accomplished with existing analytical techniques. Thus required
understanding of the behavior of S/L, S/S, and S/G interfacial

behavior is presently Timited, and progress towards this understand1ng
is being substantially impeded, because real-time in situ analytical
techniques for characterization of structural, chemical, and electronic
behavior do not exist. Bold, imaginative, forefront analytical device.
development and application are urgently required to achieve the
necessary understanding of interfacial behavior and degradation
phenomena at S/L, S/S, and S/G interfaces.

Tutorial information on the current status of important interfacial topics
related to SECS is contained in Chapters II through IX, while needs and
opportunities in interfacial research in support of SECS are identified and
discussed in Chapters X through XV.

OVERVIEW OF SECS AND INTERFACIAL PHENOMENA

A background overview of existing SECS, including both quantum and thermal
processes, is provided in Chapter II which identifies some key interfacial issues.
Relevant behavioral parameters include reflectance, transmittance, absorptance,
emittance, photovoltaic efficiency, adhesion, permeability, diffusion, corrosion,
and photo-oxidative stability. Design requirements for interfaces in SECS are
discussed in Chapter III where the thirty year lifetime objective and large area
device requirements are noted for optical and receiver/converter subsystems.
Economic structures to support receiver-converters require that thin films of the
active material be incorporated into light-weight, multi-layered stacks for their
support and protection. Thus, system costs dictate designs based on supported
thin films, and component durability mandates encapsulating the active material.
L/S interfacial degradation is discussed for photoelectrolytic systems and is-
generally attributed to corrosion, dissolution, and diffusion reactions between
the semiconductor electrode and the electrolyte.

rundamental aspects of the general classes of the structure and thermo-
dynamics of interfaces are discussed in Chapter IV. It is noted that an
interface is characterized by its own structure, composition, and free energy,
which are distinct and separate from these same parameters characterizing
the S, L, or G phases adjacent to the interface. Research efforts should
simulate as closely as possible realistic ambient enviromments, i.e.
standard atmospheric composition and pressure, and approximate operating
temperatures. The wide range of required interfacial properties is also
noted. Thus in some circunstances adhesive bonding is desirable, as between
a protective encapsulant and the underlying functional components, but in
other situations adhesive bonding is not desired such as for dust or soil
deposits on protective encapsulants.

S/S INTERFACES

The S/S interface represents combinations of materials classes such as metals,
ceramics, glasses, semiconductors, polymers, and amorphous metals. The task here
is to relate the mechanical (adhesion, abrasion resistance, etc.), electrical
(resistivity, barriers, etc.), chemical (oxidation, corrosion, etc.) and optical
(reflectance, emittance, absorptance, etc.) behavior to their structural,
defect, chemical, and electronic configurations.




~ An overview of mechanical stability problems at the S/S interface is given
in Chapter V; some associated research opportunities are discussed in Chapters V
and XIII. Considerations include the large area of such interfaces, as-fabricated
residual-stress states, and in-service exposure to thermal cycling, excursions,
and gradients, and to ambient moisture, corrodants, ultraviolet radiation, and
wind-driven particulate matter. New techniques are required for the quantitative
measurement of adhesion and the microscopic characterization of mechanical
behavior together with the application of classical fracture toughness concepts
in order to understand interfacial strengths and behavior. Polycrystalline
films have a much smaller grain size and a higher crystal defect density than
do corresponding materials in bulk form. To attain a reliable thirty year
stability of SECS composed of such polycrystalline films requires fundamental
understanding at the atomic-level of the behavior of such films under exposure
to all of the aforementioned environmental parameters, including their inevitable
degradative processes and mechanisms. This understanding should be coupled
with nondestructive in situ techniques to give a capability to predict remaining
useful service lifetime and early warning of impending failure.

Polymeric encapsulation is a promising method of protecting optical
surfaces from moisture, corrosion, and particulate abrasion. The compelling
necessity to understand bonding degradation mechanisms at interfaces between
polymeric and non-polymeric solids is emphasized in Chapter XIII. Concerns
" include the mechanisms of metal-polymer reactions, adhesion, delamination, and
the synergistic roles of environmental species such as H,0 and 0,, thermal
cycling, residual stress states, and long-time ultravioleét exposure. The
mechanism of polymeric degradation under ultraviolet fluence requires a
fundamental level of understanding so that meaningful accelerated tests can be
designed and the extrapolation of short time behavior to that anticipated over
thirty year durations may become possible. A better understanding of the
‘surface hardening behavior of polymers is required for necessary resistance
to particulate abrasion resistance and retention of optical properties.

Problems resulting from diffusion in the S/S interfacial region are expected
because most SECS require multilayer, large-area, thin-film, polycrystalline
components. The preparation of such multilayered devices leads to a device
morphology that uniquely depends on the technique and process parameters by
which the device is fabricated. In general, however, such thin film
structures will contain high densities of imperfections such as dislocations,
grain boundaries, and dissimilar material film interfaces which act both as
sources and high mobility paths for diffusing species even at low temperatures.
Diffusion between and along these imperfections is sensitive to the device
fabrication procedure and the resul tant defect state. These multilayered
thin-film structures must withstand exposure to fields (electromagnetic,
thermal, electrical, and photon) and thermal stresses which may enhance defect
mobility over thirty year service lifetimes. Defect mobility will in turn in-
fluence or control degradative processes which occur at interfaces in devices
and their performance and efficiency per se by its effect on optical
absorptivity, electron-hole recombination, and minority carrier lifetime in
photovoltaics, and on optical absorptivity, infrared emittance, and thermal
conductivity in photothemmal systems.

Vital research topics in diffusion at S/S interfaces which are discussed
in Chapter X include (1) development of microstructure; (2) microstructural
stability; (3) dependence of diffusion and nucleation of new structures on




external influences such as thermal cycling, electric fields, and radiation
fields; (4) acquisition of standard S/S 1nterfac1a1 diffusion and electrical
property reference data; and (5) the relationship between microstructure
(and its time dependence) and the electrical, optical, and mechanical
properties of composite multi-layered solids. The discussion-in Chapter X
includes recommendations for identification and characterization of -
diffusion phenomena involved in the formation of mu]tiiayer.thinrfilm
structures including their substrates, interdiffusion between chemically
dissimilar layers under realistic operating conditions, segregation.and
transport of impurities at grain boundaries coupled with the desire of )
passivating grain boundaries with respect to photovo]taic device performante,
characterization of the electrical activity at grain boundaries, and long-
term behavioral stability of non-equilibrium thin-film structures..

The economic manufacture of SECS components requires adapting present
large-area, high-speed technologies (e.g., vacuum, chemical vapor deposition,
and phy51ca1 vapor deposition) for producing reiiabie films and coatings.

Thin film and coating research objectives emphasized in Chapter XIV are

(1) to understand basic processes involved in thin film fabrication; (2) to
understand the relationship between process parameters and thin film _
properties and behavior; (3) to improve analytical methods for characterizing.-
films or coatings in terms of relevant materials properties and solar .device
degradation modes; and (4) to develop in situ characterization techniques
which can be used in feedback modes td_prov1ae instantaneous control of
deposition parameters. Concerns (1-4) are unique for large area films or .
coatings which are necessary for solar devices to optimize quality, unifonnity,
cost, and durability. . .

Other research needs which are discussed in Chapter XIV include under-
standing the (1) reiationship between minority carrier lifetime and the
density of states in amorphous semiconductor layers, (2) various aspects of.
the molecular beam growth. of prototypical photovoltaic devices, (3) deposition "
processes that are attractive for large area devices such as p]asma assisted
deposition and chemical vapor deposition, (4) fundamental nucleation and’
growth phenomena related to both f1lm deposition as well as to their behavior,
including stability aspects of metastable films, (5) surface segregation and
passivation of alloy reflector surfaces, (6) in situ techniques appropriate
for characterizing and controlling growth processes and products, (7) material
properties relevant to long-term performance and stability for various -
problems such as photocorrosion of semiconductor surfaces, coating stability
under high photon fluence, etc., (8) existing analytical techniques and
their application to characterize manufacturing processes and product
behavior, and (9) behavior of passivation layers and diffusion barriers.
Discussion of photothermal conversion surfaces, reflector surfaces, anti-.
reflective coatings, and thin-film photovoltaic transducers. is. contained in
the Appendix to Chapter XIV. .

S/L INTERFACES

The current status of S/L interface sc1ence is overv1ewed in Chapter VI
and research needs are discussed in Chapters VI and XI. -Research
opportunities such as (1) new theoretical.approaches, including medeling of
the double layer and diffuse layer using quantum mechanical and Monte Carlo




approaches, (2) elucidating the structure at semiconductor/liquid interfaces
and its bearing on photoelectrochemical solar energy conversion processes,

and (3) developing new in situ spectroscopic and direct measurement techniques
(e.g. ellipsometric spectroscopy, etc.) to investigate the S/L interface

are developed in Chapter VI. The need for the development of new techniques
for in situ S/L interface analysis and their application to both photoelectro-
chemistry and solar related degradation phenomena is also discussed in
Chapter XI; both in situ and electrochemical analysis techniques could be
used to gain an understanding of passivation-depassivation reactions,
photochemical effects, and poisoning mechanisms in real (impure) electrolytes.
Chapter XI -discusses research needs for (1) special real-time in situ
analytical techniques in order to probe and study S/L interfaces, (2) theory
that incorporates the properties of the S/L interface, (3) new materials for
photoelectrochemical conversion systems, (4) photo-assisted synthesis and
electrocatalysis, and (5) understanding mechanisms of electrochemical
degradation (especially photocorrosion), mechanical degradation (especially
corrosion fatigue), and erosion in solar energy systems. The development of
microscopic theoretical models is essential in order to understand the -
behavior of electrochemical photovoltaic cells and photoelectrosynthetic
systems and to provide guidance and direction for further research in
photoelectrochemistry. Chapter XI also discusses the need for clarification
of electrochemical reactions and mechanisms at electrolyte/electrode inter-
faces, e.g. for local cell formation, active-passive transformations, in-
hibition mechanisms, photocorrosion mechanisms at semiconductor-solution
interfaces, electrochemical phenomena in nonaqueous environments such as
fused salts at elevated temperatures, and liquid NH, solutions, etc.

Corrosion fatigue is also discussed because of thermal-induced stress cycles
1likely to occur in ocean-thermal energy conversion and wave power systems.

Understanding fouling behavior and deposit formation on S/L heat transfer
interfaces requires specialized experiments which are discussed in Chapter X].
Experimental methods need to be developed for determining the states of :
residual and applied stresses and their effects on the initiation of stress-
assisted corrosion, stress-corrosion cracking, corrosion fatigue, and such
behavior in aqueous, non-aqueous, high-temperature, metal/polymer, and
semiconductor/polymer interfaces. Solid-liquid erosion phenomena of concern
include the action of moving fluids on solid surfaces, the role of suspended
corrosion products, and the synergistic relationship between erosion and
corrosion in S/L systems.

S/G INTERFACES

The principal methods for establishing chemical composition, long range
structure, short range structure, and nature of chemical bonding at the S/G
interface are reviewed in Chapter VII. Principal analytical methods involve
electron and ion spectroscopies, both of which are presently limited in
their application by high vacuum requirements. New methods of S/G inter-
facial characterization that will permit reliable analysis at atmospheric
and higher pressures are needed. Both infrared ellipsometry and polarization
modulation reflection absorption- spectroscopy are discussed in Chapter VII,
and offer some possibilities for necessary future development of analytical
methods that are not subject to vacuum requirements.




Research opportunities concerning S/G reactions that may occur at surfaces
of devices exposed to the normal solar environment (i.e., ambient air, high
ultraviolet flux, thermal cycling, etc.) are considered in Chapter XII.
Concerns include glass and polymer transmitters and polymer coatings generally,
all of which may develop micro-cracks or otherwise fail in SECS at rates
far in excess of those for uniform degradation. An equally important class
of S/G interfaces are those developed sequentially in the manufacture of
mul tilayer devices, e.g., mirrors and photovol taic modules and arrays.

Thus, it becomes necessary to know how the properties of a particular
component layer are affected by the manufacturing environment (air, vacuum,
etc.) and especially to know how the overall operation of the device is
influenced by the cumulative effect of these various surface reactions.
This problem is crucial because solar technologies frequently require using
mul tilayer stacks and long life-time components.

There are a number of important chemical reactions which involve photo-
conversion and/or photocatalysis. In these processes, S/G interfaces
occur on catalysts and their support materials. Major research needs
include understanding semiconductor surfaces with and without chemisorbed
species, photoconversion and photocatalytic mechanisms, effects of sensi-
tizers, and spill-over phenomena; theoretical modeling; and developing new
experimental methods to study S/G interfacial behavior under ambient pressure.

In both thermal conversion and catalytic conversion systems, the trans-
fer of energy occuring at S/G interfaces is of concern, especially under
high ultraviolet fluxes and on amorphous and nnon-metallic systems. This
transfer of energy may involve the coupling -of:translational, vibrational,
and rotational modes of gas molecules to excitation modes of the solid
surface. In order to optimize the rate and efficiency of energy transfer,
it is necessary to understand the microscopic mechanisms of coupling, energy
exchange, and relaxation.

Other research opportunities at the S/G interface discussed in
Chapter XII concern the chemical stability of glass surfaces exposed to
atmospheric species (combined with varying levels of ultraviolet exposure);
pitting corrosion; encapsulant polymer degradation mechanisms including the
synergistic effects of ultraviolet radiation, and the reactivity and permeation
of atmospheric species; chemisorption phenomena on semiconductor surfaces;
mechanisms of photoconversion and photocata]ytic reactions; the role of
sensitizers on photoprocesses; and various problems re]ated to thermoe]ectr1c
and thermionic behavior.

INTERFACIAL ANALYSES

Progress in all interfacial science d1scussed in these Proceedings is limited
by both the availability and the effective application of analytical techn1ques.
Ideally, one seeks information concerning the absolute value and distribution in
three dimensional space in the vicinity of an interface of such fundamental
information as chemical identity, crystal structure, nature of bonding,
and electrical characteristics. This information is sought with the best
possible spatial resolution, and in situ under. (non-vacuum) environments
which coincide with those of manufacture or application. In some instances




there is concern for rapid information aquisition and its feed-back to
control system enviromment, as for example, in the manufacture of large-
area thin film devices.

Limitations of contemporary experimental techniques for interfacial
analysis are discussed in Chapters VIII and IX. Problems associated with
electron beam power density effects, sample or substrate destruction,
valence identification, and theoretical interpretation are discussed in
Chapter VIII. Limitations of ion etching techniques of interfacial analysis
are discussed in Chapter IX. Presently, particle probe beams require
a vacuum enviromnment which in turn necessitate vacuum compatibility for
specimens. The correlation between interfacial characterization in vacuum
with that under real ambient conditions is extremely difficult; it might be
best accomplished by carefully integrated complementary experiments.

Chapter IX discusses advantages and disadvantages of interfacial analysis,
and the artifacts which may degrade spatial resolution such as surface
roughness, zones of mixing, bulk and surface diffusion, residual gas ad-
sorption, matrix effects, and various consequences of sample sputtering.
Various remedies and improvements which are discussed include the use of
reactive ion beams, multiple ion beams, sample rotation and special mounting,
variable ijon energies and angles of incidence, and data deconvolution methods.

Interfaces of many types (S/S, S/G, S/L) occur in most solar devices,
often with several in close proximity. Economic considerations mandate that
manufacture be reliable, reproducible, and in cost-effective quantities.

To extrapolate from short term laboratory behavior to the required thirty year
service behavior requires an atomic level mechanistic understanding of the
degradation processes occurring at interfaces. The latter in turn requires
application of forefront techniques and methods of characterization of
localized microstructure and microchemistry.

Microcharacterization yielding structural, chemical, or electronic
information with a lateral spatial resolution approaching atomic dimensions
is considered in Chapter XV. Comparison of available techniques with these
needs reveals major inadequacies. Effort is required on in situ techniques.
Much deeper understanding of existing techniques is necessary and totally
novel characterization approaches should be encouraged, particularly for
in situ interfacial characterization.

Research opportunities for characterizing interfacial microstructure
and microchemistry which are discussed in Chapter XV include (1) photon and
ion analytical techniques for in situ characterization of S/L and S/G
interfaces (e.g., laser, Raman, infrared, and related techniques, Rutherford
backscattering spectroscopy, and nuclear reaction analysis), (2) improved
depth profiling techniques for S/S interfacial analysis, (3) analytical
electron microscopy experiments and techniques appropriate to studies
involving diffusion, corrosion, oxidation, grain boundary recombination
processes, and defect structures, (4) high voltage (1 MeV) electron microscopy
in conjunction with in situ environmental stages with analytical capabilities
for S/S, S/L, and S/G interfaces, (5) methods for quantitative surface
analysis, characterization of beam artifacts, and improved methods of data
analysis for Auger electron spectroscopy, X-ray photoelectron spectroscopy,
ion scattering spectroscopy, and secondary ion mass spectroscopy, (6) new




and improved techniques for interfacial analysis, including polymers,

(7) general electron microscopy techniques (e.g., scanning electron mi-
croscopy, scanning transmission electron microscopy, ultra high vacuum
reflection electron microscopy, high: resolution transmission electron
microscopy), (8) correlation of.in situ S/L interfacial measurements with
results of parallel experiments obtained after removal of the fluid,

(9) atom-probe field ion microscopy and field desorption spectroscopy, and
(10) appropriately integrated theoretical efforts to underpin the optimal
design of new experimental systems and make the most effective use of the
information they collect. An ultimate goal is to relate the mechanical
(adhesion, delamination, creep, abrasion resistance, etc.), chemical (oxi-
dation, phase change, diffusion etc.), and e1ectr1ca1 (res1st1v1ty, barriers,
etc.) behavior of 1nterfaces to the1r atomic, defect, and chemical state and
conf1guration. ' C

EPILOGUE

The effectlve imp1enentat10n of many of the recommendations contained
herein require the use of spec1a11zed experimental facilities and a collab-
orative interdisciplinary effort. Researchers are encouraged to make use of
existing user-oriented national facilities for synchrotron radiation, small
angle neutron scattering, and high voltage and analytical electron microscopy
that are appropriate for the analysis . and understanding of interfaces. It
is imperative that these basic research recommendations be carried out in an
interactive mode involving a balanced integrated mix of different science
disciplines as well as a sound cognizance. of the realities of technology.

Al though there will be many different assessments of this Workshop, a
nunber of positive results:-can be stated already. It has provided another
opportunity for. increased. communication among basic and applied scientists.
The involvement of the academic, industrial, and government 1aboratory
scientific community in p]anning has also had an important effect in making
them aware of the problems and difficulties in setting priorities for the
overall field of Materials' Science. Their dedicated effort in establishing
these priorities and pointing out the most exciting new areas in basic
research on interfaces in solar materials for SECS has brought forth this
document. The task for all of us now is to carry through on the most
important recommendations.




II. OVERVIEW OF SOLAR ENERGY CONVERSION TECHNOLOGIES QUANTUM PRO-
CESSES AND THERMAL PROCESSES '

" 'P. J. Call
Materials Branch
" Solar Energy Research Institute °
- Golden, Colorado 80401 °

ABSTRACT

The conversion of solar energy into heat, fuels, or electrlclty is accomphshed by a
wide range of technologies. - The sunhght may first interact with the biosphere’ producmg
winds, ocean currents, thermal gradients, salinity gradlents, moving water or plants to be
harnessed by turbines, low temperature heat engmes, or biomass processing systems.
Alternatively, systems that interact directly with incoming sunlight may provxde more
cost effective sources of energy in many climates. The purpose of this chapter is to pro-
vide an overview of these conversion systems and their critical mterfaclal problems
f ocussmg primarily on direct quantum and thermsl systems '

" Direet quantum conversion mcludes the production of ‘fuels from photoblologlcal,
photochemical, and photoelectrochemical converters, and the: generation of electricity -
from photovoltaic systems. Key interfacial questions in these'systems are related to the
efficiency of charge separation and the-‘repression of charge -récombination.. The
electrolyte/semiconductor interface, the metal/oxide/semiconductor interfaces ‘and the
photo—ox1dat1ve stability of encapsulatlng layers are also important issues. ‘On a miero-
scopic scale, the effects of grain boundaries, defects, and material inhomogerities in the’
semlconductor, blologlcal or chemlcal complexes are also 1mportant. '

The. thermal conversion of sunhght to useful heat, rangmg from low temperature
hot water heatlng to process heat in excess of 1000 C, requires:the successful absorptlon'
and conversion -of photons to phonons with minimum reradiation.” For temperatures in:
excess of 100° C, satisfactory conversion efficiencies require- optlcal concentrators.  The’
optical and mechanical stability of the absorbmg and reflecting ‘surfaces in'solar thermal
concentrators dominate the interfacial problems in these systems.: The interaction of the
working fluid (used to extract the heat from.the receiver and to deliver it to the end use)
with the container mater1al of the receiver - heat transfer system is also of con51derable
interest. : -- :

Brief discussions of ocean thermal, biomass, and membrane systems are also
included.

I. INTRODUCTION

The purpose of this chapter is to provide a broad overview of solar energy conver-
sion technologies, and to identify some key interface issues for systems within these
technology categories. The abundant descriptive literature available on individual tech-
nologies will be referenced in the appropriate sections and the reader is referred to
Refs. [1] and [2] for more thorough general treatments.

A coherent theme for solar energy research and development is the improvement in
cost-effectiveness of a diverse set of conversion systems. Such an improvement requires

9
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simultaneous consideration of three factors: initial cost, durability/reliability, and per-
formance. Some technologies (e.g., photovoltaics, photoconversion, biomass conversion,
and ocean thermal energy conversion) exhibit low conversion efficiencies, and thus a eon-
siderable emphasis on performance improvements is warranted. Solar thermal processes,
by contrast, show conversion efficiencies in excess of 50%, providing a greater incentive
for lowering the cost of components and systems. ;

In almost every case, durability and reliability issues are poorly quantified and,
thus, of considerable interest. However, it is important to analyze the specific system to
decide the appropriate emphasis on lowered cost, improved performance, and increased
lifetime, because frequently improvements in one of these categories entails sacrifices in
one, or both, of the others.

The interfaces between bulk or thin film liquids, gases, and/or solids play an impor-
tant role in nearly every solar technology. In many cases, the critical issue for these
interfaces is the maintenance for up to 30 years of a set of key physical properties of the
material(s) which adjoin the interface. These key physical properties may be properties
that directly influence solar device behavior, such as reflectance, transmittance, absorp-
tance, -emittance, or photovoltaic efficiency; or indirect properties such as adhesion,
permeability, interdiffusion, or photo-oxidative stability. These properties must be
maintained in a wide variety of environments, often in the presence of high-energy pho-
tons and elevated temperature. In some instances, especially for photoconversion sys-
tems, new interfaces must be established and characterized to improve the conversion
efficiency. Often the desired interfaces require juxtaposition of materials that are
inherently incompatible, either physically or chemically, which means that the constraint
of cost/performance/durablllty optimization critical to the cost effectiveness of the
ultimate device must be applied to such problems Overviews of some of the interface
issues in various solar technologies can be found in Refs. [3] and [4]. Specific mterfaces
of interest are discussed in Chapter IV.

II. SOLAR ENERGY CONVERSION SYSTEMS

Solar energy conversion systems ¢an be clussifed a3 either quantum or thermal con-
version processes. Quantum processes convert photons into electrical or chemical
energy. Thermal processes convert photons to phonons. Either conversion path may be
subclassified as indirect, or direct, depending on whether the biosphere provides an inter-
medlate collection step or not. Indlrect quantum systems are primarily biological leading
to fuel and chemical feedstock. Indirect thermal systems include wind, ocean energy
systems (thermal gradients, tides, waves, currents, and salinity gradients), and
hydropower. Direct conversion, in either the quantum or thermal case, requires the
design and construction of systems to convert solar energy dlrectly to the appropriate
end use.

The quantum and thermal pathways lead to various end uses as illustrated in
Fig. 1. These end uses are fuels and chemicals, electricity, mechanical work, and heat at
temperatures ranging from 60°C to over 1000°C. Fuels and chemicals from solar energy
may be obtained from the processing of biomass residues or energy plantation products,
from the synthesis of materials using solar thermal or solar electric energy, and from
dxrect conversion using photochemical or photobiological systems. The systems to con-
vert sunlight to electricity (or mechanical work) include photovoltaic, photoelectrochem-
ical, solar thermal-powered heat engines, wind-energy systems, and ocean thermal
gradient systems. Solar energy conversion systems that can provide heat include passive
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Fig. 1. Solar energy conversion processes (after Claassen and Butler [5]).

buildings, solar ponds, flat-plate collectors, evacuated tube collectors, nommagmg
low-concentration ratio collectors, single axis tracking concentrators (Fresnel, parabolic,
and hemispherical) and two axis tracklng concentrators (parabohc dishes, spherlcal
dishes, and central receivers). :

Figure 2 provides some examples of solar energy conversion systems. Some of
these systems are modular and can be distributed. Others are large and by necessity cen-
tralized. The shallow solar pond concept combines collector and storage in an inexpen-
sive configuration using H,O and a transparent insulating surface layer. A related
concept employs a self-stabilizing inverted thermal gradient obtained through the intro-
duction of salts to the pond and eliminating the need for the transparent insulation. The
solar pond is a seasonal storage device allowing the use of thermal energy up to approxi-
mately 100° C in the fall and winter heating seasons after collection in the summer. Pas-
sive building designs use innovative architectural features to transform building
structures into energy conversion systems. Passive designs provxde an optlcal path for
light into the structure during the heating season, and a large thermal mass to store
energy and deliver heat to the building at low cost and relatively constant temperature.
Single axis tracking concentrators reflect light onto an absorbing tube to deliver end use
temperatures up to approximately 300°C. The Fresnel design illustrated in Fig. 2 pro-
vides for each mirror facet to individually direct the sunlight onto the tube. Parabolie
troughs with simpler construction and fewer moving parts have emerged as the leading
technology for single axis tracking concentration. Parabolic dishes provide very high
temperature thermal energy by allowing extremely high concentration ratios. The main-

_tenance of the optical accuracy of the systems is a critical concern requiring both highly
reflecting surfaces and accurate mechanical supports and tracking mechanisms. The
external central receiver receives reflected solar energy from a field of Fresnel mirrors
(heliostats). The systems are typically large (in excess of 1 MW_) and have the advantage
of minimal fluid handling in contrast to the single axis and dish %echnologles
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Wind turbines are being planned and constructed over the size range from a few
kW _ to greater than two MW _ in delivered electrical output. Wind energy is one of the
most cost-effective, near-term renewable electric options. Ocean thermal energy sys-
tems extract electrical power from the small (< 30°C) temperature differential existing
between the surface and deep water of the tropical oceans. By necessity, ocean thermal
systems ‘are large (greater than 10 MW ) requiring the circulation of large amounts of
both warm surface water and cold deep water. The achievement and maintenance of
heat transfer surfaces within the low temperature heat engines is critical. Photovoltaic
arrays are expected to provide cost -effective electrical energy using solid state direct
conversion of photons to electrical power. Mass production techniques must be employed
to process large areas of semiconductor material very inexpensively. The large number
of production steps required to transform raw materials into working devices must be
minimized and simplified.

Photochemical systems represent a frontier research area in renewable energy
" technologies and promise to provide useful fuels and chemicals directly from the interac-
tion of solar photons with solutions containing synthesized organic molecules. The tech-
‘nology employs chemical complexes that act as transitory storage of energy in the form
“of electrons until a chemical reaction can take place within the solution to produce a
-useful fuel or chemical. Pyrolysis is one example of a large number of biomass pro-
cessing technologies that can be used to transform waste or cultivated biological feed-
stocks into useful fuels and chemicals. Pyrolysis is the anaerobic heating of biomass to
produce a higher grade fuel that may be transportable and more widely useful.

The systems illustrated in Fig. 2 are intended to provide a sense of the diversity of
solar energy conversion systems. More thorough descriptions of many solar energy con-
version technologies are (by topic): photovoltaics [5-10], solar thermal [11-16],
biofuels [17-21], wind [22-26], ocean energy systems [27-31], alcohol fuels [32-33], and
photoconversion [34-37].

A. Quantum Processes

As shown in Fig. 3, primary quantum processes oceur in the photochemical, photo-
synthetie, and photovoltaic conversion of solar energy. The primary conversion mecha-
nisms and useful end products are also indicated in this figure.

- 1. Photovoltaics

Photovoltaic devices consist of a series of critical interfaces. As shown in Figs. 4a
and 4b, these include air/encapsulant, encapsulant/metallization, metallization/semicon-
ductor, and the junction. Polymer-encapsulant materials must resist moisture, thermal
eyeling, and photo-oxidation to provide impermeable protection to the underlying device
and to transmit solar photons effectively. The polymer must not be susceptible to accel-
erated attack due to the presence of metal ions or atoms. Similarly, ohmic contact to
the semiconductor device material must be made by the metal layer while metallie diffu-
sion into the device material must be limited to minimize the number of charge recombi-
nation centers. The charge separation region of the photovoltaic junction must also be
maintained against the potential interdiffusion of dissimilar semiconducting materials or
dopants. Kazmerski [38] has extensively reviewed the research on photovoltaic devices
and has classified types of photovoltaic devices by the categories homojunctions,
heterojunctions, Schottky barriers, metal insulator semiconductor (MIS) devices,
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semiconductor insulator semiconductor (SIS) devices and amorphous devices. Common
device examples of each category, respectively, are single crystal Si, CdS/Cu,S,
Au/GaAs, Al/SiO,/Si, ITO/Si, and amorphous Si. For established devices such as the
single crystal Si photovoltaic cell, interface issues are focussed on maintaining excellent
performance. For advanced thin film and polyerystalline devices, the challenge is both
to obtain and maintain good performance at each interface [39]. The importance of grain
boundaries is a pervasive issue for polycrystalline materials and this and other photovol-
taic interface issues have been reviewed extensively [40,41].

2. Photoelectrochemical, Photochemical, and Photobiologieal Systems

In general, photoelectrochemical, photochemiecal, and photobiological systems have
not evolved to an advanced commercial state so that general conceptual configurations
for devices are not available in contrast to the situation for photovoltaies. As an exam-
ple of a potential device, a typical photoelectrochemical cell for decomposing water into
Hy and O, appears as shown in Fig. 5. Oxidation occurs at the photo-anode and reduction
at the metallic or graphite cathode.

Research and development is progressing along the lines of small particles, colloids,
macromolecules, or large synthesized organie molecules entrained in a working fluid.
These complexes absorb photons and use the captured energy to convert molecular con-
stituents in the working fluid into more enery-rich fuels and chemicals. The interface
issues are predominately ones of geometry: the reactant molecules must be
accommodated at a surface in such a way that energy can be transferred through the
desired chemical reaction. Additionally, the surface of the complex must play only a
transitory role in the chemical reaction preserving the surface for subsequent and
repeated synthesis of fuel or chemical molecules. Recent overviews of this rapidly
expanding subject are available in Refs. 35 and 43.

B. Photothermal Processes (Systems)

Figure 6 illustrates the framework for thermal conversion paths. Within the cate-
gory of hot liquids, salts, and gases, the subcategories of thermomechanical, pyroelec-
trie, thermoelectrie, thermophotovoltaic, and heat engines require the highest practical
temperatures to maximize the Carnot efficiency of the desired output. Most of these
applications, therefore, are expected to require concentrating collectors. Within the
category of direct heat transfer, however, a broad range of end-use temperatures is
needed. The technologies to meet these end uses can be logically divided into concen-
trating and nonconcentrating systems where the nonconcentrating collectors provide heat
primarily below 100° C. :

1. Solar Concentrators

In order to obtain heat from direct solar radiation at temperatures greater than
100°C and with acceptable conversion efficiency it is necessary to concentrate sun-
light. Although most commonly achieved through reflection, concentrators based on
refraction (e.g., Fresnel lens) can also accomplish this task. The conventional reflectors
for solar thermal concentrators have been the commercial Ag/glass mirror system
(Fig. 7); however, evolving lightweight designs include combinations of Ag or Al with thin
glass or polymer supporting layers. Only Ag and Al have a high enough solar weighted
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reflectance to be con51dered for cost effective solar refleetors (see Chapter III ‘Fig. 1).
Since the metal reflecting films are extremely thin, protection through the front (glass)
and rear surfaces of the reflector is key. The maintenance of the transmittance of the
polymer supporting’ layer in this- apphcatlon is also critical" and ‘the photo-oxidative
stablhty of the polymer' in the presence of metal’ atoms and 1ons must be studled Solar
mirror materials are rev1ewed in Ref 45.

Once the sunlight has been reflected, it must be absorbed efflclently by the
receiver and the environment/absorber interface becomes another critical issue. The
receiver surface ldeallv would combine excellent solar absorptance with reduced thermal
emittance to avoid radiative losses. The absorber stsck must resist oxidation from ambl—
ent gases at elevated temperatures as well as interdiffusion in multilayer structures.
The status of the materials for solar recelver appllcatlons has been reviewed
extensively (46, 47] : A

The energy from the solar receiver must be transferred to a worklng ﬂmd and the
maintenance of the contamer/workmg fluid' interface for heat transfer and corrosion
durability perspectives is critical. The workmg fluid may be air or other gases; high
pressure -water/steam, molten salts or molten metals. Container materials may be steel,
stainless steels or advanced ceramic materials (e.g., SiC, but which is difficult to shape
or form) for extremely high temperature use. Solar apphcatlons introduce extreme
thermal cycling which provides.a unique aspect to this problem. Overviews of 1ssues at

the container workmg fluld interface are avallable [48 49] I
) ) S I,

2. Low Temperature Solar Thermal Systems (< 100° C)

Flat plate collectors, evacuated tube collectors, solar ponds, and passive solar
architecture including greenhouses exhibit a common need for inexpensive, highly
transmitting glasses and polymers [50].° The interaction of the surface of advanced
polymer systems with moisture, pollution, and a photo-oxidative environment make- this
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an extremely important interface issue. The use of direct contact (two fluid) heat
exchange for both low and high temperature solar thermal systems also raises the issue
of heat and mass transfer in highly dispersed fluid phases.

3. Ocean Thermal Energy Conversion

Ocean thermal energy conversion systems convert the energy stored in the thermal
gradient between the cold deep ocean waters and the warm tropical surface water into
electricity using a low temperature heat engine. The principal concept seeks to run a
large organic Rankine cycle heat engine using this temperature differential. In the heat
engine a working fluid such as NH, is evaporated by the warm water passes through a
turbine and is condensed by the cool water. Critical to the success of this concept is the
heat transfer across very large heat exchanger areas. The fouling of the heat exchanger
surfaces on the ocean water side by microorganisms and the corrosion of the Ti or Al
heat exchanger surfaces in a potentially caustic NHg/seawater environment due to small
leaks are critical concerns.

C. Biomass Energy Conversion Systems

As illustrated in Fig. 8, a very large number of combinations of feedstock, pro-
cessing, and output variables are potentially available from the conversion of organic
biomass residues into more useful fuels and chemicals. Each process must be contained
as inexpensively as possible and to select the container material it is important to under-
stand the chemical environment created by the feedstock and products and the physical
environment created by the process. In some cases, it is also important to understand
the impact of the container on the processing organisms. The interface between the con-
tainment and working mixtures is poorly defined for most systems and understanding
leading to more cost effective choices for containment has wide ranging implications for
biomass conversion systems.

D. Membranes

Membranes may play a critical role in the production of alecohol, in the separation
of end products from biomass process mixtures, in some fuel cell and battery systems,
and in the extraction of energy from salinity gradients at the ocean/fresh water inter-
face. There is considerable research activity in membrane separation processes which
has not yet been directed specifically at solar applications, and with few exceptions has
not yielded commercially viable applications. The promise is sufficient, however to spur
a continuing research effort, the results of which can guide the solar-oriented work.

Large scale applications using membranes to separate H, from petrochemical
streams have operated for 15 years. This technology may have application to the separa-
tion of H, produced by bioprocesses. Separation of O, from air using membranes has
been applied in medical and other special applications.

Extensions of this technology to upgrading the O, content of feed gases to biogas-
ification units is a promising application. Many laboratory scale organic/H,O separations
have been accomplished using membrane processes. Application of membranes to
C2H50H/H20 may eliminate, or reduce, the distillation step which is energy intensive.
Reverse osmosis and pervaporation membrane processes to accomplish the separation are
illustrated in Fig. 9. The chemistry and morphology of membranes and the long-term
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Fig. 9. Two types of membrane separation techniques (after Schissel and Benson [51]).

maintenance of key properties is crucial to their commercial use in the energy sector.
- Research is needed to find membranes with sufficient through-put, selectivity, and life-
time to make membrane processes economically competitive.
II. CONCLUSION

An attempt' has been made to provide an overview of solar energy conversion sys-
tems and to illustrate there are numerous key interface issues. It is clear that the
diverse technology base in the renewable energy field provides a large number of exciting
research opportunities.
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IlI. DESIGN REQUIREMENTS FOR INTERFACES IN SOLAR ENERGY CONVERSION

TECHNOLOGIES
Barry L. Butler
General Research Division
Solar Energy Research Institute
Golden, CO 80401
ABSTRACT

The interface needs of solar energy systems are described according to their role in
either optical subsystems or receiver/converter subsystems. Many of the functions per-
formed by these subsystems require large areas of interfaces which must be produced by
low cost processes, and result in s{able chemical, physical, and optical interfaces. The
large areas required, e.g., 2000 m® for 1 MW of solar thermal power or approximately
28,000 square miles for the annual U.S. needs of 85 quads, are in marked contrast with
the small areas used in the microelectronies industry. Examples of interfaces in solar
reflectors, absorbers, and photovoltaic cells are used to illustrate the constraints placed
on solar interfaces. The combined requirements posed by the solar radiation, terrestrial
weather, and system operating conditions place unique demands on the materials and
their interfaces. Basic and applied interface problems must be addressed and solved as
solar technologles are developed and deployed. ‘

I. INTRODUCTION

Solar energy conversion systems require large Ereas of collectors to gather the
sun's energy density which is approximately 1.0 kW/m* at the earth's surface on a clear
day at noon. To supply all the current energy needs of the United Stages, i.e., about
85 quads, would require approximately 73 x 10 square kilometers (28 x 10* square miles)
of solar collectors [1]. A system capable of producing 1 MW/of thermal peak (ngon)
power which could be converted to 25 kW of electric power, would require 2000 m
50% efficient solar collectors. Approximately half of the total system cost is in the
optical collector system and the halance 1 the receiver <'20nverter s3§stem. Collectors
currently weigh between 2.3 kg/m* (5 1b/ft ) and 6.8 kg/m* (15 lbs/ft“) [2]. Thus, using
an average collector weight of 4.5 kg/m”, one can see that 9000 kg of collectors alone
must be used to produce 1 MW of thermal power. Thus, solar energy systems are both
large area and materials intensive. This makes their initial costs high relative to coal,
oil, and gas systems. The life cycle cost of solar systems can be reduced nominally by
improving component performance and dramatically by inereasing useful component
life [3]. Thus, minimum capital cost materials and processes which result in components
and interfaces with 30 years expected lives may be required for economic viability [4].
The 30 year lifetime may be necessary, because operation and maintenance costs for
large collector arrays are expected to be high, increasing significantly the system pay-
back period. The microelectronic industry has developed and used thin films technology
effectively for small areas. The large areas of thin films required by solar energy con-
version systems cannot be achieved by directly scaling up present thin film technology.
The materials and processes must be adapted to provide long lives in large areas. The
processes may be modified to decrease defects per unit area, reducing variations, and by
using materials that are more tolerant to processing variables.

The uniquely solar environmental variables that act on materials are related to pas-
sage of solar photons without absorbing energy from them, or with the intentional
conversion of solar photons to chemical, thermal, electrical or mechanicdl work. A great
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deal of work has been done on the interaction of light with optical materials. The art of
stabilizing materials for use in solar radiation environments [5] is well developed; how-
" ever, the basic understanding is not well developed. The economic demands for low cap-
ital cost provides incentive for alternative materials and processes, many of which have
complex interfaces.

The unique materials problems in solar energy conversion are divided into optical
subsystems and receiver converter subsystems (see Table I). The optical materials either
transmit or reflect the solar radiation to a receiver/converter. These materials must
transfer as much of the radiation as possible, while resisting environmental degradation
from UV, wind, water, dust, and cyclic temperature. In addition, they must have minimal
chromatic aberration due to the variations in the index of refraction and minimum opti-
cal figure distortion (spherical aberration) for focusing applications [6]. The optical
transmittance and lens properties and their retention under outdoor environments are the
important design considerations for alternative materials choices.

The receiver/convert‘er materials design considerations are specific to the energy
conversion systems chosen such as solar/thermal, solar/electrie, and solar/chemical.
Solar/thermal systems depend on selective absorbers, which absorb radiation and re-emit

as little as possible. This generally requires a multilayered stack of materials operating

at elevated temperature. In solar/electric converters, the homo- and heterojunctions in
photovoltaic cells must provide efficient charge separation while supressing grain
boundary and interface diffusion, which would alter the electrical properties of the junc-
tion. In solar/chemical systems, catalysts and chemical reaction vessels must not change
characteristics which will irreversibly slow the desired chemical reactions.

Reducing the design of conceptual solar energy system to practice requires the
selection of appropriate components which are sized for cost effectiveness by system
considerations. Once the subsystem components have been selected, then materials
choices can be made with regard to providing cost effective subsystem performance.
The system optimization criteria for solar energy conversion systems is generally chosen
to be life cycle cost. This implies that the elements of life cycle cost for each subsys-
tem must be optimized. Thus, subsystem performance, subsystem capital cost, and sub-
system life are the key issues for the development of a cost effective system. For
example, the challenge in the optical subsystem is to cover very large areas at low capi-
tal cost with highly reliable materials systems. The challenge for receiver/converter
systems is to provide a highly efficient path for changing the photon energy into an
alternate form, while maintaining low capital costs and high reliability. These require-
ments translate into the need to understand and characterize surfaces and interfaces in
these subsystems, to understand their performance, and how to maintain their perfor-
mance as a function of time. The desigh requirements in solar energy systems result in
large areas of interfaces. Some of the needs for studying interfaces are highlighted in
this chapter.

II. OPTICAL SUBSYSTEMS

Both reflecting and refracting optical subsystems require an optically transparent
material which is both weather stable and resistant to changes due to solar photons. Sili-
cate glasses and optical plasties made from polymethylmethacrylates (acrylies), polycar-
bonates, and polyesters are commonly used as mirror substrates, collector windows
(glazings), and refracting lenses. The common glasses used are soda lime (window glass),
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borosilicate (Pyrex *) and aluminosilicate (Chemcore *). The chemical, physical, and
mechanical properties of the glasses and plastics used vary dramatically. These mate-
rials are usually used as substrates or superstrates for composite mirrors or lenses. The
selection and use of the transparent materials is governed by the design requirements of
the applications. These may require chemical resistance, abrasion resistance, permeabil-
ity, strength, flexibility, coefficient of expansion, Young's modulus, etc. Examples of
several mirrors and lenses will illustrate design constraints.

The reflecting layer in a mirror is normally Ag or Al because of their solar reflec-
tivity, 97 and 92% respectively, as can be deduced from Fig. 1. The next best is Cu at
78% and other materials in the 70% regime are expensive and/or rare. Both Ag and Al
react with the atmosphere and will soon lose their high reflectivity if not protected.
Aluminum forms continuously growing oxides and hydroxides while Ag can form sulfides
and chlorides, and aiso agglomerate when thin films are used. A typical Ag "bathroom"
mirror is shown in Fig. 2-A. It consists of a soda lime glass superstrate, Sn++ sensitive
(monolayer), a 100 nm layer of wet chemical Ag, a 30 nm Cu base layer, and a polymer
paint for added protection. Deploying large areas of this type of mirror has resulted in
unacceptable corrosion of the Ag layer and commensurate loss of reflectivity. This com-
posite consists of an electrochemical battery with at least 4 active interfaces. Moisture
and ambient temperature cycling combine to provide chemical and mechanical stresses
on this mirror system. Silver agglomeration, and Ag chlorides and sulfides have all been
identified in degradation of these mirrors. A basic understanding of these interfacial
reactions may offer the key to designing a mirror which will resist outside exposure at
costs as low as current mirrors designed for bathrooms.

Another important class of mirrors are produced by evaporating Ag or Al layers on
acrylie sheets or films. These polymers are permeable to atmospheric contaminants, and
Ag layers, which provide almost 10% higher reflectives than Al, are degraded to useless-
ness after outside exposure for a few days. Aluminum layers are more stable, but they
are also subject to degradation after prolonged exposure. The stability of these inter-
faces, if possible, would make lightweight low cost polymer reflectors based on Ag or Al
practical. Polymer films are particularly attractive because they can be used as thin
sections and, hence, have very low weights per area of collector. In many instances,
these films are composites consisting of a polyester film for tensile strength, a UV
attenuating complex polymer film or coating to sereen out the high energy solar photons
which can cause chemical reactions in hydrocarbon polymer systems, and an inorganic
silicate anti-abrasion coating. These composite polymer films must be resistant to abra-
sion, solar UV degradation, tensile loading, chemical permeability, and thermal expansion -
mismatch stresses. Composite films allow the materials and interfaces to be tailored to
give the best balance between the desired and achievable properties.

These same design considerations also apply to photovoltaic glazing and encapsu-
lating systems (see Fig. 4, Chapter II), except the electrical properties of the Ag contact
grid must be maintained with time instead of Ag layer reflectivity. Chemical reactant
and product permeability are key issues, as is thermal expansion mismatch stress, with
the solar cells. In some instances, the abrasion layer is a thin plate of glass which intro-
duces the glass-plastic interface.

Failures of interfaces in mirror and encapsulant system are often due to delamina-
tion or permeability. Delaminations are caused by mechanical stress (shear or tensile)

*Corning glass trademarks.
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which exceed the interfacial strengths (see Chapters V and XIII). These could be derived
from thermal expansion mismatches, mechanical stresses, or interfacial bond weakening
reactions which alter surface energies or mass transport phenomena. Permeability
allows reactants and products to approach and depart from the interface freely. If this
affects the interfacial property of interest significantly, it is defined as failure. The key
S/S interface stresses result from chemical potentials; from mechanical/thermal strain
mismatches resulting from polymer curing, shrinkages, stress gradients, and mismatches
in coefficients of expansion; and photon induced thermal and chemical changes. The S/G
interfacial stresses are principally derived from the chemical corrosion and mechanical
erosion of surfaces which are exposed to the terrestrial environment. These degradation
processes can also be changed by photo-induced gaseous and solid state reactions.
Airborn dust can abrade the surface or be deposited on it to form a site for moisture
condensation and chemical attachment by a surface chemical reaction. A greater
understanding of the S/S and S/G interfacial physics and chemistry is required for the
development of stable, weatherable optical systems which have 30 year life expectancies
with a minimum of cleaning and maintenance expenditures.

nI. RECEIVER/CONVERTER SUBSYSTEMS

The most common receiver/converter subsystems convert solar energy into thermal
energy, electrical energy, or chemical energy. Some receiver/converter concepts make
two or more products out of the incoming solar radiation, to maximize the overall effi-
ciency of the conversion process. For example, solar cells operating at a 100 sun concen-
tration, convert from about 10% (for amorphous or polycrystalline Si) to about 30% (for
single crystal GaAs) of the light incident upon them into eleectrieity [7]. The remainder
of the light is absorbed in the cells and generates heat, which can be taken away by a
transport system to provide thermal energy to the user as well as electricity. In these
cases, there are interfaces between the working fluid and its containment walls. The
unique aspect of these systems is a daily temperature cycle, which may see 75 to 100°C
changes in temperature of the cell surface.

The conversion of solar energy to Lhermal energy is accomplished hy using a black
material which has high solar absorptance og. Thus, wavelengths from 0.2 to 2 um should
be absorbed. Many materials satisfy this requirement. Black pigments in organic or
inorganic binders are used as black paints. The S/G interface is critical because it is
where both the photons are absorbed and atmospheric gases/vapors are present. Oxida-
tion or other chemical reactions can change the absorptivity of the surface. Chemical
reactions at the paint substrate interface can cause delamination and paint spalling. The
spallation process may be accelerated by the expansion and contractions of the solar
thermal converter which may cycle between ambient and 100 to 1000° C daily, for non-
concentrating and concentrating systems, respectively (see Chapter II, Fig. 2).

The absorber performance can be improved if the energy absorbed is not reradi-
ated. This can be accomplished by reducing the surface emittance, ¢.. Practically, this
can be done by properly selected interference or optical property coating stacks. The
theoretical and actual o_ and e, values of a black chrome selective absorbers are shown
in Fig. 3 [8]. A black chrome selective absorber coating consists of a thin film of a
mixed chrome-chrome oxide coating electrodeposited over a thin film of Ni. The solar
energy is absorbed by the chrome-chrome oxide coating. This coating is thin so its low
bulk IR reflectance and resulting high e, does not come into play. Instead the low emit-
tance Ni substrate governs the effective coating emittance. In this and similar systems
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using black Co over Ni, the critical interfaces are absorber/atmosphere and absorber-
substrate. Thermal cyeling and thermally driven chemical reactions have the greatest
effects on the coating's absorptance and emittance and structural integrity. Thermal
receivers also have been used to supply hot gases at temperatures up to 930°C [9].

- The conversion of solar energy directly to electric energy can be achieved by a
number of processes. These include photovoltaic cells or photoelectrochemical cells.
The photoelectrochemical cells are sometimes referred to as liquid junction photovoltaic
devices. For low concentrations of sunlight, thin film photovoltaic devices based on CdS
on a Cu,S (as illustrated in Chapter II, Fig. 4) are representative of classes of very inex-
pensive solar cells which could be deployed over very large areas with suitable encapsu-
lation. With the conversion efficiency approaching the 10% goal, the stability of these
devices is the major question which needs to be answered [10]. In addition, new films
which possess these properties when placed into a photovoltaic diode situation are also
- being sought. For higher concentrations of sunlight, Si solar cells which can operate up
* to a 100 sun concentration are being developed and can be obtained by suitably doping
~wafers of high purity Si. A major objective in the development of Si cells is to provide a
technique for making low cost thin-film high purity substrates. Interfaces, and the
understanding of them, play a major role in the development of Si solar cells. Impurity
segregation at grain boundaries tends to render grain boundaries electrically different
from the remainder of the crystal and can provide paths for electron-hole recombination
(see Chapter X). Compatibility of these cells with the electrical contacts and encapsu-
lating materials are also important issues. GaAlAs cells may operate at very high
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concentration ratios in excess of 100, and to high temperature conditions of 100°C.
Diffusion and the stability of the materials systems become important considerations.
Improved efficiency can be obtained by making multiple junctions such as a GaAlAs cell
on top of the Si cell, where certain wavelengths are converted to electric power by the
GaAlAs cell, and the remaining wavelengths are passed on to the Si cell where they stim-
ulate the photovoltaic conversion in it. Conversion efficiencies of up to 26% have been
demonstrated with these multi-junction cells, which present a new set of unique
compatibility problems [11].

The solar to chemical conversion process can be accomplished by a variety of
chemical reactions. The desired reaction can be driven thermally or by photon absorp-
tion. Thermally driven reactors use the solar energy to heat the reaction vessel. The
decomposition of Ca(OH),(1) at 400°C to form Ca,O(s) and HyO(g) has been demon-
strated as a possible closed2 cycle solar energy storage and transport system. The solid
Ca,O can be transported and stored. The heat of reaction is released when mixed with
H,0 at the users site and Ca(OH), is shipped back to the collector to be reconverted to
Ca, 0. The principal interfaces are those between the solid, liquid and gaseous c¢hemicals

their reactions containers, which may be ceramic, metal or clad or coated mate-
rials. The major problems are chemical compatibility and thermal eycling of the chemi-
cals and their reactor. Major materials and surfaces activities which support the thermal
chemical conversion of solar energy (Chapter I, Fig.6) are in catalysis so that the
kineties of the reactions are improved, and in corrosion so the lifetime of the containers
can be extended.

Photosynthesis ‘is a photon driven complex chemical reaction which produces com-
plex organic structures from CO,, Hy0, Ny and other elements. Photobiological
research is focused on enhancing the output of complex chemicals per photon of light
absorbed. The past and current emphasis has been placed on understanding the photo-
synthetic process and the surface and interface challenges will lie in making laboratory
results commercially practical [12].

Photoelectrochemical reactions can occur when a solid semiconductor placed in an
electrolyte is illuminated with solar radiation and may produce a range of chemicals.
Electrode materials such as Si, GaAs, GaP, CdS, and CdTe are commonly used. The elec=
trode solutions used are HyO if Hq is to be produced and H20 plus redox %ouples if chem-
icals are to be produced. lons in solutions such as S,, Te.,, , and Fe, “ are commonly
used. The major interface problems are associated2 wit sta 111ty of the L/S interface

‘which can be degraded by corrosion, dissolution, and diffusion. A potential diagram of

this type of junction is given in Fig. 4. A photon passes through the solution and excites
an electron into the conduction band, leaving a hole in the valence band. Under the
influence of the potential gradient caused by band bending at the interface, the electron
moves to the electrode (n-type) and the hole is injected into the solution (n-type). These
separated charges can now drive a chemical reaction at the solution/semiconductor
interface. For a p—type junction, the electrons are injected into the solution and can
reduce 2H” to form H, [13]. The electrical and optical character of the interface must
be maintained with and2 without photons present, to maintain the conversion efficiency.

V. SUMMARY

The need for long life, high performance solar energy conversion systems of low
capital and maintenance cost poses a crucial challenge to materials and interface scien-
tists. Both the cost and availability of materials must be considered for materials which
meet the performance requirements.
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Fig. 4  Potential diagram of electrolyte/semiconductor interface.

. .. Solar coBversion systems require large areas to collect the solar energy density of
..about 1 kW/m* at the earth's surface on a clear day at noon. The large areas cause the
systems to be materials intensive, resulting in large initial capital costs. Low capital
- costs mandate using thin films, and the associated preparation techniques, for securing
.collectors. with the desired performance. The large area of optical concentrators
required, places stability of thin film stacks and complex glazings as an extremely high
priority need. To achieve the optical, chemical, and physical properties of materials for
- optical conversion systems, different materials are often arranged in many layers result-
ing in multiple interfaces. Many of these layered systems are unique to solar applica-
. tions -and their durabilities need to be investigated and demonstrated. For example,
.. these materials must collect/transfer as much solar radiation as possible, while resisting
..environmental degradation from UV, oxygen, ozone, water, other atmospheric pollutants,
. -eyelic temperature, dust, wind, and hail. The materials and component design must avoid
. problems of permeation, interface reactions, and/or delamination that reduce the per-
_..formance of the component or system. .

. .The. conversion systems, as a whole, are driven by the same type of capital cost
. constraints.. However, the maintenance of the conversion efficiency and high reliability
. are emphasized by the conversion systems. Unlike an optical system, the solar converter
~usually operates at temperatures significantly above ambient in a photon flux in the
.presence of chemical aggressive species. They are also subject to thermal eycling over
wider temperature excursions than the optical systems. These stresses require inert
outer or barrier layers to prevent or minimize the reactions and transport associated
with chemical degradation.

Surfaces and interfaces play an important role in the performance and degradative
~processes of a wide variety of solar system designs. The solution of the surface and
.. interface problems identified will provide the basis for optimum solar designs which will
_prove to be cost effective and become a. part of our energy future.
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Iv. INTERFACIAL PHENOMENA IN SOLAR MATERIALS*

L. E. Murr
Department of Metallurgical and Materials Engineering
New Mexico Institute of Mining and Technology
Socorro, New Mexico, 87801

ABSTRACT

Thxs chapter provides a short review of the fundamental features of general classes
of interfaces and interfacial thermodynamices. The energetics and structures of inter-
faces are reviewed in the context of. applications of current understanding of interfacial
phenomena to speclflc materials in several solar technologies. Overviews are presented
for interfacial energetics, compositional and chemical analysis of interfaces, and the
structure of interfaces and representative illustrations are provided. Numerous examples
of interfacial phenomena pertinent to solar materials interface problems are included,
and solar materials interface problems are discussed and summarized in a general way.
Problems or concerns are tabulated for interfaces in specific solar systems or compo-
nents, e.g., reflectors, polymers, absorbers, collectors, PV cells, storage systems, and
heat transfer materials.

I. INTRODUCTION

"Interfaces, both external and internal, constitute an integral part of the structure
of materials, and so they enter dlréctly into the structure/property/performance linkage
which forms the central theme of materials science and engineering. These 'boundary
aspects' of bulk materials, because of their relatively discontinuous character, are not
only difficult to study and elucidate, but they can also exert major influence on the
behavior of materials and, hence, dominate their utility in many applications. Further-
more, they may serve as the primary location, where degradatlve reactions begin. Inter-
faces are often regarded as two-dimensional 1mperfect10ns in materials, along with
linear-defect dislocations and the point-defect vacancies and interstitialcies, but inter-
faces play an even deeper and more general role in natures processes". This quotation
taken from a foreword by Professor Morris Cohen [1] is certamly appropriate and unsur-
passable as a.lead-in to the present topic. It is realized that in the context of solar
technology, we need to include essentially all materials; polymers, glasses and crystalline
ceramics, metals and alloys, semiconductors, as well as complicated systems of all of
these materials whose synergism is the epitomy of interfacial phenomena. While this
seems overwhelming, it is also realized that in spite of what may appear as a formidable
knowledge and understanding of interfaces, in the context of solar materials systems in
particular, we know very little. In fact, critical solar developments will depend upon
further understanding of specific interfacial phenomena.

While interfacial phenomena have a clear thermodynamic basis, we will not review
the basis in detail here except to point out some simple experimental details which are a

‘ *Baseri in part on work supported by DOE-BES (Materials Sciences), Contract No.
DE-FGO04-79AL 10887.
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consequence of certain thermodynamic assumptions. It should be pointed out that while
the thermodynamic basis, described in detail by Gibbs [2], is fundamentally correct, the
assumptions made in interfacial applications are not always correct. For example, cer-
tain equilibrium conditions may be met at high temperature which are certainly not met
at low temperature. Thus, studies of the kineties of changes in composition, structure,
and electronic properties at interfaces must dominate the materials systems applicable
to solar energy devices.

II. INTERFACES AND INTERFACIAL PHENOMENA

Certainly it is now well known that the general classes of interfaces inelude S/8,
S/L, G/S (or vapor/solid (V/S)), G/L, and S/L systems. In all of these systems, we may
have the same composition or we can have the same structure and composition, the same
composition but different structure, different structure but constant composition or dif-
ferent structure and composition. Useful materials structures, and especially solar
structures, may consist of arrays of these systems or classes forming composites as
shown by Figs. 4 and 7, Chapter II, and Fig. 2, Chapter III of this volume. In addition to
structure and composition characterizing the phases composing an interface, the inter-
face itself possesses a structure and composition. These features also determine the
specific surface free energy of the interface. Consequently, the interface is character-
ized by its structure, composition, and specific surface free energy. To a large extent,
basic interface studies are concerned with elucidating these properties. Other measure-
ments or issues, such as surface area, real or clean surfaces, topography, diffusion,
adsorption kinetics, adsorbate structure, and chemical bonding at interfaces can be
embraced in the major categories of structure, composition, and interface free energy.
More detail of how these other issues impact studying solar materials interfaces can be
found in a recent book [3]. '

Normally the structure is observed while the composition and energy are
measured. Because of difficulties in resolution, there are not nearly so many examples
of interfacial composition as there are of interfacial structure. And while there are
numerous measurements of interfacial energies, these are difficult to make in some
cases, and in others the accuracy is sometimes questionable because of deviations from
equilibrium conditions [1]. :

A. Energetics

In this subsection, a general background or an overview of interfacial energetics is
provided. The reader is cautioned that this cannot be a rigorous treatment of energetics,
and the more comprehensive references need to be consulted for a more thorough
treatment.

Some simple yet appropriate examples of methods for interfacial free energy mea-
surements are illustrated in Figs. 1-3. In Fig. 1, the "sessile drop" geometry implicit in
the Young-Dupre“condition allows for an evaluation of the interfacial energy of a
"partiele" (p) on a solid "substrate™:

p

where v . is the particle/substrate interfacial free energy, Fg is the substrate surface
free eneng (g /Gh Y p is the "particle" surface free energy (Yg /G ©r YL,g depending upon

[pg = F +Y pcos(1480 - Q) (1)
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eometry.

Fig. 1. Examples of simple interfacial energetics and equilibrium g
(d) - (f) are SEM images; (g) is TEM image.
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whether the "particle" is solid or liquid respectively), and @, is the contact angle. This
relationship assumes no mixing or reaction at the interface, and this is frequently not a
valid assumption. To measure the interfacial free energy we simply measure the true
(dihedral) angle and insert the particle and substrate surface free energies. These must
correspond to the temperature and pressure at which YPS’ is to be measured, otherwise
there is no common thermodynamiec basis.

Figures 1(b) and (¢) demostrate the nonwetting (v ) and wetting (v g
regimes, respectively. While these conditions are more generaﬁ; characteristic of 1q81d
particles on solid substrates, the examples shown in Figs. 1(d) through (f) illustrate single
crystal particles [the arrow in Fig. 1(e) shows uniform erystal diffraction contrast] on
single crystal substrates [oriented (001)]. Figure 1(g) extends the geometrical equilibrium
conditions to the determination of the ratios of grain boundary free energy (YS g) to sur-
face free energy (Y ) using fine (stainless steel) wires at high temperature where an
equilibrium "bamboo s%ructure develops:

B 4 S/S/YG/S =2 COS(Q S/Z) (2)

Not all such S/S systems are single erystals. Figures 2(a) and (b) illustrate a polyerystal-
line "particle" on a polyerystalline substrate. It is interesting to note that in Fig. 2(b) the
S/S interfaces meeting the particle surface are low-energy "annealing" twin boundaries.
In Figs. 2(e) and (d), additional examples for determining interfacial free energy ratios
are shown. The nuclei-cluster of CryOg particles on a thin Ni film (0.1 um thick) shown
in Fig. 2(c) differ from the agglomerate of ThO, crystals dispersed within a thin Ni film
in Fig. 2(d). In Fig. 2(e), an approximation will be identical to Eq. (2) while in Fig. 2(d) all
of the energies are S/S interfacial free energies:

Y gb(ThOZ)/Y Ni/ThOz = 2 cos( QS/Z) (3)

where ng(ThOZ) is the grain-interface energy for the ThO, agglomerate.

While situations depicted in Figs. 2(e) and (d) may, indeed be described by Eq. (3),
there will, as in Eq. (1), be deviations if chemical reaction of any interface occurs. This
is especially true for situations depicted in Fig. 1(a), particularly, when one member of
the system is a liquid at any temperature. Where there is any solubility of the solid
phase in the liquid, liquid-phase diffusion can allow for rapid distribution of specific ele-
mental species with a concommitant change in the composition of the liquid phase as
well as a change in the interfacial structure. Figure 3 depicts some of these features as
well as demonstrating the principle concepts of nonwetting and wetting systems.
Figure 3(b) illustrates the rapid diffusion of Ni into the Hg drop while Fig. 3 (f) shows
that Hg in the liquid drop is not rapidly mixing with the Zn substrate. Figures 3(e¢) and (d)
illustrate the influence of alloying upon the contact angle (and wetting) while Figs. 3(a),
(e), and (e) demonstrate this same feature with changes in specific system (substrate)
composition.

The basic interfacial energy measurements outlined in Figs. 1-3 have been utilized
in the development of a number of systems, such as fiber-reinforced composites and
related metal-ceramic systems in recent years. There are a large number of measure-
ments for interfacial free energies and energy ratios available [1l, but there are far
fewer examples of adhesive energies in complex (composite) systems [4]:




Fig. 2.
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In (a) and (b), solid, polyerystalline stainless steel on alumina substrates
(1400°C); (c) Bicrystal aggregate of CroOg electroplated onto a thin
(100 nm) Ni film; (d) Bicrystal aggregate of ThO, particles dispersed in
Ni sheet (dispersion-hardened Ni).




Fig. 3.
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EX&"}PIGS of inte?facial energetics and chemical phenomena effecting
wetting and adhesion in liquid metal (Hg)/solid metal (L/S) systems.
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Epg = Yp (1 + cos2y) (4a)
or
EAd =Y S/G(l + eos QC) (4b)

where E is the adhesive energy for systems illustrated by Fig. 1(a) - (¢) when the
sessile "particle" on the solid substrate is a liquid (where Y G is commonly referred to
as the surface tension) or solid respectively. In addition, there are far fewer applications
of interfacial phenomena in metal, ceramie, semiconductor, and related composite and
more complex systems than liquid organie chemical systems where wetting, spreading,
and interfacial reactions are vital to the fields of detergents, rinses, foams, industrial
emulsions, and separations, ete. [5,6]. While such systems involve complex molecular
interactions, there is a well established and exact thermodynamic basis. Many of these
types of interfacial phenomena can be applied in certain solar system fabrications, but a
great deal of the interfacial phenomena involved with coating, nucleation, adhesion, sta-
bility, degradation, ete. can be understood in terms of the interfacial energeties illus-
trated in Figs. 1-3. Particularly significant problems will arise in the area of thin photo-
voltaic device fabrication and a host of related contact, and conductive interconnect
problems in the microelectronics areas in general, which will certainly be limited by
interfacial energetics as illustrated, for example, in Fig. 4. The principle differences in
the thin film continuity shown on comparing Fig. 4(b) with Fig. 4(c) may indeed be simply
a matter of interfacial energies, particularly surface energies and the substrate/particle
or substrate/overgrowth interfacial free energy.

B. Composition and Chemiecal Analysis

It is especially important to recognize the difficulty in characterizing the chemical
composition of the interface or the interfacial phase associated with the particle/
substrate (S/S, S/L) systems shown in Figs. 1-4. While it is possible to attempt some type
of destructive or non-destructive depth profiling through the interface [See Chapter IX),
this has been rarely attempted. On the otherhand, there are a number of analytical tech-
niques available for determining composition at the G/S interface which are particularly
applicable to solar materials [7-12]. In these techniques one normally looks normal to the
"plane" of the interface. For very thin films or electron transparent materials systems, a
variety of electron optical analytical techniques can be utilized or combined by AEM [13]
[also sometimes called the transmission electron analytical microscope (TEAM)]. Resolu-
tion, in terms of depth (or interfacial phase "width") can be in the range of 0.1 to 3 nm
for LEED, AES, XPS, ISS, and SIMS. For studies where resolution is not particularly crit-
ical, XPS and ISS are very promising techniques for the analysis of a wide variety of solar
materials and materials systems. However, one of the principal features of these tech-
niques as well as all of the other techniques is that the sampleés must be examined in a
vacuum. In some cases, the vacuum required is very high (<107°Pa). AEM can also pro-
vide compositional data near this range, and electron microdiffraction is also useful in
assessing interfacial composition in very thin samples.

Lateral resolution (especially in reference to the interfacial phase width or along a
dimension perpendicular to the Gibbs dividing surface), however, is more useful in many
applications and this is sometimes difficult to achieve experimentally. That is, it is
sometimes difficult to expose and orient interfaces properly for lateral resolution
(resolution of composition in the interfacial phase width or along the Gibbs dividing sur-
face line of intersection). In thin films, lattice resolution is possible in the electron
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Fig. 4. Interfacial phenomena associated with electrical contacts and conducting
circuit interconnect films. (a) IC (silicon) contact; note Al metallization
agglomerates (arrow); (b) Au aggregates producing discontinuous film on
NaCl; (e) Au-Pd film of same "average" thickness (about 3 nm) as (b) on

NaCl.
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Fig. 5. Interfacial structure. (a) Idealized S/G surface structure; (b) erystalline-
to-amorphous structural transition. The amorphous "ternary" character-
izes the instantaneous L/G interface or the S/G interface in an
amorphous alloy. Regular packing units ("micrograins") are depicted at
the right; (c) sequence showing grain boundary (interface) phase effects,
where D is the grain size (diam.) and At is the boundary (interface) width.
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Fig. 6. Interfacial structure. (a) Grain boundary in Ir observed in the FIM;
(b) from left: stacking fault, twin, and phase boundary structure in fee;
(c) electrical nature of interface structure; (d) amorphous structure in
FegBg( observed in FIM (Courtesy O.T. Inal).
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miecroscope, but in order to assess accurately the "average" composition near the inter-
face, film thicknesses of about 25 nm are required. This poses special difficulties in
preparation, and is applicable only for specialized systems of thin films. The EDX
analysis techniques associated with the SEM, as demonstrated to some extent in Fig. 3(b)
and (f), have very poor resolution both in depth and in the lateral dimension (in a
direction on either side of the interface or the Gibbs dividing surface). Both depth and
lateral resolution is determined by the geometry or volume of the interaction zones with-
in the material system. Lateral resolutions are normally an order of magnitude or more
smaller than depth resolutions of electron and ion analytical instruments. However, lat-
tice imaging techniques in the TEM are able to demonstrate slight stoichiometry changes
accomodating heterojunctions in terms of atom spacings, while specific elemental iden-
tity is not possible. Single atom resolution and analysis is, however, possible in very
special specimen geometries (whiskers) examined in the atom-probe field ion microscope
or by imaging atom-probe mass spectroscopy [13]. This is currently the only available
method for actually seeing a Gibbs adsorption layer at an interface such as a grain
boundary, or other forms of grain boundary segregation. Unfortunately, the applications
have been very limited with regard to interfacial composition and elemental
segregation. This would seem to be an ideal technique for investigating the passifying
effects of elements at photovoltaic grain boundaries and similar physical and mechanical
effects of elemental segregation. Such segregation can and has been deduced from LEED
or AES analysis of grain boundary fracture surfaces or other surfaces, but such analyses
suffer the uncertainty of not knowing exactly where the fracture surface lies in relation
to the Gibbs dividing surface or the interfacial phase thickness.

C. Structure of Interfaces

We know a great deal about the S/G interface especially in the case of single crys-
tals or domains having long-range order. Techniques for the analysis and observation of
surfaces are available with resolutions at the atomic level (LEED, FIM, ete.).

In terms of surface perfection, there is really no difference from that of the bulk.
However, there are many features of surface structure involving imperfections which are
unlike the bulk. Joining two surfaces, while possessing some of the similarities of the
surfaces, creates different structures as a result of new bonding, coordinating and relax-
ations along the "interface". Figure 5(a) illustrates the principal features of a S/G struc-
ture [7,14,16]. Figure 5(b) shows a sequence of schematic views depicting a perfect erys-
tal structure on the left, an amorphous structure of the same composition in the center,
and a selection of organized units of elements in the amorphous structure shown at the
right. Figure 5(c), on the other hand, illustrates the size regimes in a polycrystalline
solid where the interface phase thickness At becomes commensurate with the grain size
D. Figure 5(e) could crudely represent the convergence of a polyerystalline regime to an
amorphous regime (or vice versa) if the grain boundary structure (within the phase width
At) is considered to be essentially amorphous as originally proposed by Ewing and Rosen-
hain [17] and Quinke [18]. When D = At as illustrated in Fig. 5(c), there is no longer a
distinction between the interface (interfacial phase) and the grain matrix. There is no
structural definition in terms of erystal structure.

Figures 6(a) and (b) show some details of erystal structure at the S/G and S/S inter-
faces. Figure 6(c) illustrates the interfacial (S/S) considerations in polyerystalline semi-
conductor materials (photovoltaic homojunctions and heterojunctions). The width w
shown is indicative of the space-charge region which is usually at least 10 At. Figure 6(d)
shows the amorphous structure of FegB,, metallic glass for comparison with Fig. 6(a).
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The general structure of grain boundaries is illustrated in Fig. 7. Figure 7(e) is a very
general model which includes all of the features shown in Figs. 5(a) and 6(c). In the case
of hydrogenated Si, the grain boundary passivation is illustrated as the satisfaction of
dangling bonds. Many of these features need to be more thoroughly investigated by ana-
lytical TEM schemes which also involve high-resolution TEM. It is especially important
to correlate boundary structure in semiconductor junction systems with the electrical
response changes caused by hydrogenation, oxygenation, fluorination, and other selective
element segregation. Finally, Fig. 8 illustrates some of the more complex features of
grain boundary structure and the role of grain boundaries (or grain boundary structure) in
deformation and related processes. Since real property evaluation involves dynamic
events (degradation of properties), there is an acute need for dynamic observations of
grain boundary structure. Furthermore, in processes involving deformation (such as
creep, and high-strain phenomena, ete.) the boundary structure itself changes. These
changes need to be observed at both room temperature and high temperature in order to
really understand mechanical and other property degradation. Finally, these features
need to be evaluated in the context of more complex and more common solar materials
behavior such as the cyclic differential thermal expansion of materials on stability of the
interface.

In summarizing this section, it is appropriate to quote from the recent work of
Czanderna [10]: "Broad philosophical guidelines need to be developed in order to narrow
the choices of surface analytical facilities required for general study of solar materials
surfaces." Indeed, this could be applied more generally to include all interfaces which
are so prominent in the development and operation of a wide range of solar devices.
"These guidelines should be based on (1) studying the surfaces of long-term interest to
solar energy conversion systems; (2) studying surfaces under (actual and simulated) condi-
tions as close as possible to those encountered when operating the system; (3) studying
the fundamental processes at the S/S, S/G, and S/L surfaces that impact (1) and (2); (4)
employing, initially, those methods where equipment is commercially available or where
custom equipment can be used or reproduced quickly because of available expertise; and
(5) selecting facilities that will have the optimum impact on problems encountered in
thermal, photovoltaie, biochemical, and ocean thermal energy conversion systems."

. EXAMPLES OF SOLAR MATERIALS INTERFACE PROBLEMS: RESEARCH NEEDS

The important features of interfaces involve their fundamental thermodynamies,
characterization, energetics (including modeling and calculations of interfacial energies,
adhesion, cohesion, etec.), interfacial formation and reactions at interfaces (including
reaction kinetics and thermodynamics), mechanical, electrical, thermal, and optical
properties of interfaces, interfacial adhesion and the development of adhesion, and
related interfacial phenomena. Typical interfacial systems involve metal/metal,
metal/ceramic, ceramic/ceramic, metal/semiconductor, semiconductor/semiconductor,
semiconductor/ceramie, metal/polymer, polymer/ceramic, polymer/semiconductor, and
related systems representing S/S or S/L phase components. Solid and liquid-phase free
surface or S/G and L/G interfaces are also fundamentally important. Adhesion of these
systems and adhesion to free, solid surfaces is of the utmost importance in areas
involving eoatings, or in soiling by dust or other atmospheric particle adhesion, ete.

Solar materials systems, as illustrated in Fig. 9, consist frequently of complicated
multilayer, multiphase, multicomponent systems which must meet critical and often con-
tradictory requirements for high performance and reliability, long life, and low cost [see
Chapters II and IlIl. Consequently, the design and fabrication are of great concern in
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Grain boundary structure. (a) Simple low-angle boundary; (b) TEM image
of low-angle boundary in austenite (dislocation structure); (¢) generalized
grain boundary schematic where gb denotes the Gibbs dividing surface.
At is the interface phase width and w is the space-charge width (for
semiconductor materials).




Fig. 8.

43

e

Grain boundary structure (TEM images). (a) Complex grain boundary
structure in annealed Al showing ledges and "debris" swept up by the
moving boundary; (b) grain boundary ledges in austenite (304 stainless
steel) strained 1.3%; (e) dislocations emanating from grain boundary
ledges in austenite while observing in-situ. Electron-beam-induced
stresses provide the required driving force.
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forming the multilayer systems. The multilayers shown in Fig. 9 are typical of solar
reflectors, solar (photovoltaic) eells, solar absorbers, ete. and the interfacial synergism is
itself a critical feature of reliable solar components and systems. In actual, practical,
working environments, an understanding of, and application of, nonequilibrium and non-
linear thermodynamies is important.

protective layer
(glass; plastic)

reflective material (silver),
or electrode grid

(S/G) SI/SII —>

T Si1/S1p1

/..

S;::/S
II/ v protective barrier (copper)
(S/S) or semiconductor (CuyS)
—
sIV/SV e adhesive layer and/or paint,
SV/SVI — or semiconductor (CdS)

structural support, or
substrate (metal)

4<

Fig. 9. Idealized construction of a typical solar reflector or thin-film solar cell
(photovoltaic device) showing multilayer, multiphase, multicomponent
contributions to solid interface for mation.

(5/6) S‘VI/SI,VII I,VII

(VII SYSTEMS; 6 interfaces)

As -we noted in the introductory comments, one must be concerned not only with
the very fundamental scientific aspects of interfaces in practical solar materials sys-
tems,.but also with actual applications. As an example, fundamental studies of adhesion
and wetting on an Al surface utilizing the techniques illustrated in Figs. 1 and 3 might be
criticized from a fundamental viewpoint because the Al surface to be tested would nor-
mally contain a thin but tenacious oxide coating. Consequently, one would normally
measure the oxide/metal properties. But in a practical sense, this is the property to
measure because Al used in any solar application would likely have a thin oxide anyway.
Furthermore, fundamental studies and interfacial characterization should relate as near
as possible to normal environments (standard pressure and O,y concentration, often ele-
vated temperatures) because these are the conditions of operation, not HV or UHV, inert
gas environments, room temperature, low or cryogenic temperatures, or other "idealized"
domains for study.

We have been and must continue to be concerned with degradation of interfaces.
This can involve deadhesion or delamination (fracture) and reactions creating interfacial
phases; and indeed the characterization of the interfacial phase region as depicted
schematically in Fig. 10. In many situations, the interface may not be an interface at all
but rather a separate phase which creates additional interfaces. As a consequence, the
phase composition, and structure of the presumed interface, may be of no real conse-
quence while the associated interfaces bounding the phase determine the properties and
performance of this regime.

Delamination at any interface shown in Fig. 9 may provoke incipient failure of the
entire system. Consequently, adhesion is a particularly important feature. There is no
wealth - of information on adhesion principles, and a fundamental understanding as
described in this presentation is lacking.” Nothing is known of the dependence of adhesion
on phase equilibrium or interfacial microchemistry and microstructure. Indeed, it must
be apparent to the reader that the physical and echemical characterization of interfaces
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Fig. 10. Idealized interface phase and the evolution of a two-phase system, with
one interface, into a 3-phase system [1,2,4] with two interfaces. The
dotted line is the Gibbs dividing surface and At is the interface phase
thickness.

is a necessary if not sufficient feature for understanding its role in the performance of a
solar system, and in the synergistic role it may play in determining the physical, mechan-
ical, or electrical properties of the system.

Specific interfaces of significance to solar energy technology obviously span the
widest range in character and cannot possibly be treated in a simple summary involving a
brief description of principal features and currently recognized research problems and
study areas. In Table 1, an overview is given of some interface problems in specific solar
materials (systems); this table is not intended to be comprehensive but illustrative. In
Table 2, more specific topical areas are listed that are indigenous to solar materials
interfaces. There are some redundancies and conceptual overlappings in these two
tables, but they will provide at least some points of focus for understanding and address-
ing fundamental solar materials interfaces problems and concerns, analytical approaches
to interfacial characterization, and related features bearing upon solar technology devel-
opment. When perused collectively, Tables 1 and 2 provide an almost overwhelming per-
spective of the vast role interfaces must play in the development and implementation of
a viable solar technology. This perspective becomes even more vivid in the context of
specific and more current solar materials problems when the contents of Solar Materials
Science [3] are examined in any detail.

IV. CONCLUSIONS

An attempt has been made here to provide a glimpse of the status of basiec and
applied interface studies, and especially in the context of solar materials science. Only a
few key references have been cited for the reader's convenience. In the main, the prin-
cipal conclusions to be drawn would not deviate very much from those arrived at during
the course of the "Materials Science Workshop in Surface Science" held at the Lawrence
Berkeley Laboratory in March of 1977. There is a great deal known about surfaces and
interfaces and there are a range of effective tools for characterizing interfaces. What
needs-to be established is an extensive "case history”. The real dilemma and the critical
problem in the case of interfaces in solar materials applications stems from the fact that
basic knowledge is being taxed far in excess of present understanding in response to the
pressing national and international -goals to develop alternative energy sources and
resources. Consequently, new and innovative research and development priorities must
not only be set, but they must be implemented at the earliest possible moment.
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Table 1.

EXAMPLES OF CURRENT SOLAR MATERIALS INTERFACE PROBLEMS*

A

System or
Component Interface (materials) Problems or Concerns
Reflectors Polymer/air; glass/air Degradative (radiation damage) structural alteration; need to study
(encapsulant) bond passivation, surface structure, adhesion, soiling, ete.
Reflectors Silver/glass Degradation by reactions; delamination; optical degradation;
temperature effects; structural and microstructural examination;
interdiffusion; impurity diffusion to the interface.
Polymers Acrylic/air; metal/paint, Photodegradation; catalyzed reactions; delamination; temperature
: metal/polymer; polymer/semi- effects. . ‘
conductor :
Absorbers Black chrome/air; metal Degradatlon at elevated temperature (> 300°C); composmon
IR oxide/air; (ceramic/air); gradients.in Cr.
(cermet/air)
Oxide (cermet)/metal (nickel, Adhesion; ecomposition (metal) gradlent, nucleatlon and growth-
aluminum, copper) degradation at high temperature.
Polymer/oxide; glass/oxide Photodegradatidn; high-temperature degradation.
(protective coatings or layers) . : ' o
Absorbers; Metal/metal/electrolyt= metal/ Corrosion reactions and degradation, particularly, galvanic effects;
reflectors electrolyte (fluid) microchemistry; microstructure of grain boundaries; mterface
structure and chemlstry ' o
Absorbers; Particle/glass; - Soilieng; particle adhesion; \vetting; surface tension phenomena;
reflectors; Particle/polymer interfacial energetics; reactions (corrosion, ete.); electrostatic
concentrators; : effects (surface charge).
collectors

*Based in part upon the contents of Ref. [3].




Table 1. EXAMPLES OF CURRENT SOLAR MATERIALS INTERFACE PROBLEMS (continued)

System or
Component

Interface (materials)

Problems or Concerns

Heat transfer mate-
rials; mass transport;
piping, ete.

Heat transfer
fluids

Thermal Storage
(Latent Heat)

Thermochemical
energy storage

Ocean thermal
energy conversion

Solar cell materials
(photovoltaic)

Photoelectrochemical
(wet photovoltaic
cells)

Grain boundaries; free surfaces:
metal/fluid; metal/steam (gas);
ceramic/liquid metal

L/L, L/S

S/S; (salt)/metal; salt/polymer;
liquid salt/solid; ceramie or
mineral/salt; ete.

S/G; S/L; I-.-/G-‘

S/L; metal/salt; metal/electro-
lyte; ceramic/electrolyte;
interfaces at organic films
forming on surfaces; titanium
heat exchanger surfaces

Semiconductor/metal; semi-
conductor/ semiconductor;
polymer/semiconductor; semi-
conductor/ceramic; homojunctions;
heterojunctions

Metal/semiconductor; semi-
conductor/electrolyte; metal/
electrolyte

Creep; low-cycle fatigue microstructural changes associated with
deformation; corrosion; stress corrosion; diffusion creep~fatigue
interaction; diffusion assisted chemical (microchemical) changes;
fretting and wear of metal and ceramic surfaces in contact with
liquid or vapor phase materials; caustic cracking of steam generator

-tube materials; thermomechanical stability of interfaces, e.g.,

grain boundary struectural (microstructural) changes with thermo-
mechanical treatment.

. Phase miscibility; wetting and spreading of phases; thermodynamics

and thermochemistry; structure of liquid interfaces, ete.

Thermomechanical and thermochemical stability; thermochemical
stability; reactions; cycle times; degradation.

Corrosion; reactions; microchemical changes; diffusion; segregation
(hydrogen embrittlement, ete.).

Grain boundary and surface corrosion; biofouling (adsorption of
living organisms on surfaces); bacterial attachment to surfaces;
grain boundary stability in creep of structures.

Interdiffusion (thin films); role of interfacial defects; elemental
segregation; grain boundary passivation; reactions; junetion
stability; structure of heterojunctions (microstructure);
degradation (thermal, microchemical, ete.); adhesion; diffusion;
doping, recombination; amorphous structure; amorphous-to-crystal-
line transitions; grain size effects.

S/L interface characterization; thermodynamics; electrochemistry;
corrosion; ion electromigration; electrical nature.

€9




Table 2.

EXAMPLES OF SOLAR MATERIALS TOPICAL STUDY AREAS AND RESEARCH PROBLEMS AT
SPECIFIC INTERFACIAL REGIMES*

Interface

Topical Study Area .or Research Problem .

S/8

S/L

S/G

" L/G
L/L

General

Adhesion (thin films, including polymer and oxide composites bulk coating; fine powder compaction and
consolidation; theoretical models); friction and wear; energetics; diffusion; nucleation and growth;
characterization (microstructure and microehemistry, grain boundary structure, modeling, theoretical
analysis in metals, semiconductors, ceramics, polycrystal models**); solid-state devices (junetion
structure, properties, ccmposition, effect of def eots, passivation, theoretical analyses); interphase
boundary structure (including microanalysis and at;omlc resolution); effect of temperature and stress on
interfacial structure (structural changes at grain boundarles, grain boundaries as sources of dislocations,
ete.); basic features of bonding; mixed bonding (e.g., metal/ceramie, metallic/ionic or metal/
semiconductor; metallic/ecovalent, ete.); role of bonding and reaction thermodynamics m degradation of
adhesion at interfaces; dlff usion and segregation.

Wetting; spreading; adhesion; friction; lubrication; corrosion reactions (electrochemical); structure
(especially the development of analytical techniques to study microchemistry and microstructure at the
L/S interface, theoretical studies, and modeling); nucleation and growth elucidation of degradation and
degradation mechanisms.

Corrosion; oxidation and related surface reactions; diffusion; energetics (including theoretical modeling
and energy calculations utilizing appropriate potential theory, etc.); electron emission; thin film
deposition (ineluding nuzleation and growth on solid surfaces); surface structure and characterization;
catalysis and catalyst siructure (surface structure); optical properties characterization; elucidation of
degradation reactions, ete.; dust adhesion; surface cleaning and protection.

Surface tension (energetics); diffusion; vapor pressure phenomena; surface structure (analytical and
theoretical models for surface structure).

Energetics (surface tensions, interfacial tensions); wetting and spreading; miscibility and immiscible '
phases.

New materials development; new materials fabrication; instrumentation development for characterizing
interfacial microchemistry and microstructure at or near operating environments; modifications to
existing materials; matarials interfaces in solar technology systems; stability of polyerystalline materials
and new concepts of grain boundary structure and properties; composite systems evaluation; theoretical
approach to new materials identification (i.e., identifying new materials for solar system applications,
including interface characterization, ete.); theory of homojunctions and heterojunctions; amorphous
materials research (erystalline-to~amorphous phase interface studies); role of interfaces in optical
performance; thermal end optical properties of semiconductors and thermodynamic studies of
semiconductors.

*Based in part upon the contents of Ref. 3.

**See also Proc. Conference on Ceramics - "Surfaces and Interfaces in Ceramic and Ceramic-Metal Systems"
(Univ. of Calif., Berkeley, July 28-August 1, 1980).
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V. OVERVIEW OF THE SOLID/SOLID INTERFACE — MECHANICAL STABILITY
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ABSTRACT

Photothermal and photovoltaic device structures require large area thin film multi-
layers that must be uniformly processed and will withstand a hostile service environment
for long periods without degradation. Our present experience with demanding thin film
applications resides in microeircuits and optical applications. Thus little background for
predictive capability exists in the case of high, ecyeclic temperature excursions,
oxidation/corrosion ambients; and abrasive winds to be expected for reflectors and
collectors. ‘

Long term mechanical stability will be governed by control of the stresses produced
during growth followed by stabilization of the microstructure. Low temperature trans-
port has long been known in films but data for many incorporated impurity species
ineluding H, and OH are not common. The stress relief that accompanies such recovery
processes has been studied in detail in only one soft low melting film. Reliable creep
data for films do not exist. At high temperatures, even diffusion into the bulks may be
an important sink for material originally at 1nterfaces Surface morphology changes
after annealing have been identified.

At fast deposition rates, grain boundaries may become even wider and possess large
quantities of impurities. Many dielectric films contain microscopic voids which give rise
to reversible and irreversible behavior. Disorder is quenched-in at low effective atom
mobility with the formation of amorphous or metastable phases. Even amorphous films
have their own scale of structure, lower elastic constants, and doubts about high temper-
ature stabilization. There is a parallel with LASER glazing and near surface
modification by ion beams that should be exp101ted

The mechanical strains that are produced in a film during growth are a result of the
microstructure as well as thermal expansion. Some control is possible, but is often
limited as a result of the (gaseous) impurities which may not be stable at high tempera-
tures. Elastic stress distributions ‘may be calculated but are useless without knowledge
of plastic flow. Modifications of an interface by grading, stress compensation, and topo-
logical interlocking are known to prevent failure. New techniques for the measurement
of "adhesion" and the localized characterization of mechanical properties together with
the application of fracture toughness concepts are necessary to understand interfacial
strengths.

Mechanical integrity requires the solution to many of these problems. Recent
developments in high strength films, prevention of grain growth by modulating the struc-
ture, and producing a specific microstructure for a desired optical property show that
progress is possible. Opportunities for surface science will be to comprehend atomic
mobilities in the formation and stabilization of real microstructures in solar environ-
ments, to produce new materials, and to develop new techniques, especially in situ and
non-destructive, to give early detection and predictive capability of failure.
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I. INTRODUCTION

In present applications most thin film-substrate structures, which are rigid because
the film to substrate thickness ratio is less than 0.01, are small-area and operate in a
controlled environment near room temperature with little temperature eyeling. In spite
of these generally favorable conditions, spatial and thermal control of film properties is
not routine. The edges and interfaces both perpendicular and parallel to the film plane
are particularly sensitive regions. For the large areas and hostile ambient required for
solar applications, little experience for predictive capability exists. It is the purpose of
this paper to identify some of these concerns and the purpose of this workshop to give
direction to their solution.

Only passive properties will be examined because of their universal application to
the multiplicity of possible structures. It is recognized that severe additional constraints
are present for electrically active interfaces, but consideration of the mechanies and
mass transport will dominate this discussion.

An idealized structure for solar application (see Fig. 1) demonstrates the many S/8

interfaces that must be understood. Because of the large area and economic require-
ments, the substrate and superstrate may be substantially thinner than our common

Service Environment

Radiation
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) ; Corrosion
Protective or
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Fig. 1. Model multilayér film structure for solar application. The horizontal arrows
indicate interfaces between layers. Each film has microstructure as the grain
boundaries shown for the polycrystalline film.




film/substrate experience. The result is an increased sensitivity to mechanical stresses
which could deform the structure so that it is no longer able to meet focusing require-
ments. An active device will require electrodes and very likely transparent conductors.
We recognize that multiple materials will be required: polymers, ceramics, insulators,
and metals will commonly be appearing as polycrystalline or amorphous films. Photovol-
taics may require single crystal techniques. The microstructures existing in these film
materials will be highly dependent on the technique used to produce the film, and the
properties will be sensitive to this mierostructure. In-contrast to the operating condi-
tions for a microcircuit where the temperature is controlled and the device commonly
encapsulated, solar structures must operate under a hostile environment. A protective
coating for the superstrate may be needed to provide UV shielding, a barrier against oxi-
dation and corrosion, and in addition, must be resistant to wind-driven particulates which
will erode or abrade the surface. Operating temperatures for flat collectors may reach
150° C, while high performance collectors will operate up to 600°C. Many materials are
operating from 1/3 to 2/3 of the melting temperature. Not only are these temperatures
eyelic with the time of day but rapid thermal gradients result from cloud motion. As a
result, the mechanical compatibility must be the major feature of the design.

We can draw heavily on the information that has been obtained from the study of
microcircuits. A status report on that field has just appeared [1]. This enormous back-
ground forms the base from which we can extrapolate to solar applications, for it is here
that the control of the microstructure has been done in such a way to produce desirable
properties. The role of grain boundaries in the low temperature mass transport [2] and
the detailed study of the stress relief that accompanies such a recovery process (3] were
first encountered here. Furthermore, the introduction of controlled impurities to reduce
electromigration and the construction of diffusion barriers gives us a direction for simi-
lar approaches, at least for low temperature transport. This background fails, however,
in that it is generally concerned with a small-area device of high quality produced in
batch processing. In solar applications processing rates must be rapid for economical
high area coverage. The vacuum technology exists for the continuous production of
rolled stock or batch processing of architectural glass. The production of aluminized
mylar and metalized plastics for automobile applications indicates that single layers may
be economically produced. Furthermore, some of these applications begin to approach
the solar ambient. Figure 1 reminds us that multilayer films will be required with the
obvious interfaces which are parallel to the plane of the structure. The polyerystalline
films possess many perpendicular boundaries which may act as rapid diffusing paths. At
high temperatures, the lattice may even be an important sink for material diffusing from
interface sources [see Chapter X]. Several symposia have described the thin film
requirements for solar needs [4,5]. The lifetime requirements will require the
development of essentially high temperature film materials.

We assume that all the tools of surface science may be brought to bear in order to
characterize the interface. We shall not review these but merely comment that many
require UHV and have a limited application in a multilayer structure. These techniques
will be required to probe an individual interface with improved resolution and
quantification.

However, we suggest that it will be important to develop additional techniques for
multilayer specimens and report several that are presently in the literature. Angle
lapping followed by surface analysis can provide the width, composition, and some struc-
tural information. Fracture of the multilayer structure perpendicular to its plane fol-
lowed by examination of that surface has been used to identify the void and columnar
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structure of monolayer films. Parallel fractography coupled with surface analysis can
localize adhesive failures.

Chemical or radioactive tracers have been used for diffusion studies and the local
site information by implanted Mossbauer isotopes or EXAFS. Finally, the measurement
of integrated properties, for instance, the mechanical stress or the electrical resistivity
may be deconvoluted to relate to growth microstructure as well as information about the
interfaces. Other portions of this workshop consider surface analysis studies; from the
point of view of the mechanical properties and interfaces, one is struck by how little
information exists and often how the test instrumentation is not appropriate.

An example of a multilayer structure analysis is given in Fig. 2 for the 600° C oxi-
dation of Fe at 2.5 kPa of O, in an environmental cell of an HVEM [6]. Figure 2 is a
result of many TEM and diffraction observations which include blistering and spalling of
the outer hematite layer and the observation of microcracks in the magnetite layer
below. Extensive plastic deformation occurs in the Fe substrate during the early periods
~ of oxidation. It is clear that stress gradients and enhanced transport result from the oxi-
dation process. In multilayer deposited films similar stresses may be built in.

STRUCTURE FILM  STRESS MECHANICAL
CONSEQUENCE
HEMATITE FE203 COMPRESSTON BUCKLING, SPALLING

MICROCRACKS
MAGNETITE FE3O,4 . TENSION

COMPRESSION CREEP

WUSTITE FEl_XO

++
. Fe
| VACANCY CONDENSATION

E
PLASTIC FLOW

Fig. 2. Consequence of mechanical stresses in multilayer oxidation of Fe. After
Voss [6].
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II. MECHANICAL CONSIDERATIONS

It is our goal to control the growth of a thin film structure such that no property
degradation occurs over its lifetime under the designed environment. This is an
ambitious goal and we would like to divide the mechanical considerations into several
groups. First of all, there is a mierostructure-mechanical property relationship and the
possibility that new properties not found in bulk form may be produced to optimize for a
particular application. We must consider ways of calculating or measuring the stress dis-
tribution and examine the role of the stresses in the failure which we commonly call
"lack of adhesion". Finally, having produced the structure we must consider its stability
in the operating environment. For solar applications a 30 year lifetime would be desir-
able without significant degradation of the performance and minimal maintenance.
Again the stresses provide a mechaniecal driving force for mass transport. Rather than a
complete review, the purpose of an overview is to indicate some of the important
features and provide a guide to the literature.

We identify important mechanical considerations with a particular stage in the
deposition of a film. For the substrate itself the elastic constants, thermal expansion,
and flow stress are most important. Nucleation is controlled by the surface and interfa-
cial energy. Since interfacial free energies are used to evaluate adhesion [7], we suggest
that the energetics of deformed, rather than equilibrium surfaces will be important at
temperatures < T_ /3 [8]. Interface width, chemistry, and micromechanics play an
important role in tWe adhesion. Stress will produce property changes. Property stability
is influenced by a multiplicity of effects which can contribute to the stress relaxation,
including grain boundary relaxation and diffusional creep. Finally, the outer surface is
important for encapsulation. In the following sections we consider these features in
more detail.

. MICROSTRUCTURE AND MORPHOLOGY

In order to understand the mechanical properties, especially the relaxation and the
intrinsic stress, it is vital to have a knowledge of the microstructure. As in problems of
bulk mechanical metallurgy, it is our contention that the various contributions to the ori-
gin of the stress as well as the mechanisms of flow and relaxation need to be under-
stood. Although a quantitative understanding is far from complete at the present time,
specific systems are now studied in enough detail that we are obtaining good insight into
the problem. The overall objective is to bring about stress control so that we may obtain
the desired final structure in a form in which the performance will not degrade with
time. : ‘ ‘

Detailed differences exist among the various deposition techniques, but we recog-
nize that the single most important parameter in characterizing the structure is the sub-
strate temperature during deposition. In general, forming a film requires a nucleation
process which may be three-dimensional if the bonding is different and two-dimensional
if similar. Amorphous, polycrystalline, or epitaxial structures result.

For the prototype, consider a medium melting point metal, such as nickel, which is
deposited on an amorphous substrate to avoid epitaxial effects. Under these conditions
the miecrostructure can best be described in terms of the zone model [9]. This model,
extended by Thornton [10] applies to PVD processes from evaporation to high-rate sput-
tering. As can be seen in the various portions of Fig. 3, the common structure is a
columnar-like growth with either well-defined boundaries between the crystallites at the
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deposited polycrystalline films. After Thornton [10].
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higher temperature, or rather open reglons where the mobility has been low. Impurlty
effects, especlally those arising from sweeping and segregation processes, also play an
important role in the mlcrostructure. Although this model has been tested primarily with
. metals, it is applicable to" a number of compound materials where the deposxtlng species
are essentially molecular rather than atomic. [
_ Compared with correspondmg bulk materials, polyerystalline films have a ‘much
smaller grain size, higher dislocation. density, and more defects. Grain growth is
observed upon annealing, but ‘seldom is the diameter larger than 10x the film thlcknes.
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IV. PHYSICAL ORIGIN OF STRESSES

In order to understand the strains generated in the film sample during growth, one
requires an atomic rearrangement which attempts to change the volume of the film after
it is anchored to the substrate. Sich a constrained volume change is the fundamental
origin of all the stresses produced. In the case of CVD materials, the substrate tempera-
ture is generally extremely high and differential thermal expansion often dominates. In
PVD, especially those carried out at lower substrate temperatures, the growth processes
dominate. Electrodeposition and solvent drying also produce large stresses; in fact, no
processing methods are known that produce stress-free films.

The various contributions that. can give rise to growth stresses have been
reviewed [11,12,13,14. As usual in elastic problems, the stress o is related to the
strain € by an elastlc constant. For a biaxial isotropic stress commonly found in films,
the relation is o= ¢ E/(1-v), where E and v are the Young and Poxsson moduli for the
material.

During the growth of metal films a net shrinkage at the growth surface [15] or a
grain boundary interaction [16] dppears to be the mechanism. Incorporation of gases
introduces a local expansion (film compressive component) [171. Compression may also
result from self-implantation during magnetron sputtering [14] —a process that is similar
to the ion implantation stress effects.

It is important to recogmze that the magnitude of the strains may approach 1% and
hence the material may plastically deform. Under these conditions, the strain generating
mechanism does not determine the final magnitude. In addltlon, strains may be intro-
duced as a result of oxidation, differential thermal expansion, or other exposure after the
film is removed from its deposition environment. Currently, semi-quantitative under-
standmg of growth stresses exists for single metallic layers. Our knowledge for com-
pounds is poor -and studles of multllayer structures are rare, but found for optical
stacks [18]. : :

Techniques for the measui‘ement of stresses are well known and we shall not review
them here. It is important to distinguish, however, between a strain generated at an
interface and one which scales with the thickness of the deposited film. In the first case,
a mismatch or renucleation in the growth is involved and the strain is localized at the
interface and tails off somewhat exponentially. Similar localized strains could, of
course, occur as a result of oxidation at the free surface. The volume generated- -Stress'is
sometimes a more severe condition because the forece which ‘must be transmitted across
the interface then increases as the film becomes thicker resulting in a critical thickness
for failure. In a multilayer structure, some degree of stress neutralization is possible
from the point of view of substrate deformation although clearly the local gradlents can-
_not be, suppressed [19] e

“In practice)’ ‘the most common circumstance is hnear growth forces, i.e., & uniform
stress generating mechanism. Impurltles and substrates’ make a difference-in’ thé" nucle-
ation behavior and the stresses in extremely thin films but’ usually they do not dominate
the films with thicknesses greater than 10 nm [20]. At larger thicknesses, the force
scales sublinearly, indicating either a change’ in the growth microstructure or a relax-
ation in the already deposited material. For low meltmg pomt metals, this flow stress
limit is often reached for substrates maintained at temperatures less than 100° C during

deposition.
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V. STRESS DISTRIBUTION

To this point, we have tacitly assumed that the stress is uniformly distributed over
the plane of the film. Because of the boundary conditions of no applied forces on the
free surfaces, gradients must exist near the film discontinuities. . We should recognize
that in elastic problems there is a characteristic dimension over which the stress relax-
ation would take place. For deposited films, it is not surprising to learn this is of the
order of the film thickness. ' :

The spatial distribution near the free edge of a film has been calculated [12]. Con-
sider a film that has an isotropic planar stress o ; in its interior. Assume the stress is uni-
form in the interior of the film where no other stress components are found. By applying
the method of boundary tractions, the stress distribution near the free edge may be cal-
culated. A shear stress of magnitude 20; is developed near the point determined by the
intersection of the edge and the interface. Perhaps more surprisingly a normal force
approximately 100; develops perpendicular to the interface. For a film under tension,
the interfacial bonding must be able to support this stress gradient or a fracture at the
interface will take place. We treat the propagation of this fracture later but it is obvi-
ous and well known that the edges or cracks in a film represent a weak area. Similar
analyses have been carried out for adhesive joints in multilayer structures [21] which
indicate that the large stresses are found near the outer edges.

The stress distribution in the substrate may also be calculated [22]. For the case of
a window etched in an oxidized Si/wafer, the gradients were localized near the window
edge but extended into the substrate for a distance of some 50 oxide thicknesses. In
submiecron structures, stresses will be so nonuniform that the corresponding changes in
stress-induced properties will comprise about half the volume. For most solar applica-
tions, this geometry is not a concern and the main effect of the gradients would be in the
fracture and mass transport.

We should point out the recent application of measuring a thin film strain in the
TEM and calculating the corresponding stress by Fourier transform techniques [23]. To
date this technique has been used to delermine the flow strece and elastie ennstants of a
single craze in polymer materials [24. The air crazes in polystyrene are a severe degra-
dation. They are localized and have a width of only a few um; until recently, tensilome-
ters to handle such small samples were not available. Some specialized tensile
instruments had been developed [25] but they have fallen out of fashion because they
were generally not able to obtain strain rate data. Perhaps this is responsible for the
lack of data on the flow stress of films.

VI. MECHANICAL RELAXATION

For bulk materials, thermally activated dislocation recovery and relaxation mecha-
nisms have been identified. It is anticipated that these will also operate in films. The
largest difference lies in the huge grain boundary area commonly found in polyerystalline
films; hence, the processes are dominated by surface diffusion. Considerable TEM data
exists for dislocation motion in thinned samples, presumably representative of the bulk.
Dislocation density in films is much higher than in bulk materials and the observation of
single dislocation motion in films is difficult. Given the significant effort to carry out a
detailed study, the relaxation in film structures may be understood in great detail. We
call attention to the papers by Murakami [3,26] for Pb films in which the thermal strain
is the only contribution. No relaxation takes place where film thicknesses are less than
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the critical value but for thicker films dislocation climb seems to be the dominant strain
relaxation mechanism. At higher temperatures the grain boundary relaxations are
replaced by bulk diffusivity kinetiecs. To my knowledge, this system represents the best
characterized study of a thin film recovery process to date -and can serve as a model for
future work. An understanding of the processes for "porous" miecrostructures found in
solar films will be more difficult.

The second example involves producing a thin film structure by incorporating a
strengthening mechanism. Diffusion hardening is of course commonly known in bulk
materials and the Al,O4 incorporation has been applied to film structures [27]. Intro-
ducing a periodic gas pulse has given a five-fold increase in the fracture strength for
Al-AlyO5 and Ta-C laminates [28]. The mechanism is felt to be a Hall-Petch type of
barrier model and it is this kind of approach which may be useful to produce the high
temperature film materials needed for collectors. :

Internal friction measurements have served to identify mobile species and are car-
ried out over suitable frequency and temperature ranges. Dynamic measurements have
also been made with special instrumentation for films [29]. However, the interpretation
may be more difficult because of the uniform stress resulting in a shift of the apparent
activation energy. ,

Microhardness measurements have also been made on thin films although the analy-
sis is complicated by the partial elastic deformation of a relatively thin film on top of a
substrate. The importance of such microhardness measurements is the empirical rela-
tionship of the hardness number, determined by the indentation, to the flow stress, and
the ultlmat ‘“tensile stress of the material. Special ultramiecrohardness apparatus has
been developed [30] but has not produced significant improvement. The appearance of
cracks in Cr films correlates with the microhardness [31].

VII. ELASTIC CONSTANTS

The isothermal bulk modulus, which is a measure of the stiffness of a crystal, is
directly related to the second derivative of the cohesive energy with respect to volume.
As a result, elastic constants are generally not considered to be highly dependent on
microstructure. Such a statement is true for thin films; however, in some- cases the
structure is so different from the corresponding bulk material that the constants of dif-
ferent effective material are used. Elastic constants have generally been measured from
the linear portion of a stress vs. strain curve under unloading conditions. Tensilometers,
the bulge test in which the deformation of a bubble has been measured, and pulse-echo
acoustic measurements have been used. With the recent interest in mechanical proper-
ties of the implanted, near-surface region, surface wave approaches should appear. We
can summarize the data for elastic constants of films as follows: values of elastic
moduli are generally within 5% of bulk value under conditions that the film is polyerys-
talline and relatively free from impurities. Film densities may be low because of the
void structure. In such a material, the elastic modulus must be reduced in proportion to
film density. Amorphous films may be condensed on low temperature substrates; Young's
modulus and especially the shear modulus may be 20%-40% lower in the amorphous state
compared to.the crystalline one. Periodic compositional variations on a 1-5 nm scale
have been reported to increase the elastic constant for certain epitaxial films [32]. This
represents a considerable change in the curvature of the cohesive energy vs. interatomic
separation and, speculatively, may be a way of tailoring a thermal expansion coefficient.
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We call attention to a new tensile device called the nanotensuometelé [33] which
was developed for examining samples with cross sections as small as 0.1 nm*.. Figure 4
shows the data for a polyethylene single crystal approximately 10 nm thick. The Jpseudo-
elastic initial slope corresponds to a modulus of 2 GPa and the decaymg portion of the
curve at extensions larger than 50 nm corresponds to the pullmg of 10 nm diam. microfi-
brils from the parent crystal and their resultant stretching. On this basis, the structure
~of these microfibrils can be shown to be folded rather than extended chain configura-
tions [34]. Nanotensilometer data for polystyrene craze material agreed with the flow
stress but gave a substantially larger modulus than the TEM technique mentioned ear-
lier. It is suggested that a combination of microscopy and tensile testing using microme-
ter size specimens (micromechanies) will be a useful way to obtain new mechanical
properties for thin films and especlally the modnfled material that may be present as a
result of interfacial diffusion and mixing.

VII. ADHESION AND FAILURE MODES
The role of stress in adhesion is commonly acknowledged but poorly documented

The presence of a stress in a film promotes its failure, and this failure is associated with
the propagation of a fracture. The knowledge of the stress and ‘specimen geometry
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Fig. 4.  Deformation of 10 nm thick polyethylene crystals showing mlcroflbrll extrac-
tion from the fractured crystal Hagerhng and Hoffman [34].
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‘ allows the calculatlon ‘of the stress distribution. Figure 5 indicates the failure in a

schematlc way If a tensxon exceeds the fracture strength, a crack network will appear;
if the film material is_brittle, such as an epitaxial bubble material [35], the film

' ..thlcknes must exceed the Griffith crack length before the crack will appear. If the
. normal and shear stresses at the crack on a full edge cannot be supported then the crack
" may propagate parallel to the fllm near substrate interface. It appears as though the
‘propagation is determlned by ‘fracture mechanies rather than direct bond failure,
"although water vapor and other materlals will tend to promote a delayed degradation.

| B Films under compressmn generally delammate at the interface with the subsequent

. hftmg of the film in a zigzag pattern where the film tries to expand to reduce its strain

energy. Strain” models are proposed [36]. In practice, stresses in the range of 1 GPa
cause rapid failure, whereas those in the low MPa range are tolerable.

Fracture mechanics concepts have been applied to the analysis of adhesive
joints [37] and to metallization of alumina substrates [38]. Their use has been suggested

. for thin film structures but to date no material constants have been obtained for film
P geometrxes.: This_approach should be. expanded, however, because it forms a basns for

predlctlng stress limits. -

The recent review [39] of thin and thick films adhesion testing indicates that the
scratch and pull test yields numerical information which is at least useful in a relative
way to improve material compatibility. We call for the application of surface science
techniques to examiné the chemistry of the interface [40] and also for ion beam modifi-
cation of the surface for increasing the adhesion [41].

The second approach is that of functional testing [42] in which a film deposited on
the actual substrate used in the application is subjected to a high temperature anneal or
immersion in a boiling fluid for a prescribed length of time. This type of accelerated
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testing is useful although each system must be correlated with the ultimate performance
on an empirical basis.

. A complete description of the mechanical integrity would take account of the
stresses both condensed in the film plus any other processing treatments and the relax-
ation processes to predict a useful lifetime under a given environmental condition.
Clearly the models have not been quantitative ‘to this degree but I believe the concepts
are developed to the point that the effort would be fruitful.

IX. PROTECTIVE OVERCOAT

Our final concern is to consider techniques by which the film structure may be sta-
bilized. Impurity injection to decrease the grain boundary diffusivity and specialized dif-
fusion barriers have been produced for microcircuitry applications. It is also known that
metallic oxides form oxidation -and corrosion barriers [43]. The increased temperatures
in solar applications will make these problems a difficult challenge.

In response to the requirements of abrasion resistant coatings for wind-driven par-
ticulates, I am aware of no published literature which bears on this point. A ecominon
empirical test for abrasion resistance is rubbing with an eraser under load and in some
cases looking at the wear track. However, the impact of various sized particles with a
range of momenta does not appear to be similar. There is some experience with spun
glass coatings on plastic eye lenses and a temptation to consider the diamond coordinated
plasma deposited C films because of their reported hardness.
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VI. OVERVIEW OF CURRENT STATUS OF SOLID/LIQUID INTERFACE SCIENCE
~ J. O'M. Bockris |
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College Station, Texas 77843
ABSTRACT

An"ov'erview of the current status of solid/liquid* interface science is presented,

along with some comments about its relevance to solar energy conversion technologies.

A discussion of the diffuse layer includes past and current perspectives of the structure
of H,O in the double layer .and its role on potential changes at the metal/liquid
interface. The difficulties of considering the potential changes of semiconductor or
insulator/liquid interfaces are related to surface states and dangling bonds. The methods
available for investigating the solid/liquid interface are reviewed, i.e., sweep, ellipso-
metric, radiotracer, AES, XPS, and Mossbauer methods.. Frumkin's contributions and the
potential at zero charge (p.z.c.) are also discussed. The difficulties and prospects of
measuring and/or calculating absolute potentials of solid/liquid interfaces from under-
standing the p.z.c. are then considered. Organic and ionic adsorption isotherms and the
factors limiting their contribution to increasing the understanding of the solid/liquid
interface are reviewed.

Future prospects and needs for research on the solid/liquid interface are outlined in
the concluding section. Developments in this field are in an early stage, compared with
the solid/gas interface, but the subject material has a more practical bearing to real sys-
tems. New theoretical approaches, including modeling of the double layer and diffuse
layer using quantum mechanical and Monte Carlo approaches are clearly needed. A need
for elucidating the structure at semiconductor/liquid interfaces and its bearing on photo-
electrochemical solar energy conversion is indicated. The need for applying in situ spec-
troscopic and direct measurements to study the solid/liquid interface is clearly required
for extending our present understanding in this field.

I. INTRODUCTION

In interfacial studies, the historically stressed system has always been the metal-
vacuum interface, but, in fact, in practice, the metal (or semiconductor or insulator)-
solution contact is that which is most frequently relevant to practical situations.
Examples of these interfaces in solar energy-related technologies are in photoelectro-
chemial converters and in the photoelectrochemical synthesizers. However, the breadth
of the application of the interface concerned stretches further, e.g., into electrical
storage and conversion devices, and also to conservation problems.

The S/L interface is, in practice, frequently met in solar energy conversion
devices. In the following, the various kinds of double layers are overviewed. It is found
that although good knowledge exists for that unusual but much studied interface

*In the rest of the manuscript, "liquid" will be the term used instead of "solution."

However, it is essential to understand that all the interfacial situations concern highly
heterogeneous structures in which the main entities are ions and electrons.
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involving Hg, knowledge of the S/L interface, particularly that involving semiconductors
and insulators is limited. Spectroscoplc methods have only just begun to be applied in
this area. An outstanding lack is the development of ellipsometric spectroscopy. The
remainder of this introduction will summarize the status of the theory and models of the
S/L interface and methods of experimental investigations.

The Gouy-Layer theory, used in present descriptions and quantitative calculations,
suffers from a basie statistical mechanical difficulty because the number of particles in
the relevant volume even at high concentrations, is not statistically viable. The principal
improvement which has occurred during the last decade in the interpretation of the
structural properties of interfaces is the concentration of the H,O structure, i.e., that
part of the impedance which is solvent-dependent. Precise models for this situation are
still in competition, and the measurement of the entropy of the solvent at the interfaces
seems to be the key for distinguishing between the competing models.

One of the difficulties of a realistic model for the semiconductor/liquid interface is
the presence of surface states, either due to dangling bonds belonging to surface atoms,
but also to adsorbed entities from the solution, perhaps due to reaction intermediates or
charge transfer adsorption from ions which adsorb more strongly on semiconductors than
on metals. A weakness is a paucity of methods for determining the concentration level
of these surface states, and a lack of application of the 2-3 methods which give some
information.

Methods of investigation of the surface radicals on solids in contact with liquids has
progressed somewhat since 1970; the major improvement is the better understanding of
the sweep rate and its meaning in adsorption determinations. Combinations of these
sweep measurements, along with those of radiotracers, are complementary and may lead
to the determination of the predominant radical in a reaction sequence.

Optical methods have had a special relevance to systems involving liquids, because
it is possible to use reflectance spectroscopy and ellipsometry in the presence of solu-
tions, at least in the visible wavelength range. Although reflectance has been frequently
used, it has undoubted drawbacks, in that the Fresnel equations in terms of which the
intensity is expressed as a function of adsorption and also of the refractive index and
thickness of surface layers. Elllpsometrlc spectroscopy would be a positive development
and could be used in the UV.

The application of electrocapillary thermodynamies to liquids is difficult to apply
to solids, but some stretchmg and turning methods within the elastic llmlt probably give
information concerning the degree of adsorption of entities and the “excess surface
charge. Frumkin, and particularly Gokstein, have developed such methods with a new
thermodynamics, which should take care of the problem of double layer penetration.

The potential of zero charge and the flat band potential are both parameters of
great need and immediate applicability, the first to adsorption on metals and the second
to identifying electron levels in semiconductors. However, not many experimental
systems are among the methods used and the situation resembles that for the
metal/vacuum interface and work function determinations of 20 years ago.

Spectroscopic methods are in a general sense the obvious answer to many of the
problems of the metal and semiconductor/liquid interface. Although AES and XPS
methods can certainly be used in solid/liquid systems, there is a certain reserve con-
cerned with the results referring to the systems which were originally in-solution because




of the effects of using drying by evacuation. By using low angle XPS, it has recently
been possible to show the connection between H,0 binding passive layers in the presence
of chloride ions in solution. Mossbauer spectra can also indicate characteristic bonds for
oxide films in contact with liquids.

The potential difference (p.d.) at the metal/liquid interface is classically expressed
on an arbitrary scale, and this makes often for poor understanding of the p. d. in the
double layer. It is increasingly realized that the p.d.'s on these scales can be referred to
the vacuum or absolute scale. The breakdown of the p. d.'s across the interface will

probably remain model-dependent.

Molecular adsorption at the S/L interface is now subject to molecular model
theory. It is probably in better shape than the problems associated with ionic absorption,
where the lack of definition of the degree of chemical bonding has begun to interfere
with the ability to image well between metal and solution.

Friction plays a part in many semiconductor/solution interfaces, particularly that
concerned in photoelectrochemistry, and there is now a theoretical development which
interprets the dependence of friction upon the p. d. at the interface.

In summary, the present situation-is that electrostatic type models of the solid-
liquid interface have reached a plateau of usefulness and await the introduction of a
quantum electrochemical viewpoint.

- II. THE DIFFUSE LAYER

It is better to start this review by coming in from the direction of the liquid toward
the solid. We begin by discussing the diffuse layer, which is part of the well-known
double layer. It was derived by Gouy in 1910 [1]. The mode of analysis of the charged.
cloud at the S/L interface is similar to that used in the Debye-Huckel theory of electro—
lytes. - All chemists know about this theory, and it is often thought to be the parent of
* the Gouy theory; wheress, in fact, the Gouy theory was derived in 1910, and in 1923 the
Debye-Huckel concepts for solution were derived from Gouy's treatment of the metal-
liquid (M/L) interface.

The diffuse layer theory is used as a model for considering the M/L interface. For
example, in the analysis of the Gibbs surface excess, where the need is to find out how
much is adsorbed in the diffuse layer and how muech is adsorbed to the electrode, the
Gouy theory is used. This is troublesome because, as is well-known, the Debye-Huckel
theory is only applicable to dilute solutions, those where ionic interactions are not yet a
problem; whereas, the realm of adsorption measurements is at the other end of the scale,
in the region of 0.1 M solutions, where the Gouy theory should apply poorly. Hence,
there is a doubt in the indirect Gibbsian calculations within the double layer—those
pioneered by Grahame [2]—at the basis of the calculation.

Attempts have been made to overcome the approximations in the Gouy
treatment of the double layer, but nothing has come of them, because it has been diffi-
cult to devise an objective test of what is new [3,4,5].

What is needed is an experimental method of measuring individual ionic concentra-
tions 10 to 100 nm away from the solid surface, and thus, determine the actual concen-
trations. Perhaps this can be done by some kind of Schlieren pattern measurement, or by
the use of ellipsometry where there is negligible specific adsorption.
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A. Water Structure in the Double Layer

. Before 1952, there was no consideration as to whether H,O had any structure at
the S/L interface, and therefore, contributed to its electrical properties. Bockris and
Potter [6] interpreted electrode kinetic data by assuming that H,O ‘dipoles set up a
potential difference (p.d.) at the interface, which varied with the structure of the double
-layier.’ Their use of such a contribution-applied a view of double layer H,O, which was

- first suggested- by Lange and Miscenko [7] in 1930. However, the Bockris and Potter
model. lacked any discussion of the relation of work to the double layer capacitance,
which was first taken into account by Mott and Watts-Tobin [5] in 1962. Their model was
gas-like, for it did not take into account the lateral interaction between the H,O mol-
ecules at the interface. Bockris, Devanathan, and Muller (DBM) [6] developed the model
for HyO in the double layer in a way which related the HyO capacitance to-the inter-
action between the H,O molecules, showing that this greatly increased the capacitance.
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They regarded the ionic and H,O contributions to the capacitance as being in series
(Mott and Watts-Tobin had taken the two capacities in parallel), so that a larger HyO
capacitance means a lesser impact on double layer properties. A well-known model of
the double layer has been derived from these ideas (Fig. 1), and since the mid-60's
- improvements have branched primarily from it. : : o

: The double layer structure at the Hg/solution interface is the parent for further
_interfacial discussions of solids, which we shall carry out below. Because aspects of the
H.O structure in the double layer have come to predominate discussions of double layer
structure, we shall present it more in the next section. '

B. Some Detail on the HyO Structure in the Double Layer

In Fig. 2, the basic idea of H450 in two positions is shown. -However, there are new
ideas developing about the structure of HyO. There is evidence that dimers exist in the
adsorption of H,O from the gas phase {8].

A universally observed phenomenon at M/L interfaces is that the fraction of sur-
face covered (when the adsorbent is molecular) is parabolic with respect to potential. It
is easy, qualitatively, to understand this trend for adsorption. When the metal interface
is strongly charged, positively or negatively, HoO molecules will be held electrostati-
cally. But, near the potential of zero charge (p.z.c.), there is only a weak bond of HyO to
the surface, so that it is easy for organies to replace HyO. This is shown in a simple way
in Fig. 3.

Arrangement O Arrangement I

Electrode’ o Electrode

Positive ion
desolvated in

the direction
First row water No first row of electrode

molecules water molecules :

between ion and
electrode

Fig. 2 The two types of arrangement of ions stuck on an electrode (the compensating
ions in the diffuse layer are not shown).

Solvated
positive ion
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(@) Negatively —charged electrode with excess of flopped-down dipoles

flopped -down
water molecules

" Negatively
charged

Uncharged
electrode

Organic molecule held most strongly

Organic molecule held loosely

Fig. 3 The relation between the electrode charge and organic adsorption: (a) a neg-
atively charged electrode with an excess of flopped-down dipoles has weak
adsorption, (b) an uncharged electrode with equal numbers of flipped and
flopped dipoles shows strong adsorption, (c) a positively charged electrode with

an excess of flipped-up dipoles has weak adsorption.

Until the mid-70's, there was much opposition to accepting structured HyO as
affecting the electrical behavior of the interface. This opposition diminished after the
work of Hills and Payne [9] and Reeve [10], who showed that they could extract, from
data of interfacial tension as a function of temperature, the entropy belonglng to the
HyO molecules alone. This had a shape which was exactly interpretable in terms of the
configurational entropy which one would expect if one had a mixture of HyO molecules

of different types on the surface.
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Frumkin [11] regarded H,O molecules as "largely laying down" on the surface and a
model reminiscent of this has been suggested by Parsons [11] in which the HyO molecules
are laying down toward the p.z.c., but stand up to a small extent (they are seen as exten-
sively polymerized) as the excess electrlcal charge on the metal is made more positive or
negative.

Where are advancing frontiers of work in this field? One can learn much from the
entropy measurements. They have only been done at a single Hg/liquid interface. Study
of interfaces containing aprotie solvents using ellipsometric measurements should give
information about the way HyO adsorbs from this solvent and how it interacts with itself
and the surroundings. A more radical suggestion concerns using HVEM in conjunction
with a differentially pumped environmental cell. The hope here would be to penetrate
about 1 ym of HyO on the surface to probe adsorbed ions and even the adsorbed H20
molecules,

II. THE MODEL FOR THE SEMICONDUCTOR/LIQUID (SC/L) AND
INSULATOR/LIQUID (I/L) INTERFACES -

Although most of the fundamental work on double layers has been done on the
structure of the M/L interface, there are in practice more S/L interfaces where the
interface involves a semiconductor or insulator. One of the important general develop-
ments of electrochemistry in the post-1960 phase is the development of experimental
electrode kinetics at SC/L interfaces. Some work was begun by measuring electrode
kinetics at I/L interfaces [12].

There is, however, an important difficulty. Physicists, who are familiar with the
physics of the interior of the insulator, have contributed to the development but they
tend to neglect contact differences between the liquid or electrolyte. Thus, it is gener-
ally assumed that there is an identity between the SC/L interface and the Schottky bar-
rier. This seems, at least often, not to be the case. The situation at the SC/L interface
is close to that at the M/L interface, because of the adsorption of anions on the semi-
conductor. These anions provoke surface states on the semiconductor, which change the
structure of the model. Thus, instead of the p.d. at the interface being largely inside the
conductor, as at the SC/G interface, some of the p.d. projects into the solution and gives
a Helmholtz layer, which should be represented in all models in the current
literature [13-15].

The I/L interface has received minimal attention, but its importance is great,
because it is the nearest approx1matlon for interfaces relevant in biology, many of which
are S/L systems. : :

IV. METHODS OF INVESTIGATIONS FOR SOLIDS
A. Sweep Methods

In spite of the complexity of the S/L interface, the most frequently used device for
investigating adsorption as a function of the excess charge density are sweep techniques,
of which there are three kinds [16]. In the first, one keeps the current constant and
watches the potential vary from 1 ns to 0.1 s [17]. One can do something similar by
keeping the potential constant (using a series of these potentials) and recording the cur-
rents as a function of time, and finally, one can use the most complicated and widely
used of these techniques: the potentiodynamic sweep technique in which there is a
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steady rate of variation of potential, but one watches current as a function of time. In
each of these methods, there arc different errors which one has to minimize. For
" example, if one sweeps too slowly, the material which has been desorbed will diffuse onto
"the electrode and the measurements will show multilayer adsorption of material. - If one
" 'sweeps too quickly, one is measuring the éapacitance of the interface, because the cur-
rents associated with interfacial electron transfer are too small to be observed.

In using sweep methods, a specific. electrochemical reaction must be assumed to
deduce the coverage from the amount of charge. Because of possibly making incorrect
assumptlons, at least one totally independent alternative method lS needed to close the
gap in information which the sweep methods produce

_One of these methods is the radiotracer method [18]. As one measures only the
number of tracer atoms present on the surface, one can, by comparing radiotracer with
' sweep results; obtain an indication of what radicals are present on the surface. In Fig. 4,
one sees that for benzene compared with three sweep methods, the latter are in agree-
ment, whereas the radiotracer methods differ on the negative side of the diagram:.- Thus,

in thlS potential region, there must have been a dlssoclatlon of adsorbed benzene to
orgamc radlcals, which turn out to be CHO [19].
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Fig. 4 Potential dependence of electrosorption of benzene—comparison of results
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B. Ellipsometric Methods

Ellipsometry is a technique for studying thin layers of oxides upon surfaces in S/L

. systems. ,It has also been used for measuring the adsorption of ions on or near solids in

.. contact -with a liquid. One starts by measuring it at the Hg/liquid interface, where one

knows the result from independent methods [20]. Assumptions have to be made in the

ellipsometric method, e.g., the radius of the adsorbed molecule. Then, it is simple to

-recover from an ellipsometric measurement of the interface and the molar refractivities
of ions and of HyO, the coverage of the surface with ions.

However, ellipsometry suffers from severe limitations. If the solid begins to dis-
solve during the measurement of the adsorption of ions on the surface, errors may
become catastrophic. Interpretation of ellipsometric data depends on a surface of the
metal being polished and smooth, whereas when dissolution begins, there are pits, con-
taining solution, which the ellipsometer mistakes for metal. Another ellipsometric diffi-
culty concerns the variation of the refractive index of the metal surface with potential

_-which can sometimes interfere with results [21].

Nevei'theless, useful results have been secured with ellipsometric methods on
solids; some for bromide on various metals are shown in Fig. 5. A generalization comes
from these results; there is more adsorption of anions on the solid metals than of ions on

PZC
Ag Ni Hg Au Rh Pt
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Fig. 5 Adsorption of Br™ ions from 0.01 M Br~ solutions on different metals.
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Hg. This suggests charge transfer adsorption occurs. Ten percent of full coverage is a
high coverage on Hg, but on the solid metals, it is possible to approach 100%, which
would not be possible were the ions fully charged. This is evidence of charge transfer
adsorption on metals, but there is little of it on Hg.

Ellipsometry is very sensitive in detecting O, adsorption. Oxygen adsorbs on Pt at
relatlvely positive potentials, and then, at more posmve potentials, there are inflections
in the ellipsometric plots (the adsorption coefficient becomes finite), and there is indica-
tion that an oxide is formed (Fig. 6) [22], at first, in clusters.

Investigations with ellipsometry have not continued as well as they should have, due
to the introduction of electro-reflectance studies [23]. There seemed advantages, at
first sight, because one measures only the more easily obtained intensity ratio of the
incident to the reflected beam. However, there are doubts. Thus, it has been assumed
that one can regard the plot of the intensity of the reflected beam as a function of wave-
length as a spectrum. It has the appearance of one. However, a spectrum involves data
on the absorption of light, whereas in electro-reflectance, the effect of absorption is ob-
served in addition to effects of change of refractive index on the interface and its
coverage, factors which are in the Fresnel equations for the intensity of the reflected
beam [24]. It is therefore better to make examinations of this type with ellipsometry,
which evaluates the three variables—coverage, absorption coefficient, and refractive
index. Then, one could plot the absorption of light,x, as a function of wavelength and
obtain a real surface spectrum in solution. This has not yet been done. It would seem
valuable in the UV, where absorbed orgamc radicals would be expected to absorb, and
would be useful in biochemical conversion schemes. Moreover, there should not be much
difficulty in getting response times in the millisecond range, or better, so that one could
follow reactions, particularly those involving organic materials on the surface, just after
one has tuned in a certain potential, i.e., ellipsometric spectral relaxation.

There would be a learning process to find out what the spectroscopic peaks meant.
But after this had been attained, progress in the study of organo-metallic reactions at
S/L interfaces could take place. Such an application of ellipsometry would appear to be
one of the cutting edges of the field at the present time.

C. Radiotracer Measurements

Blomgren and Bockris [24] were the first to examine isotherms at the S/L interface
and to set up measurements for a coverage/potentlal plot, the parabolic relationship
which has been noticed above. One kind of apparatus used in a radiotracer measurement
is shown in Fig. 7. The electrode is deposited upon a thin film of Au, which is used to
approach the solution, thus measuring the background. One can obtain the increased
count due to adsorption on contact and calibrate this by evaporating onto the surface a
known weight of the adsorbate

A different- approach with radioactive tracers was developed by Green et al. {25]
and is shown in Fig. 8. Here, the counter is outside the liquid, but can detect the signals
through it. Thus, it is not possible to carry out measurements when the background is
strong. When a material is low in concentration, the count rate indicates what is
adsorbed upon the electrode. Figure 9 shows napthalene and its remarkable adsorptlon
upon Cu as a function of potential [25]. :

The reason for so much data involving Hg and the M/L interface is that it is easy to
measure the surface tension of the M/L interface, and therefore, apply the Gibbsian
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Scheme of the apparatus for radiotracer measurements of adsorption: A, thin
foil of adsorbent; B, reference electrode; C, counter electrode; D, auxiliary
electrode; E, body of the counter; F, metal support; G, window; H, gas inlets;
J, gas outlets; K, inlet for injecting and sampling; M, H20 seal, N, thermistor
probe for temperature control; and O, heating coil.
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Fig. 8 General arrangement of appafatus for radiotracer measurements. -
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electro-capillary thermodynamies. If one could obtain the surface tension of a S/L inter-
face as a function of potential, much progress could be made. However, the measure-
ment of this interfacial tension is difficult.

One method, in which partial success was obtained, was due to a suggestion by
Boris Cahan. A diffraction grating was attached to a thin layer of glass, and a laser was
directed on this, so that slight movements of the glass allowed one to count the lines in
the grating. Thus, a measurement was given of the bending of the glass. If one now
evaporates upon the glass (e.g., Pt) and applies an electrochemical circuit so that the Pt
is polarized at various potentials, the ‘charge upon the surface of the Pt/L interface
changes because of the parabolic relationship between the surface tension and
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charge [25]. One can measure the change in surface tension, and hence, from data at
various concentrations, the amount of adsorption upon it. There are subtleties here,
whereby the surface tension in the M/L interface may be confused with the stress result-
ing from the movement in the surface. Some results of this method are shown in Fig. 10.
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Fig. 10 Change of interfacial tension (av ) with potential for a Au electrode in
0.100 M KC1 solution. :

The extension of a wire has been used to indicate surface tension. If the wire is
moved too slowly, creep affects the measurements. But if they are carried out relatively
quickly by changing the tension in the wire, the movement of the wire, as a result of the
change of weights stretching it, is a function of the surface tension, and one can measure
these changes. A result of this kind is shown in Fig. 11. There is no doubt that this is a

‘fairly open area. Even if the heats of wetting on cleavage as a function of potential

were determined, the potential value of these measurements still is questionable.
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Fig. 11  "Electrocapillary curve" for Au ribbon in 0.1 M KC1 (sweep speed = 0.25 V/s).

Russian workers, Gokstein [26] in particular, have measured what is called the
estance of the M/L interface. This is a quantity related to, but not equal to, the surface
tension where measurement is achieved by sweeping the potential of the electrode over a
small amplitude, say 0.1 V, but moving the absolute potential of the region of this ampli-
tude swing over the interior range. Because surface tension is related to potential in a
parabolic fashion, one obtains a small change of surface tension with potential during the
oscillation of potential far from the p.z.c. Thereafter, one obtains a large change of sur-
face tension with potential as one approaches the p.z.c. and finally, at the p.z.c., zero
charge. The electrode is arranged so that only part of it is in contact with the solution.
Thereafter, the degree of contact between the electrode and the liquid echanges with the
surface tension. This effect can be easily measured and the p.z.c. obtained. Bard and
Handley [27] have done something similar to this; they found that by stress measurements
with an attached piezoelectric detector it is possible to obtain the flat band potential of
semiconducting oxides. These are of value for photoelectrochemical applications.

There is much to be done with stress/electrode measurements, although one must
come back to the subtlety of the difference between estance and surface tension. Long-
term stress measurements can be used to determine the partial molar volume of mate-
rials dissolved within the metal at the S/L interface. This is a measurement of interest
with respect to the strength of materials.

" D. Frumkin's Contributions

It is recognized that Frumkin has contributed as much as any man to the investiga-
tions of the S/L interface. Frumkin evaluated the surface tension of the M/L interface
by the double integration of the capacitance/potential relationship [28]:
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C = azy/8A¢
(1)

If one double integrates Eq. (1), one should get the surface tension, but there are two
integration constants: the p.z.c.—no problem—and the other the surface tension at the
electrocapillary maximum. In most cases, one can determine only the change of surface
tension with potential. Frumkin and his colleagues have put this capacitance method into
the realm of a reliable method for looking at the electrocapillary thermodynamics. They
used very smooth electrodes. Earlier, there had been much dispersion of the capacitance
with frequency, because of the effects of irregularities and pits, pyramids, and roughness
on the surface of the electrode

A general result came out-of this work with capacitance measurements. The main
paper by Frumkin et al. [29] is concerned with the disappearance of the Essin-Markov
effect at many S/L interfaces. The Essin-Markov effect is the variation of the p.z.c.
with concentration. In the simple analysis, not taking into aceount any breakdown of the
double layer nor specific adsorption and is easy to relate to the Nernst coefficient RT/F.

The interpretation of the disappearance of the Essin-Markov effect led Frumkin
and his coworkers afar. They realized that in studying a surface, such as Pt in contact
with a solution of hydrochloric acid, the description of the adsorption is more complex
than at a polarizable interface. Thus, one cannot say that when a new ion is brought up
to the L/S interface, it adds one further charge to this surface; it may discharge itself
partially across the surface. Thus, the charge Q at a unit area of a S/L interface is not
only a function of the number of ions present, but of their discharge reaction rates across
the surface.

A special thermodynamlcs, a development of the Gibbsian electrocaplllary thermo-
dynamics, has been developed by Frumkin, but its acceptance is not yet widespread [30].

In looking toward the future of methods for the investigation of S/L interfaces,
there is a distinct need for kinetic and structural methods. De-emphasis on the electro-
capillary methods is reasonable, because it is often difficult to interpret the data. The
introduction of the concept of partial discharge across the surface has added to an
already complex situation and suggests that one should probe the surface with spectro-
scopic methods. .

E. The Determination of the Potential of ZeroCharge

The p.z.c. for the S/L interface has some analogy in the history of its development
to the determination of the work function at the S/G interface. Thus, for years, it was
difficult to obtain agreeing data for work functions, and the same was true until the
1970's for potentials for zero charge. The situation is now improved. Many (perhaps one
dozen) potentials of zero charge are known by several methods with agreement among
the laboratories to about 0.01 V. In Table 1, methods are given for obtaining the p.z.c.
Devices for on-line corrosion monitoring of solar liquid heat transfer systems, which
involves knowledge of the p.z.c., are being developed.




Table 1. VARIOUS METHODS OF DETERMINATION OF THE POTENTIAL OF ZERO CHARGE ON METALS

Method .

Principle

Positive Aspects

Negative Aspects

Surface tension methods
contact angle

capillary rise

tension vibration
measurement

Change of surface area
at constant potential
(the immersion
method)

open-circuit scrape

Capacitance measurement”

flaximum in the contact
angle versus potential

A minimum in the height
of the capillary rise
versus potential

Alternating current super-
imposed on de applied to
a flexed-beam electrode
and vibrations measured -
by a piezo-element;
amplitude proportional to
qAaEcos W .

Charging current propor-
tional to the electrode
capacitance and dV/dt

The potential/time decay

curve comes to a plateau
at zero charge

A minimum in the C4,/E
plots in dilute solutions
since diffuse layer capac-
itance is smallest at zero
charge

) Basis similar to electrocapillary
- measurements

Basis similar to surface tension
methods

Possibility of measurement of
surface free energy of solid-
solution interface

Simplicity of measurement;
applied to many systems; possibly
several means of exposing fresh
metal surfaces

Has been used to studyAionic
specific adsorption on silver
and gold '

Applied extensively to many

solids; measurement of double~
layer capacitance can lead to
q,,-versus E relationship and
electrocapillary thermodynamics;
in principle, effects of adsorption
and pseudocapacitance can be eli;
minated by working at high enough
frequency; one of the most suitable
methods

Usual objection of formation liquid phase under
bubble improbable in aqueous solutions, but
magnitude small and hence variation difficult
to observe

Possible lack of resolution in-a position
determination

At present, amplitude used to give sufficient
sensitivity is 0.1 V

In presence of a Faradaic process, method

inapplicable

Scraping probably increases active sites and

_hence interference due to Faradaic processes

Applicable only in dilute solutions;
pseudocapacitance give difficulty
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Table 1.

VARIOUS METHODS OF DETERMINATION OF THE POTENTIAL OF ZERO CHARGE ON METALS (cont'd.)

Method

Principle

Positive Aspects

Negative Aspects

Ionie adsorption

Organic adsorption

Friction
oscillating
Herbert
pendulum

statie friction

Ultrasonic methods:
- ultrasonic potential

dispersion of the
electrode

Repulsion of diffuse

Tracer cationic and
anionic charges are equal
at zero charge

versus E curves
lnté‘sect a p.z.c. at

. various electrolyte
. " concentrations while the
' - concentration of the

neutral organic compound
is constant

The friction between the
fulerum. of the pendulum
and the metal is maximum
at p.z.c.

Static friction between
two surfaces is at a
maximum at zero charge

Ultrasonic potential is
maximum at zero charge

Rate of weight loss is at
a minimum &t p.z.c.

Repulsion of ions in
diffuse layer is at a
minimum at p.z.c.

£pplied to solid metals

P.z.c. determination in presence
adsorption of neutral compounds
possible

Easy applicability to any solid

Simple measurements; quantitative
iaterpretation recently given;
gpplicable to many systems

Mot clear

Applied to few systems;
possibly applicable to oxides

Applied to several systems;

possible applicable to "insulators" ’

Inapplicable if adsorption of a third ionic species
other than the radiotracer species is involved;
availability suitable tracers questionable

Absence of specific adsorption of ions of the
electrolyte necessary. The contribution of salting
out effect must be small; measurement of T

on solid metals of limited accuracy org

Indirect way of measuring friction leads to con-
fusion in interpretation whether friction or hard-
ness is underlaying physical property; experiments
cannot easily be carried out under controlied
conditions

Friction depends upon the mechanical properties
of the metal, e.g., plastic yield, hence variation
of friction with mechanical properties limits
accuracy

Speculatively suggested; no data; dlfflcult
apparatus

Method depends on the mechanical properties of
the metal; weight loss measurements may be in
error due to formation of oxide

Not applicable > 1072 M; apparatus complex, not
applicable in presence of specific adsorption
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F. Spectroscopic Methods for the Investigation of the S/L Interface

It has been suggested above that the future of much of the S/L interface should lie
in the direction of the, as yet, undeveloped ellipsometric spectroscopy. However, it is
possible to think of applying methods which have been applied in investigations of the S/L
interface. The most obvious ones are AES and XPS. A major difficulty is that a vacuum
is needed for the study. . This problem was first tackled by Revie et al. [31], who made
measurements of Auger spectra. Their apparatus is shown in Fig. 12. The electro-
chemical work is carried out in the compartment on the bottom, and the magnet is used
to raise the electrode out of the solution into an intermediate port where the electrode is
washed to remove solute material and subjected to a light vacuum for drying. The elec-
trode material is .then raised into a compartment, which is transferred into a high
vacuum after the electrode has been placed and cooled to liquid nitrogen temperatures
(to avoid the effect of high vacuum upon the stability of the film). '

The processes of transfer into vacuum may damage the material which has been
prepared electrochemically. If the problem is, for example, the penetration of Cl ions
into a passive layer, it is probable that such methods work well. If one wants to examine
the effect of adsorbed ions on the surface of a semiconductor, removal of the H,O layer
radically changes the situation. ' :

MAGNET
SOFT IRON

WINDLASS
Pt WIRE

RETARDING GRIDS

.~ © FOCUSING GRIDS).
: S LIQUID

PLATE N NITROGEN
Mo CLIPS
ELECTRON T(l) : :
MULTIPLIER - VACUUM i e
+ PUMPS [}, STRAIGHT-THROUGH
| o UHY. VALVE .
—"-TO VACUUM PUMPS
Pd_REFERENCE
SAMPLE ELECTRODE
Pt_COUNTER
ELECTRODE
ML GAS INLET
SOLUTION oyt

Fig. 12  Apparatus for combined electrochemical studies and AES.
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There is also a possibility to examine the S/L interface by HVEM methods with a
differentially pumped environmental cell containing the interface of interest, which
might be an electrode with a thin layer of solution upon it.

Mossbauer spectra have been used in the study of passive films [32]. The spectra of
the common oxides differ from those which are attained through passivation. The latter
has a certain Neel temperature which indicates that there may be amorphous layers
present on the surface of the electrode and indicates the size of these. It is possible to
fit the results to a situation in which H,O is present as the characteristic component
- which determines the protective passivezlayer from other kinds of oxide film layers at
the S/L interface. It "sticks the bits together" in amorphous domains, the size of which
determines the degree of passivity.

Mdossbauer spectra experiments on passive layers give results analogous to those of
AES; both indicate the presence of HZO as the determining entity in the passive layer.
bpectroscopxc methods (AES) also indicate that breakdown of a passive layer caused by a
Clion is essentially due to the removal of Hy by it (33l. - ‘

V. ABSOLUTE POTENTIALS AT S/L INTERFACES

The absolute value of the p. d. at the S/L interface is impossible to measure.
’ However, calculations of the p. d. at the M/L interface are possible, but in the negatlve
view, they would be worthless because there is no way of checking them. There is now'a
degree of agreement among electrochemists that something meaningful can be calcu-
lated, but the accuracy of -the calculations is not better than 0.01 V, and they cannot yet
be done for every M/L interface. Interfaces of interest in solar energy are partlcularly
those involving semiconductors, e.g., GaP-NaOH in solution. o .

Here, the basic contribution made was in understanding the p.z.c. After Frumkin
showed there was similarity between the situation of the p.z.c. and the work
function [34], Bockris and Argade [35] formed a "thegry of zero charge," which led them
to calculate the quantity: pe + u,S;. Here, the ue is the chemicul potential of the
electron in the electrode concerned, e.g., Pt. The sum of ue and aps g is the so-called
"absolute electrode potential of the H, electrode." This quantity remains constant upon
change of substrate for given thermodynamic conditions, and was calculated by Bockris
and Argade [35]. - o Caa

U : ot
Itis then possible to wrlte the equatlon .

EHg = oMI/F - S+ GXHg - NaA¢ref + el3/F

< oal

g=0 (2)

where E is the p..z. ¢, on, Hg’l‘-)l Hg s the work funection on Hgj; x is the interfacial
potentlal) a? the M/L lnterface, 8x € is the change in this brought about by adsorption.on
Hg; NaA ref is the absolute Galvanic potential difference across the Na/L interface;
and ue is the chemlcal\potentlal of electrons in the Na electrode, i.e.,, the Fermi
energy. o .

it [

Note thaft one ,lltil'izes ,éimixed situation here, where some quantlties ar, ﬁ for Hg and
some quantities are for Na, because ilt_l is. relatively easy to determine pe > and light
metals, but much more difficult for nefis. Thus, the absolute p. d. of the Na/L interface
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is determined by expressing the p.z.c. for the Hg on the Na scale, i.e., with reference to
- a Na electrode.

In this way, one can calculate the absolute M/L p.d. at, say, a Na electrode, and it
" comes- to about -1.2 V. Hypothetically, one can determine any S/L p.d., but in practice
there are difficulties in doing this with any degree of accuracy. The principal difference
- is- the proper calculation of ue, which is not to be taken as that given by the free elec-
- tron theory of metals, but the real ue which is difficult to calculate.

Once the idea of ‘"the absolute electrode potential" was accepted, calculating other
- ‘absolute potentials became fashionable. However, there is an extra difficulty in caleula-
tions of the type such as mentioned above for Na, where one calculates the absolute p.d.,
actually at the interface with the solution, and not the total "electrode potential" (i.e.,
-the sum of the Galvanic potential difference plus the chemical potential of the electron
within the electrode). One has to assume a model of the interface to calculate the con-
tribution due to the H,O molecules at the surface. This can always run one into uncer-
tainty, perhaps as much as +0.1 V., ' ;

Of course, if one can determine an absolute M/L p.d., then, at the p.z.c., it should
be pos51ble to. calculate the so-called electron overlap p.d. [36]. This little known quan-
tity arises because electrons in the bulk carry over an interface, overlapping or under-
-lapping it and causing a p.d. to arise there, which is part of the surface p.d., independent
of the solvent p.d. Calculations of this type are dangerous because they involve a solvent
layer calculatlon whxch is’ theoret1cal and modelistic [37] :

Nevertheless, cdlculations of absolute p.d.'s at M/L mterfaces (eventually SC and
‘even I/L interfaces) are part of the future, and by the end of the century, absolute p.d.'s
may be used routinely, instead of the reference potentials of classical electrochemistry.

A'VI ORGANIC ADSORPTION
PR PN N

In Fig. 13,‘an example of organic adsorption is seen. The curve is parabolic, in
"accordance with-the predictions of the BDM theory [6]. : o

3

The "Frumkin Isotherm" which is: 6/1-0) = BCezaOf,‘ was deduced in 1926 and is
still’used by Russian workers to represent the various aspects of organic adsorption at
S/L interfaces [38]. To obtain good agreement experimentially, it is necessary to use
empirical constants since there are no molecular models used directly in developing the
isotherm, :

Many other isotherms have been developed for the expression of both ionic and
organic adsorption at electrodes [39], as shown in Fig. 14.

" Organic adsorption at the S/L interface is a subJect which needs direct methods.
" As measurements were éxtended to solid metals, in addition to Hg, ample evidence
showed that a reaction was often occurring with the organiec molecules on the surface,
‘and was in competition with the "reversible adsorptlon " ‘What is needed here are direct
spectroscopic means for characterizing the surface in situ. Resonance Raman spectros-
copy might be used to do this, and it can in some cases, such as that of pyridine on
Ag-[40]. However, ih nearly all cases, except for Ag, thefe is an insensitivity to Raman
" radiation, so this ‘'does not seem to be a -generally apphcable method. Elllpsometrxc
‘spectroscopy may prov1de the methods needed.

se
b
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Fig. 13  Adsorption of napthalene_on Pt from 0.9 N NaCl10,, O.1 N NaOH. O, 1074 M
napthalEne; 4, 5x 107° M napthalene; B , x 1072 M napthalene; +,
5x 107° M napthalene; @, 2.5 x 10°° M napthalene. .

VII. IONIC ADSORPTION

There are three main topics here, two of which are connected. First, there are
forces present in contact adsorption, discussed classically by Anderson and Bockris [41],
where an attempt was made to interpret the whole situation on Hg without the use of
orbital overlap. Barclay and Caja [42] introduced orbital overlap and showed that, espe-
cially for solid metals, there was evidence that this occurred. Schulze [43] has done
somewhat similar work.

Secondly, partial charge transfer may occur, which was considered by Schulze,
Parsons, and others [44]. Partial charge transfer seems certain to occur. Infact, it has
been mentioned that in ionic adsorption measurements, made by ellipsometry, the
greater coverage of the electrode by small inorganic ions such as chloride and sulfate
makes it likely that there is bonding at the surface. However, the partial charge transfer
is awkward for those interested in the S/L interface, because the studies relate.back to a
Hg situation where the Gibbsian classical thermodynamics has been used, and where it
has been assumed that one ion is equal to one charge. If this can no longer be assumed,
then there will be numerical changes to be made in the Gibbsian thermodynamics. Little
change is probably necessary in the Hg results because there is little overlap. This
emphasizes the need for spectroscopic determinations of quantities at the M/L interface
(even moreso at the SC and I/L interfaces). .
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Forms of a Number of Adsorption Isotherms and the Corresponding Reaction Order Factors

) . dln 8
Type of isotherm Form of isotherm ( )
alnC E
“Henry's law" K(Cgr), = RTOI",, 1
| or,, bér,, b6 bor,,
Vol K(Cgr)y =RT (———> 1+ — +
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L i K(Cgr) r —0 1-6
a = = bt
ngmuir ” )b T
6 1-6.
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1
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. 1-r6T,,
‘ 8 1-¢6
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Fig. 14 Forms of a number of adsorption isotherms and the corresponding reaction
order factors, where I' is the surface concentration of adsorbate; T'm is the
surface concentration corresponding to a monolayer at the surface;
K=exp (-G d‘s/RT); b is the molecular area of adsorbate species; O is the
degree of coverage of the electrode surface by adsorbate given byl /T _; X is
the ratio of relative sizes of adsorbate and solvent molecules in therq“lory—
Huggins type of isotherm; and r is the interaction parameter characterizing
two-dimensional attraction of repulsion in the adsorbed layer in the virial or
Frumkin isotherm, or r is a heterogeneity parameter in Temkin's isotherm—
units of r depend on how coverage is expressed, i.e., as I' (= GI' ) or in terms
of O.

The third subject of interest pertains to the type of isotherm which is deduced.
Here, the interest relates to image forces and how one evaluates them [45]. When con-
sidering the adsorption of ions at M/L interfaces, one finds it necessary to involve
images; otherwise, upon integrating the repulsive field over the whole surface of the
electrode, one obtains an impossible answer. However, once one realizes that the image
energy of the first layer of ions then gives rise to an image in the solution, ete. the
situation becomes more complex. Levine and coworkers [45] have assumed that there
was a sharp dielectric image between the Helmholtz layer and the Gouy layer. Their
model yields extensive imaging from the liquid, which upsets the much more mathemat-
ically tractable picture that one obtains from considering single imaging from the first
layer of ions in the electrode. Bockris and Habib [46] have reported calculations which
suggest that the Levine view is not numerically cogent. The degree of imaging which
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comes out of the solution depends upon the sharpness of the boundary between the Gouy
and the Helmholtz plane. This boundary can be shown-not to be dleleclmcally sharp.
This lack of sharpness of the real boundary diminishes the image energy and gives smaller
effects than those which have been anticipated in the work of Levine.

The cutting -edge of the classical work on ionic adsorption is generally limited to
considering many images, how much and how sharp is the dielectric boundary, ete. But
such work lies conceptually in the past, because it is too classical. One needs to add the
spectroscoplc and quantum basis to the cons1deratlons, and a theory of bondlng for solid-
ion interactions in the presence of solutions.

VII. FRICTION

Like the Frumkin thermodynamic investigations of S/L interfaces, the study of
friction at the S/L interface has been the province of Russian workers and particularly
Rehbinder. The "Rehbinder Effect" [47]—the alledgedly variation of hardness with poten-
tial—has been used extensively in Russia, e.g., the design of rock drills whxch have
potential control at their tips.

There is a degree of ambiguity between the alleged effects, called by Rehbinder
hardness effects (fissures in the surface of the solution varying in "openingness" with
potential because of the layers of charge on either side of the fissure, so that the hard-
ness of the surface would vary with potential) and the straight effects of friction.
Bockris and Parry-Jones [48] photographed the movements of the wet ball of a Kater
pendulum and found that, apart from its oscillitory movements, it slithered over the sur-
face, thus involving friction. By making straightforward measurements of friction alone,
rather than the logarithmic decrement of the pendulum which had been used by
Rehbinder, they showed that there was a true variation of friction with potential.

The variation of friction with potential at S/L interfaces has been examined theo-
retically, and an equation has been deduced which gives a degree of agreement with the
results [49]: : o

PThAy _ ' .
HE = 1 -k{x + 1/x)q/a _ - ' (3)
. W .COSO + (41qu-lff/t)[e o ](A AO) ‘

where 1 is the coefficient of friction; w is fhé'Weight of the slider; © is the angle of
contact;  is the conductance; q4irr is the charge on the diffuse layer; 1/« is the Debye
- length; and A is the area of microcontact.

The effect of ‘potential on friction could stand more investigation, partlcularly
when the interfaces involve semiconductors and insulators.

IX. FUTURE PROSPECTS

- The S/L interface has one positive dlfference compared with other interfacial sub-
jects. The experiments have a more practical bearing upon reality than those done at,
say, the S/G interface. Although workers at the S/L interface do have analogues of UHV
(super pure solutions), their experiments are for the most part done under situation not
too far from those which would apply in practice.
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The field is in an early stage of development. Whereas the S/G interface had excel-
lent experimental work starting about 1940, good electrochemical work on solids did not
start until about 10 years later. Thus, solutlons were generally dirty and tended to have
more variables, so it was difficult to-get comparable results in different laboratories.

There is a critical need for theoretical development of the S/L interface. Further-
more, theoretical workers avoid the fleld because it is seen as too complex and too prac-
tlcal Some needs are: :

(1) A quantal approach should be attempted for the M/L interface, and then for
other kinds of interfaces, e.g., SC/L and I/L. Thus, in principle, it would be possible to
consider a one-electron system existing between the solid conductor and the first layer
of ions in the double layer.

- (2) There is no doubt that the present theoretical treatment of the double layer is
one which combines the philosophy of the 19th Century electrostatics with statistical
mechanices. There is a lack of reality in many of the molecular considerations made. A
considerable weakness arises from.the tacit assumption that there is no electron transfer
across the interfacial region. Eventually, (i.e., at a certain current density), there must
be an effect of such a passage upon ionic distribution laws.

(3) Hypostatization is rife in present double layer models. What kind of connection
to reality can be placed on such concepts as "hollow conducting spheres," or "one plate of
the condenser” consisting of ions in motion in solution. These weakness must be swept
away by treatments in’ quantum mechamcal terms, which deal with the situation as in the
rest of chemistry.

(4) The theory of the diffuse layer at present in use should not be applied at concen-
trations above 0.001 M. It is applied in practice, however, at 0.1 M. This problem is dif-
ficult to solve because the volumes of solutions concerned at high concentrations are
such that the number of partlcles are less than the number for which statlstlcal laws
apply. A Monte-Carlo approach is needed '

(5) * If, when &an ion adsorbs at-a M/L or S/L ‘interface, there is a charge transfer
associated with this, many changes occur in our thinking. For example, a semiconductor
exposed to a change of electrode potential changes its potential within a quite different
region (in fact, becomes metallized) if: these are new surface states of high concentration
on the surface, corresponding to high ion-adsorption. Such thoughts have been com-
pletely neglected by those dealing with photoelectrochemical energy conversion. No
clear idea of the SC/L interfacial structure can be obtained, unless the surface state
concentration and ‘its variation with potentlal can be given. Yet, we do not yet have a
good method for siuch measurements. - -

(6) A comparison may be made between investigations on the S/G interface. Not
being able to use - spectroscopic methods is a disadvantage for the S/L interface.
However, this interface has one advantage which is little realized by those who work out-
side it; one can do much by changing the potential, lncludlng frequent cleaning of the
surface in situ.

In spite of difficulties and indirectness, we know a good deal about the Hg/L inter-
face, and our understanding of the S/L interface is being enlarged. However, spectro-
scopic and direct methods are necessary to advance the understanding.

.
St
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VII. OVERYIE_W OF CURRENT STATUS OF SOLID-GAS INTERFACE SCIENCE

- ‘Robert S. Hansen
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- Iowa State University
Ames, Iowa 50011

ABSTRACT

The principal 'methods for establishing chemical composition, long range structure,
short range structure, and nature of chemical bonding at the solid gas interface are
reviewed. Electron and ion spectroscopies largely developed over the past two decades
have vastly improved our ability to establish intérface chemical composition, and devel-
opments over the past five, years have done much to put determination of long range and
short range structures on 'firm ground. The high vacuum requirements of these tech-
niques limit their applications to interfaces whose stability under evacuation can be
reasonably presumed. This is a serious limitation for many solar applications, and new
methods of characterization not subject to it are badly needed. Some possibilities are
indicated.

I. INTRODUCTION

We undertake to assess the current status of techniques for establishing the chemi-
cal composition and structure of the S/G interface region, including variations in compo-
sition and structure with position in the interface region. We shall discuss some recent
developments in fundamental surface science in which new techniques have played
important roles, some important areas in surface science needing new or modified tech-
niques for their further development, and some aspects of solar technology in which
modern characterization techniques might be employed to advantage. Somorjai's text [1]
provides a good introduction to the subject matter; Vol. Il of Experimental Methods in
Catalytic Research [2] is devoted to characterization of surface and adsorbed species,
and has authoritative reviews on the majority of topies covered.

II. DISCUSSION

A. Determination of Chemical Composition

. Establishment of interface chemical composition has depended most heavily on XPS
and AES. Both involve analysis of kinetic energies of electrons produced in the solid, but
since the mean free path of electrons in solids is of the order of molecular dimensions
the escape depth of electrons (0.4 to 10 nm) limits those detected to electrons coming
from the interface region, and the techniques are therefore surface sensitive. In both
cases, the kinetic energy of an emitted electron carriers information as to the kind of
atom it came from and so is a qualitative analysis source, and in both cases, for a given
stimulation rate, the rate of emission of electrons of a given kinetic energy is propor-
tional to the number of source atoms and so is a quantitative analysis source. In both
cases, the kinetic energy of an electron emitted from an atom of a given element will
vary slightly with its chemical environment; this chemical shift can be detected at suffi-
ciently high resolution and provides information about the chemical environment
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(e.g., valence) of the emitting atom. In both cases, the fact that interface composition
varies, of ten considerably over the escape depth, leads to uncertainty in interpretation of
analyses. The electron mean free path in a material varies with its kinetic energy; a plot
of mean free path against log kinetic energy is roughly parabolic with a broad minimum
of about 0.4 nm at about 70 eV and increasing to about 3 nm at 8 and 2000 eV. Kinetic
energies of emitted electrons used in analysis are most frequently higher than 70 eV (say
100-500 eV in AES, 500-1200 eV in XPS) corresponding to mean free path 0.4 to 0.8 nm
and 0.8 to 2.5 nm, respectively. Plainly both methods generally are sampling more than
the outermost layer of atoms; as commonly used, AES is more surface sensitive because
of the shorter mean free paths of the electrons sampled. Chang has an excellent discus-
sion of analytical AES [3a] and S. Hercules and D. Hercules of surface characterization
by XPS [3b].

AES spectra are most frequently obtained as plots of dzl/dV2 vs V, where I is the
current due to electrons of kinetic energy equal to or greater than the work function. An
Auger transition in such a plot appears as a peak followed immediately by a trough; the
voltage at the inflection between the peak and trough is characteristic of the element
responsible for the transition, and the peak-to-trough distance (in absence of interfer-
ences) is proportional to the amount of that element. The proportionality constant is
best obtained by standardization against a known composition (e.g., in alloys, from sepa-
rate AES spectra of the pure components and in adsorbed overlayers from spectra of
overlayers of known structure). Practical sensitivities of the order of 0.001 of a mono-
layer can be obtained in this way. Interferences result chiefly from incomplete separa-
tion of the Auger peak of interest from peaks of other elements (or other peaks of the
same element).

AES spectra are obtained under vacuum so surface components which are lost on
evacuation are, of course, not detected; conversely, the surface may be easily contami-
nated during sample preparation by substances not lost upon evacuation (e.g., hydrocar-
bons, O,, CO). Subjcet to those limitations, careful work can provide interesting surface
information. Watanabe et al. [4 exploited the difference in escape depths for Auger
electrons of different energies to show the surface enrichment of Cu in Cu-Ni alloys in
the first four layers from the alloy surface. Use of ALS to investigato poisoning of cata-
lysts, composition of corrosion layers, passivating films, surface segregation, and adsorp-
tion of strongly-held components is common. Surface layers can be successively
sputtered off by Ar ion bombardment with intervening AES analyses to establish compo-
sition as a function of depth; this is called depth profiling [3al, and it is useful in studying
the effects of surface treatments, the nature of corrosion films, diffusion of embrittling
interstitials, etc. (see Chapter IX for a discussion of depth profiling).

An interesting paper by Rye et al. [5] illustrates not only the derivation of chemical
shift information from AES but also problems which may arise from overlapping peak in
use of AES for quantitative analysis. For example, O (KVV) spectra are compared for
Hy0, CH40H, and (CHj3),0. The designation O (KVV) denotes an Auger transition in an
oxygen a%om in which a valence electron falls into a K vacancy and a second valence
electron (whose kinetic energy is measured) is ejected. The energy level of the K elec-
tron is unambiguous but there are several molecular orbitals involved in bonding. Hence
the O (KVV) spectra involve about 13 transitions spanning a 50 eV range of kinetic
energies although there appear to be only about five peaks in the spectra (because of
overlapping peaks). Rye et al. have analyzed energy levels and line shapes associated
with all 13 transitions to reconstruct the spectra, and have shown that subtle differences
in O (KVV) spectra for the three compounds studied provide "fingerprints" that indicate
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bonding character of the oxygen. Similar studies were conducted for the C (KVV) spectra

AES is the most widely used technique for qualitative and quantitative -surface
analysis, but XPS is also extensively used. Three less employed techniques, RBS, ISS, and
SIMS, depend on ion scattering or ejection and have special attributes deserving mention.

RBS depends on the scattering of high energy nuclei (typically several MeV He
nuclei) by nuclei in the specimen. The scattering is to high degree of approximation a
collision between two nuclei in which energy and momentum are conserved, so that
knowing the energies of incoming and scattered He ' and the scattering angle the mass
of the scatterer is established. The method is not particularly surface sensitive (depth
resolution 10-20 nm) and is also not very sensitive to light elements. It is correspond-
ingly less sensitive to surface contamination, so requires less stringent vacuum conditions
and is hence faster for routine surveys of near surface compositions. The theory of the
method is extremely sound, so that qualitative and quantitative analyses can be estab-
lished based on ab initio theory without calibration. Finally, the fact that He * ions
backscattered some depth from the surface lose energy according to a known scheme on
- passing through a dense medium can be exploited for depth profiling in a (relatively)
- nondestructive manner. The recent book "Backscattering Spectroscopy" [6] gives a broad
and authoritative treatment of the subject.

ISS resembles RBS in that the specimen is bgmbarded with ions of known energy,
usually ions of rare gases such as He', Ne ', or Ar , and the energy distribution of scat-
tered (primary) ions at some scattering angle, commonly at 138°, is measured. The
energy of the impinging ions is usually chosen in the range 0.5 to 2 keV, and the scat-
tering dynamics are again based on conservation of energy and momentum in a single col-
lision event. Hence the mass of the scattering element can be established. Because of
the lower energy of the impinging ion, its ability to penetrate the sample and then escape
is much less than in RBS, so that ISS is highly surface sensitive, and can differentiate
composition of a surface layer from the immediate subsurface layer. Unlike RBS, how-
ever, the scattering cross sections do not follow from ab initio theory, and so quantita-
tive surface analysis by ISS requires calibration of the sort previously described for
AES. Buck's review of ISS provides a good coverage of principles and applications [7].

SIMS involves mass spectrometriec analysis of ions sputtered from a surface by
impinging ions. The impinging ions most frequently used are rare gas ions, e.g., Ar ions,
but very great sputtering rates can be obtained if the impinging ions are also reactive
(e.g., O, ions impinging on metal surfaces). In common practice, the sputtering rate is
too ‘great (about a monolayer a second) to qualify SIMS as a true surface sensitive
method, but it is very useful for thin film analysis and imaging the near surface region.
Benninghoven has pioneered "static SIMS" with a much lower sputtering rate, giving
monolayer lifetimes of several hours. This and ISS are probably the most truly surface
sensitive methods in current practice. With rare gas ion bombardment, the sputtered
ions include clusters, and atoms composing these clusters must have adjoined on the sur-
face. Benninghoven has written a recent review of SIMS in which static SIMS is
emphasized [8]. :

B. Determination of Long Range Structure

Long range structures of interface regions are chiefly determined by LEED, again
because the low energy electrons, being unable to penetrate very far into the solid, are
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surface sensitive probes. Most frequently, LEED is used to produce diffraction patterns
charactemzmg the two-dimensional symmetry of a surface structure and to show changes
in symmetry resulting from surface reactions. Such patterns in no way establish surface
structures, alt! 1ough if they are particularly smple they may importantly supplement
chemical intuition in reaching informed guesses as to structure.. .Somorjai's text gives
photographs of a number of such spot patterns, comparisons of surface structures:and
diffraction patterns, and recommendations for pattern nomenclature [1]. A well-defined
LEED pattern implies that a definite long-range surface structure exists, and these pat-
terns have played important roles in helping investigators in different laboratories to
establish whether or not they started with a common surface composition and structure
and achieved a common final result.

A rigorous determination of structure by LEED is difficult both experimentally and
theoretically. High resolution scattering intensity versus voltage plots must be obtained
for as many independent diffraction peaks as can be reasonably obtained, and their analy-
sis, which must carefully include multiple secattering effects, will generally require
extensive computation. Duke [9] has analyzed this process carefully with particular ref-
erence to semiconductor surfaces, but his comments have general relevance. A proper
analysis requires selection of a model for the electron-solid force law, use.of this law to
calculate the LEED intensities for a set of assumed surface geometries, evaluation of the
sensitivities of the intensities to the parameters of the force law and surface geometries,
and comparison of calculated and observed intensity-energy curves for as many spots
over as wide a range of beam parameters as practicable. Duke analyzed the uncertain-
ties associated with each of these steps, and reviewed work leading to. proposed strue-
tures for a wide variety of surfaces. The GaAs (I10) surface structure evolution makes
particularly interesting reading. Duke comments in his synopsis that two disparate
regions of structural parameters may give comparable descriptions of a limited data
base. This and other problems cited in Duke's review are well 111ustrated by two recent
papers on the structure of CoH, adsorbed onto Pt (111). The first paper [10] proposed a
structure in which C,H, molecules "lay down" on the surface, essentially. bonded to two
Pt atoms and coordinated to a third. When HREELS results [11] made. this structure
unlikely, the second paper [12], using additional spot intensity data and consxdermg the
HREELS results, proposed a new structure, essentially CH3CPt3, in. which the CZH had
picked up a hydrogen, was perpendicular to the surface, was still coordinated to three
Pt atoms but now via only one C atom. In the second paper, it was concluded that the
two C,H, configurations, which are markedly different in fact, were poorly resolved by
the L Dzdata alone.

C. Determination of Local (Short Range) Strueture} '

Local structures, for example the’ nearest nelghbox' env1ronments of partlcular
atoms, can sometimes be established even if long range structures are unknown or
nonexistent. EXAFS is a source of local structure information.  If x-ray absorption is
plotted against photon energy, there is a steep rise in absorptlon as the energy of an
adsorption edge, e.g., the K edge, of an element is.passed, followed. by a slow decrease
with modulations reﬂectmg coherent backscattering. of photoelectrons from neighbors of
the emitting atom. The modulations hence contain’ information similar to that provided
by electron diffraction, and analysis of them can provide estimates of distances and
numbers of nearest neighbors. It is plainly desu-able that other absorptlon edges be suffi-
ciently separate so as not to interfere with the modulation analysw 'In favorable cases,
distances to nearest nelghbors can be established.to about 1 pm and coordination numbers
to 20%. Where absorption is the quantity du‘ectly measured, the method is not surface
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sensitive, although it has provided information of surface interest in cases such as sup-
ported catalysts in which the material of interest was in the form of particles suffi-
ciently small that all of its atoms were near surfaces. A surface sensitive variant,
SEXAFS, depends on Auger electrons emitted following the initial photon absorption.
Here, the Auger electrons observed come from a region within an escape depth of the
surface; their number is proportional to the number of photons absorbed in this region,
and so a plot of Auger emission intensity as a function of photon energy also carries the
modulation information. The review by Sandstrom and Lytle [13] provides general back-
ground and summarizes work and current status for EXAFS and related techniques. It
should be noted that synchrotron radiation sources permit vastly inereased rates of data
acquisition, and are largely responsible for the substantial amount of work now appearing
in the EXAFS area. A new method, extended appearance potential fine structure analy-
sis (EAPFS), depends on fine structure in the excitation probability for core states under
electron bombardment. The fine structure origin is similar to that for EXAFS. The
second derivative of the elastic yield current is plotted against primary beam voltage and
the fine structure is derived (not trivially) from this plot. Since the measurement
depends on scattered electrons it is surface sensitive (because of their short mean free
paths in a solid). A conventional LEED-Auger system can be adapted rather simply to
use of EAPFS—a tremendous advantage likely to stimulate considerable interest in this
method [14].

Short range order may also be inferred from clusters sputtered in SIMS, as previ-
ously indicated [8]. Angular dependence of scattering in ISS can also provide short range
order information through shadowing effects, in which ranges of pathways of a primary
ion scattered by one surface atom are blocked by other surface atoms in its neighbor-
hood [7]. This technique is especially useful if combined with LEED; Heiland and
Taglauer [15] show the power of this combination in locating oxygen adatom positions in
the half-covered (6=0.5) (2x1) structures on the (110) faces of Ni and Ag. The (110) face
is characterized by alternating rows of "top" atoms and "trough" atoms; in Ni the
O atoms bridge alternate pairs of Ni atoms along each "top" row, but in Ag they bridge
alternate pairs of Ag atoms along each "trough" row. Similar studies could be conducted
to advantage on photoconversion materials such as GaAs, to estimate both surface con-
figurations of the base material and configurations of adsorbed species.

D. Inference of Bonding from Vibrational Spectroscopies

A number of spectroscopies may by used to investigate structures of species chemi-
sorbed on surfaces. IR spectroscopies are surveyed in Ref. 2 (chapter by Pritchard and
Catterick). Transmission IR spectroscopy is the most familiar, and has long been used
for the study of species adsorbed on supported catalysts. As with EXAFS, the method is
not inherently surface sensitive, but can provide surface information of interest if the
species responsible for the absorption of radiation lies largely on the surface. ATR and
RAIR spectroscopies are surface sensitive variants. Polarization modulation reflection
absorption spectroscopy (PMRAS) is an interesting recent development offering promise
for the investigation of spectra in other than high vacuum systems [16]. It depends on
the fact that radiation polarized perpendicular to the plane of incidence interferes on
reflection from a metal surface so as to yield no net electric field (and so no vibrational
excitation), whereas that polarized parallel to the plane of incidence produces an electric
field perpendicular to the surface which is especially strong near glancing incidence.
Molecules tumbling in the gas phase absorb both polarizations equally, but surface spe-
cies having a dipole component perpendicular to the surface absorb only the parallel
component. Hence by subtracting intensities of the two beams a difference signal can be
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obtained which strongly emphasizes surface species. In this way Golden et al. have been
able to measure absorption spectra of CO adsorbed on Pt foil in the presence of
13.33 kPa CO ambient pressure [17]. The most extensive and definitive data in recent
years have come from HREELS and IETS. Both depend on electrons losing kinetic energy
equivalent to specific vibrational transitions; the former detects vibrational transitions
_involving electric dipoles perpendicular to the surface (a subset of IR active modes), but
the latter detects both IR and Raman modes. IETS requires a system of two metals sepa-
rated by an insulator about 2.5 nm thick; a typical system studied is Al, a thin film of
A1203, something chemisorbed on the A1203, and a film of Pb evaporated over this con-
figuration. Interpretation carries the presumption that the chemisorbed substance does
not change its bonding character as a result of the Pb blanketing process. Both HREELS
and IETS are sufficiently sensitive to pick up C-H and C-metal modes at submonolayer
coverages on smooth surfaces, which are hard to obtain by other methods. The article by
Ibach et al. [11] provides a good review of HREELS; the discussion of structures of CoHy
and CoH,4 on Pt (111) is a particularly interesting contribution to the solution of a signif-
icant controversy and should be compared with the moderately different interpretation
based on similar evidence by Kesmodel et al. [12]. Weinberg [18] has reviewed IETS; this
review and a paper from his laboratory [19] emphasize the spectra of carboxylic acids
adsorbed on alumina. Not surprisingly, adsorption is as the carboxylate ion; by comparing
IETS spectra with IR spectra of (nonadsorbed) benzoic acid, orientation of the benzoic
acid can be inferred from absence of an absorption due to a vibration constrained by the
orientation to be parallel to the surface. Preparation of reproducible insulating films
2.5 nm thick may not be possible for all materials of interest and may require consider-
able experimentation with others, but where it can be used the method is relatively sim-
ple and inexpensive to instrument. Comparison of IR and IETS spectra for phenol given
in Ref. 18 illustrates one further problem characteristic of a developing field. The IETS
spectrum is plainly richer in lines, and intensities do not closely parallel IR intensities.
Hence there is not yet a well documented data base for assigning IETS frequencies to
particular vibrational modes, and it is therefore prudent, where practicable, to confirm
assignments by repeating spectra with isotopically substituted materials.

E. Results, Limitations, and Some Potcntial Applications in Solar Technology

The methods discussed have served to reveal a variety of properties of the S/G
interface, including surface reconstruction, formation of a number of two-dimensional
phases of different stoichiometries in chemisorption, preferential concentration of one
component of a binary alloy at a surface, surface segregation of minor components in
alloy systems, and structural changes in chemisorbed species on heating. So far these
methods have not been very successful in detecting minor surface components; such
components may be of major importance in reaction pathways. They are largely vacuum
methods; surface properties (e.g., those associated with passivating layers, corrosion)
depending on adatoms chemically bonded to the substrate can be more reliably investi-
gated using them than others (e.g., wetting, adhesion), which may also be substantially
altered by physisorbed species or other species lost on evacuation. Most large scale
industrial catalytic processes are carried out under high pressure. In many cases, analo-
gous reactions can be carried out under sufficiently low pressures to permit surface com-
positions to be established by some of the above methods under these conditions. It
cannot safely be assumed that the high pressure reactions proceed under steady state
conditions with similar surface compositions, or even that the principal reaction path-
ways are the same. Methods permitting reliable analysis of S/G interface compositions
at atmospheric and higher pressures currently do not exist, and are badly needed. To the
extent that vibrational spectra can serve to identify surface species, PMRAS, as
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previously discussed in Section D, offers some promise in this direction, as does IR
ellipsometry [2]. Much information can be obtained up to moderate pressures by gravi-
metric techniques; vacuum microbalance equipment and techniques have developed sub-
stantially over the past decade, and the extensive review by Czanderna and Vasofsky
covers both techniques and apphcatlons [20]. . Microgravimetric methods are particularly
.useful for studying reaction kinetics in systems where the first 3-100 atomlc layers of
product are of interest.

: While other chapters in this proceedings will deal at greater length with fundamen-
tal surface science problems associated with solar technologies, it is appropriate to close
this survey with some examples of solar technology problems where G/S characterization
techniques of the type reviewed might be helpful. A common "wet" method of preparing
mirrors involves "sensitization" of a glass superstrate with SnCl,, deposition of Ag on the
sensitized glass surface, and depositing a Cu primer on the Ag, all with S/L methods.
After drying, a polymer backing is deposited onto the Cu. Subject to previously men-
tioned reservations about possible changes in surface conditions on evacuation, it should
be possible to characterize the original glass surface, the sensitizing deposit, the Ag sur-
--face, and the Cu surface, establish dependence of composmon of each on concentrations
. of potentlal contaminants (or adhesion modifiers) and establish the dependence of inter-
layer adhesion for -each interface and stability of the whole multi-interface system on
these compositions. It may prove possible to block the tarnishing of silver by optically
‘thin overlayers of another phase, possibly .a monolayer, stable to attack by sulfur com-
pounds. Compositions and structures of such phases could be established. Electro-
polished metals are very likely to have surface compositions reflecting the polishing
process, and adhesion of other materials to these surfaces will generally depend on this
composition. Frictional and wetting properties of glass, and very likely certain mechani-
cal properties, can be markedly altered by appropriate monolayers (placed there deliber-
ately or by contamination); proper investigations of the stability of glass surface in solar
.environments should include characterizations of surface composition, including change
in composition over the investigation period. Passivation of Si devices is very likely to
be associated with surface processes which could be revealed by the techniques dis-
cussed. Surface characterization must be considered basic to any investigations of pho-
toconversion, photocatalytic, and photocorrosion processes, as further discussed in

Chapters VI, XI, and XII.
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VIII. LIMITATION OF EXPERIMENTAL CAPABILITIES FOR INTERFACIAL STUDIES

David Lichtman
Physies Department
and
Laboratory for Surface Studies
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Milwaukee, WI 53201

ABSTRACT

Solar’ energy technologies involve components and devices whose operation depend
critically on various interfaces. To obtain optimum performance from these devices it is
essential to be able to analyze in some detail the characteristies of these interfaces.

In principle, there now exist enough experimental techniques to determine essen-
tially everything that one might want to know about the surface of a solid or the solid-
solid interface. In practice, we are clearly not yet at that stage. The reason is not for
lack of experimental techniques or theoretical approaches but primarily due to the limi-
tations of these approaches. The variety of techniques presently available indicates that
improvement will probably come from alterations in existing techniques rather than in
the development of new ones. For characterizing solar interfaces, in situ measurements
are critically necessary and because very few probes are available for making relevant
measurements, considerable effort should be devoted to developing in situ probes.

The most popular tool for determining the elemental composition at S/G and S/S
interfaces is AES in which the electrons resulting from radiationless deexcitation of
atoms are energy analyzed. Almost all peaks in an Auger spectrum can be unambiguously
identified. However, one must -be concerned with various limitations. The sensitivity
level under good, normal operating conditions is usually in the 0.1-1% range of the sur-
face (1 nm) region. Insulating surfaces often charge, causing severe and irreproducible
shifts in the spectrum of detected elements. Many materials are subject to electron
beam effects which can cause irreversible rapid change in the surface being studied. For
example, one observes preferential removal of oxygen from many metal oxides, even
from apparently very stable materials such as alumina. Another useful approach is to use
an ion beam as a probe for surface elemental composition, leading to the techniques of
SIMS and ISS. The major limitation of ion probes is the destruction of the substrate,
either for the analysis (SIMS) or because of ion bombardment (ISS).

One is also interested in the chemical nature of the various elements, e.g., is the
detected Si signal derived from elemental Si, SiO, SiO,, part of another Si compound, or
some combination of these? For some materials, AE§ can answer some of these ques-
tions, but not in every case. In principle, XPS also called ESCA can answer these ques-
tions, but in practice the valence state may not be identifiable.

In addition to knowledge about the two dimensional surface lateral spatial distribu-
tion of components at the interface, one might wish to know precisely where individual
surface atoms are located relative to each other, i.e., specific surface structure.
Answers to the latter question might result from using LEED, EXAFS, EELS, ete. How-
ever, to make these experimental techniques useful requires the addition of considerable,
nontrivial, theoretical calculations. The question of crystallinity can usually be answered
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by LEED. Unless detailed current-voltage (I-V) curves are obtained and combined with
elaborate theoretical analysis, only limited structural information can be gleancd from
the data.

" The morphology of the surface is of interest. - Here, the SEM is clearly the popular
technique being used. It can provide considerable information up to the limit of resolu-
tion of the instrument, which is usually about 10 nm under good operating conditions.
However, care must be taken in the interpretation of SEM images or photographs to
avoid reaching false conclusions.

In all of the approaches mentioned above, the power density effects of the beam
probes must always be taken into account and can often be a severe limiting factor.
Specific details about limitations of the popular techniques as well as observations about
other techniques, are considered.

I. INTRODUCTION

The various solar technologies involve a large number of interfaces ineluding S/S,
S/G, and S/L when one considers devices such as mirrors, absorbers, photovoltaies, ete.
(as mentioned in Chapters I, IIl, and IV). There is clearly a compelling need to study
these interfaces by exploiting existing experimental capabilities, improving on these
techniques, and by devising new ones where required.

The application of a large variety of surface analytical techniques in the study of
interfacial problems has provided a considerable amount of useful information. There is
no doubt that the continued use of existing techniques and the application of improve-
ments and new developments will continue to provide essential information about inter-
faces. As with all areas of scientific endeavor, maximum value is obtained from a
technique, when, in addition to its advantages, its limitations are understood and appre-
ciated. In this paper we consider a number of the more popular surface analytical tech-
niques presently being used in studying interfaces. In terms of some of the major
limitations, where possible, we will try to consider what steps can be taken in future
developments so as to reduce the effect of the limiting factors. It should be emphasized
that this discussion of limitations in no way indicates a lack of confidence in the use of
surface analytical techniques. In organizing the material, a number of specific types of
limitations will be considered, and for each category, the limitation to a number of
experimental techniques will be related to where it is applicable.

I. GENERAL COMMENTS ON SAMPLES AND PROBES

Before discussing the specific types of limitations in experimental techniques, it is
useful to consider some limitations related to the samples to be studied and the probes to
be used. If one is to study an interface, one must have access to that interface. In the
case of the S/G interface, this problem is mihimal and many techniques are available.
The S/S and S/L interfaces present much more severe problems, as is discussed in a num-
ber. of the other chapters. Most probes presently in use involve beams of particles which
must be used in a vacuum environment. Samples to be studied must therefore be
compatible with HV and UHV environments. -One must be concerned with correlating
data obtained on a specially prepared sample in UHV with the interface as it might exist
in its normal form. This is not a trivial problem and considerable effort must be
expended to develop adequate correlations. This effort is necessary since it is quite
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difficult to study many systems in situ, especially the S/S and S/L interfaces and the S/G
interface at atmospheric pressures. For characterizing solar interfaces, in situ mea-
surements are critically necessary and since there are presently a very limited number of
probes available for makmg relevant measurements in thls area, con51derable effort
should be devoted to improving the: 51tuatlon

II. THERMAL 'EFFECTS - BEAM POWER DENSITY

Information about interfaces is generally obtained by probing at the interface with
a beam of particles such as electrons, photons, ions, etec. One then seeks to obtain spe-
cifie information by monitoring output signal, some desorbing species, or change in inter-
face property. It would be most desirable if one could obtain a relatively large output
signal in a short time, and indeed this can often be achieved if the probe beam has
enough intensity. This is quite often possible, but frequently leads to the use of beam
power densities that can cause significant thermal effects. One may then significantly
change the interface that is being studied, often in an unknown way. To add to the
uncertainty, it is generally very difficult to measure temperature changes at the inter-
face. The region under consideration, which not only comprises an extremely small vol-
ume and mass but also may sometimes consist of single crystal materials, does not lend
itself to the simple attachment of thermocouples or simply using other temperature mea-
suring devices. To further complicate matters, the beam power is generally deposited in
a very thin surface region of a substrate held by various types of supports in a vacuum
environment. Classical calculations involving macroscopic thermal conductivity values
are often not appropriate to this type of situation. In an effort to secure the magnitude
of beam power induced thermal effects, we calculated a worst possible situation. We
considered that all the power in the beam was deposited in the mathematical surface of
the substrate, and that ‘the only heat loss mechanism was by radiation. We considered
the sample to be in the center of a vacuum chamber whose walls were at room tempera-
ture (300 K). This enabled us to calculate the maximum possible increase in surface
temperature due to a specific input beam power density [1]. The results of this calcula-
tion are shown in Fig. 1. This curve does not indicate the actual temperature rise; but

one can conclude that for a given power density input, the surface temperature rise can-

not be larger than the value obtainable from the curve. Thus, if one wishes to be abso-
lutely certain that the probe beam will not cause a tempeEature rise of more than 1 K,
one should use a power density no greater than 1 mW/em*“. Two points must be very
thoroughly emphasized. First, the power density is the important input and its numerical
value should be determined in all experiments and should be reported in all publications.
Secondly, most experiments include the use of probe_beam power densities greater than,
and sometimes, much greater than about 1 mW/cm2 It is essential that the thermal
effects of the probe beam be considered, because of possible alteration of the interface
under study. The obvious solution to thlS problem is to perform experiments with the
lowest possible power density consistent with obtaining useful reliable data.

IV. NONTHERMAL BEAM EFFECTS

When studying interfaces with various kinds of beams, not only does the probe beam
deposit energy, which can cause macroscopic heating effects, but also the probe beam

particles themselves (e.g., electrons, photons, ions, etc.) can cause quantum reactions

that may modify the surface being studied. A number of these processes have been
studied in some detail.
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Fig. 1. Plot of theoretical maximum possible temperature increase of surface with
emissivity ¢;; bombarded with energy density Q. The width of the line
indicates the range of assumptions.

A. Electron Effects

Electrons can interact with surface species in a variety of ways which result in
modification of the surface under study. For gases adsorbed on metals, electrons can
excite the adsorbed complex via a Franck-Condon transition,-resulting in removal of
atoms or molecules from the surface [2,3]. Electrons of sufficient energy can also
remove core level electrons resulting in deexcitation processes which also lead to the
removal of surface components [4,5]. This effect is especially pronounced with a large
number of metal oxides in which the electrons cause preferential removal of O, atoms,
thereby strongly modifying the surface composition. These effects.will certainly occur
when using electron probe beams associated with AES, LEED, ete. and data can be misin-
terpreted if this effect is ignored. If one is not careful, data can be obtained for a sur-
face which is quite different from the one originally subjected to study. Sincethe
threshold for these processes are in the range of about 10-30 eV, it is generally not possi-
ble to eliminate the effeet, but one can reduce it by working with the lowest possible
probe beam density. This approach is fortunately consistent with keeping the power
density to a minimum.
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B. Photon Effects

Photons can also cause dissociation and modification of surfaces by at least three
mechanisms. It has recently been discovered that photons of sufficient energy
(i.e., 10-30 eV) can cause Franck-Condon transitions and subsequent desorption of surface
components in a manner similar to the process of electron stimulated desorption. It has
also been established that photons can cause removal of core level electrons similar to
the effect caused by electrons of the same energy [4,51. This again results in the
removal of surface components. In a completely different process, band-gap radiation
acting on semiconductor substrates often leads to the desorption of neutral CO, [6]. It is
clear, therefore, that the use of photon beams in the energy range from near %IV and up
can cause considerable modifications of interfaces being studied. This is, of course, in
addition to any power density thermal effects. The increasing use of synchrotron radia-
tion for interface studies will make concern about this problem even more important.
The solution, as before, is to be aware of the effects and to use the lowest possmle beam
density for the shortest possible exposure times.

C. Ion Effects

In the case of electrons and photons, quantum processes are dependent on the spe-
cific substrate being studied. In the case of ion probing, virtually all substrates are mod-
ified by the probe beams. This entire area is of major concern and is treated in
considerable depth in Chapter IX and in the working group in Chapter XV. All the prob-
lems and recommendations associated with electrons and photon beams are equally
important when using ion beams.

.V. ELEMENTAL ID'ENTIFICATION'

Of all the aspects of the interface about which one wishes knowledge, the identifi-
cation of elemental composition is perhaps in better shape than almost all the other
characteristics. A number of techniques exist, such as AES [7,8], SIMS [9,10], ISS [11],
XPS [12], RBS [13], etc., which can provide information about the elemental composi-
tion. Except for the fairly unusual case where peaks of two or more elements almost
overlap exactly, identification is usually obtained directly from the detected signals.
The limitations in elemental identification are related primarily to beam effects (as dis-
cussed in Sections Il and IV above) and sensitivity, i.e., the fractional part of the surface
region that can be detected and identified. When one considers sensitivity, one is gener-
-ally concerned with practical sensitivity, that is, what can be detected in reasonably
acceptable time limits and with reasonable effort. Some techniques, such as SIMS, can
readily be used to detect elements to parts per million, but the technique, unfortunately,
requires destruction of the surface to secure an analysis. Many of the other techniques
such as AES, XPS, ISS, ete., usually operate in modes that allow for detection of 0.1 to
1% of the surface atom density. Obviously, the sensitivity level can be reduced if long
- times and signal processing techniques are utilized. One must remain aware that the
- elemental identification is made for - the area probed by the entire beam and that addi-
tional techniques, such as scanning beams are: requxred to speclfy the exact lateral
location where the particular element is ound
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VI. CHEMICAL STATE IDENTIFICATION

Since elemental identification is usually obtained directly with a variety of tech-
niques, one quickly desires to obtain information about the chemical state to secure
deeper understanding. This is a much more difficult problem, but one which has
attracted much more attention in recent years. A number of techniques are being
actively used in this area including XPS [12], EELS [14], IR [15], laser raman [16,17], and
detailed analysis of AES peak shapes [18]. XPS is the classical technique for chemical
state identification. Its limitations are related primarily to establishing suitable calibra-
tion data to enable clear cut identification to be made. As work in this area continues,
the data base will continue to grow and the technique will become more and more useful.

The main limitation of the other techniques is that they are suitable for specific
interface structures only, that is, they will provide results that will allow for chemical
state identification for some systems, but are not at all sensitive to many other sys-
tems. Thus, for example, AES can be readily used to differentiate between elemental Si
and Si in SiO,, but cannot detect with reasonable effort, the same change for many other
metals. The various optical techniques (e.g., IR, laser raman, ellipsometry [19]) can be
employed to obtain useful data on an even more selective number of systems. For exam-
ple, reflection IR absorption has been quite suecessful in studying CO adsorbed on various
solid metal substrates but has had very limited success with almost any other adsorbed
gas. This is an overall area in which considerable effort is now being expended to iden-
tify chemical states and considerable improvements should evolve in the next few years.

VII. CRYSTALLINITY

In many areas of solar energy research, one is concerned with knowing whether the
substrate under study is crystalline or amorphous and, if erystalline, how specific can one
determine the details of the crystallinity. The main technique used in this study involves
electron diffraction including the family of LEED [20,21], HEED [22,23], RHEED [24,25],
ete. There are two levels at which the information is obtained. One can simply obtain a
diffraction pattern as an image or a photograph, which will indicate whether there is
some degree of order on the surface being studied or no degree of order and it is com-
pletely amorphous. One can also reach a number of conclusions about an ordered surface
from some of the details of a simple diffraction pattern. This type of experiment is rela-
tively simple but provides only limited information about the substrate. It may well be
sufficient for those cases where one only desires to know whether there is order or not.
Beyond securing simple diffraction patterns, detailed I-V curves can be obtained for a
number of diffraction spots. These data have the possibility of providing specifie infor-
mation about the exact position of the various surface atoms. This approach has had lim-
ited application because, first, obtaining good I-V curves is not simple and, secondly, to
use the data one must have theoretical curves, which require very extensive effort and
computer time to develop. Another experimental approach which has the capability of
providing detailed positional information about erystalline surfaces is EXAFS [26,27] and
SEXAFS [28,29]. These techniques also are as limited as those just described because,
not only is the experimental data more complex than in many other experimental tech-
niques, but also because extensive lengthy computerized calculations are required to use
the data. With time there should be some improvement in the ability to obtain experi-
mental data using LEED, EXAFS and ARUPS [30,31] and improvement in obtaining the
appropriate theoretical computations. Therefore, these techniques are likely to be used
more extensively in their application to a larger number of systems. However, the num-
ber of systems for which one will be able to obtain good experimental data, and for which
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one can afford the time and cost of obtaining the theoretical curves, will be limited.
One very important problem in this area is the need to obtain data on real systems which
are reasonably close to the theoretical models used in the calculations.

VIO LATERAL SPATIAL RESOLUTION

The need to learn about the detalls of practlcal surfaces with high lateral spatial
resolution, is very important. The two basic approaches involve the techniques of
FEM [32,33] and FIM [34,35], and the electron microscopies. For several decades, the
only instrument with atomic resolution, that is, the ability to clearly discern individual
atoms, was the FIM. The major limitation of this technique was that the surface under
observation had to be a fine needle point with a tip radius generally less than 100 nm, and
made of material which could withstand the electric fields applied. In recent years,
improvements in TEM [36] and STEM [37] have brought comparable resolutions to these
electron microscopies, but with the important feature of being able to view macroscopi-

. cally flat surfaces. The limitations in this case are related to the maximum thickness of

the sample one can use, i.e., approximately 100 nm for a 100 kV microscope. It is clear
that improvements in spatial resolution are probably reaching fundamental physical limi-
tations, but -the ability to see individual atoms on many different kinds of materials is
now possible. The limitations for both FIM and STEM are related primarily to sample
preparation I expect that there will be considerable improvements in preparing samples
in the next few years and significant progress will be made in the ability to observe sub-
strates at atomic level resolution. A detailed discussion of the use of these microscopies
is presented in Chapter IV as well as in Chapter XV.

IX. SUMMARY

Interfaces play a very sxg'mfxcant role in the development, operation, and lifetime
characteristics of virtually all solar energy components and devices. Therefore, knowl-
edge about the interface is essential in order to make significant progress in improving
current devices and developing new ones. Perhaps most important is information which
will determine the lifetime characteristies of solar energy devices, since this factor will
eventually determine the economie feasibility of various solar energy approaches.

In the foregoing sections, I have attempted to consider most of the areas of inter-
est in studying interfaces, the limitations existing in present experimental techniques,
and possible solutions to those limitations. . Improvements in these techniques and the
development of some new ones will be essential in the overall solar energy research and
development program. An understanding of the hmxtatlons, both fundamental and prac-
tical, in present techniques will enable scientists and engineers to obtain the maximum
information from their experiments.

I expect that the next decades will see less evolvement of new techniques and more

effort related to refinement and improvements in existing techniques as attempts to
overcome the limitations indicated are made.
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IX. LIMITATIONS OF ION ETCHING FOR INTERFACE ANAL YSIS*

P. H. Holloway and R. S. Bhattacharya
Department of Materials Science and Engineering
University of Florida
Gainesville, FL. 32611

ABSTRACT

The advantages and hmltatlons of using ion sputtermg for interfacial analy51s are
reviewed. It is concluded that many artifacts may degrade interfacial resolution (e.g.,
surface roughness, zone of mixing, bulk and surface diffusion, implantation, residual gas
adsorption, and matrix effects). Techniques to minimize these limitations are
suggested. Some examples are using reactive ion beams, multiple ion beams, sample
rotation and special mounting, variable ion energies and incident angles, and deconvolu-
tion methods. It is concluded, however, that sputtering may destroy atomic arrangement
and chemical state information at the interface. New approaches are needed to
determine these interfacial parameters and some are discussed in this chapter as well as
in Chapter XV,

I. INTRODUCTION

There are many ways of determining the change of composition versus depth in a
solid, or of examining the composition and structure of an interface. The techniques may
be loosely categorized as nondestructive or destructive. In the category of nondestruc-
tive, optical techniques such as ellipsometry or IR reflection can be used to study L/S or
S/S interfaces where the outer layer of material is transparent to the exciting
radiation. Electrical properties (e.g., capacitance of a grain boundary in Si may be used
for interfacial analysis. At other times, depth profiles of concentration and chemical
state may be determined by varying the information depths through variation in primary
or detected particle energy (ion or electron) [1,2] or by varying the "take-off" angle
between the emitted particle and sample surface [3]. RBS and NRA are fine examples of
using varying energy for depth profiling in a nondestructive manner [4].

With respect to destructive interfacial analysis, the sample can be machined and
the composition of either the machined chips or of the remaining sample can be
analyzed However, the composition profile is often of interest in very thin samples and
in samples with complex shapes A refinement of the machmmg techmque is to pohsh
the sample. Depth resolution is improved if the surface is polished in a plane approxi-
mately one degree from the surface plane. This "angle-lapping" extends the depth
features in the plane of the surface to the extent that finely focused primary beams,
e.g., electrons, can sometimes be used to measure the composmon at various depths [5].
In a similar procedure, Thompson et al. [6] have exposed various depths of a solid by
grinding (polishing) with a spherical ball or a circular rod and diamond paste. In other
approaches, Adams [7] oxidized thin layers of Si and then preferentially removed the
layer by chemical etching.

*This work was supported by U.S. DOE Grant No. DE-FG02-79ER10541.
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However, the above analytical techniques are seldom capable of depth resolution of
a few atom layers. For example, even RBS and NRA have depth resolutions of no better
than a few hundred Angstroms. Fracture can sometimes expose an interface, but the
most common approach is to analyze with a method whose information depth is - a few
atom layers (using AES, XPS, SIMS, or ISS spectroscopies) and ion sputter down to the
interface. The advantages of sputtering for interfacial analysis are several:

(1) It is an atomic process, therefore, near-atomic depth resolution is possible (in
principle); : .

(2) The depth profiling can be performed in s1tu rather than external to the vacuum
system;

(3) Inert gas may be used to produce reactive (clean metal) surfaces and avoid
oxidation, ete.;

(4) In most instances, sputtering and analysis can be performed simultaneously; and
(5) Reasonable sputter rates may be achieved (e.g., 0.1 to 100 nm/min.). '

However, just as no analytical technique is alwayé the best approach, neither is
sputtering a perfect depth profiling technique. A number of problems exist, including:

(1) Surface roughness may develop;

(2) A "zone of mixing" is normally created in which the phenomena of forward scat-
tering ("knock-in" rather than sputter), cascade mixing, preferential sputtering, and
destruction of structure and chemical state are observed;

(3) Enhanced adsorption of residual gases may occur;
(4) Bulk and surface diffusion of substrate species may take place;
. (5) The sputter gas is implanted into the sample; and

(6) Matrix effects may change the sputter yield and ionization probability of secondary
particles.

The sputtering phenomenon itself has been the subject of a number of studies [8,9].
The sputter yields have been measured for most elements using a variety of ions and ion
energies [9). The effects of variables such as surface cleanliness, erystal orientation,
residual gas, implantation, incident angle, etec., have been studied in a few systems and
generalization should normally be valid [10]. One problem with using sputtering for depth
profiling, however, is that these effects are not usually considered in sufficient detail by
investigators using the sputtering for surface and interfacial analysis. Many of these
effects are discussed by Wehner [11] and Coburn and Kay [12] in their reviews on the use
of sputter profiling for surface and thln film analy31s

II. BASIC CONSIDERATIONS

Conventionally, a depth profile is made by combining AES.or XPS and sputter
removal by an ion beam [13-21]. However, other surface characterization methods such
as SIMS [22-29] and ISS {32,33] have frequently been used. It would be relevant here to
discuss in short the main features and the fundamental limitations involved in the dlf—
ferent methods of surface characterization.
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AES and XPS are based on the emission and subsequent energy analysis of second-
ary electrons produced by high energy (3-5 keV) electron or soft x-ray bombardment,
respectively. The energy of a small fraction of the secondary electrons emitted from the
sample can be related to the core levels of the target atom and thus the atom can be
identified. AES data are usually taken as dN(E)/dE versus E where N(E) is the number of
electrons with an energy E. The peak to peak heights in the derivative of Auger
spectrum may be proportional to atomie concentration in the surface layer.

In SIMS, energetic ions impinge on a solid and undergo collisions with the lattice
atoms. The energy of the particle thus dissipated in the surrounding lattice zone results
in the expulsion of atoms and molecules from the surface region. These ejected particles
are primarily neutrals, although a fraction come out as ions and excited particles. By
mass analyzing the ions (SIMS) or analyzing the photons (SCANIIR) emitted by the de-
excited particles, the elemental composition of the solid near the surface can be deter-
mined. Sputtering continuously uncovers a fresh surface. Thus, in-depth concentration
can be obtained by monitoring the signal. However, quantitative SIMS or SCANIIR
analysis is sometimes hindered by the lack of knowledge of the ionization and excitation
probabilities, particularly at the interface.

Surface composition during sputtering can also be monitored by ISS. In this case,
elastic scattering of low-energy rare gas ions is utilized. From the backscattered energy
spectra characteristic of the mass of the scattering centers, one can identify the ele-
ments present on the surface. The intensity of a specific scattered peak is proportional
to the concentration of a specific element on the surface. Here also, because of the lack
of understanding of the ion neutralization mechanisms [34] at the surface, a quantitative
interpretation of the spectra may be difficult.

The depth of the sample from which a signal is observed varies with the analysis
method. For ISS, the information depth is limited to the outermost atomic layer, while
in the case of AES, the "escape depth" of the Auger electrons range from about two to
six atomic layers [35]. In SIMS or SCANIIR, the information depth depends to some
extent on the penetration depth which in turn depends on the primary ion energy. As an
estimate, the escape or information depth amounts to roughly one-quarter of the pene-
tration depth [34]. Thus, for an energy of 3 keV the information depth would be about
1 nm. Clearly, a depth profile may be influenced by the value of the information depth.

Few investigators have compared the depth profiles of a single system
simultaneously using all the methods described above. However, Narusawa et al. [36]
showed that the depth profiles of Al, Ti, and Ag films on Si obtained by AES and SIMS are
different, while the Ni-Cu interface shows very similar profiles (Fig. 1). They attribute
differences in the SIMS and AES profiles to changes in the secondary ion energy distribu-
tion, work function, and sputtering yield as a function of sample composition. Such
matrix effects can severely distort the sputter profiles, as discussed by Coburn and
Kay [12]. Furthermore, the effect is different for analysis of material remaining on the
surface (SIMS and SCANIIR). These effects are discussed below in more detail.

To characterize the steepness of the change in intensity at the interface, a depth
resolution is defined in the literature [37,38] by the ratio of a/b, where a is the time
(depth) necessary for the normalized output signal on each leading and trailing edge to
vary from 84% to 16%, and b is the time (depth) necessary to reach 50% of the
intensity. The width of the interface has also been defined as sputter time (depth)
required for the elemental signal to decrease from 90% to 10% [39]. Ho and Lewis [40]
have defined the width in terms of a resolution function and expressed it as full width at
half maximum of this function.
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systems [36].

Fig. 2 SEM micrographs of Au on sapphire: a) unsputtered, b) sputtered with 2 keV Ar'.
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UI. LIMITATIONS OF ION SPUTTERING
A. Development of Surface Roughness

The development of roughness has been observed on a number of surfaces after ion
beam sputtering [41-47]. These ion-induced changes in microtopography are mainly due
to variations in sputter yields and rates with crystal orientation, surface contamination,
lateral variations in composition and phases, and angle of incidence.

There is a strong dependence of sputtering yield upon the crystalline orientation of
the target [8,48]. A polycrystalline surface containing a large number of small erystal-
lites with different crystalline orientation will develop roughness because of yield varia-
tions from crystallites. This is illustrated in Fig. 2, where SEM micrographs from 3 um
thick polycrystalline Au films on sapphire are shown. Figure 2 shows that prior to sput-
tering, the Au surface was extremely smooth and featureless. After sputtering with
2 keV Ar ions, some crystals have been completely removed down to the "interface,"
while other crystals have sputtered only very slowly. The variation in sputter yield with
erystalline orientation can be quite large, as reported previously [8,10].

Beyond crystalline orientation, surface microtopography can result from surface
impurities which cause the formation of surface cones [49-52]. These cones result from
different sputter yields from covered and uncovered regions of the surface.

Recently, Williams et al. (53] have shown that trace contamination on InP and
In,Ga,_,As P,_, surfaces cause cone formation during sputter etching with Ar ions. The
contaminang originated from the fixtures holding the samples during sputtering, and they
were eliminated by mounting samples on a pedestal. The interfacial width decreased
from 80 to 25 nm by avoiding the contamination. The interfacial width could further be
reduced to 14 nm by sputtering at grazing incidence angles.

Surface roughness may also increase if the sputtered sample has a multi-phase
microstructure, and the sputter yield varies from one phase to the next. Increased
roughness sometimes results from variations in sputter yield with changes in the ion
angle of incidence [54-58]. This is particularly important when the starting surface is
rough and the beam is not parallel. Thus, initial surface roughness will grow as the sput-
tering proceeds.

B. Zone of Mixing
1. Knock-in Effect.

The direct transfer of momentum from the bombarding ions to the lattice atoms
results in a forward motion of atoms in the lattice. This is often referred to as "knock-
on" or "knock-in" process. Many of the sputter depth profiles are broadened because of
the forward scattering of atoms at the interface. The broadening due to this effect can
be isolated from other broadening effects because of its primary energy dependence.
Schwarz and Helms [59] have used Augex; spugter profiling to examine the broadening.of
the Si-SiO,, interface as a function of Ne ', Ar ', and Xe energy. The interfacial width is
plotted versus ion energy and mass in Fig. 3. Due to forward scattering during the sput-
tering process, the interfacial width increased as the ion energy increased or ion mass
decreased. A model based on an analogy of thermal diffusion theory predicts
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2 nm [59].

quantitatively the broadening due to knock-in effect. Schulz.et al. [60] have used SIMS
to profile B implanted in Si using different sputtering ion energies. The increased tailing -
of the B at low concentrations as the sputtering ion energy is increased is also attributed
to direct momentum transfer processes. Taikang et al. [61] have studied this effect by
Monte-Carlo computer simulation. Simulations based on the binary collision model have
been applied for a sandwich-type thin B impurity layer in a Si substrate under Ar ion
bombardment. The results are consistent with experimental -data and show that the B
distribution becomes skewed toward the interior of the target, and the position of the
peak shifts. The calculation has also suggested that sputter broadening can be affected
by the sputter yield; namely, less broadening occurs for a higher sputtering yield. .-

2. Cascade Mixing

Ion bombardment of a solid results in displacements of the lattice atoms, both by -
direct momentum transfer and (more probable) by energy cascades resulting from colli-
sions between lattice atoms previously excited and those at rest. This collection of
excited atoms spreads around the direction of the primary ion creating a .more isotropic
mixing, and it is usually referred to as cascade mixing or sputter enhanced diffusion. The "
extent of cascade mixing depends on the incident ion energy and it.can.result in sample.
redistribution by diffusion, broadening of interfaces, and/or broadening of implant distri-
butions. McHugh [62] proflled a 5 nm thick phosphorous rich region in Tazo5 23 nm
below the surface by using SIMS. He found that the full width of the p* peak at half
maximum increased from 7.8 to 14.8 nm in changing from 1.75 to 7.75keV O ions. Itis:
inferred that the broadening was a result of cascade mixing because it was not directed
preferentially into the solid and also high fractional concentration was involved. Exper-
imentally, such effects are also evident in the work of Ishitani et al. [63,64], Cairns
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et al. [65], and Zinner et al. [66]. Haff and Switkowski [67] have presented a calculation
based on the diffusion model of atomic mixing which shows that the sharp interfaces
within a target are smoothed by ion bombardment. Recently, Williams [68] has shown
that the rates of removal by sputtering of a variety of surface and interfacial layers on
Si vary for different elements. The author proposed that the ion beam causes an effi-
cient mixing of the surface and subsurface layers over a distance of the order of the pri-
" mary ion range, as has also been demonstrated by Liau et al. [69].

3. Preferential Sputtering

In multi-component solids, sputtering leads to composition changes near the
surface. Some of the recent observations have been summarized by Kelly [70]. The nor-
mal result is that, irrespective of the mass and energy of the sputtering beam, the target
develops a surface layer enriched in the heavier constituent [40,70-77). A good example
of this can be found in the work of Liau et al. {77]. They have sputtered a variety of
alloys and compounds, namely, Ag- Au, Cy Au4_ AuyAl, AuAlz, PtSi, Pt4¢Si, NiSi, GaP, InP,
GeSi, and Ta [? with 20-80 keV Ne* , Ar', Kr', and Xe' ions. Surface compositions were

studled by the RBS techmque

The spectra of Pt,Si before and after sputtering are > shown in Fig. 4. Platinum
enrichment is clearly visible after sputtering. Except for compound semiconductors, all
other targets showed enrichment of heavier atoms in a surface layer whose thicknesses
correspond to the range of the sputtering ion. The compositions of these enriched sur-
face layers were independent of the mass and energy of the sputtering ions over the
ranges tested. The enrichment of heavier atoms in the surface is consistent with the
predictions of the linear collision cascade theory of sputtering [78]. However, enhanced
diffusion due to ion bombardment must be invoked to explain the change in composition
extending over the range of the ions. Also, total sputtering yields of multi-component
systems [71,79,80] have been found to be quite dlfferent from a linear combination of the
yields of the components.

. Recently, Sigmund [81] has pointed out that- the enrichment of lighter components
can be found if the sample is exposed to very high doses. This results from a sequence of
events in which a .layer rich in light atoms is first created below the surface by forward
scattering, then is exposed by subsequent sputtering to cause a surface rich in the light -
element. The feasibility of such an effect is-supported by RBS data, since PtSi bom-
barded with Ar clearly shows a concentration of light atoms below the surface rich in
heavy atoms [82].

4. Structure and Chemical State Changes

As a result of ion bombardment, the atomic arrangement and chemical state of the
solid is often changed. For example, high'ion doses can completely eliminate low-energy
electron diffraction. patterns from the surface due to disorder {83]. A similar effect is-
observed from field ion microscope studies [84]. Therefore, the atomic arrangements of
interfaces can seldom be studied by sputter proflhng -

,In a similar manner, ion bombardment may cause the chemical state of the solid to
change. For example, data in Fig. 5 show that Ar bombardment reduced some Ta,O: to
Ta on the surface of a thin TagOg film [72]. This is apparent from the fact that the Ta
4d photoelectron peaks after sputtering results from a summation of the peak from both -
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Fig. 5 O 1s and Ta 4d x-ray photoelectron peaks from Tay,O on Ta before sputtering,
after sputtermg with 5.0 and 0.5 keV Ar~ , and a ter sputter removal of the

Ta205 and clean Ta. Therefore, the possibility of a sputter-induced artifact must be
considered in measuring the chemical state of atoms at an interface after sputter
profiling.

C. Enhanced Adsorption of Residual Gases

If an oxidized surface is cleaned by ion sputtering, that surface may quickly react
with impinging residual gases from the vacuum system. Holloway and Stein [85] have
examined this effect for C and O lmpurltles on Si and SigN, samples. They have shown
that a steady state is created between adsorptlon and sputter removal rates, resulting in
a finite population of adsorbed irhpurities. This finite population may interfere with
quantitative surface analysis, eépecmlly when small concentrations of atoms are
important.
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D. Bulk and Surface Diffusion

Ion bombardment can cause both bulk and surface diffusion to occur. Figure 6
shows the profile of Na m an SiO, layer on Si [86]. Initially, all of the Na was at the
SlOz-an' interface, but O ion bombardment caused much of the Na to move to the
SiO,/Si interface. - This type of bulk diffusion can destroy the accuracy of the sputter
profiles. Another example of this is the experiment of Hart, et al. [87]. They have
deposited a fraction of a monolayer of Cu onto a Si wafer. RBS was used to measure the
Cu distribution before and after bombardment with 20 keV Ne ions to a fluence sufficient
to sputter approximately 9 nm of Si from the surface. Spectra taken after bombardment
showed the Cu to be distributed uniformly into the Si to a depth of about 60 nm, which
corresponds roughly to the range of the 20 keV Ne ions. The spot previously bombarded
with Ne" was then bombarded with 800 eV Ar’ to a dose sufficient to remove 10 nm of
Si. This resulted in a concentration of Cu in a 12.5 nm thick layer. Dearnaley [88] has
pointed out that high ion doses may induce a large compressive stress gradient and that

this can readily result in the migration of certam specles away from or back to the,
surface. :
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In addition to bulk diffusion, surface diffusion of impurities can also occur in some
cases. Tompkins [89] has shown that surface diffusion of Sn on Au can cause contamina-
tion of surfaces previously cleaned by sputtering. ‘

E. Implantation of Inert Gases ir_\to.t'he Sample A

It is a normal practice to sputter etch the sample with Ne or Ar ions. During sput-
tering the atoms are trapped in the lattice. The number of trapped atoms reaches a
maximum at a certain implantation energy as an equilibrium is reached between the ions
being implanted and those being re-emitted by diffusion and/or sputtering. These
implanted ions dilute the matrix atom concentration in the analyzed region, thus influ-
encing the depth profile. Normally the surface. concentration of these implanted atoms
increases as the ion energy decreases [90]. -McGuire [90] has bombarded GaAs at dif-
ferent Ar ion energies and measured the As/Ga and Ar/Ga intensities. The results show
parallel curves which increase slightly at low acceleration voltages, implying that Ar
atoms preferentially sputter the Ga atoms. :

In addition to the dilution of surface atoms, implantation can influence the depth
profile by changing the sputtering yield. Andersen and Bay {91-94] have carried out a
detailed study of this phenomenon and found that the sputtering yield decreased at higher
doses. For instance, sputtering yields for 45 keV noble gas ions decreased by about 30%
during the removal of about 170.nm of Au [95]. This effect has not been studied at lower
ion energies. But, since the dose effect is probably a result of changes in both atomic
concentration and binding energies.of the lattice atoms at the surface, a decreased yield
is also expected at lower ion energies.’ The influence of both ion dose and chemical
effect upon sputter Xield is demonstrated by the strong disagreement between the exper-
imental data for N, bombardment of Fe [96] as compared to the theoretical predictions
of Sigmund's theory [97]. :

F. Maftrix Effect

It is well known that SIMS and SCANIIR signals are sensitive .to the local chemical
environment of the target atoms, an effect generally referred to as a matrix
effect [32,98,99]. At an interface, the chemical environment is expected to be different
from the rest of the film. For this reason, the ion and photon yield from the interface
during profiling by SIMS and SCANIIR may not be proportional to the concentration of
the element to be profiled. Both ion and photon emission intensities are generall
greatly amplified by the presence of oxygen in the"collision chamber as well as by O,
bombardment. This property is often used to enhance the positive ion and photon yields
during material analysis and profiles.

The ion yield S:; of the element A in a binary alloy, AB, is given by:

+AB _° +A
SA,“_,_ 8Cy Spp Ip Pap (1)

where 8 is the instrumental factor, A'CA: is the atomic fraction of A in the binary alloy
AB, Spp is+t[{1e sputtering coefficient of the binary alloy, Ip is the primary ion beam cur-
rent, and P, , is the ionization probability- of the element A in the binary alloy AB. A
similar expression can be written for photon yield. The ion yield for a pure element is
written as:
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The combination of Egs. I and 2 gives for the ionization probability of element A in the
binary alloy normalized to the ionization probability of this pure élement target:

+A + AB
a+ - PAB _ SA SA 1 i (3)
PA -_SA. . ABTA . o AT 4

This should be unity in the absence of a matrix effect. Yu and Reurter [100] have
recently measured o ¥ of Cr, Fe; and -Cu as a function of Ni composition in the Cr-Ni,
Fe-Ni, and Cu-alloys during 15 keV O bombardment. The results show large fluctuations
in ionization probabilities which causes artifacts in the depth profiling as illustrated in
Fig. 7. There is a significant overshoot of the N it signal close to the interface during
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‘proflhng w1th0 beam. The use of an Ar" beam has ehmmated this artifact. However,
this is not always the case since an overshoot of Ni* was seen in the case of O, bombar-

ded NiCr while an overshoot of Cr* was seen in the case of an Ar® bombarded target.
Similar effects are expected in the case of SCANIIR.

IV. INTERFACIAL RESOLUTION

All of the above effects can degrade the sharpness of an interface as detected by
sputter depth profiling. Hofmann [38] has concluded they are additive according to the
following:

[z"; ]1/2 W

=1

where AZ 1s the total interfacial width and AZ; is the width of the interface resulting
from the ] factor Some of the factors causing broadening are shown in Table 1, and
are categorized according to their dependence upon sputter time, sputter rate, or sputter
depth. The only factors in Table 1 not previously discussed are the basic sputtering
process and nonuniform ion beam. The latter refers to a nonuniform density of ion beam
over the analyzed area; obviously, this would limit the relative depth resolution (AZ/Z) to
that of the beam nonunifoxfmity. The basic sputtering process refers to the fact that
sputtering is a statistical process and will not proceed layer by layer. Stated another
way, some atoms in the second.and third layer will be sputter-removed before all atoms
in the first layer have been removed. Benninghoven [101] has proposed a simple model of

Table 1. FACTORS LIMITING DEPTH RESOLUTION IN SPUTTER PROFILING

u
b

I. Constant with time and depth
1. Information depth
2. Original surface roughness

II. Time dependent
1. Enhanced diffusion
2. .Knock-in
3. Preferred sputtering
4. Implantation

III. Rate dependent
1. Impurity adsorption
2. .Surface diffusion .

IV. Depth dependent:
1. Basie sputtering process
2. 'Sputter-induced topography
3. Nonuniform ion beam
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this process which predicts that AZ/Z varies as Z'3/2. Hofmann compared a number of
different measurements from the literature to support his conclusions that the sputter
process limited depth resolution for depths varying friom 5.0 nm to 1000 nm. However,
Hofer and Martin [28] have found AZ/Z to vary as Z~* while Werner [102] found it to be
independent of Z. Thus, interfacial resolution is controlled by different factors in dif-
ferent experiments. Hofer and Martin [28] do show, however, that sputtering w1th a
reactive N2 beam did improve their lnterfaclal resolutlon

V. HOW TO IMPROVE DEPTH RESOLUTION

Various ways in which sputtering degrades depth resolution have been discussed. It
is practlcally impossible to eliminate all these limitations. However, one can try to min-
imize some of these effects. :

For example, in order to _improve on the depth resolution degradation caused by
cone formation, one can use N, beam for sputtering or a high background 02 pressure
(~6.5 x 10"3 Pa) in the sputter"lng chamber and sputter with Ar ions [28,103,105]. Since
the development of microtopographical' changes also depend on the thickness to be pro-
filed, optimization of the depth resolution in profiling would require an initially polished
surface and thinner films. Multiple ion beams and sample rotation also minimize the
development of topography. Impurities arriving at the surface from sputtering of the
target holder could be avoided by mounting the target on a pedestal.

The degradation of depth resolution resulting from cascade mixing and recoil
implantation may be improved by using low primary ion energy, high primary ion mass
and high angle of incidence relative to the surface normal [68,106]. This would also
reduce the effect of ion implantation because the ions will not be able to penetrate deep
enough to remain in the solid. Also, the equilibrium in terms of preferential sputtering
and implantation would be reached quickly, thus minimizing their influence in the depth
prafile.

The other phenomena, like the matrix effect in;SIMS and SCANIIR, cause artifacts
in depth profiling which are not easily avoided. Quantitative analysis of interfacial
impurities may be possible using the "cascade dilution" method proposed by. Williams and
Baker [26]. This method involves dilution of the interfacial impurities by ion bombard-
ment to such an extent that the ion yield is characteristic of the matrix. If one is inter-
ested only in changes in the sharpness of the mterface, deconvolution may be used to
increase the ability to detect changes [e.g., for diffusion concentration profiles) [107].
However, sputter profiling will not typically allow ‘atomic resolution of interfacial
regions and generally destroy structural and chemical state information at the
interface. Therefore, new approaches are required to6 determine these interfacial
properties, and improved techniques are desirable to minimize the above limitations.
These are emphasized in the conclusions concerned- with microstructural and micro-
chemical characterization of interfaces (Chapter XV).
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X. BASIC RESEARCH NEEDS AND OPPORTUNITIES AT THE SOLID/SOLID INTER-
FACE: DIFFUSION

R. W. Balluffi,* C. B. Duke, L. L. Kazmerski, K. W. Mitchell, R. Reifenberger, and
R. F. Wood

ABSTRACT

An attempt is made to identify the basic research needs and opportunities which
exist with respect to solid/solid interfaces and diffusion in materials and devices relevant
to solar energy. Firstly, the generic problems characteristic of solar energy materials
are considered. Secondly, the specific problems involving solid/solid interfaces and dif-
fusion which are peculiar to solar energy materials are described and discussed. Thirdly,
the research needs and opportunities associated with these phenomena are identified.
General areas of research considered to be either "erucial", "important" or "useful"
include the following: (1) development of microstructure; (2) microstructural stability;
(3) dependence of diffusion and nucleation of new structures on external influences
(especially thermal cyeling, electric fields, radiation fields); (4) acquisition of standard
reference data (solid/solid interface diffusion and electrical data); and (5) relationship
between microstructure (and its time-dependence) and electrical, optical and mechanical
properties of composite materials. Finally, priorities are assigned to a number of
research areas falling within the above categories,

I. INTRODUCTION

In this chapter, we attempt to identify the basic research needs and opportunities
which exist with respect to S/S interfaces and diffusion in materials and devices relevant
to solar energy. The chapter is organized along the following lines.

We first (Section II) identify the generic problems which seem to us to be charac-
teristic of solar energy materials in order to put the entire problem in perspective. We
then proceed (Section IN) to identify specific technical problems involving diffusion at
S/S interfaces. Finally, in Section IV, we describe the research needs and opportunities
associated with these phenomena and assign priorities to them.

It should be noted at the outset that we deliberately limit our attention to problems
which are uniquely related to solar energy. As a result, the focus is mainly on
. photovoltaic/photochemical/photothermal processes and devices. We do not consider
energy storage problems. While such problems are of obvious significance for solar
energy, they also are of importance to other energy technologies and, consequently, are
receiving widespread attention elsewhere. Furthermore, they have been the subject of
other workshops. Also, we do not consider problems associated with more indirect solar
technologies such as wind, ocean thermal energy conversion, and biomass. Wind energy
technology is involved with the technology of massive high strength structures which is
already being pursued by, for example, air frame manufacturers. Ocean thermal tech-
nology primarily involves the L/S interface (see Chapter XI) and is intimately related to
other technologies presumably being pursued, for example, by the Navy. Similarly, many
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of the elements comprising biomass technology are under active study and development
elsewhere, and it therefore seemed unnecessary to consnder them separately within the
present context.

II. GENERIC PROBLEMS OF PHOTOVOLTAIC PHOTOCHEMICAL AND PHOTO-
THERMAL SYSTEMS

A. General Characteristics of Solar Collectors

* The'diffuseness of the solar radiation on the earth's surface requires that solar col-
lectors cover immense areas in order to contribute significantly to the energy require-
‘ments of the nation. The size of the collecting arrays and the requirements of low cost
and long term operation in hostile and varying environments dictate the fabrication and
operation of components which have features unique to the solar energy industry. In the
area of photovoltaics, the emphasis in the near future will continue to be on flat plate
nonconcentrating collectors composed of cells made from. single-crystal Si by conven-
tional techniques, and on high- efficiency single-crystal GaAs cells used with concentra-
tors. The concentrating systems will in all likelihood not be cost effective compared to
other energy sources, except in special applications (e.g., remote power peaks). To
become cost effective, it is expected that flat plate systems will have to utilize Si cells
made from thin film (~50 pm) polyerystalline materials grown on low cost substrates or
from semicrystalline materials grown by low cost methods, e.g., ribbon growth, casting,
ete., or possibly from organie thin films. Concentrator systems are expected to utilize
multl-Junctlon sandwich configurations such as Si/GaAs or spectrum-splitting devices
with two or more single-junction cells. In the long term, it may be that thin film
( ~10 yvm) GaAs polycrystalline cells, Cu 9/CdS, and other advanced systems will be
developed to the point of economic competltlveness Indeed, it may be that materials
development will lead to a situation in which choices will have to be made between high
performance, moderate cost, long lifetime systems and systems of lower performance
and moderate lifetimes but extremely low cost.

Photothermal systems are expected to follow a development from flat plate collee-
tors, which are becoming fairly common today, to the immensely more complicated
power-tower type systems (Chapter ) that rely. on acres of heliostats for solar
concentration. . :

Common ‘to all of these systems, and hence the focus of our attention, is the
requirement of the development of multllayer, "thin fllm, polycrystalhne components
which will operate reliably over long perlods of time.

B. Materials Morphology, Chemical Integrity, and Pﬁyeicéi Pr"opertieé

The preparatlon of large area, multllayered thln film polyecrystalline devices leads
to certain morphological problems which vary. greatly .depending upon the techniques by
which the films and layers are made. Diffusion, between interfaces and along grain
boundaries, and hence, the electrical and “thermal properties of the material will
undoubtedly depend strongly on this morphology. Moreover, the stability of the device
also depends on the morphology, and hence on the fabmcatlon and preparation techniques

areemployed C o e
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Because of the intrinsic features of thin film fabrication techniques employed, the
resulting thin film structures usually contain high densities of imperfections such as dis-
locations, grain boundaries, and interfaces which act both as sources and high mobility
paths for diffusing species. During the long-time operation of thin film components, they
may be subjected to high thermal stress, as well as electric and radiation fields. Such
operating conditions imply a dynamic chémical environment about which very little is
known at present. We may also expect induced defect generation, high mobilities, and
reactivities of the various chemical species present, and a concommitant degradation of
long-time device performance.

As a consequence of these expectations, we may be certain that severe lifetime
problems will be encountered because of the induced changes in the electrical, optical,
and thermal properties of the materials. These considerations are, obviously, of vital
concern to the component and device designers. Furthermore, the relationships between
the morphology, the chemical 1ntegr1ty, and the induced changes in the physical proper-
ties are complex, beyond current theories and experience, and can only be gleaned by
empmcal means.

* Specific examples of some'typical structure-property relationships are:

(1) dependence on morphology of electr1cal conductivity changes due to diffusion
along grain boundaries;

(2) dependence of optlcal absorpt1v1ty of a composxte partxcle/matrnx selective
absorber on particle size distribution; and

(3) dependence of contact resistance and junction re‘ctification on the chemical
nature of the interfece.

" Determining the structure-property relationships, as illustrated by examples (1)-(3),
demands a close link between basic materials science and the design and development of
devices and components. '

C. Fabrication and Operation of Solar Devices

Because of the great interest in thin film multilayer devices in the electronics
industry, it is useful at this point to introduce the idea of "make or buy" decisions. In
other words, what are the key problems in the fabrication and operation of large area,
low cost, thin film multilayer components not addressed by manufacturers of nonsolar
related components? These are the problems on which the research emphasis must be
placed, and hence, are the problems con51dered herein.

Clearly, photovoltaic applications require the fabrication of inexpensive, uniform,
large area layers of prescribed properties such as high optical absorption, low electron-
hole recomblnatlon, and long minority carrier lifetime. Similarly, photothermal applica-
tions require layers of materials with high absorptivity over the solar spectrum and low
emittance in the infrared along with satisfactory thermal conductivity properties. For
both photovoltaic and photothermal systems, layered materials with suitable reflectivity
or refractive properties are needed for solar concentrators.

Once in operatlon, these systems will be expected to perform without serious deg-
radation for periods of up to 30 years. They will be subjected to corrosive and/or abra-
sive environments containing moisture, dust, atmospheric pollutants, UV radiation, and
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chemicals in cleaning agents. They will also be subjected to thermally induced stress,
high electromagnetic fields due to static electrical junctions, and dynamic optical
effects. In the case of systems utilizing high concentration ratios, radiation damage
from high photon fluxes and high temperature cyeling may be expected.

I. SPECIFIC TECHNICAL ISSUES PERTAINING TO DIFFUSION AT THE S/S
INTERFACE

Having described some of the generic problems in the previous section, we now turn
our attention to the description and classification of the range of specific technical
issues and scientific phenomena which must be considered in connection with diffusion at
S/S interfaces in multilayer thin film solar energy devices.

A. Classification of Relevant S/S Interfaces

We first define an "interface" as the boundary separating two regions with different
physical characteristics. A large variety of interfaces may be present in typical solar
energy ‘devices. These may be classified according to several different schemes as
indicated below:

(1) classification according to electrical properties: in this scheme, a region may
consist of metal (M), a semiconductor (S), or an insulator (I). Interfaces may then
be of the types: M/M, M/S, M/I, S/S, S/I, ete.;

(2) -classification according to the structure of the two regions and the interface:
here, a region may be either crystalline (C), or amorphous (A), and the interface
structure might be of several types such as the following: C/C (eoherent), C/C
(semicoherent), C/C (incoherent), or C/A;

(3) classification according to the electrical properties of the boundary itself:
included here are p-n junctions; contact interfaces between metals, semicondue-
tors, or 1nsulators which may be either rectitying or injecting; ete.; and

(4) classification according to the change of the refraction at an interface: such a
classification is useful, for example, in optically graded transparent materials.

B. Areas of Research Concerned with the Optical and Electrical Properties of S/S
Interfaces

The interfaces of interest generally appear in structures which are fabricated by a
wide range of techniques (see Chapter XIV) and may be characterized with respect to
structure and composition by a variety of high resolution techniques. In recent years, a
number of high resolution techniques has become available which are capable of
revealing the fine structure of interfaces, often at the atomic level. These include dif-
fraction contrast imaging in the electron microscope [1], direct lattice resolution in the
HVEM [2], FIM [3], and analysis of diffraction patterns from the interface region [4]. The
chemical composition in the boundary region has been studied by a variety of techniques
including STEM [5], AES [5], ete. A detailed’ consideration of this topic is given in
Chapter XV. .
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Once information is available regarding the structure and chemistry of the S/S
interface, a major goal is the determination of the resulting electrical and optical
properties and understanding and modeling the atomie processes which might oceur at
the interface. Typical atomic processes are diffusion, boundary migration, impurity
segregation, etc.

In the following, we classify the S/S interface diffusional processes of particular
interest with respect to solar energy devices.

C. S/S Interface Diffusional Processes of Major Interest in Solar Enérgy Devices

1. Major Aspects of the S/S Interface Diffusional Problem

A process of major interest is the rate at which atoms jump in the vicinity of an
interface and thereby produce atomic diffusion. Related to this is the change in chemis~
try and the types of reaction products which may form at interfaces as a result of diffu-
sion. Also of importance are changes in electrical or optical properties which may
accompany the diffusion. '

2. Classification of Diffusional Processes

The types of diffusional processes which may be of importance include the
following:

(1) diffusion through the lattice to/from interfaces: 'in these processes diffusion oceurs
through the lattice between interfaces which act as sources or sinks for the diffusing
atoms. Of major interest is whether the kineties are controlled by the diffusion rate of
the species through the lattice or by the rate at which the atoms are gained and lost at
the interfaces. The process occurs at the maximum possible rate under the "diffusion
controlled" condition and at rates which may be much lower if the process becomes
"interface controlled". There are many important phenomena in solar energy devices
which may be associated with lattice diffusion between interfaces. These include, for
example: (1) the growth/dissolution of intermediate layers in initially layered structures;
(2) the coarsening ("Ostwald ripening™") of fine dispersions of second phase particles; and
(3) the precipitation and growth of second phase particles at interfaces;

(2) diffusion along interfaces: it is well established [6,7,8] that atoms generally diffuse
more rapidly along grain boundaries and interphase boundaries than in the lattice, and
that such diffusional short-circuiting can often predominate at the relatively low tem-
peratures (i.e., T/T . <0.5, where T __ is the melting temperature) characteristic of solar
energy device fabrication and operarang temperatures. The activation energy for inter-
face diffusion is usually lower than that for lattice diffusion and, hence, lattice diffusion
tends to become "frozen out" relative to interface diffusion as the temperature is
reduced. The processes which oceur when atoms are involved in diffusion along bound-
aries are of several different types which have been classified in the literature [9,10]. At
low temperatures and relatively short times, atoms diffuse only along the interfaces
since they are relatively immobile in the lattice. As the temperature is raised, or the
diffusion time is increased, they eventually enter and spread out in the lattice as well as
diffuse along the interface. Ultimately, each atom will sample both the lattice and the
interface randomly, and therefore execute a random walk through both the lattice and
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the interface. These phenomena may be altered if the interface migrates during the dif-
fusion process as it might if the initial interface structure is unstable. In such a case,
the migrating interface visits atoms in the lattice as it sweeps through the material and
therefore may induce a considerable amount of atomic mobility which might ordinarily
be absent in the specimen;

(3) diffusion induced grain boundary migration: it has recently been recognized [11]
that a significant amount of bulk alloying/de-alloying can be induced by grain boundary
migration in situations where bulk diffusion is essentially frozen out. In this phenome-
non, solute atoms diffuse along the boundary and induce the boundary to migrate. The
simultaneous interface migration and diffusion along the interface then causes bulk
alloying/de-alloying in the wake of the boundary. Such a process could conceivably cause
extensive compositional changes in thin film devices over long time periods;

(4) S/S interface migration: grain boundary and interphase boundary migration must
occur by the detachment of atoms from one crystal followed by ultimate attachment to
the adjoining crystal. This process, therefore, requires some thermally activated atomic
motion in the interface. Furthermore, under usual circumstances the rate of migration
of the boundary is drastically slowed down by the presence if impurity atoms segregated
at the boundary which must be dragged along as the boundary migrates [12]. The overall
migration rate of the boundary is therefore dictated by a complex combination of diffu-
sional jumping processes at and near the core of the boundary. It is evident that the rate
of this process can be profoundly influenced by the impurity species present;

(5) S/S interfaces as sources or sinks for atoms: there is considerable evidence that
grain boundaries generally operate as re&atlvely efficient sources or sinks for atoms at
driving chemical potentials as low as 10 It is now believed [13] that the source or
sink operation occurs as a result of the mlgratlon of climbing grain boundary dislocations
across the interface in a manner analogous to the migration of steps across free surfaces
during crystal growth/dissolution. The climb process involves the diffusion of defects
.to/from the dislocations and, hence, a considerable amount of boundary diffusion is
involved. Such source or sink operation is essential for sustaining the Herring-Nabarro
and Coble type diffusional creep which might occur in thin film devices in response to
applied or internal stresses; and

(6) mechanical relaxation processes at S/S interfaces by diffusional mechanisms: the
defect structure produced by mechanical deformation may be relaxed, to a considerable
degree, at grain boundaries by grain boundary diffusional processes which are important
even at relatively low temperatures. Examples include the dissociation of impinging lat-
tice dislocations [14] at boundaries, and the thermally activated climb and mutual
annihilation of dislocation debris in boundaries [15]. These processes could be effective
in relieving effects due to mechanical straining in thin film devices generated, for exam-
ple, by differential thermal expansion (see Chapters XII and XIV).

D. Key Issues

There is a general need to study the rates of chemical and structural changes
brought about by the S/S interface diffusional processes described above. The results
should be used to model and understand the kinetics of these processes and ultimately to
understand corresponding changes in electrical and optical properties. Such a procedure
will be necessary to develop a sufficient level of understanding to make possible lifetime
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predictions for thin film solar devices. This point is discussed further in the following
section.

IV. RESEARCH NEEDS AND OPPORTUNITIES

A. Format

Following the introduction of the scope of our considerations in the preceding sec-
tions, we now provide our recommendations for basic research on diffusion at S/S inter-
faces of importance to multilayer, thin film solar energy conversion devices. A synopsis
of our recommendations is given in Table 1. The priority ratings given in this table
correspond to:

1= cruéial; indicates basic research required to establish the technical feasibility
and unit manufacturing cost of multilayer solar energy converters.

2 = important; indicates basic research required to establish the lifetimes and relia-
bility, and hence the total life cycle cost of multilayer solar energy converters.

3 = useful; indicates basic research expected to be required for lifetime and relia-
bility assessment, but in subject areas about which so little is known that a high
degree of uncertainty exists in the expectations.

The text of much of this section consists of a commentary of the entries in Table 1.

B. Research Strategy

It is useful to distinguish clearly between basic research, the result of which is
information, and advanced development, the result of which is a working prototype
device along with a series of cost and reliability estimates. In this report we consider
only basic research, the outputs of which are required as inputs for the generation of
accurate cost and reliability estimates by advanced development programs. We envision
such useful basic research to consist of the following three necessary and irreducible
components: :

(1) the selection and characterization of pertinent model systems exhibiting the essen-
tial features of the more complex engineering systems. In particular, thorough charac-
terization of the composition, structure, and properties of these model systems is
mandatory in order to establish the scope of the phenomena investigated;

(2) the development of characterization techniques capable of measuring phenomena
on the time and distance scales and with the precision required to describe the phenom-
ena under examination. In many of the items noted in Table 1, new instrumentation, not
yet available, is required to examine the microscopic processes which are involved; and

"(3) modeling of the experimental results obtained. Useful models exist at two separate
and diverse levels. Phenomenological models are those that contain thermodynamie,
kinetie, and macroscopic transport coefficients (e.g., concentrations, activation energies,
conductivities, lifetimes, ete.). Microseopic models utilize atomistic structural data as
input and seek to predict the various transport coefficients utilized in the
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phenomenological models, and to identify the nature and characteristics of the
phenomena incorporated in such models. Thus, phenomenological models form ‘the link
between basic materials research and engineering device performance, whereas
microscopic models constitute the link between materials research and the laws of
chemistry and physics. We stress that accurate, tested models of both types of the
phenomena listed in Table 1 are rarely available and are absolutely critical to the
assessment of the long term reliability of solar energy conversion devices.

Many so-called "basic" studies presumably pertinent to solar energy conversion con-
sist of only fragments of the three requisite activities listed above. Such incomplete
studies do not deliver good value to the solar energy program because their output is not
cast in a form (i.e., a well understood phenomenological model or standard reference
measurements that are directly useful to advanced development programs). Thus, one of
our major recommendations is procedural: that the basic research activities that are
pursued consist of all three critical ingredients and that their inputs be cast'in a form
which is directly usable by the appropriate advanced development groups. '

1. Development of Microstructure

The first area in which we recommend basic research is the identification and
characterization of diffusion phenomena involved in the formation of multilayer thin-
film structures. Since most of the processes utilized to produce these structures (e.g.,
LPE, CVD, sputtering, ete.) involve energetic atomic species, the phenomena associated
with the growth of these structures occur in entirely different environments (e.g., higher
temperature) than those experienced in the operation of devices based on these struc-
tures. The major generic topic of research is the dependence of the microstructure of
multilayer devices on the process variables which characterize the fabrication technolo-
gies utilized to produce them. Detailed recommendations for studies of specific systems
are given by the study group on film formation (see Chapter XIV). We include this topic
here to stress our procedural recommendation that sponsored research incorporate ade-
quate characterization and modeling efforts, rather than be confined to empirical
property-process correlations. : -

In addition, we include as a special research topic one which we consider necessary
for establishing the technical feasibility of devices built on "low cost" substrates, i.e.,
the diffusion of impurities either through the bulk or along interfaces from the substrate
into the active layers and the diffusion of impurities between the different layers and/or
grains characteristic of the composite structure. We emphasize that it is the diffusion,
which occurs during the fabrication steps, which most frequently degrades the perfor-
mance of devices based on "low-cost" technologies. Therefore, for such devices, dif fu-
sion studies are required to establish a sound basis for systematlcally improving initial
performance as well as long-term reliability. -

2. Microstructure Stability

A critical factor affecting the reliability of a multilayer thin film device is the
long term stability of its microstructure under operating conditions. This issue is partic-
ularly acute for polyerystalline and amorphous films because they are inherently
nonequilibrium structures which are unstable under the thermally induced stresses
encountered in solar converter operations. In addition, sharp heterojunction interfaces
and steep concentration gradients also degrade under such conditions. The ability to
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predict the rate of change of impurity concentrations, defect densmes, and
compositional gradients under realistic time-temperature conditions is the sine qua non
of accurate reliability forecasting. Unfortunately, adequate data and models to make
such predictions are rarely available, even for common photovoltaic structures based on
polycrystalline Si, GaAs, CdS, and Cu,S, and for common composite selective
absorbers for solar thermal devices. Therefore, the acquisition and analysis of suitable
data on which to base reliability analysis of such structures is a matter of some urgency
to the U.S. solar energy program.

The first major area in which we recommend basic research is the interdiffusion
between chemically dissimilar layers. Some requirements for such studies are known
from the widely studied model system of metal (Au, Al, In) overlayers on well-
characterized (110) surfaces of GaAs. Analytical techniques suitable fgr deterémmng
structure and composition on an atomistic scale with sensitivities of 10 “ to 10 ° atom
fraction are required. Successful applications of LEED for atomic structure and synchro-
tron radiation photoemission spectroscopy for atomie composition have been made to
date, but heavy investments are required to render these techniques utilizable on a rou-
tine basis and to develop other techniques like SEM which possess high lateral resolu-
tion. The form of the phenomenological models of the diffusion processes involved are
known for bulk and grain boundary diffusion in GaAs, and the magnitudes of the relevant
parameters in these models are known to an order of magnitude for certain metals (e.g.,
Au). Expansion and refinement of the work on GaAs, as well as extension of Si, CdS,
CUZS and other photovoltaic materials, would be appropriate. Microscopic models of the
atomic motions involved are virtually nonexistent, so their construction should be
encouraged.

The second major area in which we recommend basic research is the study and con-
trol of the segregation and diffusion of impurities at grain boundaries. The specifie engi-
neering issue motivating the high priority given to this recommendation is the critical
need to "passivate" grain boundaries in polyerystalline layers of photovoltaic devices. We
utilize the term "passivate" in the engineering sense of rendering these boundaries incon-
sequential to device performance. In particular, the electrical properties of polyerystal-
line materials typically require stabilization. Thorough studies of the segregation and
diffusion of impurities in grain boundaries in model systems are unavailable even for Si o of
GaAs. Advances in instr Xmentatlon to achieve a spatial volume resolution of AV =1 nm
and a sensitivity of ~107* atom fraction are needed for realistic studies of the dynamies
of atomic diffusion along such boundaries.

A particularly pressing theoretical issue is the development of criteria for deter-
mining the electrical activity (or lack.thereof) of individual grain boundaries. Thus,
models of the cogent properties of these boundaries must include their electronic behav-

ior (as traps, recombination centers, etc.) as well as the phenomenology and dynamics of .- .

their migration and that of impurities along them.

The final area of microstructure stability in which we recommend basic research is
the investigation of the long term stability of nonequilibrium thin film structures. Since
systematic work in this area is almost nonexistent and failure mechanisms are not well
known, initial studies will, of necessity, be exploratory in character. Important applica-
tions abound outside, as well as inside, the solar energy context as, e.g., in the stability
of Schottky barrier gates and MOS struetures in the micro-electronies industry.
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3. Dependence of Diffusion and Nuecleation on External Influences Peculiar to Solar
Applications

Unique features of the solar converter environment for multilayer thin film.struc-
tures include the occurrence of thermal cyeling and that of a flux of electromagnetic
radiation, both effects being relatively large in concentrator systems. Therefore, the
life of solar converters depends on the influence of thermally induced stress gradients
. and of radiation-induced defects, as well as carrier and thermal gradients on the micro-
structure and properties of thin film structures within these converters. We anticipate
that the thermally induced stress fields and internal electrostatic fields will affect the
microstructure primarily via modification of the parameters (e.g., activation energies) in
the diffusion kinetics, whereas the solar photon flux will generate defects and carriers as
well as thermal gradients. Consequently, we list basic research on these two different
types of external influences as separate topics in Table 1. It is hoped that the superposi-
tion of both types of influence can be described by models in which their effects are
treated independently but simultaneously. The crucial importance of embedding the
results of experimental studies in phenomenological models embodying a common strue-
ture is self evident in those areas in which actual devices are subjected to multiple
strong external influences acting in concert. Moreover, these models should also provide
the vehicle for the design and evaluation of accelerated life tests—a critically important
engineering activity.

4. Acquisition of Standard Reference Data

In addition to the issue of the completeness of basic research studies, dealt with in
Section IV (B), the suitability, standardization, and availability of standard reference
data used for engineering design are of obvious significance in the planning and funding
of basic research pertinent to solar energy. An area in which data of improved accuracy
and reproducibility are urgently required is that of "low" temperature S/S interface dif-
fusion (i.e., for T/T < 0.5). Present data exhibit unacceptable scatter due both to inad-
equate sample characterization and to differing. methods of analyzing the raw
measurements. '

The acquisition of better low temperature diffusion data is indicated as a special
item in Table 1 although the issues of the adequacy and standardization of data acquisi-
tion and analysis are obviously more broadly relevant, especially when such data must be
used for engineering design and reliability assessment. Data used for these purposes
must be widely available in a standard format and for.a variety of materials. This issue
is listed separately in Table 1. For example, adequate thermal diffusion data for reliabil-
ity analysis on "newer" materials like GaAs and CdS-based materials is simply not avail-
able at the present time. A program involving data acquisition, standardization, storage,
and retrieval is needed for accurate assessments.of the long term reliability of
multilayer thin film components of solar converters.

5. Relationship Between Microstructure and Properties

A major focus in this report has been on the stability of the microstructures of
multilayer thin film structures. The reason for this focus is the status of these micro-
structures as the primary determinant of the electrical, optical, and mechanical proper-
ties of the thin film components which are of interest in the operation of solar energy
converters. Thus, the final critical area of recommended research is the development of
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explicit relationships between the microstructure and the physical properties of inter-
est. This activity is indispensable for the evaluation of device reliability, because one
must convert data on the spatial and temporal behavior of the material consituents of
the device into quantitative measures of its performance over.time and under different
operating conditions. Specifically, predictive models must be developed which link the
time dependent microstructure of a thin film structure to its local thermal conductivity,
electrical conductivity, electron-hole recombination coefficient, optical properties, and
carrier lifetimes. Some progress along these lines in the area of the optical properties of
composite films (used, e.g., as selective absorbers) has been made in recent years. Nev-
ertheless, much remains to be done, especially for the prediction of the electrical prop-
erties of polycrystalline materials for photovoltaic applications.  Therefore, the
.development of predictive models of the properties of composite materials is an area of
intellectual endeavor of critical importance to the ultimate development of reliable,
low-cost solar energy converters.
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Table 1. RECOMMENDATIONS FOR FUTURE RESEARCH ON S/S INTERFACE DIFFUSION

of nonequilibrium thin film
structures. .

devices but not enough information is available to -
assess reliably the effects on the technical and -
economic feasiblity and lifetime performance of
devices. -

Research Topic Relevance- - Priority* -
1. Development of Microstructure :
A. Determine relationship(s) Necessary to improve lifetime and performance 3
between: film microstructure - of devices but not enough information is available
and process variables. to assess. reliably effects on the technical
and.economic feasibility and lifetime performance
of devices. -
B. Investigate diffusion of impur- . Crucial to fabrication of cost effective devices . 1
ities through the lattice or along and components. -
interfaces from and into sub-
strates and between layer grains
of composite structures.
1L Microstructure Stability - . :
A. Investigate interdiffusion between Required for device stability and performance; 2
chemically dissimilar layers: basic processes are not understood.
B. Investigate grain boundary. - Required for acceptable device performance; 1
passivation. basic processes are not understood.
C. Investigate stability (long term) - Necessary.to understand long-term performance'of“ 3

vl




Table 1. RECOMMENDATIONS FOR FUTURE RESEARCH ON S/S INTERFACE DIFFUSION (continued)

potentially useful solar energy
materials.

on less-investigated materials systems to ascertain

‘the benefits of substituting new materlals for

current technological materials.

Research Topic Relevance Priority*
. Dependence of Diffusion and Nucleation
on External Influences (especially
thermal cyeling, electric fields, and
radiation fields).
A. Conduct exploratory research on Needed to provide information on the. éiability of 2
well defined model systems to devices and as a basis for accelerated life testing
identify influence of electric procedures. Information is necessary because of
fields and stress fields on severe operational environments of devices.
diffusion, grain boundary segrega- : :
tion, and kineties.
B. Conduct exploratory research-on Same-as IIIA but not enough informaticn is available 3
well defined model systems to . to assess reliably the effects on technical and —
" identify changes in diffusion economic feasibility and lifetime performance of &
kinetics due to radiation induced devices.
ccarriers, defects, and local :
‘thermal gradients. = = .
IV. . Acquisition of Standard Refereﬁce Data
' ~ (S/S interface diffusion and elec-
trical data).
A. Acquu‘e improved data to assess Required to provide technical basis for long~term 2
“long term stability of standard- stability assessment and testing.
ized and well—characterxzed sys- o
~tems. :
B. - Acquire standardized data base for - Same as IVA but not enough information is available




Table 1. RECOMMENDATIONS FOR FUTURE RESEARCH ON S/S INTERFACE DIFFUSION (concluded)
Research Topic : ‘ o Relevance C Priority*
V. Determine Relationship Between Micro- Required to provide relationships between research 2
structure (and its time-temperature topies I-IV listed in this Table and the measured
dependence) and the Electrical, device perf_ormance.

Optical and Mechanical Propertles

of Composite Materials.

*Priority ratings:
1 = CRUCIAL:

IMPORTANT:

[
1}

o
1}

USEFUL:

Indicates research required to establish the technical feasibility and unit manufacturing cost of
multilayer solar energy converters.

Indicates research required to establish the lifetimes and reliability, and hence the total life cycle cost,
of multilayer solar energy converters.

Indicates research expected to be required for lifetime and rehablllty assessment, but in subjects about
whlch so little is known that a high degree of uncertamty exists in the expectations.

6t 1
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X1. BASIC RESEARCH NEEDS AND OPPORTUNITIES AT THE SOLID-LIQUID INTERFACE

J. 0'M. Bockris, F. A. Cafasso*, S. G. Davison, T. E. Furtak,
L. A. Heldt, M. L. Knotek J. J. Truhan, J. R. Weeks, and
L. Jd. Wittenberg

ABSTRACT

A panel was convened to deliberate on basic research needs and opportun-
ities at solid-liquid interfaces 1mportant in solar energy materials science.
The committee concluded that needs exist in two areas, photoelectrochemistry
and solar energy-related degradation phenomena. Research is recommended to
(1) develop special real-time in situ analytical techniques in order to probe
and study solid-liquid interfaces, (2) formulate a theory that incorporates
the properties of the solid-liquid interface, (3) generate new materials for
photoelectrochemical conversion systems, (4) study photo-assisted synthesis
and electrocatalysis, and (5) investigate the mechanisms of electrochemical
degradation (especially photocorrosion), mechanical degradation (especially
corrosion fatiqgue), and erosion in solar energy systems. These recommenda-
tions, together with their background and justification, are discussed.

I. INTRODUCTION

Our understanding of the properties of interfaces is still in its
infancy. Yet, all materijals used in existing or emerging solar technologies
involve an interface S/G, S/S, S/L, and it is the interactions at this inter-
face that often govern the properties, and thus the usefulness, of the
material. With this in mind, the members of the S/L interface panel examined
each of the solar energy technologies and attempted (1) to define existing
and potential problem areas involving S/L interactions, and (2) to identify
generic issues in need of research. The research needs were found to fall
conveniently into two major categories -- photoelectrochemistry, particularly
in the areas of electrochemical photovoltaics and photoelectrosynthetic
devices, and degradation phenomena related to corrosion and erosion.

The major conclusions reached concerning these research topics were as
follows:

(1) The development of techniques for in situ S/L interface analysis was
identified as crucial to the advancement of our understanding of both photo-
electrochemistry and solar energy-related degradation phenomena.

(2) The development of microscopic theoretical models is essential in
order to understand the behavior of electrochemical photovoltaic cells and
photoelectrosynthetic devices and to provide guidance and direction for
further research in the area of photoelectrochemistry.

* .
Chairman
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(3) Until proven and reliable interface analysis techniques and tractable .
theoretical methods are in hand, research that involves the exploration of
novel electrolytes, solvents, redox couples, -semiconductors and surface
modification treatments appears to be the best way to advance the field of
photoelectrochemistry in the near term.

(4) Degradation phenomena pervade all solar energy technologies. In
fact, virtually every generic form of corrosion is found to occur and, in
many cases, the corrosion problem is not unique to solar energy. Because
of this pervasiveness, research to obtain a basic understanding of corrosion
and erosion phenomena is viewed as essential and should be strengthened.

(5) Fundamental studies of corrosion and erosion are being pursued
worldwide. It is recommended that this experience be utilized as much as
possible in solar energy technology advancement. Nevertheless, there are
two areas that are deemed to be special: degradation at photoelectrochemical
interfaces and corrosion fatigue. The thermal-induced stress cycles likely
to occur in solar power tower, Ocean-Thermal Energy Conversion (OTEC), and
wave power systems make corrosion fatigue worthy of special attention. One
of the primary factors limiting electrochemical energy conversion devices is
the instability of the semiconductor interface towards aqueous solutions.

II. PHOTOELECTROCHEMISTRY

During the last eight years, remarkable progress has been made toward
increasing the efficiency of photoelectrochemical devices. Many of the
advances that have given rise to this success have occurred by largely
empirical approaches to problem solving. However, a plateau in this pro-
gress has been reached which now threatens to.1imit the potential advantages
of photoelectrochemical conversion (elimination of S/S junctions, intimate
chemical contact between the semiconductor and electrolyte, and the ability
to use polycrystalline materials). This plateau is due to the instability
of photovoltaic devices toward photoconversion and the unavailability of
efficient photoelectrocatalytic electrodes. Advancing beyond this point by
empirical methods alone is possible, but establishment of fundamental know-
ledge about the character of the S/L interface appears essential.

A. Long Term Generic Research Needs and Recommended Research
1. Interface Analysis Techniques

S
Electrochemistry, in its present state, is equivalent to the study of
the solid-vacuum interface before the advent of analytical probes for the
study of surfaces. As techniques for probing these surfaces have evolved,’
significant advances in our understanding of surface physics and chemistry
have ensued. The existence of such tools for S/L interface studies would be
expected to have a similar impact. There is a need for the development of
techniques and for concepts that can be used to determine structure, compos-
ition, chemical states, and electronic structures specific to the interfacial
region. We recommend that basic research be undertaken to develop tools with
which to describe a S/L interface. These tools could involve the following:
(a) in situ probes which 1ook at the actual interface such as the optical
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techniques of IR spectroscopy, optical absorption, modulation spectroscopy
(electroreflectance, composition-modulation), Raman spectroscopy, and
other methods commonly used for the study of solids and liquids; and (b)
techniques and concepts developed for the study of the S/G or solid-vacuum
interfaces combined with the use of methods of environmental manipulation.

The availability of reliable methods for S/L interface analysis should
contribute significantly to the following: identification of surface states
(both -intrinsic and extrinsic), elucidation of the structure of the double
layer, establishment of charge donating or accepting species as well as the
presence and influence of intermediates, and development of microscopic
theoretical models of interfaces in photoelectrochemical systems.

2. Theorétical Models

" Much of the theory of photoelectochemistry is based on classical statis-
tical and thermodynamic concepts and on solid state physics, without consid-
eration of the microscopic processes often involved in the interfacial
region. This has arisen, in large part, because electrochemists have tended
not to pay enough attention to the energetics and physics of the solid (e.g.,
density of states, surface states), while solid state physicists have usually
dealt with the theory of solids and have paid little attention to the inter-
face. The interfacial region must be viewed as chemically un1que both from
the solid and the liquid.

‘The concepts in current use ‘are largely thermodynamic in nature; yet the
processes in the interfacial region predominantly affect the kinetics of
electrochemical reactions. A theory of double layer structure has emerged,
but it is largely phenomenological in nature. Attempts to approach the
double layer and kinetic. electrochemistry at interfaces, quanta]]y, have
virtually Just started [1] and much more needs to be  done. '

There is a cruc1a1 need for basic research on theoretical concepts and
models specific to the S/L interface. We recommend that this research
include the development of: (a) an understanding of the solid surface and
the structural, compositional, and electronic changes which ensue from :
electrolyte contact, especially,

(1) surface states arising from properties of the solid and their modi-
fication by adsorption;

(2) interfacial states ar1s1ng from chemical 1nteract1on of the solution
with the solid surface; : v

(3) e]ectro]yte electronic structure as it re]ates to charge transfer;

(4) adsorption: k1net1cs and thermodynam1cs of e]ectro]yte spec1es and
the formation and determ1nat1on of active 1norgan1c and organic intermed-
jates; and

i e
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(b) the formulation of a global model of the liquid better suited to extension
into the interfacial region. ‘

If one is to understand the problem of charge transfer™ across a solid-
electrolyte (S/E) interface, it is essential to have available a theory that
describes the behavior of the electrons on both sides of the interface in a
self-consistent manner. While the solid is well-documented in this respect,
the same is not true of the electrolyte. At present, the fluctuating energy
mechanism [3] is normally used to model the electronic structure of the electro-
lyte for charge transfer purposes. Such an approach is limited because it is
unable to take account of interface effects and, moreover, requires equating of
the energy levels of the fixed-band structure of the solid with the ion levels
resulting. from temporal fluctuations [3].

To circumvent these limitations, a global rather than local model is
needed so that interface states are included in a natural way. While not
intending to preclude other possible theoretical methodology, two approaches
suggested themselves now. The first is to treat the electrolyte (molten salt)
as a lattice gas [4,5] and to develop an electronic theory of a spatially
disordered two-component system of positive and negative ions, which is already
available from the area of disordered binary alloys. Secondly, the theory of
liquid mixtures could be used to provide the appropriate pair correlation
function on which to base an electronic theory of the electrolyte in a similar
fashion as has been done for the theory of 1iquid metals [6]. While both these
approaches would lead to a band structure of the electrolyte, including inter-
face states, the second approach has an added advantage -- the packing of the
jons at the interface could be treated in a more realistic fashion.

In developing an understanding of the structural and electronic factors
governing the interaction of electrolyte species with the solid surfaces at
the interfacial region, the following factors of paramount importance should be
studied: the role of the electrolyte in mediating energy transfer at the
interface and its effect on charge transfer rates, the problem of adsorption
at the S/E interface, ionosorption and the role of surface states in adsorption
processes, direct and indirect interactions between adatoms in an electrolytic
environment with the coadsorption of different species (to gain insight into
the chemical reactions taking place at the S/E interface), and the role of the
liquid structure factor in determining the microscopic features of adsorption
and the effect of impurities in the solid on chemisorption.

Theoretical and experimental investigations of double layer structures
at solid polymer/solution interfaces also appear to be warranted. Many photo-
electrochemical devices may utilize separators made of ion-exchange membranes
on porous polymers. While no charge transfer will be occurring at the inter-
face, there will be selective charge and mass transport through the separators
which will be strongly influenced by the interfacial region. This will affect
the overall efficiency of the devices.

* Electrons éan tunnel through an electric dinole layer which, being thin,
does not affect transfer process to any great extent [2].
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3. New Materials

The primary factor that can be identified as 1imiting the practical
implementation of photoelectrochemical energy conversion is the instability
of -the solid toward photon-assisted degradation of the surface. Large band
gap semiconductors are available which are relatively stabie; however, the -
low solar efficiency associated with these materials makes them impractical.
Whether the eventual goal is electrical power production or the synthesis
of transportable products, semiconductor performance and stability and their
interrelationship are central to progress.

A1l currently available semiconductors are susceptible to photo-anodic:
decomposition, i.e., thermodynamically unstable toward photodegradation in
aqueous solutions [7]. Only by introducing kinetic stability, which is
accomplished by 1imiting the decomposition reactions or by competing with
them, have useful systems been obtained. Clearly, there is a need for the
development of new semiconductor materials that are thermodynamically stable
when in contact with Hy0, and we recommend research in this area. This
research could take the form of exploring the potential of either composi-
tional modification of the bulk semiconductor or the development of special
surfaces designed to eliminate detrimental reactions.

B. Near-Term Research ieeds
1. Modified Electrode Materials and Surfaces

The development of interfacial probes and concepts is a long-term goal
that will have a general impact on electrochemical science. The application
of these concepts and techniques to the engineering of an advanced generation
of photoelectrochemical devices, in particular, and of solar energy conversion
devices and processes, in general, is a practical, long-term project. In the
near term, we are confronted with a variéty of options which may have an .
impact upon solar energy conversion technology but must be developed with the
science in hand.

Some of the most viable optionsvappear to be:

(1) GaAs/polyselenide aqueous cells: With suitable surface pretreatment,
this cell can achieve up to 12% solar power conversion efficiency [8]. The
primary limitation with this system is deterioration of the surface treatment.

(2) WSep/triodide aqueous cells: An 8% solar power conversion efficiency
has been achieved with this cell system [9]. The primary limitation is the
structurally associated defects. These can be reduced by surface treatment but

the treatment does not last.

(3) Chemically derivatized Si: Improved stability can be obtained by
interposing charge transfer bridge molecules (e.g., ferrocene derivatives)
which protect the electrode [10].

(4) Nonaqueous systems: Water plays a dominant role in many photodecomposi-
tion reactions. By using organic or room temperature molten salt electrolytes,
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many of these reactions can be avoided. ‘Water then becomes a poison and must
be rigorousiy removed, leading to encapsulation prob]ems

(5) Perovskites as kinetically stable photoelectrochemical materials:
The limiting factor in their use is the low efficiency experienced due to the
large band gaps involved.

Evidence has accumulated (10,117 which suggests that many of the limita-
tions noted above might be overcome by judicious modification of electrodes
and their surfaces. There exist a number of approaches for the manipulation
of the properties of materials which have not yet been fully exploited and
which could lead to valuable new insights and fruitful avenues for development.
Those that appear worthy of further study and exploration are:.

(1) doping of surface and near surface regions of the solid for favorable
optical absorption properties, chemical stab111ty, enhanced efficiency, and
cost savings;

(2) tailoring surface topography for enhanced optical properties, e.g.,
reduction of the ref]ection coefficient at the interface; '

(3) synthes1z1ng materials for enhanced efficiency, performance properties,
and stability;

(4) controlling semiconductor powder catalysis chemistry by special
preparation methods (i.e., platinized Ti02 powders [11]);

(5) developing p-n cells for both enhancement of available energy and
better utilization of the solar spectrum by tailoring of both electrodes,

(6) developing novel electrolytes such as nonaqueous media- (e g., organ1c
solvents) and room- temperature molten salts;

(7) exp1o1t1ng some ‘of the novel fabricative and physical propert1es of
amorphous mater1als such as amorphous silicon and the cha]cogen1des, and

(8) modifying sem1conductor surfaces by the adsorption of materials
such as dyes for ta110r1ng optical absorption, and ions (e.g., Ru3* on GaAs),
organics (e.g., tertbuty]pyr1d1ne on WSeo and ferrocene on S1) or metals
(e.g., Pt on Ti0p) wh1ch inhibit decompos1t1on or enhance k1net1cs

2. Thin Film Electrodes .

Thin films offer a'variety of potentially valuable attributes, e.g.,
they can be used to fabricate unique physical structures and can result in
cost savings. Areas in particular need of study are:

(1) stability and interfacial behavior of thin-film po1ycrysta111ne
electrodes (s1gn1f1cant cost savings should accrue if po]ycrysta111ne rather
than single crystalwmqter1als were to be used in so]ar devices);




157

(2) grain boundary chemistry such as impurity segregation and its influ-
ence on the S/L interface, grain boundary recomb1nat1on and its control, and
‘grain boundary diffusion;

(3) preparatfon technjques such as MBE, evaporation, sputtering, CVD, and
LPE; ' ‘ ‘

(4) heterOJunct1on techno]ogy deve]opment for application to photoelectro-
chemical ce]]s,

(5) exp]orat1on.of'the'effect of solar concentration and the synergism of
heat transfer with liquid-junction photovoltaic cells; and

(6) optimization of photoelectrochemical system efficiency which affords
several opportunities for S/L interfacial research connected with cell des1gn
These include encapsulation of the electrodes and the electrolyte, which is
often harmful to polymers (i.e., polyselenides) for reasons that are not well
understood, and development of conducting windows. Although, through the
4conduct1v1ty of the electrolyte, voltages will transmit to the semiconductor
regardless of the position of the counter electrode, efficiencies can be
increased by reducing the separation of the e]ectrodes Eventually this
gives rise to the need for transparent electrodes which also act as the cell
window [11].

3. Photo—assisted Synthesis and E]ectrocata1ysis . ‘

The synthesis of CoHg from acet1c acid via a PhotoKolbe reaction us1ng
a Ti0p electrode has been reported [12]. Photo-oxidation of methanol,
ethanol, 1sopropano] hydroqu1none ‘and aromatic amines has also been studied
[13,14]. Interest is growing in electrochemical means for separating biomass
products and for converting them by electrocatalyt1c or photocatalytic
methods to éither chemical feedstock or ‘liquid fuels. The interfacial elec-
trochemistry associated with such electro-organic reactions has been the
subJect of only limited studies. Not only will electrocatalysis be 1mportant
in chemical synthesis, but’ its s1gn1f1cance in devices that may be used in
connection with the storage of solar energy (e.g., Ho product1on) is also
unquestionable.- Basic research in .all aspects of the S/L interfacial science
of e1ectrocata1ys1s wou]d be valuable in solar energy advancement. In
particular, there is a need to deve10p an understanding of the dependence of
e]ectrocata]yt1c activation on e]ectron1c and structural properties of
catalysts and on interfacial factors. Such studies should be strongly
coupled to the development of models and theory. Investigation of elec-
trodes which are modified by the attachment of materials that promote
electrocatalysis appears to warrant further attention.

ITT. DEGRADATION MECHANISMS

As is the case for most energy conversion systems in use today, there
is a strong need ‘for a better understand1ng of the degradat1on processes at
S/L interfaces. Al1 generic forms of Corrosion are found to occur in the
operation of solar energy devices; and in many cases, these corrosion
problems are not necessarily unique to solar energy. There are, however,
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several corrosion problems which are unique to solar energy due to specific
mater1a1/f1u1d comb1nat1ons currently being cons1dered [15]. : ’

Corros1on research is actively being pursued by a great many workers
around the world for all types of corrosion phenomena, and we would recom-
mend that this experience be used by the solar energy community as much as
possible. Even for widely studied phenomena such as stress-corrosion
cracking, many possible mechanisms have been advanced. Since we still do
not have a complete understanding of these processes, we recommend that :
research activities be increased to help advance our basic understand1ng of
the synergistic effects of the many parameters which can be identified in
practical engineering systems. Since current models have proved to be
deficient in many respects, we feel that experimental techniques need to be
developed which can be used to verify existing models or can lead to the.
proposal of new ones. In general, we lack adequate understanding of initi-
ation processes at the S/L interface, and we need in situ techn1ques to
examine this area. . o \

A. Research Needs

A list of research needs for degradation mechanisms follows. Those
related to solar energy devices are indicated by an asterisk (*).

1. Electrochemical Degradation Phenomena
The fundamentals of :the electrochemistry at anode -and cathode interfaces
need greater clarification. This is especially true in the following areas:

(1) Local cell formation, active-passive transformations, and mechanisms
of inhibition. An understanding is essential of metallurgical factors including
thermochemical processing, segregation, and grain boundary effects as well as
device cell behavior, both from mechanical design and from crevices developed
by such phenomena as biofouling,* localized corrosion, and stress corrusion -
cracking.

(2) Photocorrosion™ mechanisms at semiconductor-solution interfaces.
In this connection, theprocesses of corrosion initiation, propagation, passi-
vation-depassivation, and inhibition all warrant attention.

(3) Electrochemical phenomena in nonaqueous environments* such as fused

salts at high temperatures, liquid NH3 solutions, and liquid interfaces at
very high temperatures (~1000- 2000 C) wh1ch may be encountered in solar
receivers in power towers. Co e !

2.. Mechanical Degradation Phenomena - | S

The mechanisms of the effects of mechanical factors (i.e., stress) in
materials on their interactions: with 1iquid-environment need to be much
better understood espec1a11y in the fo]]ow1ng -areas:

(1) stress- ass1sted ‘general corrosion of mater1als (often noted in
seawater attack or at meta1/ox1de 1nterfaces where stress initiates.
spallation);
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(2) corrosion fatigue due to variations in sun]ignt/shadow and diurnal
changes, and thermal -stress arising from the need to have good thermal
transfer characteristics, due to size, wave actions, and variable currents,

and due to varlatlons in.thermal stresses;

(3) stress corrosion crack1ng of materials in aqueous environments, in
NH3 and fused salts, and in 1iquid metals (embr1tt1ement), and

(4) effects of Ho on photoe]ectrochem1ca] interfaces™, on passivation-
depassivation reactions, and on mechanical properties of materials.

3. Erosion Phenomena

Erosion phenomena are of particular interest in. so]ar energy techno]ogy
in the following areas’

(1) effects of moving f]uids on removal of brotective films such as the
role of suspended particulates and repassivation kinetics;

(2) physical damage to the underlying material due to cavitation phenomena
at high fluid velocities and deformat1on and buildup. of stresses in underlying
material; and :

(3) dissolution of the solid material due to degradation of glasses and
mirrors by rain, effects of acid rain on both metallic and nonmetallic
materials, and corrosion of structural materials by salt and 11qu1d meta]s.

4. Degradat1on and Heat Transfer

Mechanisms of heat transfer across S/L -interfaces need to be studied
under conditions of degradation such as biofouling, oxide film formation in
solar receivers due to impure liquid metals, formation-of condensed liquid
deposits due to -gas/alloy corrosion processes, etc. - _

B. Recommended Basic Experimental Research

Based on/fne above stated needs for a better understanding of the
degradation phenomena by S/L interactions, we recommend that the following
experimental research be performed.
1. Electrochemical Degradation of.the S/L Interface ~..

Local cell formation, inhibition mechanisms, and active/passive transi-

tions should be studied using in situ methods such as scanning ac electro-
chemistry, potentiodynamic scanning, LRS, and synchotron.radiation techniques;

T The decrease in reflectance or transmittance in reflectors caused by solid
particle impact erosion or abrasion by hail, dust, sand, or particulate
detergents constitutes an important subJect fa111ng outs1de the scope of this
panel but within the province of the panel on S/S interface science. The
reader is referred to Chapter XIII for a discussion of this subject.
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and the results should be correlated where possible with ex situ techniques
such as LEED, SIMS, ESCA, or AES analysis. These studies should include
metal lurgical, grain boundary, and crevice effects as determined by STEM or
Auger analysis of localized segregations. The electrochemical experiments
should be designed to detect the mechanisms of anode and cathode reactions.
Measuring techniques need to be developed for use with high temperature
metal-fused salt interfaces, and low temperature metal-ammonia reactions.
In situ methods need to be developed to advance the science of the degrada-
tion mechanisms. Of particular importance is the applicability of electro-
chemical and in situ surface analysis techniques to studying interfaces
between semiconductors and aqueous solutions used in photoelectrochemical
devices; these techniques could be used to determine passivation-depassiva-
tion reactions and photochemical effects or the nature of these important
interfaces. These studies should include determination of the mechanisms
of poisoning the surfaces by (impurities in) the electrolyte.

The electrochemistry of reactions in crevices should be studied in
detail to determine propagation mechanisms of corrosion in these areas.
Existing electrochemical techniques, such as scanning ac and potentiodynamic
measurements, may need to be modified to make in .situ measurements.

2. Mechanically Assisted Degradation Processes

The corrosion fatigue behavior of materials in various solar energy
devices as influenced by thermally developed stresses from sun/shadow and
diurnal cycles needs to be studied. Of particular interest is the role of
material, composition, surface scales, and environment on the initiation of
cracks. These can.be studied by electochemical methods such as scanning ac
methods used to monitor local areas where depassivation, oxide failure, etc.,
as precursors of crack formation are likely to develop.

Propagation modes and mechanisms of cracks, once initiated, need to be
studied along with the .synergistic effects of applied stress and thermal
cycles. This research ishould include' the effects of passivation-depassivation
kinetics and oxide formation in the crevices on crack propagation. Improved
techniques for monitoring environmental effects within propagating corrosion
fatigue (or stress corros1on) cracks should be developed for this research.

While both stress- ass1sted and stress-corrosion crack1ng have been
extensively studied and are ubiquitous problems, both can be anticipated
in a number of types of solar devices. Experimental methods should be
developed for determining the states of residual and applied stresses and
their effects on the initiation of stress-assisted corrosion, stress-
corrosion cracking, corrosion fatigue, and the propagation of :these
phenomena at aqueous, ‘nonaqueous, high temperature, metal/polymer and
semiconductor/ polymer interfaces. Of special interest would be studies
of stress states which:result from:the doping of semiconductor surfaces
and from the effects of thermal stresses from photovoltaic action on the
degradation of these surfaces.

Hydrogen effects on degradation of materials are important to solar
energy systems in Hp-producing (photoelectrochemical) devices and in the
liquid NH3 environment proposed for OTEC. Specific research should
include measurements of H, permeability and Hp behavior at S/L
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interfaces in these systems. Hydrogen embrittlement on all materials at
corroding interfaces needs to be better understood. Need for research on
this topic is not exclusive to solar energy devices. _ -

3. Eros1on Phenomena

Recommended research in erosion phenomenaJr 1nc1udes studies on the
action of moving fluids on solid surfaces, the role of formed and suspended
corrosion products, the relationship.between erosion and the corrosion of
surfaces, .and - the extent of damage to the mater1a1s themse]ves

N Research shou]d be performed on the role of mov1ng f1u1ds in passiva-
tion/ depassivation kinetics and .on the role of damage to protective oxide:
films; this research. should be done using the in situ and ex situ electro-
chemical and physical measurement techniques described in Sections II.A and:
ITI.A. The role of suspended particles, both previously existing in the
fluid or generated by corros1on, needs to be considered in these studies.

‘ Eros1on often g1ves rise to cond1t1ons on the surface which tend to
acce1erate surface corrosion. Studies to.understand the- synerg1st1c effect
that can take place when surfaces are exposed to both erosive and corrosive
environments should be done. ' :

Physical damage .to the-underlying material can cause residual stress
to develop - which would lead- to mechanically assisted degradation processes.
Research should be performed to detect the mechanisms. and the extent of
this damage -in -proposed solar devices, especially those devices where high-.
temperature fused salt or liquid metal coolants are used, or where frequent
‘ c1ean1n? to remove b1ofou] may affect the stress patterns in the under1y1ng
materia : .

- Research should be performed .on mechanisms of attack on metallic and
nonmetallic materials by rain, including pollutants-such as nitrates or
sulfuric acid.. Chemical and optical changes -in the surface of the nonmetal-
1ic or metallic components (in mirrors or wind turbines) need to be studied
using surface:ana]ytica]Atechniques-such as AES and. laser beam reflectivity
studies studies in both natural and simulated environments. = Surface compo-
sitional changes that occur in fused salt and 11qu1d metal env1ronments
proposed for spec1f1c devices shou]d be studied us1ng AES, SIMS, or SEM- EDA
techniques.- : : ‘ : .

4.. Degradat1on and Heat - Transfer

Spec1a11zed exper1ments need to be conducted to understand the 1nf1uence
of fouling and deposits on heat transfer across S/L interfaces.' Thermal.
cycling conditions and. conditions proposed for OTEC.and solar receivers should
be studied. . In situ surface  analytical techniques should be widely used in
conjunction w1th the heat transfer measurements.- .

T Particulate impact erosion constitutés an important subject falling outside
the scope of this panel, but within the province of the panel on S/S interface.
The reader is referred to Chapter 10 for a discussion of research needs and
opportunities in particulate impact erosion (e.g., dust, sand, and detergent
particles).
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IV. - SUMMARY AND PRIORITY TABLES

- In the preceding sections, we have made an attempt to identify the most
important needs in interface science concerning solar materials and to suggest
basic research activities which could address these needs. The suggested areas
of research and their relevance and priority ranking are summarized in Tables 1
and 2. Priorities were ranked as crucial, important, and useful. They were
determined primarily on the basis of fundamental scientific merit and impact
with regard to interface science and solar materials development.




TABLE 1. SUMMARY OF RECOMMENDED S/L INTERFACE RESEARCH
NEEDS ' AND PRIORITIES: PHOTOELECTROCHEMISTRY

"RESEARCH TOPICS RELEVANCE PRIORITY
Analytical probes of,S/L interface Electrochemical science T Crutial )
for electronic, compositional, and : e
structural studies
Theoretical “models ‘specific Electrochemical science Crucial
to the S/L interface
Novel materials: electrolytes, Photoelectrochemical . Crucial
solvents, - semiconductors energy conversion systems : =
w
Thin film electrodes Electrochemical photovoltaic 'Important
cells
Photo-assisted synthesis and . Fuel (e.g., Hp) and chemical Important
electrocatalysis feedstock production; photo-
electrosynthetic cells
Modified electrode materials Electrochemical photovoltaic Useful

and surfaces

cells




TABLE 2. SUMMARY OF RECOMMENDED S/L INTERFACE RESEARCH NEEDS AND
PRIORITIES: SOLAR ENERGY RELATED DEGRADATION PHENGMENA

RESEARCH TOPICS RELEVANCE PRIORITY
ELECTROCHEMISTRY OF CORROSION
A. Photochemical effects Photovoltaic-fluid 1nterface Crucial
m1rror degradat1on
B. Development of in situ techniques Corrosion science Crucial
for studying degradation mechanisms '
at S/L interfaces v
C. Local cell formation Lifetimeﬁand»effiCiency of Important
heat exchangers -
D. Passivation and act1ve passive Lifetime and'efficiency of Important
transitions ' heat exchangers :
E. Inhibition mechanishé_ Lifetimeiand'éfficiency of Important
o heat exchangers : :
F. Crevice corrosion Lifetime and:efficiency.of heat Important
exchangers and structural members
in OTEC systems
G. Nonaqueous enviroﬁmenté Lifetime and -efficiency of - - Important
A heat transfers ' ' '
H. Characterization of thick Efficiency of heat transfer ~Important

corrosion product films

91
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TABLE 2 (Cont'd)

RESEARCH TOPICS RELEVANCE PRIORITY
II. MECHANICAL EFFECTS ON CORROSION
A. Corrosion fatigue Lifetime of thermal, OTEC, Crucial
. wave, and wind generators
B. Stress corrosion cracking Lifetime of thermal, OTEC, Important
_ wave, and wind generators
" C. Hydrogén effécts - Lifetime of thermal, OTEC, - Important
o ‘ wave and wind generators, and
Hz producing photoelectric
- synthetic devices
A D. Stress effects on general corrcsion Lifetime and eff1c1ency of - Useful
S ' : heat exchangers
ITI. EROSION
- A. Cavitation damage Lifetime and efficiency of Important
. - -heat exchangers
B. Removal of protective Lifetime and efficiency of Important
films by moving fluid heat exchangers -
C. Impingement effects Lifetime and efficienéy of heat Important
exchangers and solar reflectors
D. Corrosion/erosion Lifetime and efficiehéy of heat Important

exchangers and solar reflectors
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XIT. BASIC RESEARCH NEEDS AND OPPORTUNITIES AT THE SOLID/GAS INTERFACE

M B. Brodsky*, J. V. Cathcart, Robert S. Hansen, K. L. Kliewer,
Uz1 Landman, Robert L. Park and S. R. Shatynski

ABSTRACT

Solid-gas reactions that may occur at surfaces of devices exposed to the

normal solar environment (i.e., ambient air, high UV flux, thermal cycling,
- etc.) are of major concern in solar technology. Surfaces of importance
_include-glass and polymer transmitters and polymer coatings generally, all of
- which may develop micro-cracks or otherwise fail in solar systems at rates far
~in excess of those for uniform degradation. An equally important, although
less obvious, class of solid-gas interfaces are those developed sequentially
in the manufacture of multilayer devices, e.g., mirrors and photovoltaic
converters. Thus, it becomes necessary to know how the properties of a par-
ticular component layer are affected by the manufacturing environment (air,
“vacuum, etc.) and especially to know how the overall operation of the device
is influenced by the cumulative effect of these various surface reactions.
. This problem is of .special importance in solar applications because of the
* frequent use of multi-layer technology and the long life-time requ1rements for
components. , .

There are a number of important chemical reactions which involve photo-
conversion and/or photocatalysis. In these processes, solid/qgas interfaces
occur on the catalysts and their support materials. Major research needs
include a detailed understanding of semiconductor surfaces, with and without
chemisorbed species; and understanding of the photoconversion and photocataly-
sis mechanisms; effects of sensitizers; understanding of spill-over phenomena;
theoretical calculations; and new experimental methods for analysis of the S/G
interface under ambient pressure.

In both thermal conversion and catalytic conversion systems, the transfer
of energy occuring at solid-gas interfaces is very important. The problem is
not simple, especially under high UV fluxes and on non-metallic systems. It
is conceivable that useful resonant energy transfers may be predictable.

I. INTRODUCTION

One major area of research, that-of surface reactions, occupied the bulk
of attention during our discussions of needs and research opportunities at the
S/G interface in solar systems. Such reactions are of importance in thermal
conversion systems, catalysis, and photovoltaics. They are discussed in the
appropriate sections below for each solar technology. Of less pervasive
importance, but still of concern, is the question of energy transfer between
solids and gases. Also, it is suggested, helow, that two methods of direct
conversion of solar to electric power, thermoelectric and thermionic conver-
sion, be reconsidered as a result of recent changes in economics and
technological progress. Since these technologies are not covered elsewhere in
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this Report, we discuss them briefly in the present Chapter.

As is apparent from the Research Summaries presented in Part I (see
especially Chapter VII) of these Proceedings, much is known about S/G inter-
faces when the solid is a crystalline metal and the gaseous atmosphere is
carefully controlled and at low pressures. However, when the solid is an
insulator, such as a polymer or a glass, semiconductor, or an amorphous solid,
our knowledge is strongly limited. Thus, it is necessary that more attention
be given in the future to interfaces involving those classes of materials. Of
course their importance also extends to other technolgies, beyond the needs of
solar conversion. To that end, substantial advances must be made in analytic
methods that can elucidate the.microscopic properties of non-metallic S/G
interfaces. A number of suitable methods are given.in Chapters VIII, IX, and
XV, thus they will not be presented in detail in this Chapter. The reader
snould be able to recognize the necessary experimental methods in what
follows. It must be pointed out that the usual approach has been to merely
extend surface techniques, which have been effective in studying metal/glass
systems, to studies of other classes of  solid materials. However, what is
needed are analytic techniques which are designed specifically to directly
address the important features of the non-metallic systems, e.qg., unpaired
electrons on polymer surfaces, short-range order in glasses, etc.

Furthermore, it is worth emphasizing here that there is an important need for
new experimental methods which can examine the S/G interface under ambient
pressure.

Current overviews of the status of research and knowledge.of the S/G
interface are available [1,2,3].

[T. THERMAL CONVERSION SYSTEMS

There are a number of solar-thermal conversion components with important
S/G interfaces. These are given in sections A through D.

A. Transmitters and Mirrors
1. General Discussion

[t may seem that ordinary glass windows could be used in all cases
requiring light transmission and these need little further research. Further,
double-glazed window arrangements may at present provide adequate and cost-
effective insulating capabilities for many -applications. However, a reduction
in the thermal conductivity and IR transmission of window glass would clearly
be beneficial in reducing heat transfer. Furthermore, it is known that corro-
sion of ordinary glass surfaces does occur under the thermal cycling and
moisture conditions to be expected in solar systems; the character of this
corrosion should be identified so that its important elements can be
addressed. : .

When more demanding requirements must be met, especially if the economics
so dictate, innovative windows of several types will be used. Most will
require substantial research on the qlass itself, on coatings, and on inter-
faces. The basic idea will be to provide windows whose properties are
“controlled” in one or more of several ways. Since polymeric coatings on
glasses must be transparent similar types of polymer/gas interactions must be
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considered. In order to improve on the performance of "ordinary" mirrors, the
combination of transparent materials used in the silvering process must be
stable in the solar environment. Metallic mirrors may be suitable for a
number of applications.

2. Heat Mirrors and Advanced Transmitters

Schemes - and systems are needed whereby the glass is rendered highly
reflecting to IR radiation while remaining transparent to shorter wavelength
radiation. In this way, heat transfer through the window is sharply reduced,
with consequent benefit for both heating and cooling applications. Current
systems, generally involve coatings which must be of a character to resist
degradation, both physically and in reflecting properties, in normal environ-
ments; thermal cycling requirements must be kept in mind. (It would appear
meritorious to seek glasses or polymers into which the desired optical
reflecting character has been incorporated.) Systems are projected, and in
some cases available, which can be attached to existing windows. Such systems
will generally involve several interfaces in a multi-layer configuration and
must be designed and constructed to retain their integrity in normal operating
environments. These conditions must also be met by heat mirrors produced by
coating the glass directly. In all such systems, there will be one or more
interfaces, one being that with the atmosphere.

Potentially more effective, and certainly more esoteric, would be trans-
mitters that have active character. Exploration of photochromic and
thermochromic effects appears to be the most promising avenue of research, the
former, via the glass itself, and the latter via the development of suitable
phase-change coatings, probably of polymeric character. Encapsulated liquid
crystals may also be important in this context. The type of thermochromic
system needed is one which converts from highly transmitting to highly
reflecting when the external temperature rises above about 25°C. Most desir-
able for esthetic reasons, especially on homes, would be systems which retain
optical acuity through the transformation. This is clearly not essential for
all applications. For some climates, photochromic systems, which darken upon
exposure to optical band illumination, may be useful. Depending on the types
of systems which can be developed, combined use with heat mirrors may be
advantageous.

While photochromic systems are already available, cost may be a dominant
consideration. Effective thermochromic systems will require a substantial
materials science-based developmental effort, some of “which is underway. From
the interface perspective, all of those systems will require protection from
atmospheric degradation with concomitant retention of the desired optical
properties and mechanical integrity under thermal cycling.

For mirrors, there is one essential problem at an air/glass or air/poly-
mer interface, i.e., the transmittance character must be maintained while the
material is subjected to environmental attack, possibly high illumination
intensities, and thermal cycling.
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3. Research Needed on the Glass/Air Interface

The necessity of maintaining the optical character of the glass is the
paramount consideration in research on the behavior of glass in air. Since
the operating temperatures and consequent thermal cycling studies will depend
upon the specific application, we will assume that the glass selected for
investigation has the macroscopic thermal/mechanical characteristics necessary
to satisfy the operating conditions. We recognize that this is a nontrivial
matter and that the glass composition ultimately utilized may evolve from an
iterative evaluation incorporating thermal/mechanical behavior and degradation
behavior to be discussed below. Since mechanical integrity may be reduced by
the effects of static fatigue, accelerated testing techniques are necessary.

Starting with a composition satisfying the operating requirements, the
resistance of the surface to deterioration in the atmosphere must be
determined. This will involve studies of possihle deleterious chemical inter-
action between the surface and the principal constituents of air as well as
the minor constituents commonly present, such as S in various forms. These
studies must be made with the temperature and thermal cycling conditions
adjusted to be consistent with the intended application. Evidence for
microcracks and their possible role as localized corrosion sites should be
sought and their consequences assessed. Evidence for other localized corro-
sion sites and their chemical character should also be sought as should chem-
ical effects resulting in the development of inhomogeneities and roughening.
Reaction rates and reaction constituents should be determined to permit
longevity evaluation. Possible cooperative degradation involving combinations
of air constituents must be investigated. All of these studies will require
essentially the full spectrum of surface analytical tools currently available.

One phenomenon warranting particular attention is the interaction of
water (vapor and Tiquid) with the glass surface to form a hydrated layer which
degrades the optical performance. The inexpensive borosilicate glasses, high
in Na content, are particularly susceptible to this problem while soda-lime
glasses are much Tess so.

Once the basic chemical stability of the glass has been established,
these studies should be repeated under illumination conditions characteristic
of the intended application. Synchrotron radiation sources may be
particularly effective for studies of surfaces with high intensity UV. The
effects of high intensity light on any deleterious chemistry identified in the
earlier work should be examined and allowance made for the possibility that
illumination may involve reactions, both general and localized, not occurring
without illumination.

Microcracking effects must be considered seriously because they can
result from airborne dust and debris. In this connection, reliable methods
should be sought for accelerated testing of the effects of dirt deposition and
other surface contaminants toqgether with projected cleaning processes.
Possible surface treatments should be sought that might provide some protec-
tion against contamination by reducing as far as possible the attraction
between the surface and airborne contaminates and by rendering the surface
more stable against chemical attack and more stable mechanically. Obviously,
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the surface treatment must be included in the eva]uatlon of degrddat1on
res1stance. .

B; Coat1ngs“
17 Technology

Coatings are widely used in solar energy technology in the fabrication of
reflecting surfaces, as AR devices and as inert protective coverings for other
components. Thus, coatings may be rmetals (e.g., Ag or Al), semiconductors
(both compound and elemental), insulators (e.g., Si, SigNg, GaAs, etc.) or
polymers. Coatings are also covered in Chapter XIV. Technological prob]ems
arise as a result of environmental interactions that change the composition
and/or microstructure of an otherwise protective coating, leading to the
degradation of the optical or the electrical properties of the components.

Viewed from the perspective of phenomena occurring at the S/G interface,
the three areas of basic research associated with coatings are:

(1) Characterization of the structure and composition of air solid
: interfaces. :
(2) Kinetics and mechanism of polymer degradation.
(3) The development of new reflective materials and the characteriza-

tion of the reactions of gases (e.g., NO,, S0o, etc.) with theése
materials. . :

2. Related Basic Research Needs

a. Surface Characterization Studies. The usual mirror is a multi-
layered device whose fabrication involves the step-wise build up of successive
layers, e.g., glass superstrate, sensitizing layer, reflective layer (e.q., 4g
or A1), primer layer (Cu), and a polymer backing that serves as a protective
coating. The completion of each step produces a new S/G interface whose
properties determine the adhesion and, perhaps, other characteristics of the
next layer. There is a pressing need to characterize these surfaces in terms
of structure and composition in order to provide a basic understanding of the
factors governing subsequent adhesion. A variety of surface analytical tools
are already available for this purpose: UPS, AES, XPS; EXAFS, etc. (See
Chapters VII, VIII, IX, and XV). .

Some questions that could be answered Dy such research are:

(1) What is the nature of the "sensitized" glass surface onto which a
reflective Ag coating must be deposited?

(2) Does the presently used SnCl, sensitizer produce a unique composi-
tion/structure on the glass surface?

(3) What is the nature of the bhonding of the Ag to that layer? .Can
the bonding characteristics of a monolayer of Ag be investigated
with present techniques, e.q., EXAFS?

(4) What is the effect of solar radiation on this bonding?
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(5) What Timitations are imposed by current technology, wh1ch is based
on the needs of the consumer mirror market?

h. Degradation of Polymeric Coatings. Currently, polymer coatings of
various sorts are relied upon as the first line of protection for both
reflective coatings and for photovoltaic devices. The quality of this protec-
tion degrades with time in the ambient environment, leading ultimately to the
deterioration of the deévice. Although considerable research in this field is
already in progress, we believe that additional basic investigations of the
mechanisms and kinetics of such reactions are essential. This work should
stress synergistic effects of solar radiation and various reactive gases (05,
03, NO,, H»0, 502, etc.). Attention should be given to the electronic
trapp1ng properties of polymers being deqraded by UV radiation. ‘In-addition,
the influence of these basically chemical reactions on the mechanical
properties of a polymer should be studied. Polymeric degradation is obviously
accompanied by an increase in the permeability of polymer coatings to gases ‘
that can attack reflectors, photovoltaics, etc. Is this increase in '
permeability purely mechanical (i.e., due to microcracks), or is the
solubility and/or diffusivity in the coating actually changed? Special tech-
niques may need to be developed for some of these studies, although small
angle neutron scattering (SANS) has proven valuable in average molecular
weight determinations. ‘

C. New Reflecting Materials. The reflectivity of pure Ag cannot be
exceeded, and in that regard Ag is the preferred reflector mater1a1 (Chapter
I1I, Fig. 1). However, its chemical stability, particularly with ‘respect to S
attack, lTeaves much to be desired. Attempts should be made to develop new
alloys (possibly based on Ag and Al) that possess acceptably high ref]ect1v1ty
and an improved resistance to oxidation in mixed gases. If a promising system
of alloys were identified, basic studies of thin film oxidation-sulfidation
mechanisins would be needed with special attention being given to site blocking
and other aspects of mass transport ac¢ross the oxide f]]ms formed on such
alloys.

3. Self-Cleaning Surfaces

A major source of the degradation of the performance of ‘reflectors is the
accumulation of dirt and dust on the surface of the glass superstrate of the
mirror. The original properties of the mirror can be largely restored through
the simple washing of the glass surface. However, given the very large sur-
face area of the reflectors, the 1naccess1b111ty of some systems, ‘and the ° .
shortage of Hy0 for such purposes in many locations, it would be highly desir-
able to develop a "self-cleaning" coating for glass. Basic studies of
adhesion phenomena are needed (see Chapter XIII). If the factors controlling
adhesion were fully understood, a coating could be devised w1th'h1gh1y selec-
tive surface bonding properties, creating a surface from which dust m1ght be
blown with an air jet or be repelled by a suitable surface charge. '

C. Absorbers

The thermal conversion of sunlight requires an absorber in the solar
spectrum that will retain its properties at relatively high temperatures in a
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corrosive environment. A broadly based research program in support of an
improved absorber technoloqy could be divided into three parts:

(1)  Characterization and improvement of existing. absorber materials;
(2) A search for new (improved) absorbers; and
(3) An ihproved understanding of the basic mechanisms of absorption

and the development of new absorber concepts.
These three parts will be discussed separately.
1. Current Absorber Materials

Research on existing absorbers should stress the characterization of the
material and the identification of its failure modes. These studies on
cirrent materials should be limited to projects that can be completed in a
relatively short span of time.

The current absorber of choice is "black chrome", that has been shown by
XPS studies to contain oxides of Cr and Cr metal. The Cr particles, about 10
nm in diameter, are dispersed in the oxide. A number of laboratories are
investigating its properties [4-6]. As presently constituted, black chrome is
not stable above 300°C, a limitation that precludes its use in a number of
solar applications. Studies of the black chrome/gas interface that would be
most likely to result in an improved technology include:

(1) A complete characterization of the material including particle
size, composition, morphology, impurities, etc., before and after degradation
at elevated temperatures.

(2) A study to determine if sintering of black chEome occurs and, if
so, the effect of the ambient environment on the sintering.

(3) The corrosion characteristics of black chrome in environments
characteristic of prospective applications, and the dependence of the corro-
sion on the environment. .

2. Alternative Absorbers

The strategic importance and hjgh cost of Cr as well as the degradation
of black chrome at elevated temperatures provide ample motivation for seeking
alternative absorbers. This search should include:

(1) Alternative metal-metal oxide materials in finely divided form.
Of importance are methods for producing such materials as by precipitation,
electrochemical deposition, evaporation in the presence of an inert gas,
"smoke", etc.;

(2) Textured surfaces, which may have less satisfactory absorbing
properties but have offsetting advantages in terms of mechanical properties,
heat transfer, fabrication costs, etc. "Black" surfaces often result, for
example, even from sputtering reflective materials such as Al at high
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temperatures. Of course, care must be taken to optimize the "absorptance-
emittance ratio" and stability of such systems; .

(3) Encapsulated absorbers in which the particles are held in a
transparent matrix to reduce corrosion and s1nter1ng, at the cost of degraded
heat transfer characteristics; and .

(4) Absorbing particles suspended in a transparent heat transfer fluid
medium (e.g., india ink).

3. Fundamental Studies

The search for improved absorbers must be guided by what is known about
the fundamental processes of absorption of light in the visible spectrum, and
IR emissivity. Many of these processes are not sufficiently well understood
to offer adequate predictive capability. Accordingly, further theoretical and
experimental work on light absorption and emission by particulate matter is
needed. This work should incorporate effects due to size, per se, surface
morphologies, plasmons in small particles, surface states, multiple scattering
effects, refractive index mismatch between adjacent components, and
compositional inhomogeneity, among others. A parallel effort dealing with the
degradation of finely divided systems must be encouraged further. This work
would include studies of surface diffusion and sintering including the role of
reactive gases in controlling the kinetics, as well as corrosion
characteristics of small particles.

D. S/G Enerqgy Transfer

The transfer of energy from a gas onto a surface is a principal element
in developing a system in which a solar heated gas would deposit energy to- the
solid (or vice versa) In order to optimize the rate and efficiency of the
above process, it is of fundamental importance to understand the microscopic
mechanisms of coupling, energy exchange, and re]axat1on

The transfer of enerqy may involve the coupling of translational,
vibrational, and rotational modes of the gas molecules to excitation modes of
the surface. While for metals both phonon excitations and electronic ones
(near the Fermi-surface, virtual electron-hole pairs) may play a role, for
insulators the electronic elementary excitations will not contribute. Since
optimal energy transfer between physical systems occurs when certain
resonance, or near resonance, conditions are satisfied, it is suggested that a
careful investigation of the conditions of optimal transfer might allow the
design of more efficient S/G enerqy transfer systems. Controlled experiments,
perhaps using molecular beams, in which the temperature of the incident and
scattered beams are monitored (preferably state selective measurements) for a
variety of gases incident upon well characterized surfaces, would provide
information needed in order to construct- theoretical models and establish
criteria for the preparation of such optimal systems. In addition, the effect
of irradiation flux on the rate of energy-transfer and thermal accommodation
should be explored. The effect of radiation (besides "pumping" energy into
the gaseous modes) may be to produce vibrational and/or electronic excitations
in the solid. The role of surface defects and morphological characteristics
in producing high-frequency vibrational modes could be assessed via HREELS.

In this context, careful measurements and calculations of life-time effects,
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flow rates and.state selective measurements (electronic, vibronic, actual
molecular species, etc.) should be performed. :

It should .be emphasized that in addressing this subject, the basic
problem is that of matching the partners (solid substrate and gas) so to .
enhance energy transfer, consequently a systematic study of both components is
essential.

III. CATALYSIS AS RELATED TO SOLAR ENERGY
A. Objectives

Plausible long range technical objectives of research at the S/G
interface related to 'solar energy include the catalytic production of H
other hydrocarbons suitable for fuels, the production of chemical feeds%ocks,
and certain heavy chemicals such as NH3. In all cases, raw materials must be
used that are not dependent on petroleum or natural gas [7]. At present,
these processes fall largely into the context of the S/L interface and are
described more fully in Chapter XI. The question of biomass conversion is not
considered specifically as the catalytic processes needed there are not
different from problems in coal conversion.

These objectives involve two distinct classes of photochemical processes,
namely:

(1) Photoconversion, in which light energy is used to "drive" a
reaction which would not be thermodynamically feasible in its absence.
Examples are Hy0 + Hyp + 1/2 0 and COp + CO + 1/2 0p. In these cases, a
calculable amount of 1ight enerqgy, generally of the order of a few electron
volts, must be absorbed for each molecule of product made.

(2) Photocatalysis, in which Tight is used, to produce intermediates
which catalyze reactions that are thermodynamically. favorable but kinetically
slow in the absence of catalysts. Examples include Ny + 3H, » 2NH3, CO +
3H2 > CH4 + H20, and CO + 2H2 > CH3OH

To the extent that the light-produced intermediates truly serve as
catalysts, the number of molecules of .product obtained per photon absorbed
could be very large (in principle, infinite).

B. Areas Requiring Research.

In terms of solar energy usage, both classes of reactions given above
will probably involve semiconductor materials with band gaps in the solar
spectrum (visible or near UV), and in both cases there may be advantages in
also using the semiconductors as supports for metal catalysts (e.g., Pt, Ni,
Co, etc.). Hence, there are a number of areas of fundamental investigation
that are important to both classes. These are:

(1) Determining the structure and composition of principal crystal
planes of semiconductors of major interest. Some excellent studies of this
sort have been done on Si and GaAs, emphasizing the use of LEED. For
materials not developing long range order, short range chemical environments
can be obtained by EXAFS, EAPFS, and/or SEXAFS techniques;
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(2) Determining the structures and bonding of species chemisorbed on
the semiconductor surface. Potential reactants such as H,0, CO,, CO, N2;
potential products or intermediates such as CHg, NH3, CH30H; ang potential
poisons such as HpS are of particular interest. Techniques mentioned in (1)
above may be employed, together with NMR, IR, ISS, UPS, and AES. Dependence
of coverages or partial pressures should be established, as well as changes in
bonding due to irradiation. Reaction intermediates present in very small
concentrations may have major roles in the reaction mechanisms. Their
presence and concentrations may often be inferred from detailed kinetic
studies, but better methods for direct observation are badly needed. In
photochemical processes, it is possible that free radicals will be important
intermediates, and it may be possible to detect them by ESR. Broadly, methods
for establishing steady state concentrations of all significant surface
species under steady state reaction conditions are badly needed; this need
extends to catalysis in general and is by no means limited to solar energy-
related catalysis. Our most surface-sensitive spectroscopies require HV to
UHV conditions for their employment, and these are hardly the conditions under
which heavy chemicals are likely to be produced.

(3) If a given semiconductor is to accomplish any photochemistry one
or more of the chemisorbed reactants or intermediates will trap excited
electrons and/or holes, and the reversibility of this trapping will be a
factor in the photochemical process. Recombination rates, and their
modification by trapping, are thus of central importance in these processes,
and their investigation is essential. A number of techniques are applicable,
including transient illumination processes (e.g., chopped beam or pulsed light
sources).

(4) Catalytic reforming of petroleum is largely accomplished on a
compound catalyst consisting of a noble metal (e.g., Pt) supported on a
cracking catalyst (Si0,-A1,03 or zeolite). A spill-over phenomenon, in which
species formed on the cracEing catalyst migrate to.the noble metal without
desorbing, is believed by many to be involved in the overall reaction,
although the evidence for this is not conclusive. In the photochemical
production of methane from CO and H,0, it would appear reasonable to generate
H, photochemically on a semiconductor, then let it react with CO on Ni to form
Cﬁ4 as Ni is an excellent catalyst for the latter reaction. If the
chemisorbed H atoms, presumed to be the initial product of the .
photodecomposition of Ho0, could simply "skate" to the Ni without desorbing, a
significant activation energy might be saved. Research is needed to establish
whether or not the spillover phenomenon occurs, if so under what conditions,
and what is its microscopic nature. Very recently, Sato and White [8] have
found evidence that the photodecomposition of H,O(v) over Pt supported on Ti0,
proceeds, under circumstances that a monolayer or more of Ho0 might be present
on the surface, as in a short circuited photoe]ectrochemica% cell, with 0,
formed on Ti0, and Hy on Pt. ,

(5) Systematic investigations of the effects of semiconduétor dopants,
associated with shallow or deep impurity levels, on photocatalyzed and
photoconversion reaction rates are needed.
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(6) Systematic investigations of the effects of sensitizers on
photocatalyzed and photoconversion reactions are needed, including modes of
sensitizer adsorption, excitation, and energy transfer.

(7) In common with other heterogeneous catalysis, there is need for
better understanding of reactive chemisorption (e.g., dependence of
dissociative chemisorption probability on defect site distributions and
coverage) and of surface transport of chemisorbed species (see for example the
spillover phenomenon in (4), above). Such understanding may be sought through
stochastic modeling and through FIM, flicker-noise field emission, and tracer
experiments. Studies should include using clean and systematically
contaminated surfaces. For solar energy purposes, modifications of reactive
chemisorption and transport processes by light irradiation (including effects
of radiation induced surface defects) should be established.

(8) Continued research on theoretical models of chemisorption is
needed, and should be extended to include excited states in chemisorption. In
the longer range, these models should be deve]oped to provide energetic
surfaces for reaction pathways.

IV. PHOTOVOLTAICS

An understanding of the S/G interface is vital to the successful
development of inexpensive photovoltaics. Typical cells involve intimate
contact between polymers, metals, and semiconductors, often through interfaces
whose properties and preparation must be carefully controlled. Among the
photovoltaic cell materials which have received the most attention are CdS,
Cuzs ITO(InSnO ), GaAs, Si, etc. The electrical contacts to such cells are
typ1ca11y Cu, Cu Be, Ag, Ag-Ti or Au-Cu. Degradation of cell voltages with
time in the solar environment has been observed, partly due to S/G
reactions. The surface reactions in these cells can be divided into attack of
the AR coating and encapsulant [9] and then attack of the cell, contacts and
interconnects beneath the encapsulant, e.g., a polymer [10].

A. Coatings and Encapsulants

The corrosion of the AR coating and encapsulant polymer needs extensive
work. The deleterious effects of 03 and UV Tight on polymers is well-known,
but the exact mechanism is unknown. It is recognized that embrittlement
results from increased crosslinking, and decreases in chain size contribute to
the polymer degradation. Spectroscopic techniques and classical chemical
kinetics may assist in determining the mechanism of embrittlement. Further
work is required to determine the synergistic interactions of 03 and UV light
- on the degradation mechanisms. The influence of thermal cycling must also be

included. Of primary importance is the transport of 0, and Hy0 through the
encapsulant. It is expected that both the d1ffus1v1ty and so%ub1l1ty of 05
will be modified by polymer degradation. Studies using permeation- and
radioactive tracers may assist in determining 0, diffusion. Coating.
techniques should also be investigated. The state of residual stress imposed
by the polymer coating process may dramatically influence the polymer
degradation. Birefringence work will be useful in ascertaining the influence
‘)f residual stress on polymer degradation.
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Upon degradation of the encapsulant, an 0, potential far in excess of that
anticipated in the cell design may exist at tﬁe cell-polymer interface. Under
these conditions degradation and rapid destruction of the device may ensue.
High temperature corrosion of small particles has been shown to be
particularly sensitive to shape and geometry. These effects have been
measured only qualitatively, but it has been shown that edges and corners
corrode more rapidly than flat surfaces. Enhanced corrosion of this type is
expected with most photovoltaic cell configurations. A basic study of the
effects of geometry on oxidation rate is needed so as to minimize corrosion
through configuration optimization. Such studies can be performed by
measuring oxide thicknesses at various controlled interfacial configurations
using optical microscopy, TEM, SEM, and ellipsometry, coupled with in-situ
TEM,

The influence of electric fields on the oxidation at the cell-polymer
interface can be estimated from theoretical studies. However at present, one
cannot predict pitting attack from such theoretical studies. Pitting may
result in severe localized attack at electrical contact points also.
Investigations of pitting phenomena should include the influence of surface
geometry and dissimilar metals on the electrical enhancement of oxidation. As
an analogy to aqueous corrosion pitting potentials, it may be possible to
define threshold 0, partial pressures and electric fields for pitting.

Optical methods for pit detection and monitoring are required.

B. Surface Reactions of the Cell

In the event of the loss of encapsulant integrity, 02 diffusion may cause
the accelerated corrosion of sulfide components. A basic study of the oxida-
tion of both CdS and CupS up to temperatures used in solar applications >
70°C) must precede the wide-spread use of these materials. The influence of
microstructure is particularly important since maximum operating temperatures
are well below half the melting point of these compounds. An evaluation of
resultant sulfidation of the cell components due to oxidation of CdS and Cu,S
is necessary. Such studies may be able to use standard surface analytical and
in-situ electron microscopic techniques because Qf the Tow 0, pressure during
operation at the polymer-sulfide interface (~107%Pa). See Chapters VIII, IX,
and XV for further details. '

At present, Si is the most important photovoltaic cell material.
Passivation of Si surfaces has been observed during direct atmospheric
contact, the mechanism of which has been the subject of serious debate for
many years. Further basic studies are needed to determine the mechanism. It
is particularly important to determine the influence of minor amounts of Ho,
produced by H»0 decomposition, on the process. Such work would require
coordinated s%udies using all available surface analytical tools, as it is
generally recognized that one technique alone is not adequate to determine the
passivation mechanism. Such studies should also provide an evaluation of the
importance of microstructure on passivation. If a passivated film can be
maintained on the Si surface, the need for encapsulation may be eliminated
(e.g., by glass or a polymer). Special attention must be paid t
polycrystalline and amorphous Si. , :
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C. Production Environment

Between the various stages of the production of a multilayered structure,
a particular gaseous environment is present. Generally, ambient air is chosen
because of ease and cost, but sometimes clean, dry air is used because the
additional cost is rationalized by improved product life-time and/or
reliability. In the use of photovoltaic converters over the long times being
projected, it may be desirable to use more expensive production environments
to obtain a cell which would yield an overall economic improvement. Such
approaches are already underway in thin film device preparation (e.g., see
Chapter XIV).

It is necessary to understand how simple gases such as moist air, dry air,
N>, and trace quantities of gases present in various low pressure production
environments affect the properties of each surface as it is prepared. The
interactive effects of various components prepared under various conditions
must be determined. As the possibilities for optimal cell characteristics and
lifetime are determined, the overall economics must be analyzed.

V. OTHER RESEARCH AREAS
A. Thermoelectric Devices

' The bulk of the recent work on thermoelectric materials has been with

BisTey and PbTe, which have reasonable figures of merit up to 300 and 600°C,
respectively. Even for these existing materials, calculations based on
current and projected cost figures show the economic viability of using direct
solar-to-electric power conversion by thermoelectric devices [11].
Furthermore, recent materials studies offer the hope that thermoelectric
devices with reasonable figures of merit at higher temperatures may be
feasible [12-13].

In many ways, these systems are similar to photovoltaic devices when
considered from the point of view of S/G interface problems. In both cases,
one must consider surface reactions between semiconductors and production
and/or environmental gases. These will be most severe at the junctions of the
thermoelectrically active materials, as a reaction product at the junction
could change the thermoelectric power and ultimately lead to reactive
failure.

The type of research needed here also involves studies of reactions |
between 1likely materials and environmental gases, oxidation of the junction,
decomposition of semiconductor materials possibly leading to enhanced
oxidation, and changes in thermoelectric properties with oxidation.

B. Thermionic Devices

Thermionic converters currently use cesiated emitters with high bare work
functions (e.g., Ir) and refractory metal oxide collectors sealed in W
capsules under a Cs atmosphere. Thus, the S/G interface in this case is
different than in the systems considered above. Here, the gas will probably
be an alkali metal vapor under reduced pressures. Thus, the techniques used
to study systems of interest, e.g., the Cs-Ir system, are the same as those
already in use for metal/gas studies in UHV, viz., XPS, UPS, LEED, AES, EELS,
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etc. Surface reactions of the alkali vapor with the active components
(emitters and collectors), insulators and container materijals can all lead to
degradation of the output voltage and current, and must be studied.
Optimization of the various properties may require modeling studies in.order..
to aid in obtaining important information via short-time testing.

VI. RESEARCH TOPICS AND THEIR RECOMMENDED PRIORITIES

A list of research topics relevant to studies at the S/G interface is
given in Table 1, along with their applicability to a specific area(s) of
solar conversion and the priority(ies) for each conversion technology. They
have been. grouped in the order given in the text above, and by priority within
each group. If a research topic is relevant to more than one technology, it

is listed under the first. group in which it has its highest priority.
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Table 1. Research Topics and Their Priorities for Solid/Gas Interface
Problems in Solar Energy Conversion

Research Topic Relevance Priority
Chemical stability of glass surfaces exposed ~ Transmitters and Crucial

to atmospheric constituents, with and without Mirrors
illumination

Surface treatment of glass for improved Transmitters and Crucial
chemical stability, mechanical stability and Mirrors
reduced attraction to airborne contamination
Mechanisms of highly localized corrosion, Transmitters and Crucial
e.g., pitting ' Mirrors

: : Photovo]taics Crucial
Stability of glass against static fatigue Transmitters and Useful

Mirrors

Permeation mechanisms in degraded polymers Coatings Crucial
Kinetics of M/G reactions on new reflector Coatings Crucial
materials '
Microstructure of films of new reflector Coatings Crucial
materials
Synergistic effect of UV radiation and reactive Coatings Crucial
gases on the kinetics and mechanisms of polymer
degradation
Nature of sensitized Tlayers on glasses Coatings Important
Nature of the bonding of Ag and other Coatings Important
reflectors to sensitized layers
Effects of UV radiation on bonding Coatings Important
Effect of alloying on thin film oxidation Coatings ‘ Important
at low temperature (T < 0.5 )
Stress effects on oxidation ' Coatings ' Important
Effect of large electric fields on oxidation Coatings - ‘ Useful
Nature of the mechanical damage associated Coatings Useful

with the degradation of polymers

Characterization of finely divided materials Absorbers Crucial
(size, morphology, composition, etc.) ‘

Role of quantum-size states in surface Absorbers - Crucial
reactions '




Table 1 (Cont.)

Research Topic

Surface-gas energy transfer mechanisms

Role of ambient gases on surface diffusion
and sintering

Corrosion characteristics of ultra-small
particles

Alternative absorber concepts (textured
surfaces, particle suspensions, ‘etc.)

Fundamentals of absorption by part1cu1ate
material

Structure and composition of semiconductor
surfaces

Bonding of species chemisorbed on
semiconductors

Effects of sensitizers on photoprocesses

Mechanisms of photoconversion and
photocatalysis reactions

Trapping of charge carriers by chemisorbed
species

Reactive chemisorption and surface transport

mechanisms

Kinetics of oxidation of non-oxide semi-
conductor compounds -~ =

Diffusion of gaseous 1mpur1t1es in sem1-
conductors

Influence of surface geometny and shape on
surface reactions
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Relevance

Absorbers

. Absorbers

Absorbers
Absorbers
Absorbérs 
Caté]yﬁis
Photovoltaics

Catalysis

Photovoltaics -

' Catalysis

Catalysis

Catalysis
Photovoltaics

Catalysis

Photovoltaics

Photovoltaics .-

Photovoltaics

Priority
Important

Important
Important
Important

Useful .:

.. Crucial -

Crucial

Crucial
Useful

Crucial

Crucial
Important
Important -
Important
Crucial

Crucial

Important




XIll. BASIC RESEARCH NEEDS AND OPPORTUNITIES AT THE SOLID/SOLID
INTERFACE: ADHESION, ABRASION, AND POLYMER COATINGS

B. L. Butler, G. B. Butler, N. J. DeLollis, F. M. Fowkes,*
- J.8. Hartman, R. W. Hoffman, O. T. Inal, W. G. Miller,
P Schissel, and H. G. Tompkms

ABSTRACT . -

Thirty year service lifetimes are desired for photothermal and photovoltaic devices
for use in an environment of moisture, pollutants, abrasive particulates, thermal cycling,
and ultraviolet radiation. These devices contain a plethora of solid/solid interfaces of
dissimilar materials which are especially vulnerable to degradation induced by this envi- -
ronment. Polymer coatings offer promise for protecting the optical properties and
retarding interfacial degradation behavior of solar collectors and glazings. The nature of
the bonds that cause adhesion between dissimilar materials such as polymers and semi-
conductors or polymers and metals, etc., requires identification and a fundamental
mechanistic understanding. Present interfacial science is limited by macroscopic exper-
iments which do not permit either a spatial extrapolation to atomic mechanisms, or a
time extrapolation from laboratory real times to 30 year se'rvice periods.

Mechanistic understandmg is required f or polymer behavior including surface hard-
ening, stablllty in an environment of moisture and various airborne contaminants, and
degradation under prolonged integrated exposure to ultraviolet. The understanding
should result in long time behavioral modeling from short time laboratory data, and the
ultimate molecular design of optlmal coatings and mterfaces in photothermal, photovol-
taic, reflector, and concentrator ‘dewces ;

I. ADHESION AT S/S INTERFACES

Adhesion is a multidisciplinary subject which includes chemical interactions
between unlike materials, interfacial structures, and the complex interacting-mechanical
and electronic properties of the interfacial region. Optimal adhesion is often dependent
on surface cleaning and surface modification processes which introduce very thin
interfacial layers which differ from the adjoining phases in chemical, mechanical, and
structural properties. Very weak adhesion (release) is sometimes desired but is often
achieved accidentally when liquids or weakly-bonded solids are trapped at an interface.-

A. Energetics of Adhesion; Intermolecular Forces -

Adhesion problems arise when bonded structures fall apart, such as delamination of
multilayer structures, or breaking of filler-matrix bonds. Such failures may require
strong tensile or shear forces, but sometimes, debonding occurs with little applied
mechanical stress, such as when penetrating moisture accumulates at an interface and
forces the bonded materials apart. The strength of an adhesive bond is often measured
by the force or work required to break the bond. The relationship between the mechani-
cal work of adhesive bond-breaking and molecular properties has been well-enough

.‘Chiirman
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established by Schultz and Gent [1] that one can in general expect that the mechanical
work of adhesive bonding is proportional to the thermodynamic work of adhesion’ Wis

w (1)

12° Y1t Yoo Yy

where Y, and Y, are the surface tensions of phases 1 and 2, and Y}y is the interfacial
tension. - The work of adhesion W;4 is the negatlve of the Helmholtz free energy of
interaction of phases 1 and 2.

' Different kinds of intermolecular bonding can be involved in the work of adhesion;
these include dispersion force interactions(d), acid-base bonding (ab), covalent
bonding (e), and electrostatic contributions (e), i.e.,

d+Wab+W

w 12 ¥ Yo 12

_ e '
1g =W + Wi, (2)

The first term is significant at all interfaces and is predictable from

wd =2 pydvdyl/ | (3)
12 -

where Y (111s the. dxspersxon force contribution to the surface energy of phase 1 and is

typically 0.1 J/m2 for metals and oxides, or 0.02 to 0.045 J/m2 for polymers [2].

The second term can be closely approximated by S, the number of acid/base sites
per unit area and AH2P, the enthalphy of acid-base interaction for the sites of phase 1
and phase 2. The value of AHED s predictable by the Drago equatlon

i

- AH2P - ACB + E,Ep o (4)

in which the C and E are constants related to the covalent and electrostatic contribu-
tions, respectively, of the bond strength The values of Cp and Ep . for the acid sites
(electron—acceptors) and CB and Eg for the basic sites (electron-donors) are known for
several organic and morgamc aCl(?S and bases [3,4]. For example, .the adsorptlog of
amines onto Fe,0, involves an a -base interaction w1th about two acid sites/nm

the Fe;04, where Cp =2 (kJ/mol) 2 and E, =3 (kd/mol) 1/2; with the known Cg and EB
values for amines, AHED = 54 .4 kd/mole. Then

w’f‘z’ = S A®P/N = 0.18 J/m? 4 (5)

<. s el

where N is Avogadro's ntirr)ber. O

Covalent bonds are “often stronger yet, with bond strengths of about 335 kd/mole.
If one bond per (nm)2. ean be established, this can provide a 12 value as high as
0.5 J/m2. Se
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Electrostatlc bonds orlgmate from electron injection from species with donor
states overlapplng the energy levels of acceptor sites of the other specxes If the charge
transferred is Qg coulombs and the resulting surface potentlal is Vg, the value
of sz \ Q and the contribution to the tensile strength F is Qg /2 €0 In all adhesive
joints between electron-donor materials and electron-acceptor rrtx)aterlals (such as ester-
containing polymers on silica), there are appreciable values of W2 » perhaps 0.05 J/m2 or
more, -and though appreciable charge transfer occurs, is usua%ly less than 10 -3 J/mz,
and F & using a value for Q of 6 X 10 -3 C/m2, is at least 0.23 MPa. Charge transfer

) between phases is easily measurable by a varlety of techniques [5,6] and this allows cal-
culatlon of the electrostatlc contribution to F, for any interface.

The above principles can be used to evaluate bonding at any interface between
liquids or solids. They have been tested at L/L and at L/S interfaces, where W,, values
are directly measurable, but the principles and calculations apply equally w l]f at S/S
interfaces.

B. Covalent Bonding of Organic Materials at Interfaces

N As indicated in the previous section, very strong interfacial bonding can be
"achieved by covalent bonding of polymers to metal oxides; however, aside from certain
advertising claims, there have been few proven examples of this approach. It is possible
to adsorb reactive speciés onto metal oxides or modified metal oxides and actually
" develop covalent bonds between organic and inorganic materials; such adsorption is best
done from the‘vapor phase or by plasma deposition. Adsorption of reactive. materials
from a solutlon, especially aqueous solutions, often fails to provide the desired result
' because the rates of adsorption are very much slower, the solvent competes for surface
sites, and often the reactant combines with HyO and is completely changed chemically.

Glass and silica surfaces can be fluorinated and reacted with phenyl lithium to pro-

vide benzene rings directly attached by a Si-C bond. Sometimes silane derivatives can be

“attached by Si-O-Si bonds, both these are not as stable and can be removed by-
hydrolyzing.

, Bondmg of orgamc polymers to inorganic solids can be promoted by adsorbing
polymerlzable molecules which can form cross-linked networks at or near the surface.
" This approach is often qu1te successful in strengthemng adhesive bonds. Many "coupling
' agents" appear to. functlon in this manner, and epoxy, az1r1d1ne or urethane condensation
' chemlstry can be used in this fashion. .

C. Multilayer and Stacked Systems

Multilayer structures can be of several types, especially laminar, particulate, or
fibrous. Increased mechanical strength results when interfacial bonding is stronger, and
the stacked systems are easier to make when interfacial bonds are stronger. In the case
of multilayer polymer films, the greatest success has been attained when one layer is an
electron-donor and the next is an electron acceptor; a common example is the coating of
polyvmyhdene chloride films (electron—acceptor) onto polyester film (electron-donor) and
in fact most ecommercial polyester film is so coated. Thin adhesive layers are most. suc-
cessful when a basic adhesive is used between two acidic sheets, as in safety glass.
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Similarly, in particulate composites, reinforcement is most often obtained by dispersing
an acidie filler into a basic matrix, or vice versa [7].

D. Macroscopic Adhesion Experiments

The thermal and long lifetime requirements for solar applications require a funda-
mental understanding of the many forms of degradation. A knowledge of both interface
and bulk diffusion of impurities, and especially their segregation at interfaces where
brittle intermetallics or delamination voids might develop, is necessary in order to design
systems with the required long-time adhesion behavior. Development of diffusion barri-
ers may provide a partial solution, and is discussed in Chapter X.

None of the many techniques [8] presently used measures the strength of adhesive
bonding quantitatively and reproducibly. Direct pull tests are not reproducible because
they are sensitive to alignment and stud bonding nonuniformities. Furthermore, a well
"adhering" interface may not be the local point of failure. A statistical variation is
expected in "weak-link" models, but the artifacts introduced by the test instrumentation
must be brought under greater control and new techniques developed.

Adhesion problems in solar devices are classified in Table 1. In addition to the
more obvious interfaces formed by adjacent films of dissimilar materials, it is necessary
to understand the structure and behavior of grain boundaries in polycrystalline films,
metal-oxide interfaces in absorbers, ete.

Table 1. CLASSIFICATION OF ADHESION PROBLEMS IN SOLAR DEVICES

Interface? " Solar Applications
M/M Reflectors, Absorbers, Heat Exchangers, Photavaltaie Cells
M/S Photovoltaie Cells, Photochemical Cells
M/I Reflectors, Absorbers, Photovoltaic Cells, AR Coatings
M/P Reflectors, Photovoltaic Cells, Heat Transfer Devices
S/1 Photovoltaic Cells, AR Coatings
S/p Photovoltaic Cells
I/P Protective Coatings, Fresnel Lenses
P/P Laminated Polymer Coatings or Structures

8M is metal, S is semiconductor, I is insulator, and P is polymer.

The physical extent of the interface must be defined. This includes not only a
knowledge of the microstructural and microchemical character as a function of distance
from the interface, but also the interface topology and the stress fields that may extend
much further than the usual structurally defined interface width. The interface width
may be atomically sharp as in the case of NiSi /Sl [9] or be 20-50 nm as in a graded
boundary used to minimize re31dual stresses [10].

The detailed mechanisms of degradation and failure require identification. In
metal-polymer prosthetic joints, the failure has been recently identified as cohesive
rather than adhesive as previously assumed [11]. Clearly, atomic depth resolution may be
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needed in the case of sharp interfaces. The application of Griffith crack models for brit-
tle films [12] and a fracture mechanics approach [13] to take account of the plastic flow
has been discussed. However, detailed structural and mechanical data do not exist to
allow the application of such ideas for even a model interface.

A mapping of the stress fields is difficult in itself. Finite element analyses are.
possible, but the incorporation of plastic flow and the long-term relaxation processes for
the material that may exist at the interface is not yet possible. In addition, the ecyclic
thermal stresses will combine with the intrinsic stresses [14] and may produce a fatigue
situation involving water vapor and other contaminants of the atmosphere. We antici-
pate this may be a more difficult limitation for polymers because of the UV flux and the
resultant scission of bonds. This underscores the necessity of obtaining a mechanistic
understanding of polymeric degradation under UV flux so extrapolation of their long-time
behavior can be made with confidence.

Thermal stresses and thermal shock may dominate the high temperature failure
mode. It may be possible to change the expansion coefficient by designing composition
modulations on a nm scale to give as dramatic an effect as a reported five fold increase
in elastic modulus [15].

The stresses in a film and especially in a multilayer structure may not only be
large, but of opposing sign in adjacent layers as in the case of the oxidation of Fe [16].
Mechanical driving forces will enhance the mass transport to promote stress relaxation.
The atom flux is out of a film under compression [9] and may change the interface and
surface topology. Opportunities are obvious in stress control to prevent failure, or with
more investigation, to use stress gradients to stabilize a structure or give more desirable
near-surface mechanical properties for erosion-abrasion resistance.

Experimental techniques exist for the determination of an integrated stress mea-
surement, and for the localized (0.01 mm resolution) lattice curvature of good single
crystals, but there is a need for experimental verification of calculated stress
distribution with a higher resolution.

Multilayer arrangements that make up both reflector and absorber assemblies con-
" tain numerous interfaces that are believed to control optical, mechanical, and thermal
durability properties of these surfaces utilized in solar collection [17,19]. Reflectors are
presently glass with SnCl, sensitizer, 70 nm of Ag backed with 30 nm Cu films, and pro~
tected by "paint." Absorbers are carbon steel coated with a metal such as Zn having a
surface layer anodized so as to give a black film with small Zn particles in an oxide
matrix.

A mechanistic understanding is required in order to model both adhesive and optical
behavior and their dependence upon bond and structural parameters. Of the currently
available analytical methods, RBS, NRA, and composition in depth profiling (see
Chapter IX) offer potential for characterizing the composition of the interface, and, with
carefully selected systems, STEM may be utilized for microstructural determinations
(see Chapter XV).

There is clearly a need to develop a standardized experimental procedure for eval-
uating the adhesive strength of interfaces and for characterizing the fracture surfaces on
a macroscopic scale. The experiments should lead to a determination of the location of
fracture (at the interface or the overgrowth), the type of fracture (ductile, brittle), the
role played by the procedure that generates the fracture, and the reproducibility of the
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adhesive measurement. Developing a quantitative measurement procedure for adhesive
strength is a crucial early goal.

While there is a need for developing macroscopic experimental procedures, there is
no assurance that these will lead to a mechanistic understandmg of adhesive failure.
Therefore, longer range research objectives should address the issue of adhesive bonding
mechanisms using a microchemical and microstructural approach.

II. ABRASION/EROSION

The large scale use of large-area, high—quality optical surfaces presents new prob-
lems due to the effects of the outdoor exposure. This section will be restricted to physi-
cal erosion/abrasion problems affecting such optical surfaces; many of these problems
are unique to solar technologies. Optical surface damage may occur from wind driven
dust, sand gusts (industrial or natural), the action of ice, snow, and rain working indepen-
dently or in combination with particulate matters, or from cleamng procedures required
to remove particulate matter. Specific problems identified at this time include the phys-
ical degradation of the front surfaces of reflectors and protective cover materials. The
measurable effects include increased optical scatter, reduced transmittance, and the
reduction of specular reflectance. The threshold for unacceptable degradation will
depend on the application as a result of different requirements, including working dis-
tances. The working distances for photovoltaic devices may be as small as 1 mm, but for
flat plate collectors the separation may be 25 to 50 mm, and for central receivers the
critical distance may be up to 1 km. Degradation effects can be assessed using spectral
measurements of optical scatter (specularity), transmittance (specular and diffuse), and
reflectance (specular and diffuse). There may be problems associated with artifacts of
different manufacturing processes which are not considered here. Corrosion is
considered in Chapters XI and XII. :

Several topics of research interest are identified:

(1) Abrasion/erosion resistance can be improved by developing harder optical surfaces,
possibly by preparing external surfaces in a state of residual compressive stresses, or
possibly by synthesizing harder copolymers. Where the economics allow it, glass can be
tempered to improve scratch resistance considerably. Coatings and sealants may
improve the surface hardness of plastics and it would be useful to understand how they
degrade as a consequence of UV flux, moisture, and thermal cyecling.

(2) Understanding mechanisms which inhibit partlculate deposition and/or reduce the
particulate bonding effects caused by moisture is desirable. The ultimate objective is to
reduce the frequency of required maintenance. The use of other dust rejection mecha-
nisms may prove cost effective by reducing upkeep costs and degradation performance
losses. One potential technique could involve the use of electrostatic flelds to repel dust
particles from the critical surfaces.

(3) The washing action of detergent solutions for removmg deposned matter and the
rinsing action of water with nonspotting additives are of concern. The solution of
nonprecipitating antistatic agents in wash water is also an area of possible concern.

Other identified needs related to operating and maintenance were not considered as
a research opportunity per se. These included evaluating field-coating processes,
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geometric positioning strategies for night-time storage, and the variation in dust,
emissions, pollutants, ete., at different terrestrial locations. -

III. POLYMERS IN SOLAR ENERGY DEVICES

The use of polymers in solar energy devices ranges from passive applications such
as protective coatings, to more direct applications such as membranes for biomass sepa-
ration or low-cost photovoltaic arrays and flat-plate collectors. Continuous potting or
extrusion of completed shapes offers potential cost advantages. For example, low-cost,
stabilized, extrudable materials which are compatible with heat transfer fluids are of
interest for flat-plate collectors. Polymer technology from other areas of application
may be brought to bear here, although new constraints must be considered. Throughout
the following discussion, the potential reactlon at a polymer/material interface needs to
be included with the other variables. -

A. Transparent Coatmgs

Preparing transparent coatings for passive apphcatlons that are cost effectlve is a
considerable challenge. It is necessary to produce an integral adhering film that can be
maintained over long tlme periods in the presence of stresses due to thermal cycling of
composite materials in an oxidative and photolytic envxronment and in the presence of
airborne chemicals including water and pollutants. Although much work has been done on
the effect of these variables either singly or collectively in other applications [20-23],
solar applications place unique constraints  on the performance of polymeric materials.
The investigation of the effect of particular environmental variables is important, but it
should be recognized from the outset that the effects are not expected to be linearly
additive. Furthermore, although accelerated testing is essential, it should be realized
that scaling may at best be approximate due to a difference in the kinetics of the various
processes and their synergistic effect on polymer failure. Finally, since photo-oxidative
degradation of polymers can be effected by minor constituents incorporated during syn-
thesis or processing, variable performance of similar materials from different sources
must be expected. The staggering magnitude of the problem of stabilizing polymers can
be comprehended by studying the effects of various environmental variables on polymers
in nonsolar applications [20-29].

Engineering needs in this area can be separated into thin transparent films over
flat-plate collectors, and polymeric protectors over photovoltaic devices. Ideally one
wants a material which has a hard surface, low water permeability, long-term stability to
photo-oxidation and delamination, and remains transparent. It has not been established if
any known polymerlc material exists today which can meet all of these requirements.
For example, materials with known environmental stablllty (fluorcarbons, silicones) are
too expensive for the cost goals for solar applications, but less expensive polymers
(polyesters, polycarbonate) may not have sufficient stability for long-term applications,
or may abrade readily in solar environments. In some PV applications, polymer AR
covers may be used to protect polymer superstrates or pottants (Chapter 5, Fig. 2), but
elastomeric mismatches may cause problems Several areas that require better under-
standing are:

(1) The 1nfluence of UV adsorbers and antioxidant additives, either as dopants or cova-
lently attached to the polymer, needs to be studied to determine if the photo-oxidative
degradation mechanism is changed by their presence. This should include a mechanistic
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understanding of the behavior of the additives themselves over long periods under oxida-
tive radiation. - Ideally, inexpensive commercially available materials, e.g., polyvmyl
chloride or polyethylene, should be selected for degradation studies. -

(2) The polymeric bonding relationships that are llkely to provide photo-oxidative sta-
bility and the molecular processes of how such. polymers might be prepared (e.g., block
and graft copolymerization) need to be elucidated. ,

(3) The structural relationships of polymer laminates that result in a variation of the
surface hardness, permeability of environmental species, and metal or metal oxide adhe-
sion, perhaps .made from halogenated polymers or from copolymers of varying
composition, should be explored. .

(4) Plasma polymerizatlon and other novel gas phase polymer: preparatlon processes
should be studied. _

(5) The mechanism of catalyzed degradation of candidate'polymers caused by contact
with materials (Al, Ag, Cu, and Au) planned for use in photothermal and photovoltaic
systems needs to be determined. :

(6) The mechanism of degradation of inorganic polymers, such as glasses and plasma-
deposited refractory materials, needs to be understood when these materials are exposed
to solar insolation (radiation).

Regarding (1) to (6) above, there are problems which may only be satisfied by using
specific polymers, but which presently are unknown. Using the principles of polymer sci-
ence, predictions of the behavior and properties can be made -for hypothetical polymer
structures. Thus, tailor-making polymers, either via new synthetic methods or via modi-
fication of presently known polymers, for specific use in solar . technologles may be
necessary. ,

Understanding the bonding behavior between polymers of dissimilar structure and
how it affects the adhesion and/or environmentally induced degradation of laminates is
needed. Polymer/polymer interactions, which may alter the transmittance properties
and/or reduce the permeability to invasive foreign materials, and polymer/metal inter-
face stability both require understanding for securing long-term stable laminated struc-
tures, such as polymers for application in solar reflectors [see Chapters 2 (Fig. 7) and 3
(Fig. 2).

Membranes are needed which will selectively separate biomass products, especially
alcohols from water. Research is needed to understand the mechanisms controlling the
rates of permeation, biofouling, and chemical-degradation, and to determme the factors
that limit their selectw1ty and stability. - .. Sy

B. Metallized Polymers for Solar Energy Uses - : N SV
. Tt L ARDEEEURS R

Some polymers (ﬂuorocarbons and polymethylmethacrylate, etc) have already
demonstrated good resistance to weathering in long-term outdoor tests, sometimes in
highly pigmented formulations. It is not known whether these polymers in contact with
reflective metals and without pigments will have good resistance to degradation. There
is some reason to expect different behavior, since some pigments (semiconducting oxides
such as ZnO) and some UV stabilizing additions of paints absorb the energetic UV that
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should be transmitted for optimum solar performance. In using such UV stabilizers, one
must seek an optimum trade-off in efficiency versus lifetime. Furthermore, polymers
are generally far more permeable to HyO, Oy, and other small molecules than are
metals, oxides, or glasses; it is not known whe%her the reflective properties of metals
will last under polymer films exposed to outdoor conditions, or how well the adhesion of
polymer to metal will survive for 30 years in a terrestrial environment. Fluorocarbons
and silicones have some very desirable characteristics but they are much more expensive
than vinyl polymers, polyesters, or polyamldes, but the latter materials have more
limited lifetimes.

Metallized plastics, e.g., Ag or Al on a polymer film, may be useful in either a rigid
or flexible mirror array. There is presently a poor understanding of the nature of the
adhesive processes which effectively bind the metal to the polymer surface. The present
working hypothesis is that acidic or basic sites on the polymer film can form acid-base .
bonds with the basic or acidic sites on the surface oxide layer of the metal. However,
the presence of acidic or basic sites would also attract permeable gases and/or liquids
such as Oy or H,O.. This problem should be thoroughly investigated with the objective
being to understand what provides stability at-the metal/polymer interface. For exam-
ple, a reasonable approach to solving this interface problem might be to use a suitable
block or graft copolymer at the interface between a nonpolar polymer surface and the
metal phase. This approach would utilize the concept of a hydrophobic domain in the
block (or graft) copolymer to incorporate O, into the nonpolar polymer phase, and an
acidic or basic domain to selectively bond with the surface oxide layer of the metal
phase. The integrity of the interface might then be maintained even to the extent of the
bond association energy of the covalent bonding in the block (or graft) copolymer.

Degradation mechanisms that are initiated at the P/M interface require elucida-
tion. Understanding is required of the synergistic effects of thermal cyeling, residual
stress states, UV exposure, and environmental species, such as H,O, 0,9, and pollutants
(introduced by permeation of the polymer or the metal coating or by interfacial
diffusion) on P/M interfacial degradation.

- Polymers used to coat the -backside  of metal/glass mirrors have no optical con-
straints, but must adhere strongly and prevent the incursion of corrodants. On the other
hand when reflective metals are deposited on polymer films, the polymer must not only
adhere strongly, but transmit a wide spectrum of light without generating reactive sites
which can react -with metal, Oy or HyO; this latter set of requirements is not trivial.

C. Minimizing Dirt Retention and Cleaning of Polymers

Optical properties can be seriously affected by dust and dirt. Some polymer sur-
faces are far easier to keep clean than others, and dirt retention can be minimized by
several procedures. Soft surfaces entrap dirt particles, so surface hardening of polymers
is of help. If the dirt is primarily acidic (clay and other silicates), basic surfaces (esters,
ete.) should entrap dirt far more than neutral surfaces (hydrocarbons). A better under-
standing of mechanisms and surface reactions could lead to cleaning procedures which
keep surfaces clean for longer periods, or to the use of "self-cleaning" polymers.
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1. Surface Modification to Minimize Dirt Retention and Cleaning

There is ample evidence that the nature of a surface exerts a strong influence on
its affinity for foreign materials. Consequently, in a situation where otherwise desirable
properties are available, a suitable surface treatment, such as changing the surface den-
sity of acidic or basic sites could be an adequate solution of the dirt retention and
cleaning problem. Examples of such surface modifications which have been effective are
hydrophobic modification to textiles, etching of hydrophobic surfaces to inecrease hydro-
philic character, ete. Problems to be anticipated are possible loss of transmittance
properties in certain solar applications and the reduction of efficiency in others.

2. Sacrificial Self-Cleaning

Another viable approach to the problem of cleaning reflecting or transmitting sur-
faces is to design the component in such a manner that the contaminated portion of the
surface is sacrificially removed, e.g., via rain water or via some other natural process
such as oxidation. Problems to be anticipated from such an approach are the loss of
transmittance in certain applications and eventual erosion and loss of the component.
For designs of short-lived duration, the latter problem would perhaps be minimal. In
reflector surfaces, the former problem could be enormous whereas for collector surfaces,
sacrificial self—cleamng systems could possibly be de51gned with minimal loss of desirable
properties.

D. Polymers for Protecting Photovoltaic Cells

Potting materials for PV cells must be compatible with the other cell material
elements. Compatibility studies between the cell materials, the grid metallization, the
abrasion-resistant cover and the polymer-pottant ‘are required. The modulus of the
pottant must allow stress relief at the interfaces, particularly at the cell interface, over
the expected temperature range of operation. Cost/benefit considerations require that
the candidate cell materials (inorganic and organic) be identified before long-term
research is undertaken to understand the interface problems.

E. Predictive and Nondestructive Polymer Experimental Methods

The experimental approach for identifying and deducing the mechanisms of failure
of polymers in the bulk and at interfaces are difficult but very important. In particular,
nondestructive experimental methods (Mdssbauer, FTIR, ESR, chemiluminescence), and
1mproved analytical/statistical calculational methods are requu‘ed to deduce mech-
anisms, which are used to formulate reliable accelerated life-test methods. “Then, the
accelerated or abbreviated methods need to be verified by companson with real-time
tests to enable prediction of service lifetimes. For example, intimate contact between
metal surfaces and polymers may lead to presently unknown mechanisms of polymer deg-
radation and/or loss of light transmittance properties.
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IV. SPECIFIC ADHESION AND ABRASION PROBLEMS
A. Photother‘mai_Energy Conversion

1. Absorbers .

There are two major methods of photothermal absorption. The first is to use a flat
surface, which i$ sometimes coated with a heat absorbing paint, metal oxide, or with
anodically produced wet layers of metal oxide on metal substrates, where the black
metal oxide is a 100 nm layer of metal particles in the metal oxide matrix. The second is
in a high performance thermal collector, which is a metal pipe coated electrolytically
with about 100 nm of a highly selective absorbing layer. In both systems, the black color
results’ from the finely divided metal particles dispersed randomly in the oxide and the
layer is quite rough and porous; thermal degradation results in loss of blackness as a con-
‘sequence of increased surface roughness Thus, a better understandlng of particle
ripening and growth processes at .elevated temperatures 1n such metal/metal oxide
‘systems would be useful., -

" Both absorbers must w1thstand cyelie ‘thérmal stresses as sunshine changes in inten-
sity thh the time of day or with clouds. The flat plate absorbers seldom exceed 150° C,
but are often tested at 300°C. On the other hand, hlgh performance absorbers often are
heated to well over 600° C and their thermal behavior is of great significance.

Degradation mechanisms are of concern. With exposure to elevated temperatures,
the black color fades to brown or gold and efficiency decreases, but the reasons are not
clearly understood.. Perhaps, the adhesion of oxide layer to the metal (in the high per-

‘formance absorber) has failed. Accelerated test methods are needed; they require a
Afundamental mechamstlc understanding to permit extrapolation to long service lifetimes.

Fundameital research issues include:

(1) understanding the mechanism of adhesion between the above described metals and
oxides and how adhesion can be optimized by altering the interfaces, by changing the
deposition processes, or. by adding species to promote ‘adhesion while not adversely
affectmg the absorption efflclency

(2) understandlng the equlllbrlum relatlons, reactlon paths, and interaction between
metals and metal oxides in absorbers; the species transport, if further oxidation of the
metal partlcles or.the formation of intermetallics occurs; and the effect of time, tem-
perature, and cychc stresses on 1nterface and partlculate morphology. Use of modern
interfacial analytlcal techniques such as a.study of fractured or thinned specimens by
SEM, SAM, XPS and ISS, should be considered. Beam effects (see Chapters VIII and IX)
and catlon mJectlon from the metal into the oxide. should not be overlooked.

2. Reflectors (mirrors)

Most reflectors are made by the same wet processes used for household mirrors for
the last hundred years, involving reduction of Ag salts in aqueous solutions with organic
reducing agents. The glass is first lightly abraded with abrasive powders, dipped into (or
sprayed with) a dilute aqueous solution of stannous salts for a few minutes, rinsed, and
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then dipped into (or sprayed with) an aqueous reducing bath containing Ag salts from
which a 70 nm layer is deposited. A 30 nm layer of Cu is then deposited from an aqueous
solution of Cu salts onto which Fe powder is added as a reducing agent. Maximum adhe-
sion to the glass is not attained until after a day of drying. The Cu layer is covered with
a fairly thick "paint" film, which is typically a thermosetting material. The painted sur-
face is then attached by adhesives to a backing such a polystyrene foam; steel supports
are attached to the foam.

Degradation of the mirror sometimes involves poor adhesion of the Ag to the glass,
but usually involves an apparent disappearance of the Ag, possibly resulting from reac-
tion with moisture and pollutant gases, from degradation products from polysulfide seal-
ants, or from agglomeration. Failure is less frequently observed when a second layer of
glass is used behind the mirror, which is usually bonded with an edge-seal adhesive, but a
double layer of glass is considered too expensive. The issues of mirror degradation are
manifold, but for this topic, the issue is to determine if deadhesion is the crucial degra-
dation mechamsm Paints or adhesives, which minimize the reaction of the Ag layers,
could be applied; silicone rubbers might be considered, but these are quite expensive.

Fundamental research issues include:

(1) undérstanding and improving the adhesion of the metal layers to glass. Such studies
could well include other deposition techniques such as evaporation, sputtering, ete. Con-
densation and nucleation mechanisms are fundamental to these techniques;

(2) understanding the mechanistic details of degradation of the metal layers caused by
the atmosphere and components of the backing;

(3) understanding degradation of the backing material. This task includes studying the
adhesion of paints, adhesives, and sealants to each other; ‘

(4) understanding the adhesion of paint to metal layers;

(5) investigating structures, materials, and processes different from those in current
usage. Metals can be evaporated or sputtered; they need not be elemental metals but
could be compound metals such as titanium nitride or even conductive polymer
"metals". Front surface mirrors of refractory metallic compounds such as titanium
nitride might be worth consideration; and

(6) investigating the basic phenomena that lead to the adherence of dust, clay, rain,
and organic and inorganic contaminants.

B. Windmills

The metal blades of windmills will be subject to erosion and corrosion by sand, dust,
salt spray, rain, and hail. Surface coatings to minimize these failure modes are probably
limited to some type of polymer coating. In one example, the steel blades (77 m long)
are coated first with zinc phosphate (as in conversion coatings), and then coated with a
strongly adhesive thermosetting coating with abrasion resistance, and which minimizes
attack by water on critical parts of the structure.

Short-range research needs require study of failure modes, developing meaningful
accelerated tests for corrosion and abrasion resistance, finding surface coatings
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optimized to pass the above tests, and developing special protective coatings to minimize
pitting corrosion in these parts which get much cyclie stress.

Fundamental research issues include:
(1) understanding the role of zinc phosphate or similar primers; and
(2) optimizing primers and coatings for the special needs of certain geographical
locations.
V. SUMMARY AND PRIORITY TABLE
In the preceding sections, the most important needs were identified for our topical
area and basic research activities were suggested to meet those needs. The suggested
research topics, their relevance, and priority ranking are summarized in Table 2. The
priorities were selected on the basis of scientific merit, impact on interface science and
solar material relevance.
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Table 2. PRIORITY TABLE FOR ADHESION, ABRASION, POLYMERS

Research Topic Relevance Priority
Collectors
Black coating degradation mechanism Reduced performance not understood Crucial
Understanding of adhesion mechanism Will allow optimization Crucial
Development of accelerated tests Necessary for:testing optimization Important:
Reflectors
Replacement technology for metallization Limited lifetime of state-of-art mirrors Crucial
Study of degradation mechanisms Basis for improving mirroring processes Crucial
Better protective coatings . Present coatings inadequate Useful
Improve current mirroring processes Inadequate antiquated processes Important
Development of accelerated tests None available now Important
Understand silver mirror-degradation - Silver reacts or agglomerates Crucial
Improve adhesion of backing materials Minimize silver corrosion - . Crucial
Investigate potential materials options Replace silver in first surface use Important
Abrasion Control
Hardening surfaces. Allow longer use of cheaper materials’ Crucial
Cleaning methods Reduce frequency of cleaning Crucial
Surface restoration Minimize abrasion damage: Important
Dust-repellant surfaces Reduce frequency of cleaning Important
Polymers
UV stable polymers Reduce costs dramatically Crucial
Improve adhesion to metals Reduce costs dramatically Crucial
Improve surface properties Increase useful lifetime Crucial
Photovoltaic potting materials Protect PV devices from atmosphere Important
Synthesize new polymers Optimize over present polymers Important
Membranes for aleohol recovery Make alcohol separations more Important

cost-effective
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XIV. BASIC RESEARCH NEEDS AND OPPORTUNITIES IN THIN FILMS AND
COATINGS

J. R. Arthur,* R. F. Bunshah,* P. J. Call, J. E. Greene, M. G. Lagally, D. M. Mattox, J.
O'Gallagher, W. T. Pawlewicz, P. S. Peercy, B. O. Seraphin, and J. Woodall

ABSTRACT

A close link must be established between the Basic Research Community and the
Solar Product/User Community in order to maximize our understanding of thin film pro-
cessing technologies and the principle mechanisms for environmental degradation, as well
as to maximize the technology transfer of this necessary understanding into commercial
manufacturing operations. To this end we propose objectives for necessary thin-film
solar-related research, namely;

(1) to gain a better understanding of basic process involved in thin film fabrication;

(2) to determine process parameters and the relationship of process parameters to thin
film properties; and

(3) to develop better methods for characterizing the product film or coating in terms
of relevant materials properties and product degradation modes.

Discussion is divided into three areas corresponding to these objectives. In "Fun-
damental Mechanisms of Film Deposition and Growth," a number of significant basic pro-
cesses occurring in film growth, all of which need further study, are listed and also the
need for analytical techniques to study these processes is discussed. In "Deposition Pro-
cess Characterization and Control," several deposition techniques are described in some
detail ranging from MBE, carried out in a highly controlled UHV environment, to CVD,
carried out in a more complex, less well-characterized environment. Advantages and
disadvantages of each are discussed. In "Product Characterization,”" the need for devel-
oping clear-cut diagnostic techniques specific to the solar performance of a thin film
material is discussed as well as the need for studylng mechanisms of environmental deg-
radation of solar films.

The need for in situ characterization during the film or coating process, which can
be fed back to control deposition parameters and thus maximize product quality and
uniformity, is emphasized.

In a "Summary of Research Needs and Priorities," specific topics of research are
presented that were determined by consensus to be of greatest priority to solar thin film
devices. In an appendix "Examples of Solar Applications and Needs Related to Coatings
and Thin Film Research," we provide the basic researcher with background information
about some specific solar thin film problem areas.

*Co-Chairmen
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I. INTRODUCTION
A. Basic Theme

The basic theme of this working group is the importance of establishing a link
between the Basic Science Community and the Solar Product and User Community. In
order to establish this link, the needs and concerns of the product community will be out-
lined-as related to thin film and coating development, production, and systems applica-
tion. The Basic Science Community can then strive to help meet these needs and
concerns in an environment of mutual interest.

The principle concern of the product community is to obtain high collection effi-
ciency at low initial cost with low maintenance costs and long systems lifetime. In solar -
components, thin films and coatings are often used in exacting applications such as opti-
cal components and as protective layers. In these applications, reproducibility, reliabil-
ity, and effectiveness are very important. It should be noted that extremely large area
production is necessary for solar energy utlllzatlon to be a sngmflcant contrlbutor to the
energy problem. . .

In the production of reproducible, reliable, and effective components at the lowest
possible cost, the production process is as important as the material produced or the
product fabricated. Therefore, process reliability and reproducibility is a fundamental
goal in any fabrication/utilization scheme. In order to produce a material that meets
specifications at the lowest possible cost, it is desirable to have a material that is not
process sensitive and a process that has the widest possible tolerances on the process
variables.

The Basic Science Community can contribute toward meeting the goals of the
Product/User Community by assisting in the characterization and understanding of the
processing techniques, materials, and products as these relate to solar applications. This
understanding will lead to better reproducibility, higher reliability, increased manufac-
turing efficiency, and lower cost with a longer product lifetime. The establishment of
performance limits and tolerances on.processes, materials, and products as a function of
cost will allow systems optimization because trade-offs. between performance and cost
will undoubtedly be necessary. :

This group has attempted to establish a link between the Basic Science Community
and the Product/User Community- by outlining problems of a fundamental nature in the
fabrication of films and coatings as these relate to materials properties and fabrication
processes. In some cases, specific questions and needs have been presented, while in
others, general approaches have been suggested. This is not to imply that these are the
only needs or questions!! Most often, the Product/User Community will have to work
with the Basic Science Community to determine the most profitable areas and directions
of study.

B. The Role of Fundamental Studies in Establishing Solar Thin Film Technology

In the previous section, the vital link between fundamental studies and the proper
understanding and control of deposition process parameters was emphasized. In the fol-
lowing discussion, we will deal with the aim and orientation of the efforts that will serve
to strengthen this link.
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The properties, including the durability of thin films, are largely influenced by pro-
cesses on the microscopic and submicroscopic scale. Structural, compositional, and
chemical effects involving both the film itself and the interfaces on either side of the
film play a role. The sum of these effects determines the solar performance of the
film. Their sensitivity to degradation establishes the failure modes and limits the
durability of the film and the lifetime of devices.

The performance of a film can be improved, and its durability and lifetime
increased, if—and perhaps, only if—sufficient attention is paid to the fundamental phys-
ical and chemical mechanisms involved in deposition and degradation.

The relationship of these mechanisms to the performance and durability of films
may not be fully established in the initial stages of any program; it must be part of the
long-term research effort to clarify and understand it. Studies of the basic mechanisms,
quantitative product characterization, and process control can all act synergistically to
improve further our understanding of the basic mechanisms, which in turn can lead to
better and more controlled processes.

The recommendation of this chapter can also be illustrated in negative terms. It is
essential that the research effort is not product or performance-oriented in the sense
that only work that promises an immediate improvement in performance or durability is
performed. Such a trend will lead to a strictly empirical technology that sees its goal in
finding a set of process parameters without understanding the fundamental mechanisms
involved. In such technologies of which there are many, it is difficult to optimize prod-
uct performance, to retard in-service product degradation, and to make a reproducibly
reliable large-scale fabrication. We cite as an example the use of black chrome for solar
absorbers, where the production technology has insufficiently applied the large body of
scientific information now available. Another example is the technology of reflector
coatings. Being perhaps the oldest optical coatings technology, it has largely retained its
empirical character. To reduce or eliminate degradation under solar conditions requires:
an understanding of the basic processes that govern adhesion, delamination, corrosion,
tarnishing, and interfacial stresses induced by differential thermal expansion, to name
just a few. Permanent improvements will result if and only if sufficient attention is paid
to the understanding of these processes. Judgement on the necessity of basic studies
must not be exclusively influenced by their direct and imminent utility for the
performance and durability of a particular type of reflecting film.

While the remainder of this report is largely devoted to a rather general discussion
of the basic theme presented above, it is important to keep in mind the existing solar
applications of coatings and thin films. We have, accordingly, appended a section to the
report deseribing a number of specific applications and needs for improvement.

II. OBJECTIVES

The objectives of the films and coatings report are:

(1) to understand the fundamental mechanisms ocecurring in the fabrication of a film.
These may be further subdivided into

(a) adsorption kineties,

(b) nucleation,

(c) growth mechanisms, and
(d) interface formation;
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(2) to determine the process parameters and the relationship between process
parameters and film structure and properties; and

(3) to characterize products in terms of properties, performance, and durability
(lifetime).

HI. AREAS FOR STUDY

This discussion is broken down into three major areas following the format of
objectives (1), (2), and (3) in Section II.

A. Fundamental Mechanisms of Film Deposition and Growth
1. Goals

A much better fundamental understanding of thin film growth mechanisms is
required in order to produce effective and to specify thin film components used in solar
technology. Specific areas of research are described below. However, we suggest that
the integrated overall goals of research programs in this area should be:

(1) the ability to tailor film properties within the limitations of a given film growth
technique;

(2) the ability to specify the film growth environment necessary to meet materials'
property requirements, thus providing a rational basis by which to choose a particular
film growth technique for a given application;

(3) the development of new materials; and
(4) the development of new processing techniques.

We have chosen to categorize film growth processes into five overlapping areas and
have attempted to indicate crucial research needs in each area. In general, an under-
standing of basiec processes is required under nearly-ideal conditions (e.g., UHV for vapor
deposition) and systematic studies need to be carried out to determine environmental ef-
fects (e.g., ion bombardment during sputter deposition) in order to relate growth
variables during deposition to the properties of films deposited under less "ideal" condi-
tions. The latter studies can also lead to new film growth processes. For example, it has
been demonstrated recently that with the intentional controlled use of low energy ion
bombardment of the growmg film during sputter deposition, single erystal metastable
alloys such as InSb and (GaSb);_,Ge, can be grown. Such films have unique
properties and exhibi goo’é thermal an lo )ferm stability. -

2. Research Objectives
General research objectives are listed below and include studies of:

(1) heterogeneous. adsorption kinetics as a function of "ideal" conditions on well-
characterized surfaces in UHV; substrate temperature; simultaneous bombardment by
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energetic particles (electrons, ions, photons); the chemical state of the impinging
adatoms (excited species, metastables, radicals; and substrate contamination;

(2) nucleation kineties in which adatom surface mobilities, critical nuclei size, island
mobility, and island orientation are examined as a function of substrate temperature;
substrate microstructure (amorphous, polyerystalline, oriented, lattice matched, etc.)
and substrate topography (graphoepitaxy); controlled particle bombardment by energetic
photons, electrons, and/or ions during deposition in order to influence adatom mobilities
and hence ultimate film microstructure; and contamination;

(3) steady state elemental sticking probabilities (especially high vapor pressure alloying
and doping species) as a function of film growth temperature; kinetic energy of impinging
species; controlled low energy particle bombardment by electrons, ions, and/or photons
during deposition; and contamination;

(4) film growth kineties including average grain size, grain morphology, preferred orien-
tation, and film density as a function of film growth temperature, deposition rate,
controlled low energy ion bombardment during deposition, and contamination;

(5) interfacial diffusion during growth as a function of .film growth temperature and
controlled low energy ion bombardment during growth; and

(6) post-deposition film processing, especially by laser, electron, or ion beams.

3. Analytical Methods for Studying Fundamental Mechanisms of Film Growth

Very little is understood at present about the fundamental mechanisms of film
growth for any processing method. The lack of understanding is in part due to the
unavailability of techniques for studying nucleation and growth on solid substrates, as
well as the lack of development or application of existing techniques toward this end.
We feel that major emphasis should be placed on developing techniques for quantitative
studies of fundamental mechanisms.

The types of information desired in such studies can be roughly classified into three
categories; structural, chemical or elemental, and electronic or optical. Structural
information appears to be the most basic, because most other properties depend on struc-
ture. In particular, techniques are required that can elucidate the defect structure, e.g.,
finite size domains, dislocations, strain, ete. in two or quasi-two dimensions. Techniques
need to be developed both for single-crystal substrates and polyerystalline or amorphous
materials. Examples of techniques that in our opinion would warrant the attention of
researchers are RHEED, LEED, scanning LEED, EXAFS, and FIM. Optical methods such
as IR or Raman scattering may also be of aid in identifying structural parameters such as
bond lengths and orientations, and should be considered in this respect. Experiments in
UHYV on such standard electron optical instruments as TEM's and STEM's should be done
in order to eliminate questions of contamination inherent in nucleation and growth
studies as they are commonly carried out in such devices.

Chemical and elemental analysis must, of course, also be done in situ to charac-
terize the growth process. The availability of good instruments that are readily appli-
cable to this type of research is greater in this area, but few attempts have been made to
use these techniques.to study fundamental mechanisms of nucleation and film growth,
e.g., with respect to stoichiometry, poisoning of nucleation sites, monolayer or
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submonolayer diffusion barriers, multiple phase formation, ete. It is suggested that,
especially, fme—beam instruments used in in situ may provide major advantages in such
studies. o :

Little is at present known about the relation of structure and composition of. the
film and the interface to the electronic and optical properties of the final material. It is
suggested that photoelectron, electron, and optical spectroscopic techniques be devel-
oped to assist in determining such relationships, if possible, in conjunction with the strue-
tural analysis discussed above. Possible techniques include UPS, XPS, AES, Raman, and
IR spectroscopy.

Much important information can be obtained by studying either the equilibrium or a
frozen-in state as it relates to nucleation and growth. The dynamics or kineties of
growth will provide different information that may be even more important and certainly
will be harder to analyze. We concluded it is important to develop methods that can look
at real-time structural, chemical, and electronic properties as these relate to nucleation
and growth; in addition to the applications of techniques to study growth modes and
interrupted growth, both for single-crystal and polycrystalline substrates. RHEED,
LEED, SAM, and STEM in UHV are possible techniques for deducing the structure. The
application of the common surface analytical tools for .chemical analysis in this type of
problem should be considered. The use of new optical techniques should be
investigated Attempts should be made to relate the output of these microscopic tech-
niques to electrochemical measurements of deposition, nucleatlon, agglomeratlon, and
growth in electrolytic deposition techniques.

To study interface formation and interdiffusion, the additional problem of charae-
terizing a buried interface arises. Typically destructive techniques are used to reach the
interface, resulting in poor interfacial resolution and changes in the structure and chem-
istry. Attention should be focussed on non-destructive structural, chemical, and elec-
tronic interface analysis to analyze interfacial effects, e.g., the use of RBS and ion
channeling needs to be considered as well as novel applications of electron spectroscopic
techniques such as IETS and SEXAFS. :

Finally, there may be nontraditional or indirectr methods that can aid in the under-
standing of the basic mechanisms of adsorption, nucleation, growth, and interfacial inter-
actions that have not been listed here.

B. Deposition Process Characterization and Control
1. Introduction

. As stated earlier, there is a key link between the process and the product. It is-fair
to say that while a great deal of attention and energy has been devoted.to the detailed
characterization of the product in terms of the chémical composition, imperfection con- .
tent, microstructure, and properties, a detailed study of the process parameters and their
influence has been mostly neglected (with a few exceptions such as the MBE and ion
beam deposition processes). The tendency is often to establish the process parameters
empirically and once the desired product has been achieved no further attempt is made
to explore the limits of process parameters which will yield the desired product. This
often results in unnecessarily tight process specifications and consequently hlgher
produet cost. .
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It is the opinion of this group that basie studies of processes (i.e., influence of pro-
cess parameters on the structure and properties of materials) is as important as careful
characterization of the product. The two are inextricably linked and only through a bet-
ter understanding of processes can a higher quality product be produced with the desir-
able feature of lower cost. This is particularly true for solar energy products where per-
formance and initial cost are both important as contrasted to the microelectronics
industry where product cost does not have the same premium.

2. Process Limits

One of the major factors in determining the cost of fabrication and the ability to
fabricate an item is the degree of process control that must be exercised during produc-
tion. An extreme example is MBE, which allows very sophisticated semiconductor
devices to be fabricated by careful process control at relatively high cost per unit. An
opposite extreme is the vacuum metallization or electroplatmg of some plasties which
can be done at very low unit cost.

‘ Fundamental studies can contribute to‘det'ermining the limits to pfocess variables
in two ways. One way is to define carefully an existing process and then to vary each
parameter in a controlled manner to establish tolerances on the deposition variables.

The second way is to produce a new material with desirable properties using precise
process control and then to vary the process parameters to establish the relationship be-
tween process variables and material properties. An example of the second approach is
the fabrication of a semiconductor structure by controlling the thermal flux of depositing
atoms and the substrate temperature. Sensitivity of the process to contamination can be -
evaluated by adding a known flux of contaminants, e.g., Oy. :

An example of this approach is the reactive sputter deposition of oxide-metal cer-
mets for high temperature selective solar absorber applications. In order to define the
processing, one needs to know the mass and energy of all the species impinging on the
substrate surface and the deposition temperature. Subsequently the species, energy, and
temperature may be varied to determine process sensitivity.

3. Deposition Processes for Solar Materials

, Deposition processes may be classified in various ways. One classification is as
follows:

(1) Processes carried out in highly controlled UHV environments. These processes are
MBE for evaporation in an UHV environment, and ion beam deposition where the deposi-
tion rates are very slow for both processes. However, they offer the possibility of
studying in detail the fundamental mechanisms of film formation which may then hope-
fully be translated to a better understanding and control of the production processes
given below.

(2) Processes carried out in a complex (non-UHV) environment which is not closely char-
acterized and controlled. These processes are PVD processes, which include evaporation,
sputtering, and ion plating processes; electrodeposition; and spray processes, including
thermal spraying, spray pyrolysis, ete.
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A detailed discussion of MBE, PVD, and CVD processes along w1th thelr advantages,
limitations, and research needs is given below. »

(a) MBE,: MBE és .a sophisticated form of vacuum deposition carried out in UHV
(typically 10 ° to 107 Pa) utilizing beams of atoms and/or molecules incident upon the
growing surface to form an epitaxial, single-crystal film. In recent years MBE has been
used to prepare a number of electronic devices with unique properties such as low
threshold double/heterostructure lasers, superlattice devices, FET's, and others. While
MBE has had small impact as yet in the fabrication of photovoltaic devices, a discussion
is included here because the technology involves a high degree of coupling between the
fundamental surface mechanisms discussed in the previous section and the ultimate.
device characteristies. This coupling has been elucidated by the extensive use of analysis
techniques such as AES, RHEED, and mass spectroscopy to characterize the surface and
its environment before, during, and after growth. This was possible because of the UHV
environment and the use of spatially defined beams of film source material. These
analysis techniques continue to play a mgnlflcant role as MBE is extended to new
materials.

The most significant feature of MBE is the control it affords at all stages of film
growth, both because of the in situ surface analysis, and because the growth rate is slow
and low substrate temperatures can be used to minimize bulk and surface diffusion
effects. Heterojunctions and superlattices have been grown with virtually single atom
layer abruptness. MBE has demonstrated feasibility for producing a number of elemental
and compound semiconductors; however, the most extensive studies have been made on
GaAs films where the effects of doping and contaminating impurities on the morphology
of the film and on the composition of the bulk and surface have been examined. The
relationship between surface composition during growth and the resulting bulk defect
structure has been determined.

The primary process variables in MBE are the substrate temperature, and the mag-
nitude and time duration of each of the impinging beam fluxes. Secondary parameters
that must also be controlled are the initial substrate surface condition and composition,
the residual gas pressure, the molecular composition of the beams (e. g., Asz or As ), and
the magnitude of unwanted impurity beams emanating from the beam- sources. An
important feature of MBE is that individual beam fluxes can be switched on and off by
shutters in times less than that required to grow one atom layer.

As with all film process technologies, there are limitations both to the process and
to our understanding of it. The most fundamental limitations to the MBE process are:

(1) the need for extremely clean, ordered substrates with a lattlce spacing close to that
of the film;

(2) the relatively slow growth rate normally used fori high quality films, aithough faster
growth rates have not been extensively studied; and !

(3) the relatively high cost of UHV processing.
Some aspects which have not yet been adequately studied are:
(1) the detailed kinetics of incorporating dopants into the growing film;

(2) the adsorption and incorporation of background gas impurities;




207

(3) the competitive reaction rates of different molecular species, e.g., Asz and Py,
during the growth of ternary and quarternary compounds; and

(4) the extension of the growth parameter control developed for GaAs to other
materials.

It is believed that MBE will have an impact in photovoltaic research not as a produe-
tion technology but as a method for producing prototype device structures of novel mate-
rials for evaluation and testing and for the controlled deposition of polyerystalline metal
or oxide films to study other steps in device fabrication. Thus, MBE could serve as a
process standard for determining critical structural parameters and tolerances in
practical photovoltaie production.

(b) PVD Processes. There are three basic processes, namely evaporation,
sputtering, and ion plating. In evaporation and ion plating, thermal energy is used to
produce the vapor which subsequently condenses onto the substrate to produce a film. In
sputtering, the vapors are produced by positive ion bombardment of the target from a
plasma which is biased to a negative potential, i.e., the vapor phase is produced by
momentum transfer.. A plasma is also present in the ion plating process and positive ions
bombard the substrate/coating which is biased at a negative potential; the bombardment
produces chemical and microstructural effects at the substrate.

. The major advantage of the PVD processes is the great flexibility in selecting
materials to obtain different microstructures and properties and deposition rates.

(1) A large variety of materials, i.e., metals, alloys, intermetallic compounds (e.g.,
GaAs), refractory compounds (ox1des, carbides, nitrides), cermets, and some polymers
can be deposited.

(2) The composition, microstructure, and properties of a given material can be varied
within wide limits by changing the process parameters.

(3) Unusual microstructure may be deposited, e.g., very fine grain size materials, miero-
laminate composites, or single erystal films.

(4) The deposition rates can be varied from 5 nm/min to 0.075 mm/min; even higher
rates have been obtained for special materials such as Zn.

A major limitation of high vacuum PVD processes is that deposition oceurs in line-
of-sight conditions; this causes poor "throwing power" for coating complex-shaped
objects. This problem can be reduced by moving the substrate relative to the vapor
source, as is done in coating lenses, tubes or turbine blades. Uniform coating of
complex-shaped parts is also achieved by introducing an inert gas into the evaporation
chamber, (at pressures exceeding 1.3 Pa) so as to scatter the vapor molecules by
increasing the number of collisions. The same scattering process occurs in ion plating.
In sputtering, hollow cathode or post cathodxc geometrles are used to coat the outer and
inner surfaces of eylindrical objects.

Variations of the basic PVD processes have been developed for deposition of com-
posite materials or compounds. Alloy deposition using evaporation or ion plating pro-
cesses can be carried out by multiple source evaporating or from a molten source of con-
stant composition. Sputtering of alloys can be carried out from an alloy target or
composite target assembly. Refractory compounds can be deposited by evaporating or
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sputtei;ing the compound itself, or by reactive evaporation or reactive sputtering in
which metal vapors chemically react with an appropriate gas to produce the compound
deposit.

Particularly attractive for future solar energy applications is the fact that PVD
processes are currently being used in large scale production, e.g., Al on polymerie films,
Cr on ABS polymer automobile components, Al on steel strip, ete. Thus, the transition
from laboratory studies of a particular solar energy materials system to production for
wide-scale applications should be more easily achieved. It is also significant that the de-
position technology for producing relatively large areas has been developed.

On the other hand, it is also true that PVD processes are usually carried out in a
poorly characterized environment. In particular, this committee identified plasma-
assisted PVD techniques such as reactive sputtering, reactive ion plating, and activated
reactive evaporation as processes which are not well-characterized and yet which are

-very powerful deposition techniques for refractory deposits. We believe that studies of
the fundamental physical and chemical processes occurring in the plasma and at the sur-
face are crucially needed.

(e¢) CVD. CVD involves the chemical reaction of one or more vapor species with a
heated substrate surface to form the desired film or coating. CVD has been used exten-
sively in semiconductor technology for the production of epitaxial and polyerystalline
layers of a wide range of semiconductor materials. Since the growth rates are relatively
rapid and large areas can be coated at one time, CVD would seem to have considerable
economic value for solar film deposition.

The major process parameters of CVD are the substrate temperature, the composi-
tion of the reactant gas phase, its pressure, and its flow rate. Composition, structure,
and surface texture of the resulting film can be adjusted within wide limits by variation
of these four process parameters.

The principal technological advantage of CVD is that complex structures can be
fabricated. Since the composition of the film depends on the composition of the gas
phase, heterogeneous structures can be fabricated that are difficult to make with con-
ventional methods. For example, a solar absorber structure can be grown with a reflec-
tor layer on the substrate followed by deposition of the absorber and.then the anti-
reflection layer using one continuous process simply by varying the composition of the
reactant. Specifically, antireflective layers of optimum acceptance angle on Si can be
deposited first by adding NHq to the SiH,, producing a SigN, layer, and then mixing
gradually NoO into the reactant; this produces a graded-index profile of silicon-
oxymtrldes

The substrate temperature determines the morphology of the film whlch ean vary
from optical smoothness to absorbing-whisker texture. Two-phase comp_051te materials
can be produced which utilize scattering mechanisms of the Maxwell-Garnett type.

, Examples of using CVD to produce solar coatings include the fabrication of Mo
films with the highest reported IR reflectance, and the modification of composition,
structure, and grain size to produce "Black Molybdenum" films that combine high IR
reflectance with significant solar absorptance. As a third example, we cite CVD
amorphous Si absorber films for which the crystallization temperature has been raised
from 550 to 1000° C by the co-deposition of C.
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4. Techniques for Process Control and Monitoring

In order to evaluate and optimize a given set of process parameters, techniques for
on-line, in situ process control and monitoring are required. For example, it would be
quite valuable to be able to determine the structural, chemical, electronic and/or optical
properties of a film as it is growing, along with the reactant composition, temperature,
beam flux, and other parameters that characterize the environment. In the opinion of
this group, there has been insufficient development of new techniques and application of
ex1st1ng techniques to process monitoring and control of film deposmon. Questions that
arise in regard to properties of films are: °

(1) Can RHEED, LEED, SEM, STEM, etc. be used in processing environments, and with
what limitations, to study structure and morphology?

(2) How can the use of surface compositional techmques be extended to study impurity
dlstrxbutlons, phase formation, etec.; while the film is growmg"

(3) What information can be obtained from in situ electrlcal and optlcal measurements
and with what limitations?

Greater emphasis should also be placed on characterizing the processing environ- -
ment. For example, what is the energy distribution of the incident flux? How does the
energy distribution affect nucleation and growth and how can such relationship be

measured? “Can methods be developed that will correlate growth parameters or
processing conditions in situ on-line with final materials properties? Research in these
and related areas should have a major effect in the development and successful utiliza-
tion of thin film solar energy materials.

C. Product Characterization

1. Materials Characterlzatlon Relevant to Performance in Structures f or Solar
Applications

Very often research on materials for solar applications is performed in an environ-
ment in which it is difficult or not feasible to either fabricate the material into the
application structure of interest or to test the specific performance parameters. We
believe there is a need to develop both new macroscopic techniques and to utilize those

known techniques which will either partially or fully chacterize thin film materials and"

fabrication techniques with respect to their performance in solar energy device applica-
tions. An example of this approach is the measurement of the band edge photo-
luminescence versus excitation energy to characterize spectral response, e.g., J ge versus
hv, for GaAs solar cells. This technique is easy and rapid and provides accurate infor-
mation about minority carrier diffusion lengths and surface recombination velocities,
when used in conjunction with computer device simulation programs. For research labo-
ratories with limited device fabrication facilities, use of techniques such as the one cited
becomes almost mandatory to allow the study of the effects of large parametric varia-
tions on materials properties, since the feedback time from direct device measurement
would be prohibitive. '

Thus, it is recommended that encouragement be given to the development of new mac-
roscopic methods and/or modification of existing techniques which will easily access
materials and interface behavior in terms of their critical performance in solar energy
applications.

r
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2. Degradation Phenomena
The study of the degradation and failure of solar energy thin-film materials, mate-
rial systems, and products is crucial in defining lifetime accurately, improving the dura-
bility of products, and in controlled accelerated and abbreviated lifetime testing. It is
important that degradation studies be made on well characterized materials or on a sta-
tistically meaningful distribution of materials in order to facilitate general conclusions.
Although the primary focus of degradation studies is to relate the decline of solar per-
formance parameters (e.g., photovoltaic efficiency, solar reflectance, etec.) to external
stresses such as thermal cycling, photon flux, moisture, O,, or contaminants, in many
cases changes in the mechanical and chemical properties not directly related to solar
performance may lead to rapid degradation and failure.
Some useful mechanical properties identified by this group for study are:
(1) the plastic flow of interlayers to compensate for thermal mismatch in absorbers;
(2) the stability of amorphous alloys (PV, thermoelectrics); and
(3) the fracture of thin films due to thermal eyeling.
Some useful chemical and electrochemical properties identified for study are:

(1) the diffision of HyO, O, and trace contaminants through thin protective films (e.g.,
PV encapsulants, mirror backing,, AR coatings, switchable optical films);

(2) the electrochemical stability of thin optical and protective films in moist and
aqueous environments (e.g., Ag films, PV metallization, heat exchanger coatings);

(3) thermally activated interdiffusion in multilayer structures (e.g., absorbers and PV's);
(4) 1ong term photodegradation; and -
(5) the synergistic effects of 0,4, HyO, phonons, and photons.

This list is not intended to be complete, but only to suggest possible areas of study.

IV. SUMMARY OF RESEARCH NEEDS AND PRIORITIES

In Table 1, general topics are presented along with some selected examples which
were discussed by this group and thought to be significant areas for research in films and
coatings. : '
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APPENDIX: EXAMPLES OF SOLAR APPLICATIONS AND NEEDS RELATED TO
COATINGS AND THIN FILM RESEARCH.

Applications for large area thin materials structures are widespread in solar con-
version systems. It was thought that a brief summary of the major areas of thin film and
coatings applications in contemporary solar collector designs might be helpful in orient-
ing the basic researcher with an interest in using his:expertise on the most urgent
problem areas. This summary includes a survey of performance parameters and a review
of anticipated environmental conditions. :

Because the amount of material required by thin films and coatings per unit area is
small, one of the major requirements for practical device development, namely reduced
cost, is strongly favored. However, the ultimate viability of a particular device or con-
version technique depends on its ability to attain acceptable performance levels initially
and to maintain those physical characteristics which assure this performance under
somewhat extreme environmental conditions for very long times.or at least with predict-
able lifetimes. The discussion below is not meant to be either comprehensive or limiting,
but only to indicate examples of practical applications where performance or life time
improvement is needed. The examples given are illustrative of two levels of develop-
ment. The first is for near term applications where materials and methods are already in
widespread use in the field in collector systems, but for which improvements in perfor-
mance, operating range or durability are sought. The second is for advanced technologies
where no field applications exist but only prototypical or pre-prototypical systems are
under study. Examples of the former are selective photothermal conversion systems,
reflector materials, and anti-reflecting coatings. Examples of the latter class are thin
film photovoltaic transducers.

Phototnermal Conversion Surfaces are tailored to have a nhigh absorptance (o) for
the solar spectrum and low emittance (c) in the IR to suppress radiative thermal losses.
Contemporary coatings in widespread use include electroplated "Black Chrome" and
"Black Nickel" coatings and various multilayer . "interference stacks" and AMA
(Alumina/Molybdenum/Alumina) coatings. The solar absorptance for Black Chrome
ranges from 92-96% and the emittance from 0.06 - 0.3 depending on the process param-
eters. For the AMA coatings, lower values of both o (0.78 - 0.88 and ¢(0.03-0.08) are
typical. These coatings are limited to temperatures below 300° C for practical operation
and to temperatures <400-450°C for survival. Examples of practical product improve-
ment goals are to increase o for low € surfaces, and to increase the temperature for both
performance and survival to above 400°C.

Other practical requirements that must be considered are the adhesion properties
of the coating stack itself relative to a wide variety of possible absorber material sub-
strates, e.g., glass, Au, stainless steel, Al, etc. and absorber shape configurations
involving both convex and concave curvature. The extreme range of environmental con-
ditions to which the surface is exposed and the effects on relevant materials properties
over a long time needs to be understood. The relatively high operating temperatures
occur cyclically with expected lifetimes requiring 5,000-10,000 cycles. In many applica-
tions the sur?ce is undzer concentrated solar illum'knation with local fluxes from a few
hundred (~10° watts/m“) to a few thousand (~10° watts/m“) suns. Applications for
operations in vacuum, in inert atmospheres, and in ambient atmospheres are all probable
applications.
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Reflector Surfaces are used in solar energy to collect light over large areas and con-
centrate it on the relatively high cost and/or high thermal loss energy transducers. As
such, they must be particularly low cost, and have minimal optical loss. Contemporary
reflectors, which almost universally use either Al and Ag as the reflecting surface, are
deposited onto a protective transparent superstrate and back-coated with another thin
film protective layer or two. Performance (reflectivity) improvements above the 84-90%
characteristic of Al films and 94-96% for Ag films are not required so much as an
increase in the durability of the reflecting surfaces and their protective films and sub-
strates under direct exposure to the atmosphere and elements. Understanding of the
"degradation mechanisms for protective superstrates which affect its optical transmit-
tance and specularity is important. The coatings and reflecting surfaces need to be
resistant to degradation under long term exposure to one sun level of the UV component
of the solar spectrum.

In normal applications the temperature requirements are limited to operation over
the range of climatic ambient extremes (e.g., -15° to 45°C). However, there are near
term applications for small area secondary reflectors (terminal concentrators) which will
be subject to high solar fluxes (typlcally 50-1000 suns), and probably high temperatures
. (200°-400°C).

AR Coatings are highly transmitting glazings and required as one of several com-
ponents in solar converter devices. They are used as thermal barriers against convective
heat losses, as vacuum enclosures for high temperature absorbers, as protective covers
for mirror arrays, and encapsulant surfaces on photovoltaic cells. In each instance an AR
coating can reduce the reflection losses at the glazing air interface by 1 to 3%. This can
result in as much as 10-12% improvement in the complete collector system.

The environmental constraints on these coatings range from exposure to solar
radiation at one sun up to the highly concentrated fluxes of a few hundred suns. The
temperature exposure range would not be expected to be severe in most applications.
The operating environment will range from direct exposure to-the atmosphere, to a
sealed atmosphere to vacuum in some cases. - ¢

Thin Film Photovoltaic Transducers are a potentially low cost alternative to thick
single crystal Si solar cells, so thin film photovoltaic devices are being developed under a
variety of approaches. However, no large scale field deployment or commercialization
of any system has occurred. The two most well known techniques are devices based on
polyerystalline thin film Si and CdS/CusS thin film solar cells. The performance is
typically 9-10% conversion efficiency in small scale laboratory samples. Life times of 3
years have been obtained on 7% cells—and the cells are still being tested—but basic
research is urgently needed to help understand and inhibit degradation mechanisms.
Investigation of methods for improving the performance through light trapping, built-in
fields, and the use of multiple band gap cells is also needed. In general, application
involving large area deployment with no concentration will make the most economic
sense, so that photon fluxes in excess of one sun and high temperatures are not expected
to be a common operating requu'ement




TABLE 1. SUMMARY OF -RESEARCH NEEDS AND OPPORTUNITIES - FILMS AND COATINGS

Research

Relevance

Priority

Relationship between process parameters and
material propertles N .

a.

Measurements of minority carrier lifetime and
density of states in amorphous semiconductor
layers '

MBE growth of prototypical photovoltaic
devices.

New deposition processes for large area device
fabrications

a.

b.

Energy and species of particles impinging on
substrates during plasma assisted deposition

Thermodynamic parameters for CVD.

Fundamental nucleation and film growth studies;
effect of surface environment

a.

b.

Understanding and control of  oxide-
semiconductor interfaces states and Schottky
barrier heights

Growth and stability of metastable films.

Study of passivation mechanisms

a.

Surface segregation and passivation of alloy
reflector surfaces.

Key item in improvement of
products and processes.

A relatively unexplored and
potentially highly rewarding
area for fabrication of solar
components using deposition
technology which is new and/or

not currently used for this

purpose.

Essential for basic under-
standing of fundamental mech-
anisms in film deposition

Key to approach of required
lifetime in solar products.

Crucial
Multi-investigator
team approach’
recommended.

Crucial
Multi-investigative
approach
recommended.

Crucial

Crucial

eLe



TABLE 1. SUMMARY OF RESEARCH NEEDS AND OPPORTUNITIES - FILMS AND COATINGS (Concluded)

Research

Revelance

Priority

Development of in situ techniques for charac-er-
ization, control, and for studying growth prccesses
and/or the products,

a. e.g., development of RHEED analysis or a high
resolution mieroscope operated in situ.

. Relation of material = properties to long-term

performance and stability
a. Photocorroswn of semxconductor surfaces

b. Stablllty of coatmgs with respect to high
photon fluxes.

Greater applicatior{ " of exisﬁng anglytical
techniques to characterization of processas and
produects.

‘Passivating layers - deposited onto low-cost

substrates (e.g., mild steel) to prevent degradation

- of active semiconductor element (e.g., GaAs) by

diffusion of impurities from the substrate with the
active element during processing or use.

- = - L2, e e

Important  methodology to
characterize, understand and
improve processes and to
monitor quality of processing.

Essential for understanding
mechanisms leading to lifetime

o predictions for solar products.

Useful and needed item to use

all known techmques.

-Potentially useful for both

solar photovoltaic devices and

- mieroelectronic devices.

Crucial

Crucial

Important

Useful .

vie
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XV. BASIC RESEARCH NEEDS AND OPPORTUNITIES FOR CHARACTERIZING THE MICROSTRUCTURE v
AND MICROCHEMISTRY OF INTERFACES .

P. H. Holloway, K. R. Law]ess, D. Lichtman, R. G. Meisenheimer, L. E. Murr,
C. J. Powell and J. Silcox™

ABSTRACT

Interfaces of many types (S/S, S/G, S/L) occur in the materials configura-
tion of most solar devices, often with several in close proximity. To make
solar devices economically competitive, the manufacturers must make them reli-
able and reproduc1b1e and in cost effective batch quantities. Economic via-
bility also requires that design performance be sustained over long periods of
time (e.g., 30 years). To extrapolate from short term laboratory behavior to
the required 30 year service behavior requires an atomic level mechanistic
understanding of the degradation processes occurring at interfaces. The latter
in turn requires application of forefront techniques and methods of characteri-
zation of localized microstructure and microchemistry.

Needs were identified for microcharacterization on spatial scales ranging
from the macroscopic to the microscopic giving structural, chemical or electronic
configurations. Comparison of available techniques with these needs revealed
major inadequacies. Much greater effort needs to be invested in "in-situ"
techniques. Efforts to extend the capabilities of surface analytical techniques
to meet the identified needs are necessary. Recent developments in analytical
electron microscopy show promise of complementing the surface technologies and
should be developed. Wide use of these techniques in concert is encouraged
and wider use of electron microscopy in general is necessary. Much deeper
understanding of existing techniques is necessary and totally novel characteri-
zation approaches should be encouraged, particularly for "in-situ" characteri-
zation of S/L, S/G interfaces.

I. INTRODUCTION

Dominant features of the materials configuration of most solar devices
such as mirrors, absorbers, and photovoltaics include S/S, S/G or S/L inter-
faces with several in close proximity. A mirror, for example, can include
ceramic/ceramic, metal/ceramic, metal/metal, metal/polymer and polymer/atmos-
phere interfaces within a few hundred nanometers thickness. Photovoltaic
devices involve semiconductor/semiconductor interfaces and absorbers often
are circuits comprising small metallic particles embedded in an insulating
matrix. Even prosaic elements such.as heat transfer devices will involve
S/G or S/L interfaces. To make solar devices economically competitive, the
manufacturer must make them reliable and reproducible and in cost effective
batch quantities. Economic viability also requires that design performance
be sustained over long periods of time (e.g., 30 years). To extrapolate from
short term laboratory behavior to the required 30 year service behavior
requires an atomic level mechanistic understanding of the degradation processes
occurring at interfaces. The latter in turn requires application of forefront

*Chairman
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techniques and methods of characterization of localized microstructure and
microchemistry. As understanding of the atomic level behavior develops,
development of suitable reliable monitoring procedures during manufacture
and in the field becomes possible. Such procedures giving sophisticated
atomic-level monitoring may then be developed further to provide feedback
control of manufacturing processes.

Exposure of such devices to the atmosphere under ambient conditions of
pressure and temperature (which may cycle between wide 1imits on a daily or
seasonal basis) will place extreme demands on the stability requirements for
these interfaces. Diffusion into the bulk and along grain boundaries perpen-
dicular to the bulk can convert an initially plane interface into a convoluted
profile. Corrosion can be expected to accelerate at the interface, short-
circuits or dielectric breakdown can occur due to metallic penetration along
defects or grain boundaries,and erosion of the solid surfaces can occur due
to chemical reactions or ablation by wind-driven particles. Such phenomena
will occur in a wide variety of chemical systems with a wide variety of struc-
tural configurations and physical properties on spatial scales extending from
the macroscopic (visible by eye) to the atomic (visible only by the most
advanced, but still imperfect, means at our disposal).

Needs clearly exist for determination of chemical composition in a direc-
tion perpendicular to interfaces in order to assess first whether devices have
been constructed as designed, to determine mechanisms causing degradation in
performance, and finally to determine suitable monitoring procedures. Profil-
ing parallel to the interface boundary also is needed to deal with the nonplanar
surfaces encountered in real devices. Such studies will have to be correlated
with physical behavior such as optical properties, strength, adhesion, contact
resistance, etc., and will range from large dimensions (e.g., for optical prop-
erties one micrometer or more) to the atomic scale to develop an understanding
of the underlying atomic mechanisms. Indeed, not only is chemical information
needed on a fine scale but also is knowledge of the valence-electronic struc-
ture, particularly when electronic devices are in question. The physical
atomic structure, i.e., the arrangement and spacing of atoms in the neighbor-
hood of the interface, also is often of considerable importance.' The initia-
tion of degradation mechanisms, for example, may well initiate from an unusual
atomic arrangement (i.e., defect) in the interface structure. Finally, we
note that it is very desirable to develop an understanding of these interfaces,
in place and under the conditions in which the device is being used, i.e., "in-
situ."” Only in these circumstances can one be sure that the underlying mech-
anisms are correctly identified. :

Much progress has been made in microcharacterization techniques in the
past twenty years but a comparison of these techniques with the needs outlined
in the previous paragraph reveals major inadequacies. "In-situ"techniques
have received very little-attention and much greater effort must.be invested.
The most dramatic progress in recent years has been made in surface-analytical
techniques as a result of the development of various ion, electron and photon
probes and ultrahigh vacuum techniques. -Even here, satisfactory:interpreta-
tion of all the available data has been achieved in relatively few measurements
and then only when the sample surface is exposed to a gaseous environment at
very Tow pressures. Profiling of S/S interfaces has been achieved by sputter-
ing techniques but evidence is accumulating of severe modification of the
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interface during the sputtering process. The surface techniques also are
limited in lateral resolution. Clearly, efforts must be made to overcome these
limitations. New techniques being developed in analytical electron microscopy
offer promise of complementing the surface technologies and should be developed.
Electron microscopy techniques in general have not been as widely used as war-
ranted. Wider use of characterization techniques in concert than is currently
evident is recommended since all techniques have Timitations and provide dif-
fering insights; a broad scale attack is more likely to provide reliable infor-
mation. Reliable use of all techniques requires care. In almost no case is
the basis of knowledge of any of the techniques adequate. Theoretical develop-
ment of the understanding of the electronic mechanisms underlying the probe-
response being exploited and background reference data (e.g., cross sections)
are -badly needed to approach quantitative results. Instrumental improvements
and totally novel characterization approaches are also needed, particularly for
"in-situ" characterizations of S/L, S/G interfaces.

II. DEVELOPMENT OF MICROCHARACTERIZATION NEEDS/OPPORTUNITIES

This chapter addresses the issue of the structural, chemical, and electronic
characterization of interfaces in solar energy conversion technology. By con-
sidering examples of the interfaces occurring in solar devices such as mirrors,
absorbers, transmitters, and photovoltaic cells, an assessment of the adequacy
and limitations of existing, emerg1ng,and needed approaches to the problem was
deve]oped

Spec1fic_interfaces of significance to solar energy technology span a wide
range in character. Mirror reflectors, for example, as currently manufactured,
comprise multilayer structures composed of glass-tin oxide diffusion barrier-
silver-copper-protective paint. In this structure S/S interfaces made up of
ceramic/ceramic, ceramic/metal, metal/metal and metal/polymer coexist within
distances of a few hundred nanometers or less.. To be cost effective, solar
energy installations need cheap. devices with long lifetimes of the order of
30 years under: exposure to atmospheric conditions and elevated temperatures.
Lifetimes of this length combined with nanometer distance scales place extreme
demands on the stability of the microchemistry and microstructure of the system.
Indeed, it is already apparent that such systems are susceptible to corrosion
and degradation on time scales much shorter than those required and thus improve-
ments of such devices will be necessary. As corrosion and degradation are ini-
tiated at the most susceptible interface, it is evident that interface micro-
characterization (specifically composition and structure) is required to iden-
tify, monitor and control those factors which limit device performance and to
develop dev1ces with improved performance, lifetime, or eff1c1ency

In deve]op1ng a solar device such as an 1mproved mirror to meet conditions
such as those outlined above, a number of distinct needs for microcharacteriza-
tion are requ1red These include: i :

(a) The need to ensure that the device as constructed does indeed meet
design specifications. Have the right materials been laid down in the con-
figuration env1s1oned7

(b) The need to ensure that the device is reproduc1b1e If two devices
made under apparently reproducible conditions do not behave identically, the
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difference will often be related to microcharacteristics. Such differences
will then, in many cases, indicate the reproducibility one can achieve.

(c) The need to determine the precise cause of failure of the device from
degradation in performance as a result of long term diffusion, corrosion, or
other causes from atmospheric exposure. Such degradation will arise from
changes in the microchemical structure and accurate determination of such
changes will be necessary to identify the underlying mechanisms and to estab-
Tish corrective actions.

(d) The need to predict lifetimes with confidence over a 30 year period
from accelerated bench tests. Extrapolation over such a long period will be
dangerous if based solely on empirical tests. Reliable prediction can only be
achieved with confidence if an understanding of the underlying atomistic behav-
ior is also achieved so that the progress of degradation can be described with
confidence.

(e) The need to develop simple field diagnostic tests to monitor progress
of degradation. Such tests will undoubtedly involve measurement of a macro-
scopic property that can be monitored with simple apparatus on a routine basis.
Nevertheless, the validity of such tests will be established with a detailed
knowledge of the progress of the microchemical changes of the sample (which
might well dictate the need for more than one such procedure).

Similar considerations to the above apply to a number of other solar
devices, in particular, to selective solar absorbers and to photovoltaic
devices. In the one, the absorptive properties depend in a number of instances
on a variation of microstructure involving a cermet (ceramic metal composite)
with microchemical variations again on a microscopic spatial scale (~10 nm).
In the other, one is dealing either with a heterojunction directly, e.qg.,
€dS/Cu,S or with questions involving metallization on top of a semiconductor.
For these S/S interfaces,additional questions arise concerning the micro-
electrical pruperties of the interface. - Detailed knawledge of the micro-
chemical and microstructural properties of these interfaces will also turn out
to be necessary in improving performance, lifetime,and cost effectiveness.

The oral presentations to the workshops and conclusions of the other work-
ing groups have identified many other interfacial problems, not only in S/S
but also in S/G and S/L interfaces. The initial stages of nucleation and film
growth, for example, are not well understood and it is not now feasible to con-
trol deposition conditions adequately so that films with common properties can
be prepared in different laboratories; more importantly, film properties usually
cannot be adequately predicted based on knowledge of deposition conditions.
Relatively simple models have been proposed to describe, for example, the ener-
getics of S/S interfaces and the double layer at solid/electrolyte interfaces,
but basic assumptions and deductions have often not been verified due to the
lack of adequate structural and chemical characterization methods. An example
of an important S/G interface where this applies is the corrosion and degrada-
tion of mirrors exposed to the atmosphere. A revolution has occurred recently
in our understanding of the solid/vacuum interface as 4 result of the develop-
ment of surface spectroscopical and characterization techniques which provided
physical insight that completely changed our perspective. It is not too
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unreasonable to expect a similar change in our thinking should equivalent
approaches be generated in studies of the S/L, S/S, and S/G interfaces.

Given thé stability requirements outlined above and other considerations,
some general conclusions can be drawn:

(1) It is not possible to predict or control many interface properties
without detailed knowledge of the composition and structure and
without validated theses and models of interfaces and of the chemical
and atomic processes occurring there. Measurement of interface prop-
erties and processes must usually be made on a scale of atomic dimen-
sions normal to the interface and at least submicron dimensions parallel
to the interface.

(2) The ability to desigh solar devices with improved properties depends
on the acquisition of structural and chemical knowledge of interfaces
of many classes of materials.

(3) The lack of adequate interfacial characterization methods is a major
barrier to solar technologies.

A general basic research goal of microcharacterization studies should therefore
be to develop the atomic mechanisms underlying chemical (and associated physi-
cal) changes at interfaces coupled with the deliberate development of existing
techniques, theoretical understanding, and novel approaches to microcharacteri-
zation. In the following sections of the document,we review specific inter-
faces and identify examples of need, discuss briefly various techniques for
microcharacterization,and summarize our recommendations for action with prior-
ities.

III. INTERFACES IN SOLAR ENERGY TECHNOLOGIES
A. S/S Interface

The S/S interface represents combinations of materials classes such as
metals, ceramics, glasses, sem1conductors, and polymers. In characterizing
such interfaces, we are interested in re]atlng the mechanical (adhesion, creep,
etc.), electrical (resistivity, barriers, etc.), and chemical (oxidation, phase
change, etc.) properties of the interface to their structural (atomic arrange-
ment including defects) and chemical (elemental and chemical compounds) con-
figurations. The terms structural and chemical configuration are meant to be
global terms. For example, structural includes the atomic arrangement (e.g.,
epitaxy), defect structure (e.g., dislocation array in a grain boundary), and
the chariges in these structures with time and temperature with forces acting
on the solid. Chemical configuration includes elemental composition, combina-
tion of elements into compounds (e.g., oxides, intermetallics, etc.), and
changes in these with time.

There are many specific examples of S/S interfaces in solar materials,
for example, the grain boundaries in polycrystalline photovoltaic materials,
multilayer metallized reflectors, multilayer selective absorbers, antireflec-
tion coatings on transmitters. We have a reasonable array of techniques for
studying many of these S/S intdrfaces, but some areas clearly deserve more atten-
tion.
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In the case of metal/metal interfaces, the analytical techniques of
AES, XPS, ISS, SIMS, RBS, and NRA have proven very useful in characterizing
elemental composition. The spectroscopic techniques of AES, XPS, and SIMS
can in principle provide the chemical structure at and close to the boundary
through the use of depth profiling by sputter etching. Unfortunately, as
individual experience with sputter etching has been accumulated [1], so has
evidence that the use of sputtering to expose the interface may destroy the
intrinsic character of the interface being studied. The reduction in depth
resolution that occurs in sputtering lowers significantly the available infor-
mation at- an atomically sharp interface. To the degree that this in fact can
be circumvented by modeling or by loss of detail, these techniques can provide
a measure of chemical profiles at interfaces. Improvement in these techniques
could lead to much better depth profiling and to much improved understand1ng
of interface characteristics.

The atomic arrangement and defect structure at these interfaces have not
received comparable attention in spite of the availability of electron micros-
copy techniques (weak beam, dark field, high resolution) which have been used
with considerable effectiveness in the study of grain boundaries. Such studies
can be readily tackled with films of grain sizes greater than one micrometer
but may encounter complexity of detail at smaller grain sized films. Thus care
in instrumental performance (stabilities, etc.), skill in interpretation and
exploitation of newly emerging techniques such as convergent beam m1crod1ffrac-
tion will all be necessary at this level.

Similar comments may be made about metal/semiconductor, metal/glass,
metal/ceramic, semiconductor/ceramic interfaces in solar systems, i.e., the
elemental composition can be determined but considerable research is needed
in developing our concepts of the interfacial structure and structural evolu-
tion. High resolution electron microscopy, for example, has revealed an
atomically smooth interface between Si and S102 giving a crystalline to amor-
phous transition over a very few atomic spacings [2]. Analytical electron micros-
copy techniques in principle ran provide valuable chemical and spectroscopic
information on a scale approach1ng this but has not yet reached the same stage
of application.

A particular case in point is the class of interfaces using polymers.
For solar systems to be cost effective, extensive use of polymers will be
necessary. Polymers are light weight, relatively cheap, and can be impervious
to atmospheric corrodents. Therefore, polymers may be used for support mate-
rials (such as the base for reflectors or structural members.for heliostats) or
as protective coatings (such as on the backside of silver reflectors or the
outer surface of transmitters containing heat transfer fluids). Presently,
profiling of polymer surfaces by XPS can be accomplished in part by varying
the photoe]ectron "take-off" angle and thereby varying the electron escape
depth. This is insufficient for profiling over depths of more than 5 nm.
Thus, the above discussion calling for 1mproved depth profiling techniques is
equa]]y valid for solid/polymer interfaces; i.e., it is critical that tech-
niques be developed which do not disrupt chem1ca] bonds over depth into the’
solid equal to the detection depth of the analytical technique (i.e., depths
of ~2 nm for XPS analysis). Obviously, alternative and even completely novel
approaches to these systems (i.e., solid/polymer) should be encouraged.
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B. S/G Interface

An understanding of and ability to measure the S/G interface as related
to the solar energy area involves two major concerns. One is related to the
fabrication of devices and structures and the second concerns the exposure of
these devices and structures to gaseous environments during their Tifetime,

An example of the fabrication area is the deposition of a thin film in a
Tow pressure (high vacuum) environment which must have certain mechanical,
electricalsand/or chemical characteristics. One must know such things as the
order, or lack thereof, of the solid surface (using, for example, LEED or
RHEED), the elemental composition of the surface (using AES, ISS, static SIMS,
etc., for analysis), the chemical state of the surface composition (using XPS,
ESCA), the surface morphology (using SEM), and gas composition during the film
deposition (using RGA).

An example of the second concern 1s the exposure of a film (as part of a
photovo]ta1c cell, a passive solar thermal collector, etc.) to the air as it
is being used. For example, if the atmospher1c oxidation of aluminized reflec-
tors over 30 years is to be.understood, the phenomena of low temperature oxida-
tion must be studied. . Therefore, the nucleation and growth of oxide islands
might be characterized by quantitative LEED analysis, and the influence of
surface imperfections upon this process quantified, again by LEED. Quantitative
AES and XPS would then be used to study the subsequent chemical states and con-
centrations of surface elements. By quantitative analysis, the amount of sur-
face hydration could be determined and perhaps related to dust particle adhe-
sion. Adsorption isotherms of trace quantity atmospheric pollutants such as
H,S and HX50y products could be determined.

Polymer systems used as structural members or protective coatings as dis-
cussed above can be taken as a second example. Their interface with the atmos-
phere will be subjected to oxidation both as a result of active radicals from
the atmosphere and molecular- bond-breaking and molecular degradation from
photon irradiation. Our ability to analyze the polymer/air interface is by,
itself very limited. Electron beams can be used for high spatial resolution
analysis but they generally destroy the polymer molecules. This may be accept-
able in some instances such as copper diffusing into polymer protective coatings.
In general, though, electron and ion beam techniques tend to modify the polymer
material very rapidly and have proven useful only in Timited cases under very
restrictive conditions (e.g., diffuse beams, extremely low beam currents,and
small particle fluence) with techniques such as-HVEM, ISS, and SIMS. XPS is the
most widely used method currently. available for d1rect nondestructive chemical
state and elemental analysis. Multiple reflection infrared spectroscopy (MRIS)
can sometimes be used with sufficient surface sensitivity to study polymer/gas
interfaces. For "in-situ" analysis, macroscopic property techniques such as
wetting-angle measurenents are therefore often used for indirect surface char-
acterization. It is critical therefore that techniques be developed which
are sensitive to the surfaces of polymeric coat1ng These techn1ques must be
capable of analyzing the chemical.bonds present in the polymer prior to any
bond rearrangement induced by - the ana1yt1ca1 technique, and should be capable
of analysis at pressures near atmospher1c Ideally, relatively cheap, reliable
and portable instruments using .these techniques should become available for

. "in-situ" measurement of surface conditions. Optical methods do not now have
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the elemental sensitivity or specificity for routine use although they could

be used to monitor changes in surface and interface conditions. Possibly, they
can be developed as monitors of large area devices and used as feedback elements
in processing control systems.

Analysis of the S/G interface is the most advanced area of research in
surface science. Many techniques (such as those listed above) have been
developed and used by many people. A fair understanding of these techniques
and how to interpret the data obtained from them is available. Improvement of
the techniques as such is clearly necessary to provide for further exploitation
by generating progress in the areas of quantification, understanding of funda-
mental scattering, minimization of analytical artifacts and specimen preparation.
Even so, in only a few model systems has genuine understanding been achieved
such that predictions of long term behavior can be made with confidence. This
conclusion is again based on measurements made in extremely low pressure systems
and extrapolation from such results to the prediction of behavior over a 30 year
time span under atmospheric exposure appears unwarranted without validation with
"in-situ" systems. The point can be made succinctly with Fig. 1 giving pressure
and temperature scales. The different regimes in which solar devices operate
and the available analytical techniques are evident.

C. S/L Interface

The S/L interface also is important to solar energy conversion. For
example, photoelectrochemical energy conversion systems are based on a semi-
conductor/electrolyte interface. Photoelectrolysis cells and photocatalytic
cells are also dependent upon S/L interfaces. For the development of new
electrolytes, electrodes, and catalysts, and to investigate the degeneration
of these systems,knowledge about the chemistry and structure of these S/L inter-
faces is required. More general S/L systems will also involve the liquid trans-
fer media in heat transfer systems, molten salts, etc., in heat storage systems,
and the like. Perhaps the most obvious mechanism of degradation in these sys-
tems is corrosion, i.e., chemical attack of the solid at the interface. Studies
of micropitting at the interface clearly call for microcharacterization and
microanalytical techniques. Identifying the underlying atomic mechanisms and
monitoring the progress of the reaction will be necessary both to devise protec-
tive measures extending the lifetime and to predict the lifetime with confidence.
The study of S/L interfaces is not a new discipline; however, there are almost
no studies that determine the atomic structure of the S/L interface nor the
chemical or electronic structure on an atomic scale, i.e., there is a lack of
spectroscopic methods for characterizing these interfaces. We need approaches
to these interfaces that have a similar sensitivity and specificity as those
developed for the solid/vacuum interface.

There are two general types of measurement that can be made with these
systems. First, there are those wherein the solid electrode surface is removed
from the liquid medium and after carefully selected treatments (which may in-
clude rinsing, drying, transport) is examined by. the usual solid surface analy-
tical methods (SEM, EMPA, AES, XPS, RBS, SIMS, etc.). Such measurements can
provide a large amount of information about the chemical and structural prop-
erties of these surfaces, and for some systems they represent, at present, the
only viable methods. What such measurements cannot provide is assurance that
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the surface so examined is representative of the surface as it existed in the
operating cell.

The second general type of measurements are "in-situ" measurements. These
“in-situ" measurements are expected to be of critical importance to understand-
ing the interface. Certainly work on "dried out" electrodes and catalysts
should be extended, but it must be correlated w1th "in-situ" measurements to
guard against artifacts, etc.

For "in-situ" work, electrochemical measurements can detect very small
changes in the interface but they cannot, in general, describe the mechanism
of such a change. The "in-situ" methods that can provide such information
are the optical spectroscopies such as laser Raman spectroscopy and infrared
and multiple reflectance infrared spectroscopies. Novel methods, at least as
applied to S/L interfaces, should be investigated. Such novel techniques can
include surface enhanced Raman spectroscopy, laser fluorescence, HVEM with
liquid cells, nuclear hyperfine structure, etc. These techniques would also
be needed to validate "ex-situ" methods.

IV. INTERFACE CHARACTERIZATION
A. General Requirements for Interface Characterization

The interface between two (or more) phases can be identified by the varia-
tion of composition or structure with position. Some interfaces may be sharp
on an atomic scale (e.g., grain boundaries) while others may be more extended
(e.g., interdiffused layers). A given interface property (e.g., mechanical,
chemical, or electrical property) may require characterization of the inter-
face on a range of scales ranging from the macroscopic dimensions of a particu-
lar device to atomic dimensions, i.e., from concern with physical properties
and engineering performance to developing an understanding of chemical and
electronic processes at the interface. In all cases, an analysis needs to be
made of how the particular interface property depends on the expected or possible
variation of structure, elemental composition, or ¢hemical environment with
position both normal and parallel to the plane of the interface. An assessment
needs to be made of the interface homogeneity or heterogeneity; that is, whether
variations of structure or composition in a given region of the interface are
similar or different to other regions. Interface characterization with a range
of spatial resolutions varying from atomic dimensions to microscopic dimensions
is therefore required. Specific needs for the structural and compositional
characterization of the many S/S, S/L, and S/G interfaces of interest to solar
technologies are given in the reports of the other working groups; some examples
are given above. In most cases, the characterizations have to be made on a
large variety of interfaces of real devices. In addition, characterization of
model interfaces prepared under more ideal conditions should also be used to
develop the knowledge required for the prediction and control of interface
properties.

B. General Approaches to Interface Characterization

Several different general approaches are now used for interface charac-
terization. First, the S/G interface can be characterized by numerous
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techniques when the gas pressure is very low (i.e., in UHV) but there are
relatively few techniques that can be used for "in-situ" characterization of
the S/G interface when the gas pressure corresponds to that in the atmosphere.
While gas can be removed at different stages of a S/G reaction, for example,
so that the solid/vacuum interface can be characterized, additional diagnostic
techniques need to be employed to ensure that changes in gas pressure do .not
s1gn1f1cant]y change the measured surface properties. Second, the techniques
for "in-situ" characterization of the S/L interface are extreme]y Timited.
Attempts are currently being made by several groups to remove the liquid in a
vacuum environment with subsequent examination of the solid by "surface" spec-
troscopies. The general validity and utility of this approach still remains
to be demonstrated. Finally, S/S interfaces can be.characterized by one or
more of the following approaches:

t(]) 'non- destruct1ve" exam1nat1on of m1croscop1c thin f11m devices (e.g.,
RBS); o

(2) removal of solid material by mechanical means or in sputtering in con-
junction with "surface" spectroscopies to obtain compositional infor-
mation as a function of depth from the original surface; and

(3) examination of thinned samples by transmission electron microscopy and
diffraction. .

These three lead to the f0110w1ng requirements: for non-destructive charac-.
terization, the use of the méthods with sufficient sensitivity and spatial
resolution to characterize compos1t1on as .a_function of depth; the use of :
material removing techn1ques which minimize unwanted changes and damage in

the sample; and for the characterization of thin samples by analytical electron
microscopy, the deve]opment of techn1ques for the preparation of representative
samples. . : .

C. Discussién'of Interface.Chara;terization Techniques

Table 1 is ‘intended to illustrate the variety of techniques which have
been utilized for the structural and chemical characterization of S/S, S/L,
and S/G interfaces: It also illustrates where significant improvements of
.character1zat1on capab1l1ty are requ1red

Descr1pt1ons and evaluations of ‘the common]y used techniques are given
in recent review articles [3-6] and. no attempt will be made here to duplicate
this material with respect to parameters such as sens1t1v1ty, resolution, etc.
We do provide the caution .that consideration has to be given to the care with
which such parameters are specified since different problems often require
different approaches and trade-offs; simple blanket comparisons of performance
can often be misleading when out of context. A parallel word of caution re-
flects an apparently often overlooked point, namely, that the quality of the
scientific results obtained from an instrument reflects not only the instrument
but also the caliber of the scientific staff using the instrument. It is not
enough to invest money in an instrument--care must be taken to provide adequate
engineering support staff for maintenance, operation and in many cases ongoing
development together with appropriately trained scientists able to provide high
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Table 1. INTERFACE CHARACTERIZATION TECHNIQUES AND NEEDS
Interface Present Techniques " Needed
Structural SEM, optical microscopy, HEED, Determination of morphology with atomic
Characterization LEED, XRD, ion channeling, FIM, resolution.
ellipsometry, EXAFS. Non-destructive techniques for charac-
terization of polymers.
Elemental . AES, XPS, SIMS, ISS, RBS, NRA, Non-destructive depth profiling methods.
Identification PIXE, APFIM, laser microprobe Methods of "in-situ" observations (e.g.,
analysis, EELS-core levels, EDXA. sample under stress and high tempera-
SOLID/ ture conditions). ‘
SOLID Improved interface resolution.
Methods of thin film specimen preparation.
Non-destructive methods for analysis of
polymers.
Chemical-State XPS, SIMS, IR, EELS Profiling techniques which do not change
Characterization chemical state of material.
Methods with improved spatial resolution.
Methods for “"in-situ" chemical-state
analysis.
Structural IR, Raman spectroscopy, ellip- Methods for "in-situ® structural deter-
Characterization sometry, inelastic neutron spec- mination at atmospheric pressures.
troscopy, optical microscopy, Methods for structural determination
and "ex-situ" use of LEED, RHEED, with atomic resolution.
ESDIAD, UPS, electron channeling,
ion channeling, surface EXAFS,
and vibrational EELS.
SOLID/ » . "
GAS Elemental EDXA, RBS, NRA, PIXE, and "ex- Methods for "in-situ" elemental
Identification situ” use of surface spectros- identification.
copies (AES, XPS, SIMS, ISS,
APFIM, and EELS-core Tevels).
Chemical-State IR and Raman spectroscopy, inel- Methods for "in-situ" chemical-state
Characterization astic neutron spectroscopy, "ex- analysis.
situ” use of surface spectros-
copies (XPS, ESDIAD), vibrational
ECLS.
Structural XRD, ellipsometry, Raman spec- Further development and evaluation of
Characterization troscopy, electrochemical Raman spectroscopy. ' '
techniques. Methods for structure determination with
atomic resolution.
Elemental Carbometry, laser fluorescence Methods for "in-situ" elemental identifi-
SOLID/ Identification spectroscopy, "ex-situ" use of cation.
LIQUID surface spectroscopies (AES, XPS,
1SS, SIMS).
Chemical-State IR spectroscopy, laser fluores- Methods for "in-situ" chemical-state
Characterization cence spectroscopy, Raman spec- analysis.

troscopy, "ex-situ" use of
surface spectroscopies (XPS,
SIMS).

Characterization of double layer at metal/
electrolyte interfaces.




227

Tevel consulting advice, direction,and interpretation. A scientific staff
of the necessary caliber usually requires an active research program.

The techniques shown in Table 1 are in varying stages of development.
For some, commercial instrumentation is available. Even with the more widely
utilized and available techniques (e.g., AEM and AES), substantial advances in-
capability are being made. Substantial gaps in supporting knowledge and data
still remain (e.g., information on scattering cross sections, reliable methods
of data reduction, and relationship of spectral line shapes to chemical environ-
ment). It is therefore believed that substantial developments of the newer
techniques (e.g., LRS and EXAFS) will be required to permit improvements in
their utility and range of applicability over the next few years.

It is also clear from Table 1 that while many of the techniques provide
useful diagnostic information, information has often been obtained under cir-
cumstances where appreciable modifications could have occurred (e.g., damage
by ion sputtering, removal of a solid sample from a liquid or a gaseous envir-
onment). There is a clear need for "in-situ" methods of interface characteri-
zation. Bearing in mind the complexities which have been found with the
commonly used surface spectroscopies (AES, XPS, SIMS, ISS) and known limita-
tions of existing optical methods (e.g., ellipsometry for S/L characterization),
it is believed that combinations involving at least two techniques (e.g.,
ellipsometry, laser fluorescence spectroscopy, Raman spectroscopy) to specify
interface composition and structure will be required. New approaches which
are more reliable and-sensitive for interface characterization are urgently
required. Likewise, innovative approaches that minimize the perturbing
effects of the incident radiations are also important.

Most of the techniques for microchemical analysis provide data for an
"information volume" that will contain the interface and the surrounding medium
and do not usually provide data with atomic resolution. It is believed that
high ‘resolution analytical electron microscopy and atomic-probe field ion
microscopy could provide vital information relating both composition and struc-
ture of interfaces with atomic or near-atomic spatial resolution. Such informa-
tion could provide the key for the understanding and future control of interface
properties. The increased use of analytical electron microscopy and atom-probe
field ion microscopy will require development of refined methods of specimen
preparation.

V. RECOMMENDATIONS

A central theme evident from much of the early part of this chapter, as
well as others in this workshop, is the need for "in-situ" studies of "real"
systems as well as model systems, i.e., studies of S/S, S/L, or S/G interfaces
under conditions that closely simulate if not exactly match conditions met in
the field. It is an area that is relatively difficult and not much work has
been carried out as a result. Development of a good understanding of atomic
mechanisms underlying degradation of these interfaces is considered crucial
to the development of reliable predictive capability, and to methods of en-
hancing device lifetimes. Even if the only result of "in-situ" studies is to
provide checks on much more extensive experiments carried out by other means,
this validation would be a crucial step in understanding these systems.
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However, "in-situ" studies also hold promise of development of methods of

' monitoring process parameters during film or coating manufacturing procedures.
The appropriate feedback of such monitoring so as to control process para-
meters can be expected to improve considerably the yield of manufactured
devices of suitable quality. Accordingly, our recommendat1ons include the
following w1th an assessment of cruc1a1

° Deve]opment of photon and ion ‘analytical techn1ques for “1n situ" v
characterization of the S/L and S/G 1nterfaces (e.qg. 5 laser, Raman, IR
and related techniques, RBS, and NRA).

® Exploitation of "in-situ" environmental stages in high voitage (1 MeV)
electron microscopy, preferably w1th ana]yt1ca1 capabilities for §/S,
S/L and S/G interfaces.

Some general comments on these are as follows. Successful achievement of
"in-situ" measurements involves the passage of a probe part1c]e through bulk
material, interaction with the interface, and then some signal has to propagate
out. This often entails use of high energy probe particles, including photons.
For example, the energetic ion beams techniques of RBS and NRA are now pro-
viding "in-situ" elemental analysis of S/S interfaces and offer some promise
of "in-situ" analysis for S/L and S/G (atmospher1c pressure) analyses.

With respect to the S/S dinterface, RBS and NRA have clearly been shown
capable of analyzing an interface at a depth from the surface of 31 um in
many materials. This would prove very useful in solar materials, for example,
when applied to interdiffusion of Cu into Ag mirror layers. Another example
would be oxidation of Ti adhesion layers under Ag metallization on solar cells.
NRA could be used, for example, to measure the amount of H incorporated into the
Ti layer under Ag. At high levels of incorporated H, stresses sufficient to
cause Ag delamination could result. It is obvious therefore that RBS and NRA
can be more extensively used for "in-situ“ analysis of the S/S interface '

Since the energetic primary ions uqed in these techn1quo° will pcnctrate
into a solid ~1 um, they should penetrate through gases and liquids. for dis-
tances at least that great. Therefore, it is entirely feasible to envision .
the use of small windowed reaction cells in.which the S/G and S/L interfaces .
m1ght be studied under "in-situ" conditions. This would clearly be desirable
in studies of photoelectrolysis of water, su1f1dat1on of silver reflectors, or
surface segregation induced by oxidation of Al- Ag alloys. Therefore, the con- "
tinued use of RBS should be’ encouraged for stud1es of all three types of inter-
faces. . '

In electron microscopy, "in-situ" techniques have been developed over a
long period of time with the construction of env1ronmenta1 stages providing
heating/cooling, stra1n1ng, specimen orientation changes, etc., within a
gaseous environment. A primary limitation has been specimen preparation, but
the deVe]opment of high voltage microscopy (at 1 MeV) reduces this lTimitation
considerably since much thicker samples then become transparent to electrons.’
Much interesting work has been carried out overseas, at Imperial College,
London, for example, where direct observations of the reduction of hematite
have been carried out [7]. Development of electron spectroscopy techniques
at these voltages (as carried out at Tou]ouse, France 87, for example) and
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X-ray detection capability will add spectroscopic information to the spatial and
diffraction capability. The Department of Energy has established HVEM centers
at Argonne National Laboratory, Oak Ridge National Laboratory, and Lawrence
Berkeley Laboratory. For information on the submission of user proposals to
these facilities, the contracts are ORNL: Dr. J. Bentley (615-574-5067); ANL:
Dr. A. Taylor (312-972-5005); and LBL: Dr. K. Westmacott (415-486-5663). In
addition, the University of I11inois has established a Center for Microanalysis
of Materials; for microstructural analysis, the contact is Prof. H. Fraser
(217-333-1975) and for microchemical analysis, the contact is Dr. P. Williams
(217-333-0386). These facilities should be extensively used in the solar
technology thin film problem area.

Finally, we note the promise of photon analytical techniques based on
optical spectroscopies (e.g., LRS and IR) for these systems transparent on
at least one side to optical radiation. These techniques should be used as
probes of such interfaces. Again, however, any novel approaches to these
interfaces should be encouraged to the point where serious critical evaluation
of potential benefits can be made.

The above recommendations were concerned primarily with the S/L and S/G
interfaces. The group also makes the following recommendations,also judged -
“crucial,"”" with respect to the study of S/S interfaces:

® Improved depth profiling techniques are needed for use in S/S inter-
facial analysis.

® AEM techniques should be applied for characterizing solar material inter-
faces.

While surface spectroscopies, such as AES, XPS, ISS, and SIMS have proven
to be extremely useful in analyzing interfaces in solar materials, there is
considerable room for improvement especially when the interface lies deeper in
the sample than the analysis detection depth (i.e., deeper than ~5 nm). For
such interfaces, depth profiling is necessary and if jon sputtering is used it
is difficult to achieve atomic resolution in depth profiling, or retain chemical
state information at the interface. It is critical therefore to develop alter-
native methods of depth profiling. This is especially true for polymer films.
Other examples include the heterojunction region in CdS/Cu.,S photovoltaic
devices, passivation layer interface on Si solar cells, thg glass/Ag interface
on solar reflectors, and the absorber/low emitter interface in selective solar
absorber films. In each case, improved techniques are necessary which would
allow profiling through the overlying film such that the interface was reached
simultaneously over the entire analyzed area, and allow profiling to the inter-
face and still retain metals in the oxide, sulfide, sulfate, etc., state at the
interface for chemical state analysis. Possible candidate techniques in this
respect are microsection oxidation and chemical stripping, angle lapping,:
microsection polishing, microsection chemical etching, and modification of
sputtering equipment and procedures.

An alternative approach to the S/S interface involves the exploitation of
recently emerging developments in AEM. Development of the field emission gun
at the University of Chicago [9] made practical STEM which with the addition
of microdiffraction, X-ray fluorescence detection,and EELS has extended our
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capabilities in electron microscopy. Many of the problems identified in
Chapter X concern the need for composition profiles as a result of complex
diffusion patterns along grain boundaries or through the bulk. For example,
diffusion along grain boundaries can rapidly turn an initially flat profile
into a convoluted profile with lateral variations on the scale of the grain
size. Such patterns can, for example, be expected in multilayer structures
such as mirrors and in addition can occur in materials prepared for photo-
voltaic devices. Since the distance scales are so short (<100 nm) these
represent extremely difficult technical problems. Exploitation of field
emission STEM. in this area appears promising; this method should be valuable

as a complementary tool to the surface spectroscopies in that it provides a
point-probe analytical capability as opposed to a surface capability. It
should be noted, however, that for this developing technique, attention will
need to be paid to the underlying physics of the probe interactions, to improv-
ing the instrumentation, and to providing needed data (e.g., interaction cross-
sections) if the full potential is to be realized.

The group also regarded as crucial the following recommendation concerning
the surface-analysis techniques now in common use:

® Development of methods for quantitative surface analysis, characterization

ofdbgﬁmsartifacts, and improved methods of data analysis for AES, XPS, ISS
an MS.

Although these surface-analysis techniques are in common use for a great
variety of applications, most analyses are qualitative, not quantitative.
Reliable procedures need to be developed to derive elemental concentrations
from observed intensities. More information needs to be obtained on the basic
physics of the interactions (e.g., on spectral lineshapes and the origin of
satellite features to enable meaningful intensity measurements). Procedures
need to be developed to ensure that the instruments are operating correctly
(e.g., the transmission function of the analyzer system needs to be determined).
Finally, standards are required not only for the different methods of surface
analysis but also to calibrate the depth scales when depth profiles are obtained
with a surface-analysis technique in combination with sputtering. Quantitative
measurement of trace-level impurities, for example, on Si or compound-semiconductor
surfaces prior to deposition of a passivation coating could allow a correlation
between impurity concentration and electrically active surface-recombination
centers in solar cells.

A1l analytical methods are based on the assumption that the probing par-
ticles or radiation do not significantly disturb the sample. The surface-
analysis methods derive their surface sensitivities from re]ative]y large
scattering or interaction cross section and, as a result, there is often the
risk of serious sample damage. The ijon methods are 1nherent1y destructive
unless applied in the "static" mode where the incident ion current density is
low and, as a result, the spatial resolution is poor. Progress is being made
in documenting the rates of damage to different types of samples exposed to
electron, ion, and photon beams but much more data is required as well as an
improved understanding of damage (and healing) mechanisms.

The spectra measured by these techniques contain information related to
the chemical environment of the particular element. This information is




231

manifested in spectral lineshapes (AES), shifts of peak positions (AES, XPS),
positions and strength of satellite peaks (AES, XPS), ion yields (SIMS, ISS),
jon fragmentation patterns (SIMS), and changes of ion yield with incident
energy (ISS). Information on these phenomena is currently fragmentary but
would be extremely worthwhile in, for example, identifying the chemical com-
pounds present in interfaces. Auger peak-shape analysis can provide informa-
tion on the valence electronic structure localized to specific types of atoms,
e.g., dopants in Si solar cells. More data and information on the basic
physical mechanisms for each surface-analysis technique are required in order
to extract needed chemical information that is now present in the raw data.

Po1ymers are expected to play a significant role in solar devices. The
final crucial recommendation of the group was:

® Develop new and improved techniques for interfaces including polymers.

Polymers are light weight, relatively cheap,and can be impervious to
atmospheric corrodents. A prime function will be as protective coatings,
for example, as a paint film on the back of a mirror or as the outer surface
of a transmitter containing heat transfer fluids. In addition, polymers may be
valuable as support members. They are likely to be a significant part of solar
devices successful in meeting the requirements of cost effectiveness, relia-
bility,and long lifetime.

Research areas considered as important in furthering solar energy tech-
nologies in interface studies included two general areas. First, it is con-
sidered that inadequate use of general electron microscopy techniques (i.e.,
SEM) is made in studies of thin films. The assumption is often made that a
surface is planar. In many cases it is not and surface imperfections of vari-
ous kinds can make interpretation difficult. "Such difficulties can often be
resolved by use of electron microscopy. Some excellent UHV reflection electron
microscopy has recently been reported by Japanese workers [10]. Such techniques
may well contribute greatly in the immediate future. Hence, considered as
important for progress we recommend:

® Increased application of generaT electron microscopy techniques to solar
. materials (e.g., SEM, STEM, UHV reflection electron microscopy, high
resolution TEM). : .

An approach to studies of S/L or S/G interfaces is to permit the process
at the interface to proceed and at a selected moment remove the volatile con-
stituent. The solid surface left can then be examined under vacuum by the
techniques discussed above. It is important that this approach be validated
with whatever "in-situ" methods can be developed. Thus, recommended as
important, is:

® Correlation of "in-situ" interfacial measurements with results of parallel
experiments obtained after removal of the fluid.

Two areas received recommendations as useful. A method of probing grain
boundary- structure with atomic resolution has been in existence for a long time
but for various reasons primarily including complexity of equipment and diffi-
culty in specimen preparation is not widely used. This is field ion microscopy
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with atom probe capabilities and may well prove of considerable value, for
example, in studies of passivation at grain boundaries in Si. Thus wé recom-

mend as useful:
® Use of atom-probe field ion mfcroscopy and field desorption spectroscopy.

The second useful area is in the exploitation of existing national facili-
ties such as synchrotron radiation facilities, small angle neutron scattering,
etc., and the developing facilities at SERI uniquely suited to solar tech-
nologies. Efforts should be made to make the latter available, adequately
staffed and conveniently run so that the contributions that could be made by
scientific institutions elsewhere. Such contributions are likely to be useful
and also SERI staff may well benefit from the expertise that would then be
passing through the laboratory during the course of such interaction. We note
that analytical capabilities are available at SERI for SERI photovoltaic con-
tractors. Under certain conditions some of these are also available to others
involved in solar related research. For information contact Dr. P. R. Pierce
at 303-231-1361.

® Use of national analytical facilities should be greatly encouraged. When
possible, SERI fabrication, test and other facilities should be made avail-
able to outside users relevant to solar technologies.
The recommendations of the group are summarized in Table 2.
REFERENCES '
1. P. H. Holloway, Chapter IX, this volume (1981).

2. 0. L. Krivanek, T. T. Sheng and D. C. Tsui, Appl. Phys. Letf.,§g3 437 (1978).

3. Methods of Surface Analysis, ed1ted by A W Czanderna (Elsevier, New York,
1975). N

4., A. W. Czanderna, in So]ar Materials. Sc1ence L. E. Murr, (ed.), Academic
Press, N.Y., 1980, Chapter 3. : . .

5. Introduction to Analytical Electron Microscopy, edited by S. I. Goldstein,
J. J. Hren and D. C. Joy (Plenum, New York, 1979).

6. H. W. Werner, Modern Methods for Thin Film and Surface Analysis, Materials
Science and Engineering, 42, 1(1980)

7. J. R. Porter and P. R. Swann, Ironmaking and Steelmaking 4, 300 (1977).

8. B. Jouffrey, Y. Kihn, J. Ph. Perez, J. SeVe]y and G. Zanchi, Electron
Microscopy 1978, Proc. IX Int. Cong. on Elec. Micro., edited by J. M.
Sturgess (Micro. Soc. Canada, Toronto, 1978), Vol. III, p. 292.

[(e]

A. V.-Crewe, M. S. Isaacson and D. Johnson, Rev. Sci. Instr., 40, 241 (71969).
10. N. Osakabe, K. Yag1 and G. HonJo Jpn. J. App] Phys.,lgj L309 (1980).




Q]e 2. SUMMARY OF RESEARCH NEEDS AND OPPORTUNITIES IN MICROCHEMICAL AND MICROSTRUCTURAL CHARACTERI_ .. IONS

OF INTERFACES

Research Topic Relevance Priority
Development of photon and 1on "In situ" S/L interface studies; Crucial
analytical techniques for "in- Polymer interfacial studies; C
situ" characterization of the Photoelectrolysis, photoelectrochemical, photocatalysis;

S/L and S/G interfaces (e.g., System degradation by corrosion and oxidation;
laser, Raman, IR and related Accelerated aging. ‘
techniques, RBS and NRA).
Improved depth profiling tech- S/S interfacial ana]ys1s e.g., adhesion of reflectors Crucial
niques are needed for use in Sputtering results in (1) poor interfacial resolution
S/S interfacial analysis. and (ii) destruction of chem1ca1 1nformatlon,
Accelerated life tests.
AEM techniques should be S/S interface w1th atomic reso]ut10n, Crucial
applied for characterizing Interdiffusion, corrosion, oxidation, grain boundary
solar material interfaces. recomb1nat1on defect structure;
Spatial reso]ut1on >0.5 nm;
Composition ana]ys1s (2-10 nm area).
Exploitation of "in-situ" "In-situ" S/S, S/L, S/G studies; Crucial
environmental stages in high Mechanical structure and integrity;
voltage (1 MeV) electron micros- Corrosion and oxidation degradation;
copy, preferably with analytical Interdiffusion and adhesion; Microstructure;
capabilities for S/S, S/L and Grain boundary segregation; Growth changes.
S/G interfaces. '
Development of methods for quan- S/S and S/G interfacial studies;

titative surface analysis;
characterization of beam arti-
facts, and improved methods

of data analysis for Auger
electron, X-ray photoelectron,
jon scattering and secondary
jon mass spectroscopies.

Quantification of data for processing/property
correlations;

Quantification of data for accelerated life testing;

Data for model calculations of efficiencies.

Crucial
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Table 2.--continued.

Identify environmental test facilities;
Disseminate information;

Cost savings;

Rapid start-up on projects.

Research Topic Relevance Priority
Develop new and improved S/S, S/L and S/G interfacial ‘analysis; “Crucial
techniques for interfaces Sputter depth profiling destroys polymer bonding;
including polymers. Ultraviolet degradation of interfaces;
Radical oxidation; Interdiffusion and permeation.
Increased application of general S/S and $/6 1ntefface; Important
electron microscopy techniques Topography and structural analysis;
to solar materials (e.g., SEM, Phase changes;
~ STEM, UHV reflection electron Defect Structure;
microscopy, high resolution Cost =ffectiveness of system design.
TEM). '
Correlation of "in-situ" inter- S/L interfacial studies; Important
facial measurements with results Thermal solar and-electrode conversion processes;
of parallel,experiments. obtained Passivation of surfaces; System lifetime;
after removal of the fluid. Electrode 1nterfacialgstructures.
Use of atomfprobe'field ion S/S and S/G interfacial studies; Usefu?
microscopy and field desorption  Atomic resolution of structure and composition;
spectroscopy. . " Depth profiling layer by layer; Segregation;
S ' Bombardment and irradiation damage.
Institutional recommendations: A '
National analytical facilities: Cost savings; Facilities exist; Proper staffing Useful
reqiired; Use of solar materials encouraged;
e.g., Synchrotron; high voltage electron microscopes;
. ‘surface science regional instrumentation facilities.
SERI facilities: Identify fabrication facilities; ' -Usefu?l

vee



AEM
AES
APFIM
AR

i ARUPS
ATR

CVD

EAPFS

EDXA or EDX
ELS or EELS
EPMA

ESCA

ESDIAD

ESR

. EXAFS

" FDS

FEM

FET

FIM
HEED
HREELS
HV
HVEM

ITS or IETS

GLOSSARY OF ACRONYMS

~ Analytical electron microscopy

" 'Auger electron spectroscopy

Atom probe field ion mieroscopy

Anti-reflection (coating)

Angle resolved ultraviolet photoelectron spectroscopy
Attenuated total reflection

Chemical vapor deposition

Exteﬁded ‘appearance potential fine structure

Energy dispersive x-ray analysis |

Electron energy loss spectroscopy (ELS)

Electron probe m1croanalys1s

Electron spectroscopy for chemical analyss (see also XPS)

'Electron stimulated desorption ion angular dlstnbutlon

Electron spin resonance

" Extended x-ray fine structure spectroscopy

Field desorption spcctroscopy

Field emission microscopy

Field effect transistor

Field ion fni_croscopy '

High energy" electron diffraction .

High resolution electron energy loss spectroscopy

High vacuum

‘High voltage electron- mxcroscopy

"Inelastic tunneling spectroscopy
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IR

ISS
LEED
LEIS
LRS

LPE

MBE
MRIS
MOS
NMR
NRA
PIXE
PMRAS
PV

PVD
RA
RAIR
RBS
RGA
RHEED
SAM
SANS
SCANIIR

SEM

GLOSSARY OF ACRONYMS (continued)

Infrared

Ion scattering spectroscopy (sge also, LEIS)
Low energy electron diffraction

Low energy ion scatterin_g

Laser Raman spectroscopy

Liquid phase epitaxy

Molecular beam epitaxy

Multiple reflectance infrared spectroscopy .
Metal oxide semiconductor

Neutron magnetic resonance

Nuclear reaction analysis

Proton induced x-ray emission (also PIX)
Polarization modulation reflection absorption spectroscopy
Photovoltaic

Physical vapor deposition

Reflection absorption

Reflection absorption infrared

Rutherford backscattering spectroscopy
Residual gas analysis

Reflected high energy electron diffraction
Scanning Auger microscopy

Small angle neutron scattering

Surface compositional analysis by neutral and ion impact radiation

Scanning electron microscopy
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'‘GLOSSARY OF ACRONYMS (coneluded)

SEXAFS Surface extended x-ray fine structure spectroscopy
SIMS Secondary ion mass spectroscopy
STEM  Scanning transmission electron microscopy
TEM Transmission electron microscopy |
UHV  Ultra high vacuum
UPS  Ultraviolet photoelectron spectroscopy
UV Ultraviolet |
XPS  X-ray photoelectron spectroscopy (see also ESCA)

XRD x-ray diffraction
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INDEX

Items which pervade these Proceedings such as degradation, durability, glass, HV, inter- -
face, microstructure, photothermal, polyerystalline, PV, RGA, stability, S/G, S/L, S/S,
UHV, ete. are not contained in this Index. For all acronyms, the flrst numbered entry is

the page where the acronym is defined.

Abrasion, 28, 55, 57, 66, 137, 183, 188,
192, 193-195, 197
Absolute electrode potential, 88-89
Absolute potentials, 88-89
Absorbers or absorber surfaces, 9, 12-186,
18, 25, 26, 30-33, 35, 49, 52, 137, 143,
145, 172-174, 181, 182, 186, 187, 193,
201, 208, 211, 215, 218, 229
" Absorptance, 10, 18, 30, 31, 54, 137,
172-174, 182, 193, 211
Absorption, optical, 9, 152, 182
Absorptivity, see Absorptance
AC electrochemistry, 159
Accelerated life testing, 183, 187, 189,
192, 197, 215, 218, 233
Acronyms, see Glossary of
~ Adhesion, see also Delamination, 10, 40,
41, 46, 49, 52, 53, 54, 55, 64-66, 102,
171, 172, 183-188, 190, 193-195, 197,
201, 211, 233
Adsorption,
dyes, 156
ionie, 69, 81, 86, 90-92, 93, 153 156
lsotherms, 69 89 92
kineties, 36, 153, 201, 206, 213, 214
organie, 69, 86, 89-90, 153, 156
residual gases, 124, 125
thermodynamics, 153
AEM, 235, 41, 220, 227, 229- 231 233
AES, see also SAM 235 41, 45, 69-71,
87, 88, 97-99, 101, 105, 108-110, 116,
118, 138, 160, 171, 176, 179, 204, 206,
220-222, 226, 227
Agglomeration, 42, 204
Amorphous films or materials (not sili-
cate or polymeric), 30, 43-46, 53, 54,
59, 61, 142, 156, 178, 203, 208, 210, 213
Antioxidant additive, 189
APFIM, 235, 45, 226, 227
AR, 235 15 56 171 177, 186, 189, 210
212
Area of collectors, 25, 33, 136, 137, 211
ARUPS, 235, 110
‘ ATR, 235, 101

Basic science—solar product link, 200
Beam effects

non-thermal, 107-109, 193

thermal, 107, 193 .
Biofouling, 53, 159 190
Biomass (energy conversmn), , 10, 13,
14, 19, 20, 135, 175, 189, 223
Blrefrmgence techmques, 177
Black chrome, 30, 31, 52, 173, 197 201,
211, 218
Bockrls-Devanathan-Muller model 72
Bonding, 28, 36, 54, 70, 97, 101, 102, 171,
176, 181, 182 183- 188 190 197 220
Boundary migration, 139 140

Carnot efficiency, 16 _

Carrier lifetime (electronic), 137

Cascade mixing, 120-121 )

Catalysis, 54, 101, 102, 167, 175, 182,
190

Cavitation damage, 166

Cell, solar, 15, 49, 53

Channehng, see Electron or Ion channel—
ing

Characterlzatlon, in situ, see In situ

Charge repression, 9, 26

Charge separation, 9 13, 26

Charge transfer, 154

Chemical attack, see Corrosion and Oxi-
dation

Chemical composmon determination, 35,
41, 97-99, 109, 143, 187, 201, 203, 209,
215 234

Chemical state determination, 110, 125,
203, 215-234

Chemllummescence‘, 192

Chemisorption, 102, 167, 176, 177, 182

Cleamng methods, see also Self Clean-
ing, 54, 179, 188, 191, 192, 197

Coatmgs, see also Encapsulants, 41, 66,
169, 171, 177, 178, 181, 183, 189-192,
197, 199-214




Coefficient of expansmn, see Thermal
‘expansion
Collectors, see Area of,
Fresnel, Receivers
Concentrators, 9-14, 16, 52, 183
Contact angle, 36-38 -
Contact resistance, 137
Contacts, PV, electrical, 31, 177
Contaminants, surface, 170, 194, 203,
204, 206
Copolymerlzatlon, block and graft 190,
191 o
Copolymers, 188, 191
Corrosion, 10, 52 53, 54, 102, 151, 152
157, 158, 160 164 165 168 170,173,
174, 178, 181, 182, 193, 195, 201 216
217, 222, 223
crevice, 160, 164, 165, 178, 182
fatigue, 151, 152, 158-160, 165, 166
‘inhibition, 165
stress, 159 160, 164, 165
Cost, low initial, 10, 25, 26, 33, 46
Covalent bonding, 185
Crevice corrosion, see Corrosion, crevice
Cu,S/CdS, 15, 31, 136, 143, 177, 178,
212, 218, 229 ' A

Flat—plate ,

CVD, 235, 61, 142, 157, 199, 208-209,
213-214 ' R o
Cyclic' temperature, see Temperature
cyeling ' '

Debye-Huckel theory, 71

Delamination, see also Adhesion, 30, 33
19, 52, 66, 183, 186, 189, 201
Deposmon parameters (for films - and
coatings), 199-214, 216 »

Depth profiling, see also Ion etching, 41,

115-133,
230, 234
Depth resolution, 115, 127, 128, 220, 233
Device lifetime, see Rehablllty
Dielectric breakdown, 216
Diffuse layer, 69, 71-75, 93
Diffusion, 10, 13 18, 26 31, 36, 52, 53,
54, 57, 59, 116, 124 125 135 149 157,
171 177 182 203 204 210 216, 228,
230, 234 :

class1f1cat10n of types, 139"
Dislocations, 35, 53, 60, 140, 219
Diurnal cycles, 160 '
Double layer (H,0), 71-75, 93 153 154
Drago equation, 184
Durability, see Reliability

187, 216, 217, 220, 225, 229,

Dust, 46, 52, 54, 170, 172, 188, 191, 194,
197, 221 -

EAPFS, 235, 101, 175
EDX, 235, 45, 161, 226
EDXA, see EDX .
EELS, 235 105, 110 179, 226, 229
Elastlc constants 63
Electrocapillary thermodynamics, 70, 84
Electrocatalysis, 151
Electrochemical deposition, 173
Electronic excitations, 174
Electrode materials, 155, 156, 163, 164
Eleectrolytes, thin film, 156, 163
Electron channeling, 226
Ellipsometry (or technique), 70, 77, 78,
89,110, 115, 178, 226, 227
ELS see EELS
Emlttance, 10, 18, 30, 31, 174, 211, 229
Emissivity, see'Emittance
Encapsulant, see also Coatings, 9, 13, 15,
30, 31, 52, 156, 169, 174, 177, 178, 181,
183, 189-192, 197, 210
Energy transfer, (solid/gas), 97, 101-103,
167, 174, 175, 181, 182
Env1ronments 10, 25 26
atmospheric, 10 26 33, 49, 170, 178
188, 210, 212
chemical, 137, 181
corrosive, 137
hostile, 136
production, 179
solar, 167,212
EPMA, 233, 222
Erosmn,lSl 152, 158-161, 165, 166, 188
189, 193-195, 197 216 ,

'ESCA, See XPS, 160, 221

ESDIAD, 235, 226
ESR, 235, 176, 192
Estance, 83

“Evaporation, 28, 157, 173, 194, 206, 207

EXAFS, 235, 58 100 101 105 110 171,
175, 203 226

FDS, 235, 232, 234
FEM, 235, 111
FET, 235, 206
FIM, 235, 44,

231, 232, 234

111, 138, 177, 203, 226,

,Flat-plate collectors, 11, .18, 189, 193 .

Fracture, 49, 65, 187, 193 2_10
Fracture mechanics, 55, 187
Fracture toughness, 55, 187




Fresnel collectors, 11, 12, 16, 26, 27, 186
Fresnel lens, see Fresnel collectors
Friction, 54, 71, 92

Frumkin, 69, 70, 75, 83, 84, 88, 89, 91
FT-IR, Fourier transform-IR, 192

GaAs, 30, 100, 136, 143, 155, 171, 175,
177, 207, 209, 214

Glossary of Acronyms, 235- 237

Gokstein, 70

Gouy layer, 70, 71, 91

Grain boundary, 26, 43-48, 52, 53, 54, 55,
136, 137, 140, 143, 147, 157, 160, 216,
219, 220, 230, 231, 232 233

Growth mechamsms, 54 55, 201-210,
213,.214, 218, 221

Heat exchanger, 186

Heat mirrors, 169

Heat transfer, 16, 35, 53, 157, 159, 161,
164, 165, 168, 169, 186, 215, 222

HEED, 235, 110, 226

Helmholtz layer, 75

Heterojunctions, 13, 26, 45, 53, 54, 142,
157, 206, 218, 229

Homojunetions, 13, 26, 45, 53, 54

HREELS, 235, 100, 102, 174, 226

HV, 235

HVEM, 235, 58, 75, 88, 138, 221, 224,
228, 229

Hydrated layers, 170, 221

Hydrogenated Si, 46

Hydrogen effects, 160, 165, 166, 228

IETS, 236, 102, 204
Impurity segregatlon, 59, 139 143
Inelastic neutron spectroscopy, 226
In situ analytical capabilities or charac-
terization, 46, 54, 69, 75, 77, 88, 92, 93,
97, 102-103, 105, 111, 151, 160, 161,
164, 165, 168, 178, 192, 199, 203, 204,
209, 214, 228, 229, 234
Interconnects, 41, 42, 177
Interdiffusion, see Diffusion
Intermolecular forces, 183, 184
Interfacial
energetics, 36-41
resolution, 127-128
states, 153
structure, 43-46
Ion bombardment, 115-133, 202
Ion channeling, 204, 226

Ion etching, see Depth Profiling,
115-133, 187, 202, 216, 217, 220, 225,
230, 234

Ion implantation, 116, 125

Ion plating, 206

Ion sputtering, see Ion Etching and Depth
Profiling

Ionic adsorption, see Adsorption, Ionic

Ionosorption, 154

IR, 236, 30, 101, 102, 110, 115, 153, 169,
176, 203, 204, 208, 226, 229, 233

Isotherms, see Adsorption, isotherms

ISS, 236, 41, 99, 101, 105, 109, 110, 116,
117, 176, 193, 220, 221, 226, 227,
229-231, 233

ITS, see IETS

Knock-in effects, 119-120

Laminated coatings or structures, 186,
190, 207 o

Laser fluorescence spectroscopy, 224,
227

Laser reflectance spectroscopy, 226, 227

Laser Raman, see LRS

Lateral resolution, see also SAM, 41, 45,
215-234

LEED, 236, 41, 45, 99-100, 101, 102, 105,
106, 108, 110 143 160, 175, 179, 203,
204; 209, 221, 226

LEIS, see ISS, 236

Liquid crystals, 169 .

Local structure determination, see
Structure determination, short range

Long range structure determination, see
Structure determination, long range

LPE, 236, 142, 157

LRS, 236, 110, 159, 226, 227, 229, 233

Luminescence, see Chemilumineseence

Matrix effect, 116, 125-127 :

MBE, 236, 157, 199, 204-207, 213, 214

Mechanical behavior, 28, 30, 55-68, 151,
158, 170, 181, 210

Membranes, 9, 19, 20, 21, 154, 189, 190,
197

Metallization, 15, 42, 218, 228

Microchemistry, 49, 52, 53, 54, 110, 111,
127, 215-234 .

Microdiffraction, 41, 215~-234, especially,

229-230

Microgravimetric methods, 103

Minority carrier lifetime, 137, 213



Mirrors, see Reflectors

MIS devices, 13

Modeling experimental results, 141, 145
Modulation spectroscopy, 153
Morphology, 59, 136, 137, 173, 174, 181,
206, 209 .

' Molécular beams, 174

Molecular weight determination, 171

MOS, 236, 143

Mossbauer spectroscopy, 69, 71, 88, 192

MRIS, 236, 221, 224

Multilayer structure or stack, 15 29, 46,
49, 56, 57, 136, 167, 179, 185 187 210
230

Neutron spectroscopy, inelastie, 226

NMR, 236, 176

Nonwettmg, 38

NRA, 236, 115, 116, 187, 220 226, 228,
233

Nucleation, 36-41, 54, 59, 135, 144, 148,
194, 201-210, 213, 214, 218, 221

Ocean thermal energy conversion, or
ocean currents, 9, 10, 13, 17, 19, 53,
135, 152, 158, 160, 161, 223

Optical properties, see Absorptance,
Reflectance, or Transmittance

Optical subsystem, 10, 25-30
Organic adsorption, see
organic

OTEC, see Ocean thermal energy con-
version

Oxidation, see also Corrosion, 30, 54,
172, 178, 179, 181, 182, 221, 228, 233

Adsor'pti.on,

Participants at Workshop, 239-241

Passivation (corrosion), 160, 165 _

Passivation, electronic at grain bounda-
ries, 46, 53, 143, 147, 213, 214

Passive design, 11, 12, 18

Performance, system, 10, 46, 200, 210

Permeability, 10, 28, 33, 181, 190, 191,

218, 234

Pervaporatlon 19, 21

Phenomenologlcal models, 141, 143, 153

Phonon excitations, 174

Photo-assisted synthesis, 9, 16, 32, 151,
157, 163, 164 .

Photocatalysis, 151, 157, 163, 164, 167,
175, 176, 177, 182, 222, 233 ’

Photochemistry, see Photoconversion

Photochromic, 169
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Photoconversion, 9, 10, 12-14, 16, 32,
151, 164, 167, 175-177, 182, 186, 233

Photocorrosion, see also Photo-oxidation,
151, 158, 214

Photodegradation, 52, 189-193, 210, 214

Photoelectrochemistry, 9, 15, 16, 31, 32,
33, 53, 69, 151-157, 160, 163, 176, 222,
233

Photoelectrolysis, see also Photoelectro-
chemistry 222, 228

Photoelectrosynthesis, 151, 157, 163

PhotoKolbe reaction, 157

Photon fluxes (high for concentration),
see also synchrotron radiation, 138

Photo-oxidation, see also Photoconver-
sion and Photodegradatlon, 9, 10, 13,
18, 189, 233

Photothermal 9-24,
211

PIX, see PIXE

PIXE, 236, 226

Plasma assisted PVD, 208

Plasma polymerization of polymers, 190

Plasmons, 101, 102, 174

PMRAS, 236, 101, 102

Poisons, 175

Polymer, see also Photodegradation, 13,
18, 26, 28, 35, 52, 171, 172, 177, 181,
183-188, 189-192, 197, 220, 233, 234

Polymer degradation, 167, 171, 172, 177,
178, 181, 189-192, 197, 233

Pond, 11, 18

Potential at zero charge, 69, 70, 73,
83-86, 88, 89

Potentiodynamiec scanning, 159, 160

Potentiodynamic sweep techmque,
76, 159, 160

Process parameters, effect on film prop-
“erties, 199-214, 228

136, 183, 193-194,

75,

PV, 236, 15, 49

PVD 236 59 205, 207-208, 213-214

Quantum conversion {processes), 9-16
Quantum states, 93, 181

Radiation damage (photon), 138, 144
Radiotracer measurements, 76,
- 80-83, 177 :
RAIR, 236, 101
Raman spectroscopy, see also LRS 153,
203, 204, 224, 226, 233

RBS, 236, 99, 109, 115, 116, 121, 122,
123, 187, 204, 220, 222, 225, 226, 228,
233

78,




Reaction intermediates, 176

Reactive sputtering, 205

Receivers, 10-12, 18, 25-27, 30-34, 52,
136, 197

Recombination, electron-hole, 137

‘Reflectance, 10 18, 28-30 54, 159, 208
212

Reflection electron mieroscopy, 231, 234

Reflectors or reflecting surfaces, 9 16,

. 18, 25-34, 35, 49, 52, 103, 137, 159, 165,
167-172, 181, 183, 186, 187, 191,
193-194, 197, 201, 212, 215, 217, 233

Refractive index mismatch, 174

Reliability (device lifetime), 10, 46, 144,
145, 183, 200, 215

Reverse osmosis, 19, 21

RGA, 236

RHEED, 236,
214, 221, 226

Roughness, surface, 119

110, 203, 204, 206, 209,

SAM, see also AES, 236, 193, 204

SANS, 236, 171, 172, 232

Scanning ac electrochemistry, 159, 160

SCANIIR, 236, 117, 125-128 ‘

Schottky barrier, 13, 143, 213

Segregation, grain boundary, 46, 53, 233

Self cleaning, see also Cleamng 172 177
178,182, 191-192, 197

SEM, 236 45, 105 106, 118, 143, 161,
178, 193, 209, 221, 222, 226, 231, 234

Sensitizers (or sensitization), 103, 167,
171, 177, 181, 182, 187

SEXAFS, 237, 101, 110, 175, 204, 226

Short range structure determination, see
Structure determination, short range

Si, 30, 31, 42, 136, 143, 155, 171, 175,
177, 178, 208, 210, 220, 229

SIMS, 237, 41, 99, 101, 105, 109, 116~118,
120, 125-128, 160, 161, 220-222, 226,
227, 229-231, 233

Sintering, 173, 174, 182

Soiling, see Dust

Solar pond, see Pond

Solar radiation, diffuseness, 25, 136

Specularity, 212

Spill-over phenomena, 167, 176

Sputtering, see also Ion etching,
157, 194, 205, 207

Standard reference data, 144, 148, 230

STEM, 237, 111, 138, 160, 187 203 204

- 209, 229 231 234
Stlckmg probabilities, 203

142,

247

Storage systems (for energy), 32, 35, 53
Stress corrosion, see Corrosion, stress
Stress distribution, 62, 187
Stress phenomena and effects, 30, 54,

55-68, 137, 138, 144, 158, 160, 161, 166,

174, 177, 178, 181, 186-188, 191-193,

201
Structure determination, 138

long range, 97, 99, 100

short range, 97, 100, 101, 168, 175
Substrate temperature, 203-206
Sulfidation, 172, 228
Surface

area, 36

states, 70, 153, 174, 181

tension, 41, 52, 81-85, 184

topography, see Topography

Roughness
Sweep techniques, 69, 75, 76, 159, 160
Synchrotron radiation techniques, 159,

170, 232

and

TEM, 236, 39-42, 45, 46, 48, 58, 64, 111, o
178, 203, 225, 231, 234
Temperature cycling, 13, 18, 28, 30, 31,
46, 56, 138, 148, 160, 169, 177, 183,
193, 210 '
Tensilometers, 63, 64
Textured surfaces, 173, 182, 208
Theoretical models, 46, 54, 93, 141, 151,
153, 164, 167, 174, 177, 233
Thermal conversion systems, 9-13, 16-20,
167, 168, 183
Thermal cyeling,
cyeling
Thermal expansion mismatch, 30
Thermally induced stress, see Stress
Thermionic conversion, 167, 179
Thermochromie,. 169
Thermoelectrie conversion, 16, 167, 179,
210
Thin film, 10, 25, 30, 38, 49, 54, 56-68,
136-149, 156, 172, 181, 199-214
Thin film electrodes, 156
Topography, 36, 156, 187, 203
Transmittance, 10, 18, 54, 159, 190
Transmittors, 26, 35, 167, 168-171, 181

see Temperature

UHV, 237

Ultraviolet, see uv

UPS, 237, 171 176, 179, 204, 226
uv, 237, 137, 167, 170, 171, 172,
177, 181, 183, 187, 189-191, 234

175,



UV stabilizers, 190, 191, 197

Wetting, 36-41, 52, 53, 54, 102

Wind (energy), 9, 10, 13, 17, 135, 194
Windmills, 194, 195

Windows, glass, 168

XPS, 237, 41, 69-71, 87, 97-99, 105, 109,
110, 116, 117, 124, 160, 171-173, 179,
193, 204, 220-222, 226, 227, 229-231,
233

XRD, 237, 226

Zone of mixing, 116, 119-124
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