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ABSTRACT 

The f i rs t  quarter  of work on the contra.& is  summa.rized. The metalorganic 
chemical va.por deposition (MO-CVD) technique is being applied to the growth of thin 
films of GaAs and GaAQA s on inexpensive polycrystalline o r  amorphous substrate 
mater ia .1~ (glasses, g1a.s~-cera.mics, alumina, cera.mics, and metals) for  use  in fa.brica.- 
tion of 1a.rge-area. low-cost photovoltaic device structures. Trimethylga.llium (TMG) , 
arsine (A.sH3), a.nd trimethyla.luminum (TMA) a.re mixed .in a.ppropriate concentrations 
at  room tempera.ture in the ga.seous sta.te a.nd pyrolyzed at the substrate, which is  heated 
in a vertical rea.ctor cha.mber t o  tempera.tures in the ra.nge - 550-850°C, to produce 
the desired film composit ion a.nd properties. 

Ten ca.ndida.te substra.te materials ha.ve been selected for  further experimental 
investigation, ba.sed on a. set  of qua.lification criteria. and initial experimenta.1 tests.  
To date, only minor differences ha.ve been observed in the properties of undoped poly- 
crystalline Ga.A.s films grown on va.rious ca.ndidate substrates - including Corning 
Codes 03 17 and 1723 glasses, polycry stalline a.lumina cera.mics A.SM805 a.nd ASM838 
(from 3M Compa.ny) , and Mo sheet - with the exception of films deposited on K0va.r- 
type Fe-Ni-Co a.lloys. Attack of these a.lloys by AsH3 ha.s been observed at  tempera.- 
tures  above 500°C, with resulting formation of an interfa.ce compound a.nd Ni-rich 
inclusions in the deposited GaA.s films. 

Films on a.11 of the other substrates ha.ve typica.11~ had growth cha.ra.cteristics 
in common, with appa.rent surface gra.in sizes in the 2-5 pm range and high electrica.1 
resistivity ( 2105 ohm-cm), with no evidence of chemical rea.ction with the film o r  
the rea.cta.nts under the conditions of growth employed. Large-grain ( 10-20 pm) growth 
of Ge films on K0va.r-type alloy surfacesha.~ a.lso been achieved by GeH4 pyrolysis 
indicating considemble promise for  this composite a s  a. substrafe for  subsequent, 
GaAs film growth. 

Single-crystal films of Se-doped GaAs, Zn-doped GaAs, Se-doped Ga l-xA.L!xAs 
(x  = 0.9), and Zn-doped Gal-xAP,$s (x = 0.9) have also been grown on single-crystal 
GaAs:Cr substrates. The resulting ca r r i e r  concentration dependence on added concen- 
tration of dopant has been investigated in each  case, providing ~ ~ e e d e d  data to  be  used 
latcr  in the program. 

Construction of a. second MO-CVD rea.ctor system wa.s begun and is  nearly 
completed. Two conceptual device designs have been identified for initial cost 
n.nalyses and future cost projections of thin-film so1a.r cells ma.de by the MO-CVD 
method, a.nd a.cquisition of materials and processing cost data. ha.s begun. 

P l a : ~ ~ s  for  the second quarter  of work on the contract a r e  outlined. 

iii 
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1. INTRODUCTION 

The long-ra.nge objective of the National Photovoltaic Conversion Program i s  to 
develop low-cost reliable photovoltaic systems and to  stimulate the creation of a viable 
industrial a.nd commercia.1 capability to produce and distribute these systems for wide- 
spread use in residentia.1 a.nd commercial applications. 

Two of E.RDA1s specific technical objectives that relate directly t o  this program 
a r e  (1) to conduct research, development, and demonstrations to show a factor of 10 
reduction in so1a.r ar ray prices and to establish the viability of this technology in the 
lat ter  half of this decade (i. e. , by 1980), and (2) to conduct a focused research and 
development effort on adva.nced technologies for photovoltaic devices that show a 
potential reduction in solar  ar ray prices of one hundred o r  greater. 

Specific goals of the national program a r e  establishment of a total solar  a r ray  
production ca.pacity of (1) 500 peak Mw/year of solar  ar ray modules at a market price 
of less  than $500/peak Kw by N 1985, and (2) 5 x lo4 peak Mw/year of solar  ar ray 
modules at  a market price of $100 t o  $300/peak Kw by F Y  2000. 

The overall objective of this contract i s  the performance of intensive studies 
that will constitute an initial step in ERDA's program to  overcome current problems 
and deficiencies in design and fabrication of ar rays  of extremely low-cost thin-film 
photovoltaic cells of relatively high efficiency a.nd long life. The acquisition of further 
knowledge of thin-film deposition methods and thin-film technology fo r  polycrystalline 
GaAs on various substrates i s  also expected. 

In addition, any proposed device configuration should lea.d, within a period of one 
o r  two years at most, to  the ability to produce solar  photovoltaic cell configurations 
having 10 percent AM1 efficiency. This technical goal may not be achieved during the 
performance period-of a. 12-month contract, but it will provide a continuous guideline 
for conduct of the pr0gra.m. 

Specific studies and/or ta.sks required by ERDA include (1) selection of appro- 
pria.te low-cost substrates; (2) deposition of thin films of GaA.s, which may be poly- 
crysta.lline, on the selected substrate(s); (3) conduct of a deposition para.meter 
investigation to  optimize the process; (4) determination of the film properties in terms of 
quantitative physical para.meters; (5) alteration of the physical parameters of the film 
in a manner directed toward production and deployment of high-efficiency photovoltaic 
so1a.r cells ca.pable of scale-up to an annual production rate of 5 x 104 Mw by the year  
2000, with a. selling price of $100 to  $300/peak Kw, "without creating inordina.te 
technical a.nd economic  problem^;^^ (6) the delivery of thin-film samp1.e~ (minimum 
4 cmZ/month) t o  ERDA; and (7) the analysis and projection of cell costs for  large-scale 
production in the future. 

In the years since the modern e r a  of photovoltaic cell development began in the 
early 1950'6, considerable research and etlgineering work has gone into achieving 
improvements in the single-crystal Si solar  cell and into developing experimental cells 
of single-crystal GaA.s and other compound semiconductors. The Si cell has become 



the industry standard and has received by far the greatest amount of engineering and 
production effort. Arrays of Si cells have supplied reliable auxiliary power for most 
of the space vehicles and satellites launched throughout the world in various space 
programs over the past 15 years. 

However, theoretical considerations (see, e. g. , Ref 1) have shown that .various 
compond semiconductors - especially GaAs and its related alloys - should provide 
significantly higher conversion efficiencies than are  ava.ilable with Si cells. Although 
pilot-line qia.ntities of GaAs cells were fabricated several years ago, the perforinance 
of experimental arrays in actual space missions was generally disappotnting (Ref 2). 

Recent work with composite cells involving GaAs and a front layer of another 
material as  a "window" has, however, been very encouraging (Ref 3). These develop- 
monts have renewed i.nterest in  the sig~~ificant advantagca of GaAs as a solar cell. 
ma.teria.1; these advantages include the following characteristics: 

1. The bandgap ( - 1.4 eV) is a better match to the solar spectrum; higher 
theoretical efficiencies (in excess of 20 percent) than for St are thus to be 
expected, 

2. The decrease of power output with increasing temperature for Ga.As i.s 
about half of that for Si cells, because of the larger bandgap that allows 
higher temperature operation of the junction. 

3. GaAs cells typically ha.ve lower m~nority carr ler  liletimes and diffusion 
lengths than Si cells, a.nd so  are  less susceptible to radiation damage. 

4. The larger bandgap of G U S  results In hlglier uutput valtagc pcr 0011 than 
for Si, although t h e  c l~rrcnt  per cell i s  smaller. 

5. The optical absorption edge lil t i a s  is Y ~ C C ~  (it; is a dircct bandgap 
semiconductor), so most solar ra.diation is absorbed very near the surface, 
eliminating the need for thick cells to capture most of the incidcnt energy. 

There a re  some disadvantages of GaA.s relative to Si, not the least of which i s  
related to Item 5 above. Because of the a b u o ~ p t i u ~ ~  and generation of ahnrge pairs 
s o  close to the surface, the high surface recombination velocity that is also charac- 
teristic of GaAs ( 10 to  100 times that found in Si) results in reduced minority carrier 
collection efficiencies in junction-type devices,due to surface recombination Losses. 

A.dditionally, since the minority carrier diffusion lengths in GaA.s a re  typically small 
compared with those found in single-crystal Si, very thin ( < 0.5 um) layers with 
extensive electroding (grids) a.re required on the illuminated side of the junction to 
reduce cell series resistance as  much as possible. Even with these measures, the 
losses at the front of the cell have been found to be too high for acceptable cell operation 
under normal conditions. 

This problem wa.s the principal motivation for development of the window-type 
cell, in which a layer of another semiconductor is applied to the illuminated surface of 
the GaAs to remove the active junction region sufficiently far  from the incident-light 
surface to  reduce recombination losses,at~d at  the same time add condu.ktive materi.a.1 



tha.t reduces the series resistance of the cell. The window material must provide 
an interface with the GaAs that i s  sufficiently good structurally that the interface does not 
itself become a source of recombination losses. Additionally, the bandgap of the window 
material must be 1a.rge enough that there a re  no significant losses of the incident solar 
radiation due to absorption in the window material (unless other aspects of the design 
allow the ca.rriers generated by such absorption to be collected by the active junction). 

It should also be noted that the costs of GaAs and Si differ by about an order of 
ma.gnitude for comparable quantity (i. e.,  "solar grade" single-crystal) material, with 
GaAs more expensive. The costs of both these materials - especially after they a r e  
processed into solar cells - a re  major factors in the increased interest in thin-film 
solar cells, as  addressed in this program. 

The large absorption coefficient of GaAs in the wavelength region to the high- 
energy side of its fundamental absorption edge i s  such that most (i. e., 90 percent o r  
more) of the a.va.ilable ra.diation in the solar spectrum is absorbed within a thickness of 
2 pm o r  less. A thickness in excess of 100 pm of Si is required for similar absorption 
The fa.ct that GaAs is a direct-bandgap material and Si an indirect-bandgap semi- 
conductor means that the transition from non-absorbing to absorbing is  much more 
abrupt for GaAs than for Si in progressing from long wavelengths to shorter wavelengths, 
past the band edge. 

The difference in bandgap energy for these two semiconductors means that GaAs 
responds only t o  that portion of the total solar spectrum that is  to the short-wavelength 
side of - 0.9 pm, while Si responds to all photons to the short-wavelength side of 
-1. 1 Km. There is a significant amount of solar energy in the band between these 

two wavelengths, but the net result of all factors that bear on photovoltaic conversion 
efficiency is  that the theoretical values for GaAs a r e  significantly higher than for Si 
(Ref 1). 

The small thickness of GaAs required for a.dequate absorption of solar radiation 
strongly suggests the use of deposited films of the material instead of bulk single- 
crysta.1 wafers. This would clea.rly help in reducing the cost of the cell, simply by 
virtue of using less of the expensive active material; it would also assist  in the con- 
tinuing effort to reduce the weight of photovoltaic cell arrays, irrespective of whether 
they a r e  intended for space o r  terrestrial  applications. Whether or  not the hoped-for 
reductions in cost and weight a r e  realized depends upon the extent of other complications 
tha.t arise beca.use of the thin-film configuration. 

Ideally, of course, single-crystal thin films would be most desirable, but the known 
methods for producing s ingle-crystal (i. e. , epitaxial) deposited films of the 111-V 
compounds all require single-crystal substrates (Ref 4), and this does not allow the 
needed extensive reductions in materials costs. Furthermore, if only single-crystal 
substrate materials a r e  considered then there a r e  serious limitations on the ma.ximum 
area that can be achieved for the basic cell module to be fabricated by thin-film growth 

r procedures. This reasoning 1ea.d~ directly t o  consideration of less expensive substrate 
ma.terials that a.re available in relatively large a.rea.s. It also leads to the realization 
that the resulting thin-film cells will amost certainly be polycrystalline, because of the 
absence of strong ordering forces associated with the substrate surface. 



There a r e  several  important considera.tions tha.t a r e  introduced when thin-film 
polycrystalline solar cells a r e  considered. The first has long been recognized a s  one 
of the principal deterrents to the use of polycrystalline thin films for solar cell fabrics.- 
tion, and relates t o  the nature of the crystal structure in the deposited film. If the 
individual crystal grains a r e  randomly oriented on the substrate, as  shown in 
Figure 1-la, then - on the average - only those grains that intersect the illuminated 
surface of the cell will contribute to the collected photocurrent. Carriers generated 
in other grains, farther from the junction, will tend to  be lost by recombination at the 
grain boundaries that intercept the path between the region of generation and the 
junction. 

A more desirable growth configuration is shown in Figure I-lb, in which the 
grain boundaries a r e  depicted a s  being oriented predominantly normal to  the film 
surface (and thus also normal to the junction). In this film structure the carr iers  
generated in the individual grains a r e  f a r  more likely to be collected across the 
junction, except for  those lost due to a lateral diffusion component that still allows 
them t o  encounter a grain boundary. The long-standing rule-of-thumb that suggests t h ~ t  
average grain sizes a t  least of the same magnitude as  the film thickness a r e  required 
for reasonable thin-film solar cell performance had its origin in such considerations. 

The fact that GaAs thicknesses of only 1 to  2 vrn a r e  required to absorb up to 
90 percent of the useful so1a.r radiation (in the proper energy range) indicates that 
polycrystalline films with avera.ge grain sizes of 1 to 2 pm could be expected to exhibit 
respectable solar efficiencies, whereas for Si polycrystalline film cells. the same 
criterion dictates that average gra.in sizes approa.ching 100 pm a r e  required. 

INCIDENT LIGHT 

(a)  UNDESIRABLE POLYCRYSTALLINE GROWTH 

A L  
. GRAINS 

I INCIDENT LIGHT 

JUNCTION 

lNDlVlOUAL -- 
CRYSTAL GRAINS 

(b) DESIRABLE POLYCRYSTALLINE GROWTH 

Figure 1-1. Two Possible Crystallite Configurations in Polycrystalline Film 
Solar Cells Grown on Foreign Substrates 



Some ca.lculations of the expected performa.nce of polycrystalline Ga.A.s solar 
cells have been described by Woodall and Hovel (Ref 5). For a 1 pm GaAs layer and a 
10 pm Si layer, a.nd assuming that 1 pm average grain sizes could be obtained in both 
cases, it was found that a 21 percent theoretical efficiency resulted for GaAs and only 
6 percent for Si. Using a. more conservative analysis carried out by Soclof and Iles 
(Ref 6) for polycrystalline Si solar cells a s  the basis, Woodall a.nd Hovel found a 
theoretical efficiency of 11 percent and 1.5 percent for GaAs and Si, respectively, 
for the same dimensional configurations mentioned above. 

Although such predictions must be viewed with caution, there i s  enough validity 
in the analyses to suggest that significantly higher efficiencies may be expected for 
polycrystalline cells in thin-film GaAs than in thin-film Si, if average grain sizes the 
order of only 1 pm a r e  obta.inable in both cases. 

Such dimensions seem well within the realm of achievement for GaAs films 
deposited on non-crystalline substrates by the chemical vapor deposition technique, 
so there appears to be good prospect for fabricating thin-film solar cells that will 
meet the 10 percent AM1 efficiency goal mehtioned earlier. If grain sizes significantly 
larger than 1 pm can be achieved, then the chances for success a r e  even better. 

1.2 GENERAL TECHNICAL APPROACH USED IN PROGRAM 

The general technical approach of the pr0gra.m involves the use of the 
metalorganic chemical vapor deposition (MO-CVD) technique, pioneered by Rockwell, 
for the growth of thin films of GaA.s, GaAk'As, and possibly AJAs on inexpensive poly- 
crysta.lline o r  amorphous substrate materials in configurations permitting fabrication 
of photovoltaic devices. The para.meters of the CVD process used will be chosen so 
that the required properties of the deposited films can be achieved and the efficiency 
goal of the photovoltaic device (10 percent A.M1) can be realized, subject to  the con- 
straints superimposed by the properties of the selected substrate material(s). 

The CVD method i s  believed to  be potentially the best method for achieving large 
area.s of so1a.r cells of rea.sonable efficiency at sufficiently low cost to meet both the 
production ca.pacity goal and the cost-per-watt goal of the nation's photovoltaic 
conversion program. Some of the technical problems that remain to be solved before 
those goals can be rea.ched a re  among those specifica.11~ addressed in this program. 

As it relates to the growth of 111-V compound semiconductors, the MO-CVD 
process involves the mixing of a metalorganic compound of a Group 111 element with a 
hydride o r  metalorganic compound of a Group V element, and pyrolysis of this mixture 
o r  its reaction product under appropriate conditions to  produce the Group 111-Group V 
semiconductor. Thus, trimethylgallium (TMG) and AsH3 a.re mixed a t  room temperature 

- in the gaseous state and pyrolyzed a t  established temperatures in a cold-wall reactor to 
form G a s :  

Ry mixing TMG in the  gas phase with trimethylal~unin~un (TMA) and AsH3, GaAlAs 
is  obtained upon pyrolysis at  established tempera.tures. The composition of the alloy is  
controlled by the ratio of the reactants. The organic byproduct, namely methane (CHi), 
i s  stable at film growth temperatures. In similar fashion, A1A.s can be prepared from 
TMA and ASH,?. Many such compounds and alloys have been prepared by the MO-CVD 
process. (See, e. g. , Refs 4,7,8,9. )  



The MO-CVD process has several attributes that a r e  important to the application 
involved in this program: (1) the process i s  completely free of halides, thus eliminating 
competing etching reactions, reducing generation of unwanted impurities by reactions 
with the low-cost substrate materia.ls, and minimizing complication of the heterogeneous 
film-growth process involved; (2) only a single high-temperature zone i s  required, 
grea.tly simplifying the apparatus and the necessary control systems, and allowing the 
deposition chamber wa.lls to remain relatively cool because only the pedestal and the 
samples a r e  heated; (3) the reactants used a r e  either liquid o r  gaseous at room tempera- 
ture, facilitating their handling and introduction into the reactor system carr ier  gas 
upstream from the deposition chamber, and allowing control of composition of the 
deposited film by means of flowmeter adjustments; (4) impurity doping of the deposited 

- films can be achieved by introduction of a.ppropriate dopant compounds (liquid 
metalorganic and/or gaseous hydride sources) into the prima.ry reactant gas stream, 
again with doping levels controllable by means of flowmeter adjustments; (5) the growth 
process can be observed directly by the operator, since the reactor walls a re  trans- 
parent and unobstructed, thus allowing changes in growth conditions to be made during 
an experiment if i t  is desired or  necessary; (6) large-area, uniform surface coverage 
can be achieved in a single growth sequence, using the same type of commercia.lly- 
a.vailable apparatus that is  used for epitaxial growth of elemental semiconductors 
(e. g. , Si); and (7) the process requires neither single-crystal GaAs material nor even 
semiconductor-grade (ultrahigh-purity) polycrystalline GaA.s for its application, since 
only compounds of Ga and of As a r e  used in the reaction, thus eliminating the expensive 
and energy-wasteful processes of producing melt-grown GaAs source material required 
for  other crystal growth and/or film deposition techniques. 

Clearly, however, the availability of high-purity reactants i s  a primary requisite 
for the ultimate success of the MO-CVD process in the application involved in this 
contra.ct. 'I'his i s  a matter that needs continuing attention, and requires coopera.tion 
of the relatively small number of manufacturers that a r e  now engaged in supplying the 
various compounds used in this work, to assure that materials of increasing purity and 
improved control of quality will become a.vailable a s  needed. 

The other principal technical problems to be solved in this program are 
(1) identifying suitable substrate materials that will survive the environment of the 
MO-CVD process and be potentially inexpensive and available in large areas,  yet be 
a s  favorable a s  possible to GaAs and G~AQAs grain growth; (2) establishing preferred 
CVD process parameters (temperature, reactant concentrations, ca r r ie r  gas 
composition, doping impurities, growth rate) for optimized intragrain properties of 
the films grown on various substrate materials; and (3) achieving adequate grain size 
in the films to  provide satisfactory solar cell properties. 

To pursue these technical problems and to meet the objectives of the program, 
the contract work is  organized into five main technical tasks, as  follows: 

Ta.sk 1. Substrate Materia.1 Selection, Evaluation, and Development 

Task 2. CVD Experiments and Parameter Studies 

Task 3. Evaluation of Film Properties 

Task 4. Experimental Photovo1ta.i~ Device Fabrication and Evaluation 

Task 5. A.nalysis and Projection of Cell Fabrication Costs 



In addition, the Program Management Task defined in the Statement of Work (Exhibit I) 
of the contract is  carried on in parallel with the above technical tasks. 

This i s  the first  Quarterly Project Report for this contract and covers the 
period 5 July through 2 October 1976. The contract activities during that period a r e  
described by task in the following section. 
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2. TECHNICAL PROGRESS 

This section contains a summary of the results obtained during the first  three 
months of the contract. The discussion is arranged by task, but because of the inter- 
action of the activities of the various tasks a distinction is not always easily made. 
Where this occurs, cross-referencing is used to indicate where additional related 
discussion is given. 

2.1 TASK 1. SUBSTRATE MATERIAL SELECTION, EVALUATION AND DEVELOPMENT 

The summary of the proposed work of this task, as given in the original 
proposa.1, i s  a s  follows: 

Selected samples of both commercially-available and specially-prepared 
materials--including high-purity polycrystalline aluminas, special glass- 
ceramics, some high-temperature glasses, and certain metal foils and 
deposited layers--will be evaluated for suitability of physical properties and 
chemical stability in the MO-CVD environment. Special substrate preparation 
procedures--including chemical cleaning and processing, mechanical polishing, 
surface texturing, and high-temperature annealing--will be investigated and 
developed to improve surfaces for film growth. Substrate materials will be 
carefully cha.ra.cterized to provide correlation with film properties. 

The highly developed technologies of epitaxial growth of GaAs on single-crystal 
GaAs substrates and single crystals of dissimilar materials (especially insulating 
oxides such as  sapphire and spinel) permit the growth of films with excellent struc- 
tural and electrical properties. However, the limitations of substrate cost and 
available size in these two cases place the configurations outside the range of the 
ERDA program goals. 

Attention must thus be focused on identifying a substrate material that is  
readily available, is  inexpensive (or  potentially so), and yet permits the formation 
of GaAs and G~AQAS layers having structural and electrical properties adequate for 
a.chievement of reasonable so1a.r cell efficiencies. These requirements on the sub- , 

strate tend to be mutually exclusive: Substrate materials that a re  inexpensive and 
readily a.vailable in large areas a re  usually not single crystal or even large-grained,! 
so the GaAs layer growth process will get relatively little help from the substrate in 
acquiring the properties important to solar cell performance. 

A.s a. result, the approach taken in this program i s  to apply the MO-CVD process 
- to the growth of GaAs and GaAeAs films on inexpensive substrate materials available 

in large areas, and then to  systematically pursue the achievement of sufficient crystal 
gra.in size in the films to permit acceptably high solar conversion efficiencies. Only 
a few classes of materials now commercially available can be considered as candidate 
substrate materials, based on cost, availability, and reported properties. These 
include the amorphous glasses, glass-cera.mics, polycrystalline ceramics, and certain 
metals o r  alloys, a.s discussed below. 

Although the primary thrust of the program involves the growth by CVD of films 
of GaAs and GaAeAs on polycrystalline and amorphous substrates, for baseline and 
comparative studies of film properties single-crystal substrates a re  also used. The 



single-crystal substrates used a.s GaAs and sapphire. Investigations with these 
materials consist mainly of experiments to  help in the optimization of film growth 
parameters and experimental device configurations, which art: lien reproduced 
on less expensive polycrystalline and amorphous substrates. 

Single-crystal GaA.s i s  t o  be used primarily to establish the CVD parameters 
and the resulting film properties that a re  required to produce epitaxial window-type 
GaAs solar cells equivalent in characteristics to similar structures produced by 
liquid-phase epitaxy (LPE) or  other methods. These studies a re  planned for  early 
in the program, in parallel with the primary studies of GaAs growth phenomena. on 
low-cost substrates that began at the start  of the contract performance period. 

Sapphire is used a.s a monitor and control substrate during film growth studies 
on the low-cost substrates. Previous experience in Rockwell laboratories with 
GaAs and GaA.1A.s growth on (0001)-oriented sapphire has provided a good level of 
confidence in the results obtainable with the MO-CVD growth method on this substrate. 
Comparisons with results obtained simultaneously on other substrate materials provide 
valuable information, based on this experience. 

2. 1. 1 Criteria. for Candidate Substrate Material Selection 

Practical considera.tions dictate that the specific criteria used in selection of 
candidate substrate materials for this program should be based on the following 
general chnrtlctc ristics: 

1. The a.vailability of either commercially-prepared samples o r  specially- 
processed research samples produced specifically for use in this program 

2. The present-day a.nd probable future costs of the materials when supplied 
in very large quantities 

, 
3. The purity of those materials available to this program 

4. The physical a.nd chemical properties of those materials. 

A, commercially available substrate material that is compatible with the growth 
process and subsequent device processing and which meets most (or  all) of the other 
selection criteria would be preferred, so that development costs would not be incurred. 
However, if research samples of one or more specially-prepared materials a re  made 
ava.ilable to  the program, and if the properties of the material indicate that it i s  
potentially a useful substrate material for GaAs thin-film solar cells, then the 
criterion of commercial availa.bility should be temporarily waived. It 
must be established as  soon as possible for such a material if there is realistic 
prospect for it to be brought from the realm of experimental research-sample 
quantities to large-scale production quantities within the ERDA time scale for thin- 
film polycrystalline so1a.r cells.' Unless this can be projected with some certainty - 
and the element of cost will become a major co-factor here - the a.dvisability of 
continued experimentation with the material will be doubtful. 



Present -day low cost i s  an  obviously desirable cha.racteristic of a candidate 
substra.te material. In the case of some of the commercially-available materials of 
interest in this program (such as certain glasses) the current cost per unit a rea  (see 
Table 2-1) certainly qualifies the material as low cost for this application. However, 
other possible materials - including some now commercially available and others 
available only in limited (research) quantities - that appear qualified on the basis of 
their physical and/or chemical properties may offer little hope of becoming adequately 
inexpensive in the future to  justify extended consideration of their  possible use  as  
substrates for large-scale terrestr ial  solar arrays. Such materials may be of great 
value for experimental use in this program, although not necessarily likely prospects 
for large-sca.le use in the future on the basis of economic (or perhaps just mass- 
producibility) considerations. 

As a general guide, it  i s  clear that the projected 1985 cost per unit a rea  of the 
substrate-and-film cell composite must be less  than the 1985 projected cost per unit 
area  of a cell made entirely of the film material (GaAs) in unsupported or  bulk crystal 
form (assuming equivalent power conversion efficiencies in the two cases). The 1985 
cost goal of the ERDA/JPL Low Cost Silicon Solar Array Project (LCSSAP) for fabri- 
cation of Si sheet material fro? aporopriate Si source material (costing less  than 
$ ~ o / K ~ )  i s  no more than $17/m , including materials, labor; and all applicable cost 
elements. This same figure can serve as  an upper limit for the pr.ojected cost per 
unit area  of the GaAs film and associated materials, including the substrate, before 
fabrication of the cells and arrays. 

The chemical purity of a candidate material will be a very important factor in 
determining i ts  suitability for use as  a substrate for growth of GaAs and G ~ A ~ A S  
films by the MO-CVD technique. However, it  i s  very difficult to establish a priori 
a ~~ l in imum purity level that will be acceptable in this application. In those-cases 
where a given material (and form) i s  available in several different purities - such as i s  
true for polycrystalline alumina ceramics (see Table 2-1) - the most satisfactory 
technical choice will be that of highest purity, in nearly all cases. In those areas in 
wlricll the ~iiaterial  i s  available in only one purity a dccision must bo mado aE to the 
adequacy of that impurity level with respect to the CVD environment, the short-and 
long-term chemical stability toward GaAs and GaAfAs and the other materials 
involved in the cell structures, and the processing to which the composite i s  subjected 
in fabricating solar cells and arrays.  

Unfortunately, i t  appears likely that many relatively inexpensive candidate 
substrate materials that are  o r  have been available commercially have not been manu- 
factured with a consistent and reproducible level of purity. Thus, the probability of 
ilea-contmliaation of tlie deposited films o r  non-dctcrioration of the oell structure 
and i ts  performance may be quite small. It i s  the intention in this program initially 
to use the highest purity materials available in a given class, followed by determination 
of any adverse effects on film properties o r  subsequent device properties when sub- 
strate materials of reduced purity (and thus lower cost) are  used for the same purpose. 
In general, i t  i s  expected that the early experiments with a given material, presumably 
in its highest purity for the partic~~_la.r fo rm involved, will help to determine the extent 
to which impurity restrictions can be relaxed without intolerable adverse effects on 
the resulting films. 



The known physical and chemical properties of a given material 
provide perhaps the most objective measure of i ts  suitability as a possible substrate 
for the growth of GaAs films for large-area solar cells. Since inexpensive materials 
a re  necessarily the ones to be considered, it follows that the candidate materials will 
almost certainly not be single-crystal materials. Thus, the ~ i s ~ i a l  concern (as in 
epitaxy) over the degree of mismatch of the lattice constants of the substrate material 
and GaAs (or GaAlAs) disappears, especially where amorphous substrate surfaces 
a re  involved. In its place arise two new concerns, related to extremes in the nucleation 
and growth behavior of GaAs CVD films on substrates that are  not single-crystal and 
thus do not promote large -area epitaxy. The two lextremes are  (1) a nucleation and 
growth process that occurs largely spontaneously on a surface, such as the amorphous 
surface of a glass, that exerts little or  no ordering influence on the process but instead 
provides only a support for random nucleation sites and subeequent extended film 
growth; and (2) a nucleation and growth process that is  influenced strongly and ordered 
to  a high degree in localized regions of the substrate that may have only random 
crystallographic relationships one to another, yet produce what amounts to good 
epitaxial growth in confined areas because of good crystal  structure in t he  suhstra.t.e 
within those regions. 

The concern in the first  instance relates to  the need for either (1) restricting 
the incidence (surface density) of nucleation to a s  few sites a s  possible, so that the 
nuclei that do form will have maximum opportunity to grow into large islands or 
localized single-crystal regions, or  (2) modifying the surface in some way to encourage 
nucleation in a systematic and orderly pattern and to induce a preferred orientation of 
the controlled nuclei so formed. The concern in the second case is for the need to 
encourage the area growth of those localized epitaxial regions in the overall poly- 
crystalline deposit that have either identical or  twin-related crystallographic 
orientations, at  the expense of the other randomly-oriented regions, and further to 
encourage the growth of the largest oriented regions at the expense of those that 
a r e  significantly smaller. 

'l'hese considerations suggest a substrate surface that 1s extremely clean, 
chemically stable, grossly flat, microscopicallg'smooth, and free  of defects of 
all types at one extreme, and at the other a surface that has an orderly array or 
matrix of nucleation sites o r  growth regions, such a s  an array of individual 
crystallites all oriented crystallographically the same way in a multicrystalline 
body. There a r e  candidate substrate materials that tend toward these two extremes, 
but, unfortunately, none that fully meets either specification. 

Among the important physical charac teristics of a substrate material a r e  its linear 
thermal expansion coefficient (TEC) andits structural stability over the range of temperatures 
used prior to, during, and after film growth. The most ideal circumstance would 
match the TEC of the substrate and the film from growth temperature to  room 
temperature, t o  minimize stresses in the film. However, such a match is  seldom 
possible, and so  a deposited film i s  often under considerable stress following 
deposition at elevated temperatures. This can seriously affect both its electrical 
and i ts  structural properties, depending upon the magnitude of the s t ress  and whether 
it i s  tensile or compressive. It is  not uncommon to have a film-substrate composite 
bowed severely a s  a result of such stresses,  and in more extreme cases the film will 
wrinkle o r  fracture or  separate completely from the substrate. Unfortunately, the 
adherence of the film i s  usually influenced by the type of chemical bonding that i s  
present at  the film-substrate interface and this, in turn, probably involves a thin 
intermediate layer of some material between the substrate and the film with pro- 
perties that a r e  not readily established or  known. 



Figure 2-1 shows the linear thermal expansion coefficients of GaAs and several 
other materials that a re  often used as substrates for deposited semiconductor films 
in various applications. It is  clear from the figure that none of the materials shown 
- except for Ge - is a close match for GaAs over the temperature range up to -700 C, 
the typical GaAs deposition temperature for the MO-CVD technique. Several materials 
a re  close, and there a re  others (such as  tungsten and sapphire) for which the thermal 
expansion coefficient coincides with that of GaAs at a single temperature. There is 
also the possibility that other materials to be fabricated specially for use in the pro- 
gram can be tailored in composition so that their coefficients will be reasonably 
close to that of GaAs. Obviously, there is  reason for interest in Ge as  a substrate 
material, but other factors must be considered; these a re  discussed in more detail 
in later sections of the report. 

The TEC of a glass is  affected by changes in viscosity. Fortunately, the TECfs 
of most glasses a r e  essentially constant and predictable from room temperature up to 
just below the strain point. Therefore, glasses with strain points near the film growth 
temperature range may be considered as possible substrate materials in early studies. 
Additional factors a re  involved, however, a s  discussed below. 

The physical stability of a substrate and its surface is  dependent upon the method 
used to prepare the material. A dense substrate is expected to provide a more stable 
surface than a porous substrate that contains pockets of gas that may escape during 
thermal cycling. The gas may also dislodge particles or grains from the surface, 
thereby leaving voids and irregular areas for film growth. Based upon observations 
made in the LCSSAP studies it is  recommended that, during the first  phase of this 
program at least, only the most dense, smoothest, and highest purity ( > 99 percent) 
substrates be considered for film growth experiments. 

The stability of the substrate surface in the chemical environment of the 
deposition process is  important to achieving reproducible film nucleation and growth 
and desirable film properties. For example, if the substrate surface is  attacked by 
H2 prior to film deposition the surface may no longer be smooth and free of defects, 
the growth atmosphere may be contaminated with undesirable impurities, and the 
grown film may have incorporated in it material inconsistent with good film properties, 
both physically and electrically. Since the MO-CVD process used for this program 
does not necessarily require H2 as the carrier gas; those ,substrate surfaces 
adversely affected by H2 can be evaluated in an inert carrier gas, such a s  He. 

In addition, the substrate surface should be chemically stable to the primary 
reactants used in the growth process. For GaAs formation by the MO-CVD process, 
non-reactivity with AsH2 or As is probably to be preferred; also, depending on 
the GaAs growth mechanism involved, nonreactivity with trimethylgallium (TMG) is also 
probably preferred. On the other hand, it i s  conceivable that a stable intermediate 
compound formed at the film-substrate interface due to chemical reactivity with the 
reactant gases might be useful in influencing enhanced grain growth in the deposited 
film. 
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It is  important that any candidate substrate material be at least potentially 
available in large-area form, to permit large-area growth of GaAs films in order 
best to meet the cost and production quantity goals established by ERDA. Some 
materials that a r e  of real interest a s  possible substrates a r e  already available 
commercially in large sheet form; these include the metals Mo, W, and some of 
their alloys. It will be pointed out later that present-day costs indicate these 
materials to  be too expensive for this application if used in available sheet form. 
Preliminary investigation of these materials will be made with bulk rolled sheet 
(see Para 2.2, Task 2), but any consideration of long-term use must be in terms of 
deposited layers of these metals because of their high cost. It i s  also necessary to 
evaluate some materials (especially the polycrystalline ceramics) in both as- 
manufactured and polished forms to determine if the condition of the surface does, 
in fact, effect a significant difference in the properties of the film and subsequent 
devices. 

2.1.2 Candidate Substrate Materials 

Consistent with the above criteria, several kinds of low-cost or  potentially 
low-cost substrate materials a re  being considered for evaluation on this program, 
including (1) glasses, (2) glass-ceramics, (3) ceramics;and (4) metals and alloys. 
Representative makerials in these four classes a r e  listed in Table 2-1, together 
with pertinent properties. In addition, thin metallic films and semiconductor films 
as  intermediate layers a r e  also being considered a s  potential substrate materials. 

2.1.2.1 Glasses 

Glass is potentially an attractive substrate material fo r  a number of reasons: 
it i s  potentially inexpensive, many varieties a r e  available in large-area sheet form, 
i t  i s  transparent in the solar spectrum region, and itusually possesses an as-formed 
surface that i s  much smoother than the as-fired surfaces of polycrystalline ceramic 
substrates. In combination with the MO-CVD growth process, it is  possible to 
visualize a sheet of glass being rolled to the required thickness in one apparatus and 
being fed in its as-manufactured state directly into a CVD reactor for GaAs film 
growth, without contaminating steps intervening. Additional automation of cell 
formation, fabrication, and testing could then be developed in subsequent process 
improvements. 

In considering the use of an amorphous glass a s  a substrate, it i s  necessary to 
consider the effect of temperature on certain glass properties, notably the TEC and 
the viscosity. Convention has identified certain viscosity values with some of the 
physical characteristics recognized as critical in the behavior of glass at  elevated 
temperatures: strain point, - 3  x 1014 poises; arlrlealing point, -1013 poises; 
softening point, - lo7*  6 poises; and working point, -104 poises. From room 
temperature to just below the strain point, which i s  generally regarded a s  the upper 
practical limit for use of an annealed glass, the TEC values for glasses tend to remain 
nearly constant, increasing only slightly with temperature. However, with further 
increase in temperature into the annealing range the viscosity decreases and a large 
and rapid increase in TEC occurs. The reduction in viscosity at temperatures 
above the annealing point might eliminate a glass from consideration for possible use 
a s  a substrate for film growth in that temperature range; .however, the problem is much less 
sest-rictive for GxAs growth than, for Si growth, for example, because the temperature 



Table 2-1. Substrate Materials Considered for  Use in Prcgram 

AVERAGE THERMA-L 
EXPANSION COEFFICIENT 
REFERRED TO LENGTH REPRESENTATIVE APPROXIMATE 

SUBSTRATE AT 2 5 ' ~  (TEMP RANGE) NOMINAL- COST FOR RELATIVELY 
IDENTIFTCATION MATERlALlTYPE PER DEG C) SURFACE ROUGHNESS PURITY (%) LARGE QUANTITIES 

Corning 0211 Lime Borosilicate 
031 7 Alumina Soda Lime 
1723 Aluminosilicate 
7059 Barium Alumino- 

Ltorosilicate 

c 1 Microinch 
~ 0 . 5  Microinch 
~ 0 . 5  Microinch 
~ 0 . 5  Microinch 

$1.031/in.~ (12" x 1 4  sheet) as drawn 
$8.22/in.2 '(10,000 4" x 4") as drawn 

- 
$0.11/in.2 I144 sq in.) polished 
$0.04/in.2 11 68 sq in.) as drawn 

Coors ADS96F Alumina 
ADS995 Alumina 
Vistal Alumina 

MRC Superstrate Alumina 
(Hi Rel) 

3M ASM614 Alumina 
ASM772 Alumina 
ASM614 Lead Borosilicate 
~ 1 7 4 3  Glaze on Allunina 

ASM805 Alomina 
ASM665 Stcatite 

- 
<1 Microinch 

4 - 2  Microinch 
- 

-$0.45'/in.~ (0.020" thick) 

-$0.21/in.~ (0.020" thick) 

$1106-0.09hn.2 ($5.50-$8/1b) 

Tungsten W Sheet (powder-rn2t.I 

Molybdenum Ma Sheet (powder-:met.l 

KovarIRodar NiaCo-Fe Alloy 
Foil or Sheet 

Ge Single Crystal Slice Polished one side Semiconductor 
grade 

Semiconductor 
grade 
- 

GaAs Single Crystal Slice Polished one side 

Sapphire Single Crystal Ribbon As produced Sliin.2 ( l k  in. wide ribbon) 
~2.39lin.2 (10,000 in.2 with grains) 



for GaAs growth by the MO-CVD process is  much lower than that 
required for large-grain growth of Si by CVD. Furthermore, very little i s  known 
about the effect of glass viscosity on the growth and properties of semiconductors, 
and it is  possible that film growth on a surface having significantly decreased viscosity 
could produce useful results in the present application. 

The principal glasses considered for use a s  substrates for GaA.s 
film growth a re  listed in Table 2-2. The glasses listed were selected mainly because 
their softening points a r e  higher than the temperature necessary for GaAs growth by 
the MO-CVD process. Although the TEC's listed a r e  in some cases lower than that 
reported for GaAs (see Figure 2-I), a s  pointed out above the TEC1s change rapidly 
when the strain point is  exceeded. On the basis of the extent of present knowledge 
it appears that only through trial and e r ror  can the usefulness of some of these 
glasses for GaAs film growth be determined with certainty. 

Among the glasses listed in Table 2-2, Codes 0211, 0317, and 7059 a re  . 
commercially available in plate form; Code 0211 is available in ribbon form, also. 
Code 1723 (which has properties very similar to Code 1720) was made available in 
plate form by Corning for the JPL/ERDA LCSSAP Si sheet growth program at 
Rockwell. Early studies using Code 1723 showed it was not compatible with the 
Si CVD growth process; thus, samples a r e  immediately available for studies of 

' 

GaAs growth in this program. 

An alternate substrate material for GaAs growth is  a glass film produced on 
a polycrystalline ceram.ic, i. e . ,  a glazed ceramic. The typical glaze formed.on 
ceramics offers a surface finish better than that which can be achieved on the ceramic 
itself (in an as-fired condition) without polishing. The glaze fills in the pores of the 
surface and can be used with a relatively inexpensive, non-smooth substrate of purity 
lower than, for example, 99.5 percent alumina (At2O3). Presently, however, the 
commercial availability of glazed ceramics i s  very limited, and glazes with low 
softening temperatures appear to be the rule. This type of composite i s  attractive, 
however, and various glazes a r e  being considered for evaluation a s  substrates for 
GaAs growth by the MO-CV.D process. As a result of a recent tr ip to present and 
potential suppliers of substrate materials (August 1976), it i s  expected that two 
manufacturers (Chi-Vit Cor~oration and Fer ro  Corporation) will submit glazed 
ceramics for consideration under this program. 

Another class of suibstrate material of initial interest i s  the glass-ceramic. 
These materials have been converted from their original glassy state to polycrystalline 
ceramics by controlled n~~cl.eation and devitrification. Through variations in 
composition and heat treatment, glass-ceramics offer a wide range of grain size, 
crystalline orientation, and TEC (from high positive values to negative values, 
including some that a r e  zero over a limited temperature range). 

Although no glass-ceramics a r e  now available having TEC1s matching that of 
GaAs exactly, Corning 9606 - with an average TEC of 5.7 x 10-6 per deg C in the 
temperature range 25-300°C (see Table 2-2) - i s  commercially available and i s  to 
be evaluated early in this program (see Para 2.1.3). It is anticipated that other 
glzss-ceramics, with TEC1s closer to that of GaAs, will be obtained later in 



Table 2-2. Commercial Glasses and Glass-ceramics Considered for Ga-4s Growth Studiesx 

+ From "Propeities of Glasses amd Glass-Cemamics," Corning  glass W a k s  

** B - Blown ware; S - Plate; T - Tubing and rod 

*** Setting point is defined as 5OC above strain point 

From Corning Product Information Sheets or private comnunicatian 

Corning Glass 
Code 

021 1 

031 7 

1720 

1723 

7059t 

9606 

Viscosity Data 

Type of Glass 

Lime Borosilicate 

Alumina Soda Lime 

Aluminosilicate 

Aiuminosilicate 

Barium Alumino- 
borosililate 

Magnesium 
Aluminosilicate 

Annealing Point 
(OCI 

5 511 

6 2  

712 

710 

635 

- 

Forms Usually 
Available*" 

S (Ribbon) 

S 

BT 

BT 

S 

S 

Softening Point 

720 

871 

91 5 

908 

842 

- 

Working Point 
(OC) 

- 

- 

1202 

1168 

1160 

- 

kveraje Thermal 
Expansion Coefficient 
(Referred to Length 
at 250C) Multiply by 

IO'~/OC 

74 (0-3OO0C) 

87 (0-30fQ Cl 

42 ID-3COO c)  

46 (0-3000 C) 

46 (0-300°C) 

57 125-3OO0C) 

Strain Point 
(OC) 

508 

574 

667 

665 

587 

- 



the program for evaluation in various solar cell configurations. One manufacturer 
of glass-ceramics (Corning) has indicated to Rockwell that a glass-ceramic with , 
properties compatible with the GaAs MO-CVD process can probably be produced in 

i large-area sheet form with relatively large oriented grains. This prospect is being 
further pursued. 

Many of the polycrystalline ceramic materials now available a r e  produced in 
areas up to about 300 cm2. The glass-ceramics used today a r e  produced in even 
larger sheets (the order of square meters); these polycrystalline materials a r e  thus 
reasonable substrates to consider for large-scale film growth by the MO-CVD 
process when TEC matching to GaAs has been successfully achieved. The recent 
visit to substrate suppliers indicated that additional glass-ceramics would also be 
forthcoming from Schott Optical Glass, Inc. , and Owens-Illinois, Inc. , in addition 
to Corning. 

I 2.1.2.3 Polycrystalline Ceramics 

There a r e  insulating polycrystalline oxide materials which have TEC 
values matching that of GaAs rather closely, a r e  quite stable at film growth 
temperatures, a r e  readily available, and a re  probably chemically compatible 
with GaAs and the CVD environment. For example, polycrystalline aluminas a r e  
available from several manufacturers, in purities from at least 9 4  percent to 
99.9  percent, in dense form. Properties a r e  listed in Table 2-1 for several specific 
aluminas obtained for the Rockwell contract program on CVD Si sheet for the 
JPL/ERDA LCSSAP. Several of these materials a r e  being used now in that 
program to aid in the evaluation of effects of various film growth. processes on 
film properties. 

Polycrystalline aluminas with purity of 9 9 . 5  to 9 9 . 9  percent have been fired in 
H2 to 1250°c for about 15 min at Rockwell without any obvious change in surface 
structure. It must' be established in this program if aluminas of lower purity (and 
therefore, lower cost) are  sufficiently stable at GaAs CVD growth temperatures. 
Other materials, such a s  steatite (nominally MgO- S i e ) ,  that,are considered possible 
for use in this program because of their TEC values (7.8 x 10-6 per deg C in the 
range 25 to 7000C for steatite) would also have to be evaluated for their stability in 
the GaAs CVD growth environment. Those found to react with Hz, for example, 
might still be acceptable as  substrates if the MO-CVD process is  modified to use He 
as  the carr ier  gas, a change that has been previously demonstrated a s  feasible in 
experiments at  Rockwell.. 

It will he important to determine if the surfaces of the as-produced commercial 
grades of alumina have properties that a r e  adequate for producing GaAs films with 
characteristics appropriate for solar cell formation. Commercial aluminas vary 
considerably in surface roughness due to grain size and method of fabrication. The 
highest purity materials seem to have the best as-fired surfaces but the smallest 
grain sizes. Although polishing costs a r e  considered prohibitive in attempting to  
reach the long-range cost goals of this work, it will be necessary and advantageous 
during this program to compare the properties of films grown on polished and on 
as-fired substrates? to assist the study of film growth processes and the evaluation 
of film properties. 



It i s  intended that some specially-prepared materials (not necessarily low-cost 
in today's market) be used in such evaluations. These will include polycrystalline 
alumina materials that have been subjected to special experimental firings beyond 
those normally used in preparing the materials for the commercial market. Such 
firings have been undertaken a s  a means for improving both surface structure and 
internal grain size. 

2.1.2.4 Metals and Metal Films 

Certain metals, both in bulk and thin-film form, a r e  also being considered 
a s  potential substrates for GaAs growth. Three different materials stand out ahove 
others--namely, tungsten (W) , molybdenum (Mo) , and Kovar (a nickel-cobalt-iron 
alloy* ) . 

Based on average thermal expansion data (Table 2-1) the preferred substrate order 
is (1) Kovar, (2) Mo, and (3) W. Ta is another metal with a TEC in the right range, but 
it is unfortunately reactive with H2 at high temperatures; therefore, its use as  a sub- 
strate would be considered only if GaAs were to be grown in an inert atmosphere, 
probably He, by the MO-CVD process. However, the other metals a r e  stable in 
Hz, a r e  readily available in sheet and foil form, and a r e  relatively inexpensive 
compared with single-crystal substrates of any material. The availability of these 
metals in foil form makes a continuous (rather than batch) GaAs film growth process 
on such foils appear quite feasible. 

11), 
beca 

Single-crystal GaAs has been grown on single-crystal W substrates (Refs 10, 
and polycrystalline GaAs on single-crystal Mo substrates (Ref 11). However, 

.use Kovar i s  less expensive (-1/5 the cost of polycrystalli.ne Mo and W), it is  
the first  bulk-metal substrate selected for evaluation in this program. Unfortunately, 
initial investigations have shown that there i s  a strong reaction between Kovar and 
AsH3; this is discussed further below and in Para 2.2 and 2.3. 

Alternately, the metals of interest can be produced in thin-film form by 
evaporation, sputtering, or CVD on. some other substrate prior to GaAs growth, 
a s  a means for (1) better contacting the back d the cell, (2) improving the GaAs 
nucl'eating process, (3) sealing and smoothing the substrate surface. (4) acti.ng a.s 
a transition bond between the GaAs and a substrate which has a TEC different from 
that of GaAs, and (5) possibly providing a larger grain structure than i s  exhibited 
by the substrate itself. 

Both Mo and W thin films have been produced at Rockwell a s  single-crystal 
sheets on sapphire substrates by the CVD method (Refs 12, 13). It would be possible 
to  form such films with a nascent surface on another substrate material just prior 
to  GaAs deposition. Experiments of this type may be carried out in this program 
in an exploratory way, especially if deposition experiments directly on other 
inexpensive substrates indicate that alternate procedures a r e  necessary. The 
reactivity that has already been observed between Kovar and AsH3 and/or GaAs 
indicates that if Kovar is  to be used in further film growth studies an intermediate 
layer will be required to separate the GaAs from the Kovar. Such a layer could be 
Mo o r  W, for example, or Ge, a s  described in the next section. 

*The approximate composition of Kovar is 29 percent Ni, 17 percent Co, and 
54 percent Fe. 



2. 1.2.5 Ge Films 

The data in Figure 2-1 show the similarity in TEC values for GaAs and Ge 
over a large temperature range. Consideration has often been given to the use of 
single-crystal Ge as  a substrate for GaAs film growth for solar cells, maidy 

F- because of the excellent match of the lattice parameters as well a s  the TEC values 
in the two cases. The literature has numerous references to composites of these 
two materials. One special combination of interest is  the tandem solar cell, which 
involves photovoltaic junctions of GaAs and of Ge optically in series, the intention 
being to make good use of the long-wavelength solar radiation transmitted by the GaAs 

I cell into the Ge cell adjoining it, However, this is  not a cell configuration considered 
for primary attention in this program. 

Ge in bulk single-crystal form does not appear to be a likely candidate as a 
solar cell substrate material, for GaAs growth or other application, for at least 
two reasons. First, Ge i s  more brittle than Si. As a result, substrate wafers 
of Ge would have to be thicker than Si wafers of the same area for equivalent dura- 
bility in handling during device processing. Si wafers 200 pm thick can be handled 
readily in large numbers with a high survival rate, and Si wafers (or ribbons) 100 pm 
thick can 'survive processing if special handling procedures a re  used. On the other 
hand, Ge wafer thicknesses closer to 400 pm a re  generally recommended for routine 
device processing. 

Second, the available world supply of Ge does not appear adequate to meet the 
projected future need for the material for solar cells if single-crystal wafers in the 
thickness range mentioned above were required. Thus, just in terms of the pro- 
jected annual power-equivalent production that is  the goal of the ERDA photovoltaic 
development program for the year 1985 (i. e . ,  500 Mw per year), the 5 x l o 6  m2 of 
solar cells required per year would correspond to 6.25 x l o 6  Kg of Ge iT wafers 
only 250 pm (10 mils) thick were used, with no allowance being made for material 
loss in sawing or processing. This figure is approximately 80 times the present 
wnrld annual production rate of Ge; in fact, it is close to the quantity that has been 
proposed as the world total recoverable supply between now and the year 2000, and 
is  about one-twelfth of the amount of Ge believed to exist in identified world 
recoverable zinc resources (Ref 14). In terms of estimated total abundance in the 
continental crust on the earth (Ref 15) Ge is  less than one-tenth a s  abundant a s  Ga, 
for example. Whereas these figures tend to discount the future role of single-crystal 
Ge wafers in solar cell production, there is  interest in the material in thin-film form 
as an intermediate layer on a low-cost substrate in a GaAs window-type solar cell. 

Many of the reasons cited in Para 2.1.2.4 for considering the use of metal 
films under the GaAs or GaMAs active layers apply also to Ge. The additional 
advantage that Ge so closely matches the TEC and the lattice constant of GaAs 
might also permit improved GaAs crystal quality within the individual grains of a 
polycrystalline deposit, depending upon grain size and the effects: of the underlayer 
on which the Ge i s  deposited. The Ge films would presu.mably be formed by CVD, 
by pyrolyzing GeH4 just before the onset of GaAs deposition so that a nascent Ge 
surface would be provided. 



2.1.3 Candidate Materials Selected for Detailed Evaluation 

Based on the criteria discussed in the foregoing sections,a group of 10 
candidate substrate materials has been selected for extensive evaluation in this 
program. These materials a r e  a s  follows: 

1. Glass: Corning Codes 0317, 7059, 1723, and 0211 

2. Glass-ceramic: Corning Code 9606 

3. Polycrystalline alumina: ASM805 (3M Co. ) and Vista1 (Coors) 

4. Composite structure: ~ e / g l a s s ,  ~ e / ~ o v a r - t y p e  alloys, Mo/glass 

As additional materials a r e  produced for this program by various manufacturers 
with properties considered superior to  those now available and included in the above 
group, substitutions may be made. Substitutions may also be made when any of the 
substrate materials i s  found to  be unsuitable for film growth and/or the properties 
of the resulting films do not meet the requirements of the program. 

2.1.4 Procedures Used in Preparing and Evaluating Substrates Experimentally 

The procedures used in preparing the substrate materials identified in the 
preceding section for experimental use in GaAs and/or GaAtAs deposition studies 
vary considerably with the material. The condition of the substrate surface when i t  
i s  placed in the reactor chamber is extremely important to the outcome of the film 
growth experiment. Experience has shown that the only surface preparation that 
should be undertaken in early deposition experiments with most substrate materials 
is  that directed a t  cleaning the substrate, which includes removal of surface oxides 
if  they exist. When film/substrate compatibility is established, then additional and 
improved surface cleaning procedures can be sought. 

Fo r  glasses and glass-ceramics, only organic solvents should be used initially; 
substrates can be cleaned with solvents such a s  trichloroethane, acetone, isopropyl 
alcohol, and methyl alcohol. The procedure now being used in preparing glasses for 
the growth of GaAs includes substrate immersion in warm tricholoroethane followed 
by immersion in warm acetone, with drying in filtered dry N2. It may be necessary, 
however, to use C aro's  acid* for cleaning if solvent-only cleaning proves to be inadeq,uate. 

The cleaning procedure for aluminas has required a more thorough evaluation 
early in the program, based on recent studies of Si CVD growth on these same 
materials. Since it is  known that the ~aAs/sapphire  system i s  compatible and the 
aluminas to be used early in the program a r e  -99.5 percent pure Ai2O3, it might be 
assumed that the cleaning procedures acceptable for sapphire could be used for the 
polycrystalline aluminas. This assumption may be in error ,  however, so various 
procedures a r e  being tested and compared with a simple solvent cleaning for each 
alumina evaluated. Simultaneous growth on substrates cleaned in several different 
ways helps in the selection of a preferred cleaning procedure. Cleaning steps being 
evaluated for use on aluminas include the following procedures: 

*Carols acid consists of 1:l H 0 (30 percent): H SO 
2 2 2 4' 



1. Organic solvents only. 

2. Organic solvents, HF-HN03 mixtures, H20, MeOH. 

3. Organic solvents, Caro's acid, H 2 0 ,  MeOH. 

4. Organic solvents, Caro's acid, HF-HNO3 mixtures, H20, MeOH. 

Metals and alloys should initially be used after only a simple solvent cleaning. 
Fortunately, the metals form oxides that a r e  volatile a t  relatively low temperatures 
and/or a re  reduced by H2. A light oxide acid etch may also be found beneficial in 
preparing the metal surface for film growth. Solvent- and acid-cleaned substrates 
should be evaluated early in the program to establish a preferred procedure. 

Of the materials identified above a s  selected for  detailed evaluation a s  possible 
substrates for use in this program, only the glasses o r  glass-based materials a r e  
considered of questionable stability in the H2 carr ier  gas normally used in GaAs film 
growth studies by any CVD method. Some differences in growth habit observed in Si 
films grown from SiH4 a t  the same temperature on glass substrates in both H2 and He 
atmospheres have been arbitrarily attributed to changes in the glass surface caused 
by the Hz.  However, Si films a re  usually grown on glasses a t  temperatures greater 
than those needed for GaAs growth, so i t  is unwise a priori to asser t  that studies of 
GaAs growth on glasses will be useless if H2 i s  usCdXTEe car r ie r  gas. However, 
it will become important to compare films grown in H2 and in an inert atmosphere 
(probably He) if the properties of films grown in H2 a re  found to be inadequate. 

H2 i s  considered a satisfactory car r ie r  gas for films to be deposited on the 
highest purity aluminas and the metals and alloys selected. Comparative studies 
using He and H2 may become necessary, however, a s  the purity of the aluminas i s  
reduced to take advantage of the lower costs of such materials. 

T,f the surface of a substrate is  found to be attacked chemically by AsH3, o r  if 
the As that is formed on pyrolysisalloys into the substrate, then there i s  probably 
little chance that the substrate will be useful in this program unless its surface i s  
coated with an intermediate layer that i s  compatible with AsH3 and/or As. The 
transparemy of the reactor chamber in the MO-CVD process permits observing any 
major changes in the substrate surface on exposure to AsH3 and before film growth 
commences. A pre-AsH3 step has been found to be a preferred step in the epitaxial 
growth of GaAs on single-crystal sapphire; therefore, the high purity aluminas will , 
probably not offer a problem in this respect. It will be determined if any of the other 
substrates of interest a r e  reactive, particularly the metals and alloys, since A s  i s  a 
product of AsH3 decomposition and alloys of As a r e  known to exist in several metal 
oystem.~. 

The final test. nf s~litahility of a candidate substrate material is  to use it in one 
o r  more GaAs CVD experiments. For the case of most of the materials identified 
a s  primary candidates (Para 2.1.3), compatibility of the substrate either with GaAs 
o r  with the environment of the MO-CVD process used in its formation has not 
previously been determined. It is  not known if f ree  Ga and As in elemental form 
reside for a time on the surface following pyrolysis of the source compound, o r  if 
the GaAs i s  formed away from the substrate surface; free Ga could be a good solvent 
for other metals and is  probably very reactive with surface oxides. 'l'he presence of 
excess AsH3, such a s  i s  normally provided in the MO-CVD process for GaAs film 
growth, may help to minimize the reactivity of any liquid Ga on the surface by 



combining with it to produce GaAs. These and other factors a r e  involved in the 
details of GaAs film growth on the various substrates of interest,  and the results  
obtained in C VD experiments with these materials  will provide the principal measure 
of their suitability. 

Based on the experience gained in the growth of polycrystalline films of GaAs 
on a number of different substrates--including metals,  glasses, and polycrystalline 
aluminas--a standard MO-CVD evaluation procedure has been established for  use in 
evalnating candidate low-cost substrate materials.  This procedure will be a standard 
MO-CVD run to grow an  undoped GaAs film -5pm thick on the substrate material to 
be  evaluated. 

The following standard conditions will be employed: 

1. H2 atmosphere ( ca r r i e r  gas) 

2. H, flow rate during growth: 3500 sccm 2 

3. Total reactor  gas flow ra te  during growth: 4000 sccm 

4. Temperature of substrate fo r  deposition: 725% 

5. Predeposition processing time: 3 min 

6. ASH flow r a t e  during predeposition process: 75 sccm 3 

7. ASH flow ra te  during growth: 200 sccm 
3 

O. TIviO earl-ier gas 11 f l o w :  2U scciri 2 

9. TMG push H2 flow: 500 sccm 

10. TMG source temperature: OOC 

11. 2-in. diameter Sic-coated graphite suscegtor. 

In general, this tes t  run  will include two o r  more separate portions of the candidate 
substrate material  which have been cleaned by different procedures. A piece of 
(0001)-oriented single-crystal sapphire (a-At2O3) will a l so  be  included a s  a monitor 
of the progress of the CVD growth run and the quality of the resulting deposits. The 
cleaning techniques employed will depend upon the specific candidate material being 
evaluated, a s  discussed above. 

2.1.5 Contacts with Manufacturers and Suppliers 

Ear ly  in the first quarter  of the program a large number of manufacturers and 
suppliers of possible substrate materials was contacted relative to participation in 
this phase of the program. Many of these had already been contacted ea r l i e r  relative 
to the substrate needs of the ERDA/JPL Si sheet growth program, so it was relatively 
easy to renew the inquiry in t e rms  of the requirements for  GaAs CVD film growth. 



In addition to the manufacturers represented by the materials  included in 
Table 2-1--Corning Glass Works, Coors Procelain Co., Materials Research Corp., 
3M Company, GTE Sylvania (Precision Metals Group), AMAX Specialty Metals Corp. , 
Wilbur B. Driver Co. (GTE Sylvania), and Carpenter Technology Corp. (Carpenter 
Steel Division) -- the following companies were contacted during the first month of the 
program to obtain samples of various ceramics,  metals, and glasses: Schott Optical 
Glass, Inc. (Duryea, PA); American Refractories and Crucible Corporation (North 
Haven, CO); Star Porcelain Co. (Trenton, NJ) ; Associated Ceramics and Technology, 
Inc. (Sarver, PA); Metsch Refractories, Inc. (Chester, WV); Plessey - Ceramics 
Division (Frenchtown, NJ); General Electric Glass Products and Lamp Division 
(Cleveland, OH); Ceradyne (Santa Ana, CA); Harbison-Walker Refractories (Pittsburgh, 
PA); Glass Beads Company (Latrobe, PA); Norton Company (Worcester, MA); and 
Magneco Electronics (Addison, IL). 

Schott Optical Glass showed interest and was sent further  information on the 
program. American Refractories is in the crucible business and has no equipment 
for  processing and/or substrate manufacturing. Star  Porcelain indicated i t  i s  not 
ready a t  this time for  this type of development program and has no substrate capa- 
bility. Associated Ceramics produces A1203 and intends to supply some substrates 
for  evaluation. Metsch Refractories will also send samples of materials  for  evalua- 
tion. Plessey presently uses allnost exclusively a dry-press process but stil l  has 
tape-process capability. General Electric is producing Lucalox (large-grained 
alumina) only for  lamp products (and i s  expanding in that area) ,  and indicated they 
cannot make a tape product from Lucalox and have no facilities for making flat glass. 

Ceradyne was willing to prepare special material fo r  the program, but the cost 
of the material  would have been prohibitive and could not be considered. Harbison- 
Walker requested further information before determining their position regarding the 
supply of special materials.  Glass Beads Company produces alumina substrates but 
not high-purity material;  future contact might be appropriate when and if the  studies 
indicate low-purity (90-92 percent) alumina should be considered. The Norton 
Company normally produces only kiln components and prefers  not to get involved in 
substrate manufacture, but considered sending samples of several  different materials 
(carbides and nitrides); a decision was later made not to participate a t  the present 
time. 

Climax Molybdenum and the AMAX Specialty Metals component of that company 
indicated a willingness to supply samples of Mo, W, and Mo (70)-W (30) alloy for 
evaluation. Future participation may involve the preparation of recrystallized alloys 
for the program. Magneco Electronics submitted some 96 percent alumina substrates 
for  comparative studies with materials of s imi lar  purity produced by other vendors. 

In the second month of the program the following manufacturers were visited by 
Rockwell personnel relative to the supplying of substrate materials  for  the program: 
(1) Plessey - Ceramics Div. ; (2) Schott Optical Glass, Inc. ; (3) Corning Glass Works 
(Corning, NY); (4) Saxonburg Ceramics (Saxonburg, PA); (5) Du-Co Ceramics 
(Saxonburg, PA); (6) General Electr ic  Co. (Cleveland); (7) F e r r o  Corporation 
(Cleveland); (8) AMAX Specialty Metals (Cleveland); (9) Owens-Illinois (Toledo, OH); 
(10) Chi-Vit Corporation (Cicero, IL) ;  (11) Magneco Electronics; and (12) 3M Co. 
(St. Paul, MN). With the exception of General Electr ic  (Lamp Division) and Du-Co 
C c r m i c s  dl of the vendors oontacted intend to supply some substrates considered 
potentially useful to this program. 



Samples of various ;ubstrate materials obtained during this se r i e s  of visits 
include the  following: (1) "Ceramislik" alumina (Plessey Ceramics);  (2) glass- 
ceramic  (Schott Optical Glass) ; (3) glas s-ceramics and Sn02-coated glass (Corning) ; 
(4) quartz ribbon (General Electric);  (5) dense cordierite (Ferro) ;  (6) W, Mo, and 
Mo alloy (AMAX); and (7) several  aluminas (Magneco). Materials anticipated for 
receipt in the  near  future include (1) glazed ceramics (Fe r ro  and Chi-~it/Magneco); 
(2) glass-ceramics (Schott, Corning, and Owens -1llionis); and (3) various ceramics,  
such a s  steatite,  mullite, alumina, and possibly spinel (several vendors). 

In the third month another ceramics supplier providcd substrate saulples lur 
evaluation in this program. Comco, Inc. (Sun Va.ll.ey, CA),sukmitted severnl. 
substrates ot 96 percent alumina and 99.5 percent alumina for evalimtion aucl corrl- 
parison with similar  materials  produced by other companies. The substrates include 
mater ia l  from Tong-Hsing, an associated company located in Taiwan. 

2.1.6 Substrate Processing a t  Rockwell 

Ear ly  in the quarter ,  several  ceramic and metal substrate materials were 
polished by chemical-mechanical methods developed a t  Rockwell, to produce an 
optically smooth surface. This  was in anticipation of their use in GaAs and/or 
GaAeAs CVD,experiments for  comparison with unpolished substrates of the same 
materials ,  to determine the advantages, if any, that accrue from the additional 
preparation. The materials  polished were ASM805, ASM838, ADS995, ADS96F, and 
Vistal (all alumina ceramics) ,  and Mo, Kova.r, and Rodar* metals. 

Several of these polished substrates were examined in the scanning electron 
microscope (SENI) to evaluate the resulting surfaces. Such analyses revealed some 
voids in the surfaces of the alumina substrates, either inherently present o r  caused 
by the removal of smal l  grains during the lapping and polishing procedure. The 

number of voids (porosity) seemed to  be related to the purity of the substrate, the 
highest purity aluminas having fewer voids. The variations in shape and reflectivity 
of the grains in ADS96F alumina (Coors) prompted a preliminary analysis by EDAX** 
of a r e a s  that had dissimilar  appearance in the SEM. The regions between grains 
with well defined shapes were found to be high in Si (probably a s  Si02); the grains 
themselves were  high in A1 and low in Si. The composite, therefore, appears to  
consist of alumina grains embedded in a sea  of glass rather  than a chemically 
homogeneous material. .  Standard cleaning procedures for  sapphire (a -AP203!, which 
use H F  mixtures,  a r e  thus probably not acceptable for  these substrate materials.  

Other ch.aracterization of the primary substrate materials listed in P a r a  2.1.3 
is in progress and will be  described in subsequent reports.  

*Ro.dar is an alloy of Fe, Ni, and Co similar  in composition to Kovar. 

**Energy-dispersive analysis by x-ray emission, done in the scanning electron 
microscope. 



2.2 TASK 2. C V D  EXPERIMENTS AND PARAMETER STUDIES 

The summary of the proposed work of this task, a s  given in the: original program 
proposal, is as follows: 

The MO-CVD process will be used to grow fi lms of GaAs, GaAdAs, and 
possibly AdAs (and/or Ad ASP) on the polycrystalline and amorphous substrates 
identified in Task 1. The effects of deposition conditions on the properties of 
candidate substrate materials  and of the resulting films will be determined. 
Experiments to establish the effects of growth conditions on film grain size will 
be car r ied  out, and optimum film doping methods and conditions will be estab- 
lished for specific desired film properties and photovoltaic device configurations. 
Special processing methods--such as  -- in situ gas-phase etching and/or annealing 
and the growth of intermediate nucleating layers --will be investigated, to 
improve film properties. Early in the program a second CVD reactor  system 
will be assembled to supplement the one initially used for this task. 

The experimental investigation of the MO-CVD process for  this program began 
ear ly  i.n the first month of the contract, and employed an existing CVD reactor  system 
that had been used for  company-sponsored investigations in the GaAs-GaAQAs system. 

During the f i r s t  quarter  of the contract, 101 MO-CVD experiments were 
performed. The majority of these can be classifed into two groups: (1) those 
designed to give data on the doping of GaAs and Ga(l-x AdxAs (x = 0.9) single-crystal 
films grown on single-crystal GaAs substrates, and (21 those designed to give infor- 
mation on the growth of polycrystalline GaAs films on a variety of potentially low-cost 
substrates. 

In addition to these CVD experiments the other major task pursued in the f i r s t  
quarter  was to design and fabricate a second MO-CVD reactor  system which is to 
become the dedicated reactor for the performance of this contract. Due to delays in 
the scheduled delivery of some reactor  components by suppliers,the completion of 
the new reactor system has been extended to the end of the fourth contract month. 

The reactor system used for the CVD experiments to date is shown schematically 
in the diagram of Figure 2-2. The diagram is simplified, showing only the main gas 
lines and the air-operated bellows-sealed valves. The liquid source materials  a r e  
held in stainless-steel cylinders with dip tubes. The metalorganic source material 
is carr ied  to the reaction zone by H2 gas which is bubbled through the corresponding 
liquid source. The gaseous sources a r e  s tored in high-pressure cylinders equipped 
with stainless-steel two-stage pressure  regulators. Flow control is provided by 
flowmeters (Brooks Rotameter type), which will soon be replaced by mass  flow 
controllers. 

The reactor  chamber is made of quartz,and the Sic-coated graphite susceptor 
is supported in the rf field by a quartz rod that is rotated during a deposition experiment. 
The susceptor temperature is monitored by an infrared thermometer. The deposition 
sequence is controlled by a card-programmable electronic sequencing t imer,  which 
controls the air-operated valves and thus the reactant gas flow paths. 



Figure 2-2. Schematic Diagram of MO-CVD F-eactor System for Deposition of @aAs and GaAfAs Films 



2.2.1 Design and Fabrication of New Reactor System 

The design for  the new MO-CVD reactor  has been completed and a complete 
scale drawing of i t s  component gas lines has been made. This  drawing will aid in the 
rapid and orderly fabrication of this multicomponent, versatile MO-CVD system. A l l  
component parts  have been ordered and construction of the reactor  and i t s  electronic 
control system has been started. 

The flow ra tes  of the main gas constituents in this MO-CVD reactor  a re  to be 
controlled by electronic mass-flow controllers (Tylan Corp) having a kl percent 
accuracy and rtO. 02 percent full-scale repeatability. The readout unit for  these con- 
t ro l lers  has a 3-1/2 digit display reading directly in standard c c  per  min (sccm) o r  
standard l i te rs  per  min (slm) of the corresponding gas. During a growth run the 
reactant gas flow paths a r e  to be controlled by air-operated bellows-sealed valves 
which are  in turn to be controlled by a card-programmable electronic sequencer. The 
metalorganic constituents a re  to be injected into the main reactor  manifold by special 
three-port, low-dead-volume bellows-sealed valves. This will allow abrupt changes 
in doping and film composition to be made. 

The temperature of the Sic-coated graphite susceptor (s imilar  to the arrangement 
shown in Figure 2-2) will be measured by a thermocouple inserted in the center of the 
susceptor; the signal will be transmitted to a digital thermometer readout having 
0. 1°c resolution. 

The reactor  also has a vacuum system using a direct-drive chemical-resistant 
vacuum pump. This vacuum capability is used to  evacuate the quartz reactor  chamber 
prior  to each growth run and to aid in leak-checking the reactor  gas lines. 

The quartz reactor  chamber is designed with a quartz baffle which aids in the 
production of a homogeneous gas mixture and improves the thickness uniformity of the 
film grown on the substrate, which res t s  on the susceptor (cf Figure 2-2). 

2 . 2 . 2  Growth of Doped Single- crystal Films 

Single-crystal films of GaAs and GaABAs have been grown with both Se doping 
and Zn doping on single-crystal GaAs substrates. H2Se gas (265 ppm in  Hz) and 
diethylzinc (DEZ) a r c  used a s  sources. These experiments were performed to deter- 
mine the doping ranges over which these sources would be useful and the dependence 
of doping levels on source flow rates. This information can then be used in the doping 
of polycrystalline GaAs and GaA&As films. In addition, these data a r e  required for the 
growth of single-crystal G a A l A s / ~ a A s  heterostructure solar  cells,  a stated objective 
of the planned program, to establish the performance capabilities of cells grown by 
the MO-CVD process. 

2.2.2.1 Zn Doping of GaAs 

Doping experiments were begun with the Zn doping of GaAs from a diethylzinc 
(DEZ) source, which was held at a constant temperature by a low-temperature 
insulated bath. The partial pressure  of DEZ in the reactor  was then varied by varying 
the flow rate of H2 over the DEZ source. 



It was determined that with the initial reactor  design and with the DEZ source 
a t  OOC the minimum c a r r i e r  concentratioil achieved at a rowth temperature of 7 2 5 ' ~  
and a growth ra te  of -0.35 pm/min was p = 4 x 1018 ~ m - ~ .  This value correponds to 
the lowest flow ra te  of H2 gas over the DEZ source that could be reproducibly 
controlled. 

The doping of GaAs with lower DEZ source temperatures of -12, -16, -25, -30, 
-40, and -48OC was also studied. Since the melting point of DEZ is - 2 8 O ~ ,  for some 
of these temperatures the DEZ source was a solid. For a source temperature of 
-4a°C', the lowest doping level achieved was p = 5 x 1016 ~ m - ~ .  From detailed studies 
of the doping behavior with DEZ source temperatures of-28 and -45OC it was determined 
that the doping is not reproducibly controllable with these low U E 2  source temperatures. 

Modifications were then made to the reactor  to allow the use of the DEZ source 
a t  u'C. These modifications incorporated a gas proportioning system in the UEZ flow 
control section of the reactor ,  allowing dilution of the DEZ source H2 flow by up t o  three  
o rde r s  of magnitude. A portion of this diluted DEZ H2 c a r r i e r  gas was then injected 
into the reactor  during film growth, resulting in achievement of minimum doping levels 
of p =1016 ~ m - ~ .  The observed dependence of c a r r i e r  concentration v s  the flow ra te  
of H2 gas into the DEZ source cylinder is shown in Figure 2-3. The values of NA-ND 
were determined by making van der  Pauw measurements a t  300°K on 6-10pm-thick 
GaAs:Zn f i lms grown on GaAs:Cr substrates oriented in the (100) plane. The observed 
variation of net c a r r i e r  concentration with c a r r i e r  gas flow rate through the DEZ source 
is approximately a 1.5-power dependence. 

2.2.2.2 Se Doping of GaAs 

Se-doped GaAs f i lms -6 pm thick were grown on GaAs:Cr (100)-oriented substrates 
using H2Ye (265 ppm in  H?) as a dopant source. The electrical properties of these films 
were measured a t  3 0 0 ' ~  by the van der  Pauw method. 

With the current  reactor  design, the minimum doping level observed was 
-4 x 1017 ~ m - ~ .  The dependence of N D - N ~  on t he flow ra te  of the HZSe gas mixture 
is shown in Figure 2-4. Approximately 1.3-power dependence of measured net c a r r i e r  
concentration upon the source gas flow ra te  is found. The corresponding measured 
electron mo ilitie ranged f rom 2744 c m 2 ~ - I  sec-I  for  the lowest-doped film to 
1449 cm2V-' sec-I  for  the highest-doped film. 

Although relatively few Se-doped GaAs f i lms were prepared and evaluated, no 
additional samples of th is  type a r e  expected t o  b e  prepared in the present reactor  
system. The data given in Figure 2-4 a r e  adequate to  provide the information required 
fo r  growing composite single-crystal cell s tructures by the CVD process in the present 
reactor ,  a s  i s  planned fo r  early in the  coming quarter.  

2.2.2.3 Se Doping of GaMAs 

All doping experiments of Ga(l-,~.AL?xAs were performed with x=O. 9. A gas  
mixture of 265 ppm HZSe in H2 was agarn used. a s  a doping source. GaAfis  f i lms 
-6 pm thick wkre grown on GaAs:Cr (100)-oriented single-crystal substrates. The 
measured values of ND-NA a s  a function of the flow r a t e  of he doping g a s  mixture 
a r e  shown in Figure 2-5. GaAeAs:Se films with 1015~n~1018cm-3 have been grown. 
The observed superlinear dependence of n upon the doping gas  flow ra te  is not under- 
stood a t  this  time. 
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FLOW RATE OF DILUTED DEZ H2 CARRIER 
INTO REACTOR (sccm) 
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Figure 2-3. Measured Carr ier  Concentration (van der  Pauw method) in Zn-doped 
Single-crystal GaAs Films on Single-crystal GaAs:Cr Substrates a s  Function of H2 
Flow Rate into DEZ Source Cylinder (at OW). .. 

Figure 2-4. Measured Car r i e r  Concentration (van de r  Pauw method) in Se-doped 
Single-crystal GaAs Films on Single-crystal GaAs:Cr Substrates a s  Function of 
Flow Rate of H2Se Gas Mixture (265 ppm in H2). 
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Figure 2-5. Measured Carrier Concentration (van der Pauw method) in Se-doped 
Single-crystal Gag. lAlo, gAs Films on Single-crystal GaAs:Cr Substrates a s  Function 
of Flow Rate of H2Se Gas Mixture (265 ppm in H2) 

Some difficulty in making ohmic contacts to Ga A v s  (x= 0.9) with 'h has 
been encountered. In most cases, t i~ problem was h o d t  pronounced for the most 
lightly doped films (n 54 x 1016 cm-'). For these films, an extended (-50 mln. at 
450'~) alloying period was required to produce ohmic contact. 

Earlv in the atudv of Se-doped GaAlAs films, difficulty in contacting films was 
frequentlyencountere&d was observed to be unpredictable, and seemed to occur with- 
out any correlation to the doping level of the film. During this early set  of doping 
experiments, it was observed that after a few deposition runs the Sic-coated susceptor 
exhibited pinholes in the coating and would have to be discarded. It was subsequently 
determined that the last few lots of Sic-coated susceptors received from the supplier 
had only one layer of S i c  instead of the normal two. This left pinholes in the Sic 
coating, which then outgassed during the deposition sequence. This affected the film 
growth, and apparently caused the GaAlAs layers to become contaminated and thus 
especially difficult to contact. Any susceptor that showed signs of pinholes was replaced 
with a new, unused one, but since this occurred frequently, it i s  difficult to say if any 
GaAlAs films grown during these early runs were free of interference from the out- 
gassing of the susceptor in use at the time. Attempts are being made to resolve this 
difficulty with suppliers of the coated susceptors so that future work can be reasonably 
free of this obviously serious problem. 

2.2.2.4 Zn Doping of GaAPAs 

Studies of the Zn doping of Gal-,A ,AS (x=O. 9) were begun late in the quarter. 
However, only a few CVD runs were made and no Zn doping data i s  yet available. 
Results of these investigations will be described in later reports. 



2.2.3 Growth of GaAs on Polycrystalline and Non-crystalline Substrates 

GaAs films have been grown on a number of polycrystalline and non-crystalline 
materials during the first quarter  by the MO-CVD method. The materials used were 
considered to be possible candidates for low-cost substrates for thin-film GaAs solar 
cells. Included in this group of materials were three metals, two polycrystalline 
alumina ceramics, and two glasses. 

2.2.3.1 Polycrystalline GaAs Films on Metals 

Three metals - Kovar, Rodar, and Mo - were used a s  substrates for  the MO- 
CVD growth of thin (-6 pm) GaAs films. The substrates were cleaned in various ways 
pr ior  to deposition to determine what effect, if any, the cleaning procedure would have 
on the deposited film. Also, different deposition temperatures were employed to 
establish the dependence of film properties on the growth temperature. 

It was discovered that at high temperatures (i.e., a t  GaAs deposition temperatures 
for the MO-CVD process) AsH3 gas attacks the Kovar and Rodar substrates. A run was 
made in which the AsII3 was injected into the reactor  at the same time as  the TMG, a 
departure from the usual deposition procedure. This minimized the attack but did not 
eliminate it. No AsH3 attack of the Mo substrates was observed. One run was made 
on a polished Mo substrate; the GaAs film was doped with Se in this case, and the 
properties of the film did not appear to be influenced by the surface preparation. 

Detailed discussion of the results  of these experiments is given in P a r a  2.3.2.1 
and 2.3.2.2. 

2.2.3.2 Polycrystalline GaAs Films on Polycrystalline Aluminas 

Two polycrystalline alumina ceramics manufactured by the 3M Company were 
also used a s  substrates in GaAs MO-CVD experiments during the f i r s t  quarter.  These 
materials  - ASM805 and ASM838 - were used with both as-received and polished 
surfacco (me  P a r a  2.1 .6) .  Tn one run, the growth ra te  was increased to -0. 5 pm/min 
(-0.33 pm/min is normally used) to determine if the nominal size of the surface 
features observed on the film was dependent upon growth rate. No.major differences 
were observed, however. Different cleaning procedures were then employed to deter- 
mine if this played any role in the film growth. The usual cleaning procedure for  these 
aluminas includes etching in hot Caro 's  acid; the etching time was varied in two runs - 
one se t  of substrates was etched for  2 min and the other se t  for 30 min. No prominent 
dlffercnces were obscrvod in the surface str~icture or prefer red  orientation of the 
films grown in these runs. 

In one run, a Se-doped GaAs layer was grown simultaneously on polished ASiVi805 
and ASM838 substrates. The films were fully adherent on both substrate materials,  
and appeared to have a small-grain pol.ycrystalline structure. Detailed evaluations 
a r e  in progress and will be described in subsequent reports.  

2.2.3.3 Polycrystalline GaAs Films on Glasses 

GaAs films were also grown on two Corning glasses, viz., Code 1723 and Code 
0317 (see Table 2-2). It was determined that these glasses a r e  stable in H2 at the 
growth temperatures employed. Three runs were made with Code 1723 substrates 



at three different temperatures up to 750°C, and a GaAs film was grown on Code 0317 
glass at 730 '~ .  The polycrystalline films grown on these substrates were adherent, 
and no bowing of the film-substrate composite was observed. GaAs:Se films were 
grown on Code 1723 glass,  and the resulting polycrystalline GaAs layers  exhibited 
slight conductivity. The propert ies  of these films a r e  discussed further in P a r a  2.3.2.4. 

2.2.4 Growth of Materials for  Intermediate o r  Nucleating Layers 

It has been suggested that a thin layer of some material deposited on the surface 
of a substrate might improve the properties o r  nucleation of GaAs films. A s  discussed 
in P a r a  2.1.2.5 such an intermediate layer  might be a thin film of Ge. 

To  determine if  Ge could be grown on ~ o v a r / ~ o d a r ,  a depogtion run was made 
employing a 5 percent GeHq source in H2. A control wafer of (0112)-oricntcd sapphire 
was included in the run. Ge was deposited on both substrates, and no attack of the 
polished Rodar substrate was observed. Further ,  SEM studies showed surface 
features on the film on Rodar that appeared to be individual grains -20 pm across. 
(See Para 2.3.2.5.) The Ge film on the sapphire substrate was measured to be 
-4 pm thick and was n type, with n = 1017 ~ m - ~ .  This doping could be due to the 
residual background A s  in the reactor  system. X-ray analysis showed the film to be 
highly twinned. 

A thin film of Ge on Rodar probably would eliminate the opportunity for the 
AsH3 attack previously observed on this alloy, and might provide a large-grained 
surfa.ce f o r  the  growth of GaAs films. This possibility will be explored in a.dditiona.1 
detail in the coming quarter .  



I .  
I 2.3 TASK 3. EVALUATION OF FILM PROPERTIES 

This task was summarized in the program proposal a s  follows: 

A variety of materials characterization methods will be used to evaluate 
the films grown on various substrates in Task 2. Early in the program, 
emphasis will be placed on determination of film-substrate interactions, 
preferred orientation tendencies in the films, grain size, and film 
surface topography. Surface profilometry, x-ray diffraction analyses, 
scanning electron microscope examination, reflection electron diffraction 
analyses, and replica electron inicroscopy will be used for structural 
characterization; Auger electron spectroscopy, electron microprobe 
analysis, and ion-microprobe mass analysis will be employed where 
appropriate. Electrical properties of the films will be determined by 
Hall-effect measurements of transport properties, C-V analyses with 
Schottky barriers,  spreading resistance measurements, and other 
techniques a s  required. Optical transmission spectra, reflectance 
spectra, and surface photovoltge measurements will also be used to 
supply additional information about film properties. 

The first-quarter activity of this task has been dominated by two main areas of 
investigation. The first  is  the electrical characterization of single-crystal GaAs and 
GaAlAs films. The other is the electrical and structural evaluation of polycrystalline 
GaAs grown on a variety of dissimilar substrates. In addition, CVD films of Ge on 
Kovar have been evaluated, and some characterization technique development has begun. 

2 . 3 . 1  Electrical Characterization of Single-crystal Films of GaAs and GaAeAs 

The electrical properties of the CVD films grown to  establish the doping curves 
shown in Para 2.2.2 were determined using the van der Pauw method (Ref 16). This 
technique has been found to be reliable for measuring the parameters of interest in 
single-crystal films, i. e. , free carr ier  concentration, resistivity, and mobility. 
Furthermore, sample preparation for the use of this technique i s  l ess  time-consuming 
than Hall bridge preparation, and since the sample remains intact it can be used for 
other measurements subsequent to the electrical characterization. For these reasons 
the technique has been used exclusively in this program up to now. When, later in the 
program, doped films of polycrystalline material become available, the van der Pauw 
and Hall bridge techniques will be compared with each other in terms of reproducibility 
a s  well a s  apparent accuracy. C-V analysis of Schottky barriers,  four-point probe 
measurements, and possibly spreading resistance measurements will also be analyzed 
for  their applicability to these polycrystalline materials. 

The usual sample preparation for van der Pauw measurements i s  to apply indium 
(In) dot contacts to four corners of the as-grown sample. In some cases it has been 

. necessary to etch or abrade the edges of the sample to ensure that any overgrowth on 
the edges of the sample does not interfere with the accuracy of thc measurement. The 
In contacts a r e  normally alloyed into the sample at 400 - 450°C in a reducing atmosphere 
to achieve ohmic contact. The sample i s  then mounted in an appropriate holder by 
soldering contact wires to the In dots. 



The use of In a s  the ohmic contact and the alloying procedure described above has 
been universally successful for evaluating GaAs over the. entire doping range that has 
been explored in the program to date. GalLeAs has proven to  be more difficult to contact, 
however, particularly in the At concentration range of interest for window solar cells 
(x=O. 9). For material of this composition it has sometimes been necessary to alloy 
the In for a s  long a s  60 min to obtain ohmic contact, regardless of the doping level. For 
n-type doping concentrations below 1016 cm-3 it h a s  not been possible to  obtain ohmic 
contacts on GaAtAs using In, so the possibility of using In-Te or In-Sn as  an ohmic con- 
tact material for evaluation purposes i s  now being explored. 

The variabilityobserved in the alloying times necessary to produce ohmic contacts 
i s  being ascribed to  native oxides on. the surfaces of the material. Thc native oxide on 
GaMAs is known to  be difficult to handle adequately, and it. i s  possible that by addinp 2 2 
small amount of At to the In dopant mixture the oxide will be "dissolved". More 
reproducible alloying times could then be achieved. 

'l'he polycrystalline matorial which has been evaluated to date l ~ a s  been highly 
resistive; no measurable Hall effect has been observed. Thus, only the resistivity of 
the material has been measured. In all cases for polycrystalline material grown on 
insulating substrates, the resistivity of undoped f i lms  h a s  been greater than 10s ohm cm. 
In one case, for a doped film on glass, the resistivity was the order of 103 ohm-cm. 

Three polycrystalline films of GaAs grown on Mo sheet substrates were investi- 
gated using the capacitance-voltage characteristics of A t  Schottky barriers. Two 
undoped films were found to have carr ier  concentrations of 4 x 1 0 l ~ c m - ~ ,  which com- 
pares favorably . with the background impurity doping level in the system. A Se-doped 
polycrystalline ~ a A s / ~ o  sample showed a carr ier  concentration of 4 x 1018cm-~, 
while a GaAs/sapphire sample grown simultaneously showed a doping level of -1018cm-3. 
At the present time, it i s  not known if this observed difference i s  significant. 

As mentioncd above, a thorough, colnparisi.)rI. (:)I several electrical oharactcrization 
techniques will be made to determine the correlation, if any, that exists between them 
for  polycrystalline materials. One problem which has been observed for t h e  pnljr- 
~Yystallirle samples measured to date by C-V analysis is  the low breakdown voltage of 
the Schottky barriers.  Even for the undoped samples, breakdown voltages VB of less 
than 2V were observed. These low VB values a r e  most likely occurring because of 
microplasmas or  other leakage mechanisms at  the grain boundaries. 

2.3.2 Evaluation of Polycrystilline Samples 

Several materials which a r e  potentially low in cost have been evaluated in a 
preliminary way a s  possible substrates for growth of GaAs. These include (1) Kovar 
and Rodar, (2) Mo, (3) ASM805 alumina, (4) ASM838 alumina, (5) Corning Code 0317 
glass, and (6) Corning Code 1723 glass. In addition, preliminary experiments with 
Ge growth on Hodar were carried out to determine if any interact.ion occurs between 
Ge and Rodar in the MO-CVD environment. 

2.3.2.1 GaAs Films on ~ o v a r / ~ o d a r  

Kovar and Rodar a r e  trade names for an Fe-Ni-Co alloy whose composition is  
approximately 29 percent Ni and 17 percent Co. As pointed out in the Task 1 discussion, 
this material has the advantage of being a relatively low-cost metal with average thermal 
expansion properties to those of GaAs. It thus holds the potential of serving a s  a conductive 
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substrate for solar cell devices. It has the disadvantage that it is composed entirely of 
transition elements, 'which are known to be deep-level impurities in GaAs. As will be 
discussed, it also has chemical reaction charaoteristics which make it unsuitable for 
growth of GaAs unless special additional protective measures are taken. 

Most of the analyses d GaAs films grown on Kovar/Rodar were done in the 
scanning electron microscope (SEM). The SEM used for this work is equipped with an 
energy-dispersive x-ray analysis system so that qualitative determination of materials 
compositions can be made. 

Initial depositions of GaAs on Rodar were done at 735Oc. The surface structure 
of the films which resulted at this temperature is illustrated in Figure 2-6. Note in 
Figure 2-6a that the film has crystalline surface features 5-10 pm in size. X-ray' 
diffractometer studies of these films show them to have strong (111) preferred orienta- 
tion. However, interspersed on the film surface are  l1veilsl1 of a second phase of 
material. Note also that the film has cracks in its surface, visible on the left side of 
Figure 2-6a. In Figure 2-6b the surface can be seen to be rather smooth, with the 
surface features apparently 1-2 pm high. 

The composition of the veils of second-phase material was analyzed using the 
provision for energy-dispersive analysis by x-ray (EDAX) that is an accessory to the 
SEM. Figure 2-7 shows a magnified region of a GaAs/Rodar sample imaged by two 
different emission modes. The secondary electron image is shown in (a), while (b) 
shows an image of the x-ray emission due to the Ni Kcu line at  the same photographic 
magnification. Note that the veils are very Ni-rich. This is further illustrated by 
the x-ray spectrum shown in Figure 2-8. The vertical bar display illustrates the 
spectrum obtained from the prominent crystalline regions while the dotted envelope 
is from the veil regions. Both are normalized to the Ga KO x-ray line intensity. 
Note again the large excess of N i  in the veil region. Attempts to remove this veil 
material from the film with a room-temperature HCP etch were not successful, 

It was obocrvcd that the sarfa.cs of R ~ d a r  underwent a change in the reactor 
when AsH3 was introduced at high temperatures. Figure 2-9 shows the nature of this 
change; Figure 2-9a shows a Rodar sample after a standard HCP cleaning, while 
Figure 2-9b shows a film after being exposed to AsH3 at 7300C for 3 min. Note the 
change in the surface structure and the presence of surface cracking in the latter case. 
Additionally, As was detectd in the surface film by x-ray analysis. The compound 
formed here is most likely that responsible for the cracking of the GaAs films deposited 
on lllose metal surfaces. 

Croaa-aeotions of Cl~a~s/~nclar  films were prepared by metallographic polishing 
techniques. A photograph made in the SEM of one of these is shown in Figure 2-10. 
This figure clearly shows the intermediate compound layer. In addition, voids a re  
present at the interface and sometimes appear to be the cause of film cracks. Note 
that the veils do not appear to penetrate the film but are only present on the surface. 

Attempts were made to grow films at lower temperatures to avoid the AsHg-Rodar 
reaction, but to no avail, as  can be seen in Figure 2-11. At €310'~ the veils and orack- 
ing of the film are still evident, while at 536OC a filamentary growth has resulted. 



Figure 2-6. SEM Photographs of GaAs Film Grown on Rodar at 725'~. 
(a) Perpendicular View; @) View at 30 Deg Angle with Surface. 



Figure 2-7. SEM Images Obtained from Surface of GaAs Film on Rodar. 
(a) Secondary Electron Image; (b) Image Formed by Ni &X-ray Line. 

(Note amorphous veils are Ni-rich. ) 



Figure 2-8. X-ray Spectrum of Crystalline Region (Bar Display) and Veil 
Region (Dotted Envelope) for GaAs Pilin on Rodar. 

It would appear that there are  fundamental problems inherent in vapor phase 
growth of GaAs on Kovar type alloys. The presence of As or  of AsH3 causes a oom- 
pound to form. The formation of this compound is not expected from the binary phase 
diagrams of As and the individual constituents of the alloy (Fe, Ni, Co). how eve^, 
the formation of this compound results in cracking of the grown GaAs, contamination 
with Ni, and formakion of veils of amorphous material on the surface of the film. All 
of these a re  undesirable characteristics of a substrate material to  be used for thin-film 
solar cell applications. 

MO has a number of features which make it attractive a s  a substrate for GaAs. 
Its average thermal expansion properties a re  close to those of GaAs. It is a single- 
element refractory metal which does not react with As at the temperatures of interest. 
Because it is a metal it holds the promise of prwiding ohmic contact to the deposited 
film, although early studies by Vohl et al (Ref 17) for evaporated and sputtered GaAs 
on Mo were not encouraging. For all of these reasons, Mo has been explored a s  a sub- 
strate for GaAs grown by the MO-CVE process. However, because of its high cost 
it will will eventually have to be used in thin-film form; further consideration to this 
alternative will be be given later in the program. 

A typical surface structure of a GaAs film on Mo is shown in Figure 2-12. Note 
in these figures that the typical surface feature is -2 pm in size, with a few a s  large 
a s  4 pm in principal dimension. The surface features appear to have vertical 
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Figure 2-10. SEM Photograph of Cross-sectioned Sample of 20pm GaAs/G&As 
Film Grown on Rodar. (Note interface layer and preaence of voids and cracks. ) 

, \* 
Figure 2-11. SEM Photographs of GaAs F b s  Grown on Rouar at 

(a) 610°c, and (b) 536'~. 



Figure 2-12. SEM Photographs of GaAs FLlm Grown on Mo at 725'~ .  
(a) View Perpendicular to Surface; (b) View at Angle of 30 deg with Surface. 



dimensions of -2pm. This film showed no evidence of Mo in the x-ray spectrum and 
had strong (111) preferred orientation. This film was grown on Mo that had been 
degreased and cleaned with HCP. No difference was observed for other surface 
treatments or  for films grown on Mo obtained from different suppliers. 

Figure 2-13 shows two films of GaAs grown on Mo at  6500C (Figure 2-13a) and 
775OC (Figure 2-13b). Both films were grown for the same length of time and with 
the same flow conditions and thus should be approximately the same thickness. The 
maximum size of surface features for both is -4 pm, with the average being -2 pm. 
'I'he major difference between the two films is the presence 01 taller surface features 
for the film grown a t  7750C (Figure 2-13b). This trend is seen to continue in 
Figure 2-14, in which a film p w n  at  83C0C is shown. Note Lhe yreueuue of uluclr 
taller surface features than seen in the photographs of films previously shown. Film 
growth at a higher deposition rate but at 7400C seemed to increase the incidence of 
larger surface features (--5pm typical dimension). - All oi the Pilms showed preferred 
(111) orientation, although the film grown at 836OC (Figure 2-14) was not as strongly 
oriented in the (111) plane as  the others. No evidence for Mo has been observed in 
any of the films for any temperature of growth. 

Partial-coverage layers grown for very short times illustrate the nucleation 
morphology of these films. Figure 2-15 shows an SEM photograph of such a partial- 
coverage layer. The initial phase of growth consists of islands approximately 0.5 - 
1.0 pm in horizontal dimension on -2 pm centers, These nuclei apparently coalesce 
during subsequent growth to form the films observed in Figures 2-12 to 2-14. 

Capacitance-voltage characteristics of Al Schottky barriers formed on GaAs 
films grown on Mo have been determined. In one case a doped film on Mo was deter- 
mined to have a net carrier concentration of 4x1018 cm-3 as compared with lx1018crn-3 
for a GaAs film grown on sapphire in the same run. Undoped G&v films on Mo 
typically have had a measured carrier concentration of 4xiOla ~ m - ~ .  This is some- 
what higher than the best background level of the reactor system, but the deposition 
experiment in question followed several doping runs and this may have caused a some- 
what higher carrier concentration. Further analysis of C-V and other measurements 
will be carried out later in the program and will be described in subsequent reports. 

It appears that Mo is a suitable substrate for growth of GaAs by the MO-CVD 
technique, but it will be necessary to test this conclusion by griowing GaAs films on 
Mo in its practical form for this program - a thin film. 

2.3.2.3 GaAs Films on Polycrystalline Alumina 

GaAs of excellent quality can be grown epitaxially on single-crystal sapphire 
(0-A&~03) by the MO-CVD method. Polycrystalline aluminas therefore present the 
possibility of tailoring the film grain structure by proper preparation of the alumina 
substrate, e. g., by firing at high temperatures to increase the grain size. This has 
already been accomplished to a degree in the Rockwell contntcl fur larye-area Si 
sheet growth in the JPL/ERDA LCSSAP, in which Si has been grown by CVD on large- 
grained Vista1 alumina manufactured by Coors Porcelain Co. 

Aluminas tend to be too expensive for long range use. However, it is possible 
that sufficient motivation to review manufacturing procedures and thus eventually 
reduce costs could be provided by successful implementation of a high-efficiency solar 
cell of GaAs on alumina. To date preliminary growth studies have been performed on 
ASM805 and ASM838 aluminas only; both are manufactured by the 3M Company. The 
characteristics of these films a re  discussed below. 
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Figure 2-13. SEM Photographs of GaAs Films Grown on Mo at 
(a) 65Q°C, and (b) 775'~. 



Figure 2-14. SEM Photographs of a GaAs Film Grown on Mo at 836'~. 
(a) View Perpendicular to Surface; (b) View at 30 deg Angle with Surface. 
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Figure 2-15. SEM Photograph of Partial-coverage Layer of GaAs 
Grown on Mo Substrate at 7350C 

SEM secondary electron images of GaAs films -5wm thick grown a t  7350C on 
ASM805 and ASM838 are  shown in Figures 2-16 and 2-17, respbctively. The film on 
ASM805 shows surface features the order of 2 - 3 p  in dimension, with surface rough- 
ness (i. e., vertical dimensions) the order -1 pm. The lllrdoped f h s  grown on this 
alumina were highly resistive, i. e., p 2 105 ohm-cm. X-ray diffraction analysis 
showed the preferred orientation to be (Ill). A fractured cross-section of the film on 
ASM805 is shown in Figure 2-18a. Note the abrupt interface between substrate and 
film. Small grown-over voids in the substrate surfaoe are  vis\ble upon close examin- 
ation. The fracture structure of the grown film as  shown in Figure 2-18a does not 
appear to be columnar, although this is  not considered to be necessarily a conclusive 
indication of grain structure in the film. 

The film of GaAs grown on ~s Ik838  alumina and shown in Figure 2-17 is similar 
in many ways to that grown on ASM805. The major difference is the occuxence of 
some large (5-6 pm) surface features in the film on ASM838. Again 'the preferred 
orientation of the film was determined to be ( i l l ) ,  and €he undoped films had resis- 
tivities p > 105 olm-cm. The fracture structure of thi R film, ~PQYYO h Figure 2-18b, 
again is not columnar. However, few voids a re  seen at the interface in this case. 
The interface is again quite abrupt, with no intermediate layers, a s  expected. 

2.3.2.4 GaAs Films on Glass 

From an economic pnint of view glass is nearly an ideal substrate for implemen- 
tation in large scale. It is inexpensive, available in large areas, and made of abundant 
materials. From the point of view of crystal growth, however, it is the most difficult 
to imp1emt:nt because it is amorphous and provides no natural sites for nucleation of 
crystallites. 



Figure 2-16. SEM Photographs of GaAs Film Grown on ASM805 Alumina at 
735'~. (a) View Perpendicular to Surface; @) View at 30 dea Angle 

with Surface. 
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Figure 2-18. SEM Photographs of Fractured Cross Sections of GaAs Films of 
Figures 2-16 and 2-17. (a) Film on MMSOS Alumina; (b) Film on 

ASM8 3 8 Alumina. 



Two glasses have been examined in a preliminary way to test their suitability 
in a high-temperature reducing environment - Corning Codes 1723 and 0317. 
Growth of GaAs films on both glasses results in high resistivity ( P ?lo5 ohm-cm) 
material with(l11) preferred orientation. The surface structure of GaAs grown on 
1723 glass is shown in Figure 2-19. Note there are  crystallites of dimension 2-4 pm, 
with -1 prn height variations. The fractured cross-section of the film (Figure 2-21a) 
shows an abrupt interface, with no apparent chemical interaction such a s  would result 
from compound formation. Similarly, the film fractures in non- columnar configuration. 

The structure of a film grown on Corning Code 0317 glass is shown in Figures 2-20 
and 2-21b. There are  no obvious differences in the general features of films grown 
on 0317 glass compared with those grown on 1723. The resistivities of these undoped 
films on 0317 glass are  also ?lo5 ohm-cm, and the films show the same (111) preferred 
orientation. Again the interface between the film and the substrate is abrupt (Figure 2-21b). 

The importance of these feasibility experiments is that the surface of the glass 
in both cases maintained its integrity at the growth temperature of 700'~ in a H2 
atmosphere, allowing deposition of GaAs under nearly "ideal1'- conditions. If this 
stability continues in future experiments where studies of nucleation phenomena and 
grain- size enhancement are  undertaken, the need for film growth in He may be negated. 
Furthermore, it is important that there is no apparent cracking of the film, further 
indicating that growth directly on these high-softening-point glasses may be satisfactory 
in essentially all important respects. 

2.3.2.5 Ge Films on Rodar 

The reaction which occurs between AsH3 and ~ovar/liodar makes thegrowth of GaAs 
directly on these alloys an unsuitable prospect for solar cell fabrication. Todetermine the 
viability of Ge as an intermediate passivating and/or nucleating layer on ~ o v a r / ~ o d a r ,  the 
fcasibility of depositing Ge by CVD on Rodar was established. Films of Ge with grain 
sizes of 10-20 pm were grown on Rodar substrates. The surface of such a film is shown 
in Figure 2-22. Obviously, if GaAs can be grown epitaxially on the many Ge crystal- 
lites - some of them quite large - this substrate combination may well be a promising 
candidate for the application involved in this program. 

2.3.3 Characterization Technique Development 

More detailed characterization of the various thin-film materials prepared in this 
program will be undertaken in the coming quarter. During the first three months of the 
contract some attention was given to development of certain specialized procedures 
that a r e  required for these more extensive evaluations. 

2.3.3.1 Grain Size Determination 

A widely used method for describing grain size in polycrystalline materials i s  to 
measure the dimensions of crystalline surface features. The application of this 
technique to the films grown to date on this program indicates that the average grain 
size in most of the films has been 2-5 pm. However, no correlation between true 
grain size and the dimensions of surface features has yet been established. 



Figure 2-19. SEM Photographs of GaAs Film Grown on Corning Code 1723 Glass, 
(a) View Perpendicular to Surface; (b) View at 30 deg Angle with Surface. 



- -- 

(a) 

Figure 2-20. SEM Photographs of GaAs Film Grown on Corning Code 0317 
Glass. (a) View Perpendicular to Surface; (b) View at 30 deg Angle with 

Surface. 
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Figure 2-21. SEM Photographs of Fractured Croe~s Sections of GaAs Films on 
(a) Corning Code 1723 Glass, and (b) Corning Code 0317 Glass. 



Figure 2-22. SEM Photographs of Ge Film Grown by CVD from GeH4 Source 
on Rodar Substrate. (a) View Perpendicular to Surface; @) View at 30 deg 

Angle with Surface. 
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Chemical etching, using etches which are selective for dislocations and other 
crystalline defects, is an applicable technique for determining grain size when the 
etched feature is small compared with the grain size. For example, a 5 pm-wide 
etched line at a grain boundary is adequate when the grain size is the order of 100pm. 
The common dislocation etchant for GaAs - the so-called A-B etch* (Ref 18) - has been 
applied to the delineation of grain boundaries in slices from a polycrystalline boule of 
GaAs. The lines etched at grain boundaries were -5 pm wide when they became dis- 
tinguishable a s  features in an optical microscope. The etch features tend not to be 
sharp chasms, as  are developed in Si with the Sirtl etch, but rather V-shaped grooves, 
the orientation of the V depending on the grain orientation. 

Features of this size and shape are not suitable for delineating grains suspected 
to be less than 5 pm in dimension and with lieight variations of 1-2 pm. This was borne 
out by an experiment in which a GaAs film grown on glass was etcficd lightly in A-B 
etch. The resultant surface structure showed the surface features to be rounded by 
the etch, but there was no discernible grain-boundary delineation. 

X-ray line broadening can be observed for polycrystalline materials when the 
grains a r e  the order of 0.1 pm or less in dimension. A standard sample of large- 
grained polycrystalline GaAs has been prepared to determine the extent of line broaden- 
ing contributed by instrumentation. Once this has been determined a lower limit on 
grain size can be established during x-ray measurements of preferred orientation. 

Determination of the location of grain boundaries can he accomplished in the SEM 
using the electron-beam induced-current (EBIC) mode. This i s  accomplished by 
measuring the minority-carrier current collected bv an dsct,roptran~pnrent Snhnttky 
barrier on the surface of the sample a s  the electron heam of the SEM is scanned across 
the sample. Grain boundaries are sinks for minority carriers and will appear dark in 
the EBIC image. The major questions about the applicability of this technique in this 
program a re  the effect of surface morphology on the EBIC imqga and the effent nf lnng 
intragrain diffusion lengths on the sharpness of grain boundary images. Work is in 
progress now to determine the utility of this t a c h n i q ~ ~ ~ .  

2.3.3.2 Doping Levels of Multilayer Structures and Depth Profiles of 
Single-layer Structures 

The doping levels of individual layers in a multilayer structure arg well as  doping 
profiles for individual layers will have to be determined, to analyze the performance of 
devices and to study possible impurity diffision from substrate materials. Determining 
doping as  a function of depth using the reverse-bias capacitance characteristics of 
Schottky barriers deposited on a beveled surface of a sample provides information at 
discrete points through the thickness of the layer. The resolution obtainable depends 
on the angle of bevel, the dimensions of the Schottky barrier, and the uniformity of the 
doping profile across the sample. 

A mask has been designed to define 50 pm-by-300 pm Schottky barriers on a 
beveled surface in such a way a s  to give a resolution of 0.438 pm/deg of bevel. For an 
easily obtainable 2 deg bevel this gives a resolution of 1 pm, which should provide 
adequate diagnostic resolution for devices. If greater resolution is required for doping 
profiles near foreign substrate interfaces, more shallow angles can be bevel-polished. 

*Etch consists of 2mP HZO, 8 mg &NO3, 1 g Cr03, 1 ma HF. 



However, since the ultimate resolution of the technique requires adjacent Schottky 
barriers separated by 350 pm to be coplanar to 0.438 pm/deg or  better, the planarity 
and smoothness of the bevel and the accuracy of alignment of the pattern become 
critical. These problems not withstanding, the technique is judged to be one which will 
provide a great deal of useful information in this work. 

A technique which has proven useful in determining doping profiles in Si films 
grown by the CVD process is the spreading resistance technique. It is not yet charac- 
terized for GaAs but may well provide useful qualitative information for this program. 
Its possibilities and limitations will be explored in the coming quarter. 



2.4 TASK 4. EXPERIMENTAL PHOTOVOLTAIC DEVICE FABRICATION AND 
EVALUATION 

This task was summarized in the original program proposal as  follows: 

Prototype heterostructure and Schottky-barrier solar cells will be fabricated 
to provide an ultimate test for the CVD films grown on various low-cost 
substrates. Appropriate device designs will be developed for both trans- 
parent and opaque substrate materials, and experimental structures will, be 
made for each case. In addition to determining the suitability of the films 
for  solar cell applications, detailed characterization of these devices, 
will provide the needed information on various aspects of the device 
fabrication technology itself--e. g. , layer dimensions, doping concentra- 
tions, oontaot matcrinlo aild procoooing. Characteri~ntion methods will 
include determination of detailed I-V curves (light and dark) and determi- 
nation of the usual solar cell properties (Voc, I,,, curvc fill-factor, 
efficiency) both under laboratory illumination and in an AM1 solar simulator. 

The primary activities for this task in the first quart-er have been the design of 
an 'experimental solar cell contact mask and the verification of single-crystal contact 
technology for window-type heterojunction solar cell fabrication. 

2.4.1 Experimental Solar Cell Contact Mask 

A mask has been designed to define contacts on the top or window layer of 
: heterostructure solar cells. The mask provides for a square grid of 50 pm lines on 

1 mm centers, with every fifth intersection containing a 250 pm x 250 pm square 
bonding pad. This mask provides for  approximately 10 percent contact. coverage and 
allows, with suitable isolation techniques, cells as  small as  0.25 cm2 to be evaluated. 

The latter capability will be a useful diagnostic tool for evaluating material. 
uniformity. The grid line width was chosen to be the minimum consistent with achiev- 
ing continuous contact lines after alloying. It i s  planned that this contact pattern will 
be used on the window layer of the cell, with a full-surface contact on the back side. 

2.4. 2 Contact Technology for Single-crystal Solar Cells 

Single-crystal window-type solar cells will basically require that ohmic contacts 
be applied to both GaAs and GaAfAs, either of which may be n or p type, depending on 
whether the structure i s  n-on-p or p-on-n. However, to assure a low resistance device 
the GaAs substrate upon which epitaxial layers a re  grown and the GaMAs window 
layer must both have relatively high conductivity. 'I'his relieves some of the problems 
of applying ohmic contacts. 

Experiments have been conducted to determine the applicability of ohmic 
contacts that a re  commonly used for GaAs and GaAPAs. For contacts to p-type 
material a Au-12 percent Ge contact is evaporated to a thickness of 6000A and then 
alloyed in forming gas at 4500C. This procedure produces ohmic contacts to GaAs 
with doping concentrations a s  low a s  1016 cm-3. Similarly, this technolo has been 
found applicable to GaAlAs (x = 0.9) provided the doping level is n = 5 x 1 8 6  cm-3 
o r  greater. 



However, a s  indicated earlier for the case of hi, the native oxide on GaAMs makes 
alloying times somewhat unpredictable for most doping levels. It has been found 
necessary in some cases to realloy contacts up to 3 times for I0 min each to achieve 
ohmic contact. This problem will require further attention as  the program develops. 

Similar experiments for p-type GaMAs using In-Ag-Zn contacts a r e  planned 
for the near future. A possible solution to the general problem of contacting the 
window layer is  to grow a contacting "cap" layer of GaAs on top of the GaAlAs and then 
to selectively remove the GaAs except for those regions under the metal contacts. 
This technique has been used in single-crystal cells, but i ts  applicability to poly- 
crystalline cells i s  untested. 



2.5 TASK 5. ANALYSIS AND PROJECTION OF CELL FABRICATION COSTS 

This task was summarized in the proposal for the program as follows: 

Present  costs for  experimental and pilot-line quantities of thin-f ilm GaA s 
solar  cell structures will be analyzed a t  the s tar t  of the program and again 
during the final month of the contract. Future costs for large-scale pro- 
duction of such cells will be projected during the final month of the contract, 
based on the analyses of present actual costs of materials, processing costs 
(including labor), and capital equipment and facilities requirements, 
compiled from data available from this program, from Rnckwell facilities 
engineers, from materials and equipment vendors, and other sources. 

The effort on this task in the f irst  quarter has been limited to (1) selection of 
the conceptual device designs to be used as  the b a s h  of cost analyses and projections, 
(2) acquisition of materials costs from various vendors and the costs of certain 
facilities and support services f rom Rockwell personnel, and (3) development of 
preliminary materials and processing matrices to use in establishing a range of 
present and projected costs f o r  thin-film GaAs solar cells fabricated by the MO-CVD 
method. 

It had originally been suggested (in the program proposal) that the initial 
analysis of present device fabrication costs and a preliminary projection of future 
large-scale production costs be completed during the first six weeks of the program. 
However, this plan was revised early in the first quarter, and it is now intended 
that these initial analyses will be completed during the second quarter. 

2.5.1 Conceptual Device Designs for Cost Analyses 

F o r  purposes of the p re l imhary  analysis two di,fferent conceptual device designs 
a r e  being used. These areboth heterostructure devices, one involving opaque sub- 
s t ra te  materials and the other involving transparent substrates and an inverted 
structure permitting illumination through the substrate. Both involve a p-type 
~aA.l?As window layer in front of a p-type GaAs active layer adjoining an  n-type GaAs 
active base region. 

The f i r s t  design is illustrated in Figure 2-23a. and consists of the conventiona.1 
~ a . A l ~ s / ~ a A s  window-type heterostructure cell, in this case involving layers of 
p-type GaAlAs, p-type GaAs, and n-type GaAs on an opaque substrate, a s  shown. . 
This design involves deposition of n-type GaAs onto the substrate followed by deposi- 
tion of p-type GaAQAs on the GaAs layer. The p-n junction will be formed in the 
n-type GaAs layer by diffusion of Zn (the acceptor dopant) from the p-type GaAPAs 
layer  into the initial GaAs layer, during the GaAPAs deposition process. The A! 
concentration must be selected to achieve stable low-contact-resistance devices and 
good high-energy spectral response, i. e.,  x = 0.8-0.9 in Gal,xAPxAs. The thick- 
ness of the GaAPAs layer must also be  adjusted to provide good spectral transmission 
and yet allow adequately low se r ies  resistance in the cell. 

The design employing a transparent substrate is shown in Figure 2-2313; it 
consists of an inverted ~aAtAs/GaAs window-type hetarostructure, formed by 
depositing n-type GaAs on a p-type layer of GaAPAs grown on the transparent sub- 
s t ra te ;  again the active junction will result from Zn diffusion from the p-type GaAPAs 
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Figure 2-23. Conceptual Designs of Thin-film GaAs Heterostructure-type 
Solar Cells, Used for Cost Analyses and Future Cost Projections 

(a) Conventional Structure with Opaque Substrate; (b) Inverted Structure with Transparent 
Substrate 

into the GsAs layer  during deposition of the latter.  Here a lso  the A1 concentration in the 
alloy layer a s  well a s  the layer thickness must  be chosen for  optimum cell charac- 
teristics.  In both cases  the details of the contact design and the exact Af composition 
and impurity doplng levels remain to be determined. 

Based on these conceptual designs it is possible to begin compiling materials  
and processing costs,  even though significant details of the designs a r e  not yet 
resolved. The basic GaAs solar  cell  components that a r e  being considered in initial 
cost  analyses a r e  (1) substrate; (2) base-region o r  backside contact; (3) active n-type 
base layer  of cell;  (4) front layer  of cel l  ( p t y p e  GaAs); (5) window layer (p-type 
GaAPAs); (6) front surface (incident-light side) contact; and (7) antireflection coating 
on front surface (optional). 

2.5.2 Acquisition of Materials a i d  Process  Cost Data 

Accumulation of information needed for  the initial analysis of current  costs for 
experimental and pilot-line quantities of thin-film GaAs solar  cel ls  made by the 
MO-CVD technique is under way. However, the information i s  not sufficiently 
currlp1et:e to permit a useful prcscntation of the dat.a in t h i s  report; results  of the 
preliminary analysis will be given in la ter  reports.  



Now that a restricted number of candidate substrate materials has been defined 
f o r  evaluation in the program (see Para 2.1.3) i t  will be possible to establish a range 
of materials  costs associated with the substrate component of each of the two 
conceptual device designs specified above. Also, in the course of obtaining metal- 
organic compounds - such a s  trimethylgallium (TMG) - for use in the experimental 
studies of this contract i t  has been found that a wide range of prices exists among 
the few current  suppliers (manufacturers) of these materials. Based on discussions 
with (or visits to) these suppliers, a s  well a s  on experience with the use of these 
materials  in the laboratory, there appears to be a similar  wide variation in quality 
(i. e. , purity). These variation's must be considered in setting up the materials and 
processing matrices to be used with the two conceptual device designs. 

It appears that the most valuable cost ailalysis at  th'ls stage of the program, when 
so many aspects of the device design that will be judged most useful a t  the end of the 
f irst-year program a r e  get undefined, will consist of three parts: (1) analysis of the 
"materials content valuev range f o r  the two conceptual device designs, in t e rms  of 
present  costs and - to the extent now possible - projected future costs; (2) ana1ysi.s 
of the total cost of producing a solar cell in each of the two conceptual designs in the 
laboratory today, accounting for a l l  materials costs, processing costs, labor, and 
facilities and equipment allowances; and (3) analysis of projected total costs for 
producing these same two cell designs on a limited pilot-line basis, using current 
cost factors scaled up to the pilot-line level. This i s  the approach now being taken. 

Uetails of all three cost analyses will be given in subsequent reports. 



3. CONCLUSIONS 

A large variety of candidate substrate materials has been considered for use in 
this program. Only a few materials now commercially vailable-including amorphous 
glasses, glass-ceramics, polycrystalline ceramics, and certain metals and alloys- 
can meet the stringent requirements of physical and chemical properties, cost, and 
eventual availability in large areas required for application to low-cost terrestrial 
solar arrays. 

Selection criteria have been developed to serve a s  the basis for identifying those 
candidate materials to be extensively evaluated in the program. 'Ten such materials 
have been selected: (1) Corning Code 0317 glass; (2) Corning Code 7059 glass; 
(3) Corning Code 1723 glass; (4) Corning Code 0211 glass; (5) Coming Code 9606 
glass-ceramic; (6) ASM805 polycrystalline alumina ceramic (3M Co. ); (7) Vista1 poly- 
crystalline alumina ceramic (Coors Porcelain Co. ) ; (8) Ge thin film on glass; (9) Ge 
thin film on Kovar-type alloy sheet; and (10) Mo thin film on glass. 

Several of these materials have been evaluated by a standard GaAs film growth 
procedure using the MO-CVD process. A number of different substrate cleaning pro- 
cedures have been employed in these investigations. Analysis of the properties of the 
polycrystalline GaAs films grown on the substrates evaluated to  date has shown only 
minor differences among the films with the exception of those grown directly on 
Kovar-type alloys. In most cases the films had similar growth characteristics and 
surface features with typical dimensions of 2-5 pm and high electrical resistivity in the 
urldoped condition. A l l  of the substrate materials, again with the exception of the 
Kovar-type alloys, were found to be non-reactive with the GaAs film or  the reactants 
used to produce it, under the particular conditions of growth employed. 

Growth of GaAs on Corning Code 0317 and Code 1723 glasses did not result in any 
any detectable bowing of the substrate-film composite. These glasses appeared to be 
stable in H2 up to  -7300C. Surface features (assumed to correspond to interior grain 
sixes) averaged aboul 2 pin across. GaAs films grown on the high-purity polycrystalline 
alurninas ASM805 (99.9 percent) and ASM838 (99.5 percent) showed similar apparent 
grain sizes of 2-5 pm. 

Kovar and Rodar (essentially identical Fe-Ni-Co alloys) were also used a s  
substrates for GaAs deposition, and attack of the alloy by AsH3 was observed at  
temperatures above 500'~. The resulting compound formation and the high incidence 
of Ni-rich inclusions in the deposited GaAs films render these alloys unsuitable a s  
substrates for direct growth of GaAs films by the MO-CVD method. However, the use 

. of an intermediate layer u1 anul21er ~naler ia l  on l l ~ e  alloy could still perinit its sueees- 
sful use a s  an inexpensive supporting underlayer. The achievement of large-grain 
(10-20 pm) growth of Ge films on Rodar by GeH4 pyrolysis indicates considerable 

.. promise for this configuration a s  a composite substrate for subsequent large-grain 
growth of GaAs. Additionally, Mo substrates were used for GaAs film growth, and 
films with surface features 2-5 pm in dimension were again observed. Contrary to 
thc caoc for thc Fc-Ni-Co alloys, no attaok of the Mo substrates by AsH3 was observed. 



The achievement of polycrystalline GaAs films with apparently adequate grain 
size, grown by the MO-CVD technique on several potentially low-cost substrates, is  
an important and encouraging step. However, more detailed analysis of the films and 
considerably more experimentation - including doping studies, methods for enhancing 
grain size, and solar cell fabrication - a re  required before final differentiation 
among the candidate substrate materials will be possible. The film and device charac- 
terization techniques now being developed and used in the program will permit the 
required analyses to be made on these films anddevice configurations. 

Early in the quarter single-crystal films of Se-doped GaAs, Zn-doped GaAs, 
Se-doped Gal,- f @ 

s (x = O .  9), and Zn-doped Gal-,All& (x = 0.9) were grown on 
single-crystal r-doped GaAs substrates. The dependence of doping concentration 
(in terms of measured electrical properties, viz. , free carrier concentration) upon 
the flow rate (i. e. , concentration) of the doping gas was investigated. The study of 
the first  three doping systems has been completed; the experiments with Zndoping 
of Gal-,M,As (x = 0.9) will be completed early in the coming quarter. The inforrna- 
tion obtained from these investigations i s  to be used in the growth of single-crystal 
GaAMs/GaAs heterostructure solar cells, planned for the second quarter of the pro- 
gram, and will also provide good groundwork for the subsequent required studies of 
doping in polycrystalline films of GaAs and Ga AJAs on low-cost substrates. 

Finally, two conceptual device designs - one involving a conventional window- 
type ~ a ~ u s / ~ a A s  film structure on an opaque substrate and one involving an inverted 
structure on a transparent substrate - have been identified for the initial cost analyses 
of thin-film cells made by the MO-CVD method. Acquisition of meterials and proces- 
sing cost data has begun, for use in preparing the preliminary cost analyses and in 
projecting future large-scale production costs later in the program. 



4. PLANS FOR NEXT QUARTER 

The activities of the pr0gra.m in the coming qua.rter will follow the pla.ns defined 
in the revised Technical Program P1a.n a.nd Schedule given in Monthly Letter  Report 
No. 2. By ta.sk, these planned activities a.re a.s follows: 

Task 1 

1. Continue characterization of pertinent physical a.nd chemica.1 properties 
of ca.ndidate substrate materials selected fo r  experimenta.1 evaluation 

2. Conduct sta.nda.rd experimental growth of undoped GaAs film by MO-CVD 
method on a.11 candida.te substrate mater ia .1~ 

3. Extend evaluation procedure t o  include n-type (Se-doped) GaA.s films on 
a.11 selected candidate substra.te ma.teria.1~ not previously evaluated by 
standa.rd CVD growth test 

4. Continue contacts with substrate ma.nufa.cturers and suppliers, prima.rily 
to obta.in specia.11~ processed sa.mples of some of the ca.ndidate materials  
selected for further experimental study. 

Task 2 

1. Continue experimenta.1 study of Zn doping of Gal-xAffi.s (x= 0.9) films, 
using H2 c a r r i e r  ga.s, in rea.ctor system in use since sta.rt of contract 

2. Complete construction and tes t  of new dedica.ted CVD rea.ctor system 

3. Continue and complete experimenta.1 study of n-type (Se) doping of 
sing1.e-crysta.1 films of GaAs a.nd G~~-,AL?,AS (=0.9), using new reactor  
system 

4. Continue and complete experimental study of p-type (Zn) doping of single- 
crystal f i lms of GaAs a.nd Ga.l-x AlxA.s (x=O. 9), using new rea.ctor system 

5. Grow window-type single-crystal heterostructure solar  cells on single- 
crystal substrates by the  MQ-CVD method, using doping procedures 
and data developed in experimental studies 

6. Undertake experiments designed to  produce large grain growth o r  enhance 
initial grain s ize  in polycrystalline films of GaAs and GaAiAs (by means 
of deposition parameter  variations, annealing procedures, substrate 
surface texturing, deposition of intermediate nucleation layers, o r  other 
suitable procedures) 

7. Begin experimental study of film nucleation mechanisms arid growth habits 
in the GaAs-GaAfis system, using selected substrates. 



1. Continue eva.luation of electrica.1 properties of single-crysta.1 a.nd 
polycrystalline films of Ga.A.s a.nd GaA.1A.s by van d e r  Pauw a.nd other 
techniques 

2. Continue characterization of surfa.ce and internal s tructural  a.nd 
crysta.llogra.phic properties of polycrysta.lline films on various selected 
substrates 

3. Establish satisfa.ctory technique(s) for  determination nf internal grain 
s i ze  i n  polgcrysta.lline films of GaAs a.nd Ga.Aks (including eva.luation of 
a.dditiona.1 etching procedures a.nd of SEM EBIC mode ana.lysis). 

4. Establish detailed x-ra.y diffra.ction procedure for determination of 
preferred orientation in polycrysta.lline f i lms 

5. Complete design a.nd a.ssembly of apparatus for surface photovolta.ge 
mea.surements 

6. Identify ohmic conta.ct mater ia .1~ and procedures f o r  n- a.nd p-type Ga.AL2A.s 

7. Determ.ine applicability of C-V analysis of Schottky b a r r i e r s  for  
mea.surement of ca . r r ie r  concent ration in polycrystalline films. 

1. Complete a.ssembly a.nd t e s t  of a.ppa.ra.tus for measurement of solar cell 
pmperti ea - including I-V sharaotnrintinn, opcctral response, V,,, I,,, T\ 
and C F F  

2. Identify suitable conta.ct ma.teria.ls, processes ,  a.nd designs f o r  fabrication 
of epitaxia.1 sta.te-of-the-art window-type so1a.r cells on single-crystal 
substrates using MO-CVn techni.q~ic 

3. Fa.brlcate a.nd eva.luate window-type so1a.r cells on sing1 e-c rysta.1 subst ra tes  

4. Design and fabricate buried-conta.ct grid/layer for use with heterostructure 
cells on insula.ting ~ubotra, tcn.  

Task 5 

1. Continue a.cquisition of va.rious mat ecia.1~ and processing cost data for  
use  in initia.1 coat a.na.lyses 

2. Complete initial a.nalysis of "ma.terials content va.lueM a.nd tota.1 cost t o  
produce two conceptua.1-de sign cel ls  on laboratory sca.le 

3. Complete initia.1 projection of costs t o  produce conceptual-design cells 
on limited pilot-line scale. 
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