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* These advanced techniques provide a breadth of information complementing other analytical techniques providing information on composition, chemistry, and topography of surfaces.

+ Elastic modulus, adhesion + Compositional mapping
+ Large sample automated analyses + Semi-quantitative depth profiling
+ State-of-the-art hardware and feedback o is sitn fracture analysis
software interfacing + Next generation charge compensation
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 Imaging and depth profiling capabilities on all techniques expand the role of surface science to microscopy and bulk analysis.

e Surface science is relevant for many applications ...adhesion, corrosion, catalysis, contamination, interfaces, ez.

* All classes of materials can be analyzed and all elements can be detected.

* Differentiating capabilities ...thin layer analyses, small spot sizes, sensitivity, depth profiling, electronic information, 7z sit# depositions and thermal treatments, inert transfer capabilities, ez
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Oxygen transport and isotopic exchange in iron oxide/YSZ
thermochemically-active materials via splitting of C("*0), at high temperature
studied by thermogravimetric analysis and secondary ion mass spectrometry
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Ferrites are promising materials for enabling solar-thermochemical cycles for the production of
synthetic fuels. Such eycles utilize solar-thermal energy for the production of hydrogen from water, or
carbon monoxide from carbon dioxide. Recent work studymng the thermochemical behaviour of iron
oxides co-sintered with ytiria-stabilised zirconia (Y 8Z) using thermogravimetric analysis revealed

a striking difference in behaviour of iron that is in solid solution with the YSZ and that which exisis as
a second iron oxide phase. Materials in which the majority of iron was dissolved in the YSZ exhibited
enhanced utilization of iron over those which possessed larger fractions of un-disselved, bulk iron
oxides. To illuminate this phenomena further, several samples of thermally-reduced iron oxide/8YSZ
were re-oxidised using isotopically labelled C(*®0).. Post mortem characterization by Time-of-Flight
Secondary lon Mass Spectrometry (ToF-SIMS), with the application of multivariate analysis tools.
enables the differentiation between "0 and "0 signak emanating from iron oxide partcles. The
distribution of "0 is uniform throughout the iron-doped 8YSZ, but concentrated at the surface of iron
oxide particles embedded in this matrix. After identical thermal reduction and re-oxidation treatments,
the gradient of "0/ across the iron oxide particles s found to depend on the size of the iron oxide
particles, as well as the method of synthesis of the iron oxide/Y SZ material. Comparative
thermogravimetric analyses of the "O-labelled materials and analogous un-labelled materials revealed
that exposure to CO; at 1100 °C resulis in rapid oxygen isotopic exchange,

Introduction

Solar-driven two-step ferrite thermochemical cyeles are prom-
ising as a method for producing Hy and CO vig H>Q- and CO,-
splitting ** These products may then be used as fuels directly, or
used for the synthesis of hydrocarbon fuels. Nakamura first
proposed a two-step thermochemical cycle for hydrogen
production from water in 1977 using un-supported iron oxide.*
The basic cyele consists of a thermal reduction (TR) step in which
solar thermal encrgy reduces Fe' to Fe" at >1300 °C, egn (1),
followed by a water-splitting step (WS), eqn (2), or carbon
dioxide-splitting step (CDS), eqn (3), wherein Fe'" is regenerated
at a lower temperature, typically 1000-1200 °C.

Sandie National Laboratories, PO Box 5800, M8 1349, Albuguerque, N M
871 85-1349, USA. E-mail: encoler@sandia. gov; Fax: {+1) 505-272-7304;
Tel: (+1) 505-272-7543

* Electronic Supplementary Information (ESI) available: TGA data for
Flabeled BYSZ: synopsis of multivariate method used in chemical
identification and mask development for ToF-SIMS data; 'O images
and "“0/*O ratio images for all samples; results of multivariate analysis
to identify ¥YSZ component within iron oxide particles in samples
CP-15 and 88-15; pycnometry data for all sample dises. Sez DOL
10, 1039/c2jm1 53241
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Evaluation of Oxygen Plasma and
UV Ozone Methods for Cleaning of
Occluded Areas in MEMS Devices

Lithographically Defined
Three-Dimensional Graphene Structures

Xiaoyin Xiao," Thomas E. Beechem,” Michael T. Brumbach, Timothy N. Lambert,” Danae J. Davis,"
Joseph R. Michael, Cody M. Washburn, Joseph Wang,* Susan M. Brozik," David R. Wheeler,"

D. Bruce Burckel,™* and Ronen Polsky™*
TSandia National Laboratories, Albuquerque, New Mexico 87185, United States and *Deg fNanoEngineering, Uni

California 92093-0448, United States

he two-dimensional (20) lattice of sp>

bonded carbon atoms distinguishes

graphene from other carbon allotropes
such as graphite, diamond, and carbon
nanotubes.' Additionally, high electron mo-
bility provides graphene with unique elec-
trical properties such that graphene-based
devices have been proposed as possible
alternatives to silicon-based ones. The op-
tical properties of graphene have resulted in
applications ranging from photoelectric
devices to touch screen electronic tech-
nology.?~* Unlike semiconductor applica-
tions where the planar nature of the materi-
al fits well with traditional device architec-
tures, the use of graphene for electroche-

y of California at San Diego, La Jolla,

ABSTRACT

Taman St

A simple and facile method to fabricate 3D graphene architectures is presented. Pyrolyzed
photoresist films (PPF) can easily be pattemed into a variety of 2D and 3D structures. We
demonstrate how prestructured PPF can be chemically converted into hollow, interconnected

D. Adam Hook, James A. Ohlhausen, Jacqueline Krim, and Michael T. Dugger

Abstraci—UY ozone and oxvgen plasma trestments ame two
common procedures for cleaning silicon sarfaces, The oxtent
o which hidden surfaces of microclectromechanical systems
({MEMS) are cleaned by these methods has not been well doc-
umented. To probe and compare the effectivencss of the two
metheds for cleaning pecloded regions in MEMS, devices con-
sisting of large movahle faps were fabricated to produce hidden
surfaces whose socloded regions exoeeded the aspect ratios that
typically opeur in MEMS devices, The gaps between the Hap
amd the substrate in the custom flap devices were designed (o
be varighle in extent. Their interior regions were initially coated
with chemisorbed mooolayers and then subjocted to cleaning.
Both techniques removed monolayers on exposed surfaces and
hath, to some extent, removed bxyers p ton the sechuded
surfaces. Oxygen plasma was found to be a far more effective
method for cleaning the sechuded surfaces than the UV ozone
methed. Hewever, in occlosl with ptionally large aspect
ratios of 1T00: 1, even oxyvgen plasma could not remove all traces
of the chemisorbed monolayers. | 20090 103]

Index Termy—Cleaning procedures, FOTAS, orpankc mono-
layer coating, oxygen plasma, surface preparation, TOF-SIMS,
UV orone.

Physisorbed lavers of hydrocarbons and water monedver con-
dense onto surfaces in both vacuum and ambient conditions
[Z1-{4]. and they are frequently noi removed by simple ex-
posure (o nltra-high vacoum conditions [5]. UV ozone and
oxyegen plasma are two common methods used 1o clean and/or
oxidize MEMS surfaces, particularly those with aluminum
{mirrer), gold (electrical switch), and silicon {mechanical in-
terface) surfaces [S}{15]. UV ozone cleaning procedures for
semiconductor materinls were in use as early as 1972 [7].
In this technigue, atmospheric air is exposed to UV lioht,
Oxyzen in the air sbsorbs UV Tight at 185 nm creating highly
uctive ozone. This ozone adsorbs UV lighl at 2537 nm to
form atomic oxygen. These react with surface organics o
produce carbon-ox yeen-based products which desorb from the
surface. Oxyeen plasma techniques have been used for removal
of organics in vacuum deposition techmiques since the late
19505 [6]. Here, plasmas penerated in subatmospheric. pres-
sures of oxygen creaie highly reactive ions which bombard a
surface and react with orzanics forming volatile species (e.g..
C0O). These plasmas also contain significant kinetic energies,
therefore colliding with 4 surface can also sputter-eich them
[13]. While a varety of studies have been performed that
focus on the effectiveness of these technigues for cleaning
exposed surfaces of common MEMS materials, the extent 10
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L INTRODUCTION

HE dominant effects of surface forces on the operation
of micmoelectromechanical systems (MEMS) necessitate

FeiOy — 3 FeO + 0.503 ()
3 FeO + HO — Fe;04 + Ha 2
3 FeO + CO: — Fe.0y + CO (3

However, hydrogen production from bulk iron oxide is not
practical since the thermal reduction step (TR) requires
temperatures in excess of the melting point of FeO for significant
conversion. The resulting fusion must be subsequently undone,
¢.g.. by mechanical crushing or milling, in order to reactivate the
material for successive cycles. Supporting the ferrite, on or within
a high temperature-stable support, such as zirconia or yttria-
stabilised zirconia (YSZ), facilitates repeated cycling without
intermediate processing.

Various reports detail the use of SIMS for determining oxygen
diffusion rates in solid electrolytes such as YSZ and doped
SrTi04.7? The coefficient of self diffusion of oxygen in YSZ is
typically reported to be on the order of 107" em® s~! at 1100 °C
and 10-* em® s7' at 500 “C.™ Others have looked at oxide
formation on iron al moderate temperatures, ie, below
1200 °C,"** often as a component of alloys. These studies typi-
cally use low partial pressures of oxygen and/or steam, and have

6726 | L Mater. Chem,, 2012, 22, 67266732
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mical transduction® and gas-phase chemi-
cal sensing® and as an interface for a host of
biological applications” would ideally capi-
talize upon the unique “2D" properties of
the material somehow translated into a “3D"
architecture. This study focuses on the fab-
rication of such a 3D graphene material
toward these ends.

There are numerous methods for the
preparation of graphene. These include
cleavage of highly oriented pyrolytic graph-
ite (HOPG),® reduction of graphite oxide,’
thermal decomposition of silicon carbide,'
chemical vapor deposition (CVD),'" and seg-
regation by catalytic metals such as nickel and
copper.'? The Tour group has described
graphene formation from encapsulating a
variety of sacrificial carbon sources (such as
PDMS, PMMA, and polystyrene) with nickel
coatings followed by annealing that allowed
carbon atoms todiffuse and order themselves
into the metal catalyst film producing bilayer
graphene films."*'* Recently, Chen et al. re-
ported on the formation of a 3D macroscopic
graphene structure using a template-directed
CVD approach.' Highly interconnected 3D
nickel foam was used as a scaffold to pre-
cipitate wrinkled graphene films that, after

ndidate for microbattery and sensing applications.

. three-dim

KEYWORDS: graphene - lithograph

3D multilayered graphene structures having pore sizes around 500 nm. Electrodes formed from
these structures exhibit excellent electrochemical properties induding high surface area and
steady-state mass transport profiles due to a unique combination of 3D pore structure and the
intrinsic advantages of electron transport in graphene, which makes this material a promising

control of the surface chemistry to control and mitipate these
forees [1]. Cleaning is an important part of surface chemistry
control, as attachment of chemisorbed monolayer films relies
upon exposure Of the desired coating molecules (0 a surface
wilth known termination [1]. Varations in MEMS fabrica-
tion processes, for example, can result in a wide range of
istry post-production surface chemistries while surface contamina-

which pccluded surfaces are cleaned has (o date not been well
documentad.

The relative effectiveness of oxyzen plasma and UY ozone
for cleaning occluded and open areas of silicon MEMS devices
are investipated here. MEMS devices with large movable flaps
were fabricated to include occluded regions that far excesd

graphyy

typical aspect ratioz. The flaps were held closed duning clean-

etching of the underlying nickel, produced
a mechanically robust free-standing 3D
graphene structure with macroscopic
poredimensions on the order of hundreds
of micrometers.

Herein we describe the conversion of
predefined 3D pyrolyzed photoresist films
(PPF) into well-defined 3D porous graphene
with dimensions 2 orders of magnitude

sion follows a three-step process presented
in Figure 1, where 3D amorphous carbon
structures are conformally sputtered with
nickel and annealed, converting the materi-
al into 3D graphitic monoliths. Acidic etch-
ing removes the remaining nickel, leaving
structures that are hollow and consist of

tion routinely occurs during device storage and/or operalion.  jng, and could be opened afterward 1o reveal areas that were
occluded doring the cleaning processes. The devices were
coated with a chemically bonded monolayer of ifdecafiuo-
rotris{dimethylamine)silane, CF3{CFa ), (CHy ), S1(N{CHz )y )5
of FOTAS before the cleaning treatmenl. Surface analysis
using time-of-flight secondary ion mass spectrometry (ToF-
S5IMS) was performed on the surfaces afler the faps were
opened o assess the effectivensess of the cleaning method. Both
techniques effectively removed the FOTAS layer on exposed
surfaces. (xygen plasma was found io be a far more effective
method for cleaning the occluded repions than the UV ozone

Muonuscript received Apnl 24, 2009, revised Diocember 10, 2008, scceptad
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Design, fabrication, performance and
reliability of Pt- and RuQO,-coated
microrelays tested in ultra-high purity gas
environments
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Abstract

We have fabricated, tested and analyred the reliability of PL- and RuD;-costed ohmic
microvelays in ultra-high pority gas environments. RuO--coated relavs could survive 3 =

10® contact cyclhes without electrical degradation, while Pl-coated devices degraded after

19F cyeles. Thermally actuated microrelays were fabricated using a process thal emploved a
polysiticon surface-micromachined substructure. After releasing the devices, just a few
Blankel metal depositions were required Lo create the differenl coatings. This method allowed
direct comparisons between different coating materials, and was enabled by a self-aligned
shadow mask thal provides electrical isolation between dilferent traces. Testing was performed
in @ clean environment achieved through in silw ultra-high vacuum bakeouis, chamber cooling
to <3 s 10" Torr and chamber refill with lira-high purity gases. The RuQ, coatings were
formed by two avenues—reactive sputtering and thermal oxidation. No significant difference
in contact resistance or reliability was detected for these two deposition methods. For all
coatings, post-test analysis by scanning electron microscopy and Auger eleciron Speciroscopy
indicated no difference in carbon concentration on real contact versus non-contocting areas,
implying that carbon did not play a roke in limiting the switches” reliability. The Pl-coated
switch religbility [imit was attribuied to surface wear rather than to the growth of a
contaminating film. For the RuOs switches, race resistance was reduced by ten times using an
Al underlayer, so that the tolal device resistance was compatible with commercial device
requirements. Because RuOy; is expected to be resistant to hydrocarbon contaminstion, this
work shows that the RuCh coating provides a promising path toward achieving ulira-high
reliability chmic micmoswitches.

(Some figures may appear in colour only in the online jourmal)

1. Introduction [10, 11]. Biomedical [12] and sotemotive [13] applications
have also been proposed. These applicalions use circuits
operating from DC [12, 14, 15] to radio frequencies [1, 2],
and provide significant improvements in size and performance
over macro-switches. RF MEMS ohmic switches demonstrate

lower insertion loss, higher isolation. greater linearily, and

Ohmic microswitches are of inlerest in communication
applications such as phased arcay radars [ 1, 2] and cell phones
|3, 4], and in switching applications such as in automatic test
equipment [3-7], nanoclectronics [8, 9] and electrical power
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SYSTEM SPECIFICATIONS

# 2mm and 50 micron tips standard

¢ Work Function resolution of 1-3meV (2mm tip), 5-10meV (50 micron
with optical table support)

@ 50mm x 50 mm maximum scan area

# 318 nanometer position resolution

# Tracking System with automatic motorized control of tip to sample

spacing

# Additional Manual Height Control (25.4mm KP translation for coarse positioning)

# Off-null detection system with parasitic capacity rejection
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Oxide Contacts in Organic Photovoltaics:
Characterization and Control of Near-Surface
Composition in Indium—Tin Oxide (ITO) Electrodes

MEAL R. ARMSTRONG,*T P. ALEX VENEMAN,T ERIN RATCLIFF T
DIOGENES PLACENCIA,T AND MICHAEL BRUMBACH?
fOepartment of Chemisiry, Unhversity of Arizong, Tucson, Amzong 85721,
*Sandia Nafional Loboratores, Aibuguergue, New Mexico 87185
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CONSPECTUS

e recent improvements in the power mmversion effidendes of organic

photovoltaic devices {0PVs) promise to make these technologies ingeas-
ingly attraciive alternatives to more established phoiovoltaic technolo-
gies. OPVs typiclly consist of photoadive layers 20— 100 nm thick
sandwiched between both transparent oxide and metallic elecirical con-
tacts. Ideal OFVs rely on ofimic top and bottom contacts to harvest pho-
togenerated charges without compromising the power conversion effidenay
of the 0PV, Unfortunately, the elecirial contact materials (metals and metal
oxides; and the active organic layers in OPVs are often mcompatible and
may be poorly optimized for harvesting phodogenerated charges. There-
fore, further optimization of the chemical and physical stabilities of these
metal oxide materials with organic materials will be an essential compo-
nent of the development of OPY technologies. The energetic and kinetic bar-
riers {0 charge injection/collection must be minimized to maximize 0PY
power comversion effidendss,

In this Accound, we review recent studies of one of the most common transparent conducting oxides (TCOs), indium— tin
oxide {[T), which is the transparent bottom contact in many 0PV technologies. These studies of the surface diemistry and
surfzee modification of ITD are also appliable o other TCO materials. (ean, freshly deposited ITO is intrinsically reactive
toward H;0, €0, (0., etc and is often chemiclly and eledriclly heterogeneous in the near-surface region. Conductive-tip
atomic foree micosmopy (C-AFM) studies reveal significant spatial variability in eledrical properties. We desaibe the use
of add activation, small-moleqie chemisorption, and elecirodeposition of conducing polymer films 10 wne the surface free
energy, the effective work function, and eledrochemice! reactivity of ITO surfacas, Cortain elecrodeposited poly(thiophenes)
show their own photovoltaic activity or an be wsed as eledronically tunable subsirates for other photoactive layers. For
certain phoioactive donor layers iphthalogranines), we have used the polarity of the oxide surface i aoceleraie deweting
and "nanotexturing” of the donor layer 1o enhance OPV performance. These complex surface chemistries will make oxide!
organic interfaces one of the key fol points for research in new OFV technologies.

Introduction

Recent improvements in the efficiency of organic
photovaltaic devices (OPVs) are impressive,' !
Increases in power conversion efficiencies () in
OPVs must be preceded by (i) the development of
new light-absorbing (nanotextured) materials, (i)
better understandings of photo-induced electron
transfer [PIET), exciton diffusion, and charge migra-

tion in organic solids, and (i) control of factors
that fimit efficient charge collection at both metal
and metal oxide contacts. This Account focuses on
Indium—tin oxide (IO, the most prominent trans-
parent conducting oxide (TCO) OPV comtact. Opti-
mizing the chemical and physical stabilities of the
interfaces of these oxides with organic materials &
essential to 0PV development "> ™
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Ruthenium oxide—niobium hydroxide composites
for pseudocapacitor electrodes
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A simple sodution-based method has been developed to vary the composition of redox active rutheniam

oxede with highly proton-rondscting neobium hydroxede to coeate stable, high capacitance elecirodes
at elevated temperatures. This method presents 3 dramatic departore from most other ruthenium cotide
systems, which are prepared through annealing of by drous ruthenium oxide. Typacally Rull processed at
high temperature only exhibits high electrical conduectivity and suffers from poor proton condection, giv-

':Z“'u"':‘;‘f‘ e ing kow owerall capacitances. Here, the optimized Bu fNb oxide composition can be nsed to achieve high
ki ;:E:‘ power densities, high capacitances, and statslized electrodes while significantly reducing ruthenium
Ultracapacitar conterd. Extensive matetials characterizatson incheding high-resolution cross-sectional TEM, elemental
Electrics enesgy storage mapping, 8D, efectrochemical impedance spectroscopy, and proton NME were used to evaluate the
structure of the material system. The electrochemiczlly inert nicbiom oxide serves as 2 network former
enhancing accessshility w redo active rutheniom axide. The dispersion of RuCk in the NbO(OH }y matrix
results in reduced Rully particke size, as observed via TEM and XRD, while alsoincreasing the proton con-
centration in the material. Interconnected Rullk particles provide electrically conducting pathways, even
at ko B contents, where percolation networks remain intact. Rutheniom is more efficiently otilized in
the Ru/Nb composites and ruthenium content can be significantly redwced without decreasing capacitive
perdormance, In addition, the composite electrodes, with the fine mixing of Ru and Mb, give higher power

performance than for Ru0; slone:
© 2010 Elsevier BV All rights reserved.
1. Introduction Rulz has been mixed with carbon to obtain high spedhc capac-

Redox active electrochemical capacitors, i.e. pseudo-capacitors,
are exemplified by the charge storage properties of ruthenium
oxide where ruthenium oxidation/reduction is accompanied by
proton insertion) extraction, Electrechemical capacitors based on
rutheniom oxide are known to achieve very high spedific capadi-
tances, 768 Fg-! [1], with typical values obtained in the range of

F-000F g |

thermally treated Ruy [12-16], and values as high as 1300Fg-!
for nanestructured Ruby [17-21],

Despite the exceptional properties of ruthenium oxide and high
theoretical capacitances (1360Fg-! for RuQy0.5H;0) [22], the
expense of the material negates its practical utility, Many studies
have focused on optimzing the performance of this rare material.

*. Corresponding author at: Matenah Charactesizaton, Sandia National Laboraio-
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itances; 256F g~ with 14% Ru in a carbon xerogel [23], 647 Fg !

foramorphous hydrated Ruls |2-11], <250Fg-! for

with 60% Rul); in Ketjen black [22], and 628 F 2! with multi-walled
carbon nanotubes in a ratio of 2: 1 with Rul; [24-26], Mixed oxides
with ruthenium have typically been investigated with additions of
other electroactive species, Composites have been prepared with
manganese (maximum charge achieved with 70% Ru) [27], tanta-
lum {maximuem capacitance achieved with 30% Ru) [28-30{, lead
131 L iridium { maximum charge achieved with 50% Ru) [32-34], tin
[35], cobalt (462Fg—" at 50% Ru) [36], and titanium [4,7,37-43].
Michium oxide has also been used with IriD; {44] as well as with
Rul; [maximum charge at 30% Nby 05 70% Rul; | [45], howeyver, lit-
tle mechanistic information was provided to explain the observed
trends. Lanthanum has been used to obtain high capacitance Ru(l;,
however, the lanthanum dissolves in acid leaving porous RuO;

[46]. Most of the work on mixed oxide systems has focused on
the stabilization of high current density anodes for the electrolytic

M5 D886, Albuguerque, NM 57185, USA. Tel: <1 505 284 2605
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production of Cly. TiD; is the most common additive, having the
same rutile structure as Ru0y and imparting substantial gains in
electrode stability, For this purpose Santana and De Faria have

J. Phys. Chem. C 2008, 112, 3142—3151
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Planar heterojunction organic photovoltaic devices have been created using oxo-titanium phthalocyanine
(T10Pc) as the donor layer and fullerene (Cgg) as the acceptor layer. with comparisons to devices based on
copper phthalocyanine (CuPc) as the donor. TiOPc/Cgy and CuPc/Cyy heterojunctions were first characterized
by a combination of UV-photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS) to
estimate the frontier orbital energy offset (EPmono — E*Luno). which is related to the open-circuit photopotential
(Fac). A small interface dipole effect was seen at the TiOPc/Cgy mterface (eD 72 0.02 eV), whereas a significant
interface dipole was observed for the CuPc/Cg interface (eD 2 0.3 V). On the basis of the work presented
here and previously reported electrochemical and UPS/XPS studies, we estimate an E2goyo — E*L o energy
offset of ca. 1.1 eV for the TiOPc/Cgg heterojunction and 0.7 eV for the CuPc/Cg heterojunction. Maximum
Voc values observed at room temperature for corresponding planar heterojunction photoveltaic devices were
0.3—0.4 V lower than the energy offset potentials. even at high light intensities, where the maximum Fpe, at
room temperature, was achieved. TiOPc/Cysy heterojunctions offer higher Fgc values than CuPec/Csy
heterojunctions. but with a lower intninsic driving force for exciton dissociation (photomnduced charge transfer).

Introduction

Organic photovoltaic cells (OPVs) based on heterojunctions
of two or more organic thin films, with different electron
affimties (EA) and ionization potentials (IP), have recently
shown a significant improvement in overall efficiencies for both
small molecule (vacuum deposited).’~® and blended-hetero-
junction polymer-based devices.1!=2% Further enhancements in
efficiency of these devices require (1) extension of the absor-
bance spectra of the hole and electron transport materials to
the near-IR region to better overlap with the AM 1.5 solar
spectrum; (1) enhanced exciton diffusion lengths (in excess of
10—20 nm, which are “typical” in both small molecule and
polymer systems); (111) exciton dissociation probabilities at the
donor/acceptor mterface approaching 100%; and (iv) enhanced
hole and electron mobilities in ther respective transport layers
(mobilities in excess of 1 cm®/volisec are desired). These
improvements should be accompanied, where possible, while
retaming significant offsets in frontier orbital energies (highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels) between the donor and
acceptor layers so as to maxinuze the open circuit photopotential
(Vac) 1n these cells.

Several investigators have recently shown for bulk hetero-
junction (BHI) devices that Foc should be linearly related to
the frontier orbital energy offsets between the HOMO of the
donor and the LUMO of the acceptor (EPmomo
EA o) 23101719 A correction term may be needed. of
approximately 0.3 V for BHJ polymer devices, to account for
voltage losses in the device due to large diode quality factors
(n), high reverse saturation currents (J,), low field-dependent
mobilities of charge carriers. and voltage losses at the collection
electrodes 1’2" If the donor and acceptor layers are doped with

* To whom correspondence should be addressed: nra@u.arizona.edu.
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strong electron acceptors and electron donors, respectively, one
can anticipate that these voltages losses can be minimzed (1e.,
the top and bottom electrode contacts become “pinned” to the
condensed phase redox potentials of these doped layers) 303233

Rand et al have recently discussed these same relationships
for planar heterojunction devices, suggesting that the upper limit
to Foc 15 EPmomo — E*itago. minus the energy needed to
dissociate the bound electron—hole pair at the donor/acceptor
interface immediately after its formation via photoinduced
charge transfer. > The energy required to separate these newly
formed charges appears to be crtically dependent upon the
dielectric constant of the organic layers and their initial
separation distance >*1%22 At low temperatures. however, certain
planar heterojunction OPVs appear to achieve a Foc which 1s
close to the value predicted by the frontier orbital offsets. For
single layer devices, Malliaras et al. suggested that Foc 15 related
to a built-in potential (Vg directly relatable to EPyowmo —
E*1ingo) modified by a term to account for differences in the
mobility of either electron (&) or hole (h) charge carriers and
the density of photogenerated holes and electrons at the anode
and cathode **?® For BHJ photovoltaic devices. Blom and co-
workers have used continuity equations. mcluding terms for dnft
and diffusion. to estimate Foc, based on the dissociation
probability of an exciton into free carners. the generation rate
of excitons. and a recombination constant for diffusion-
controlled bimolecular recombination 2~2* Variations in Fpc
within a given materials system could be associated with small
changes in recombination processes which arise due to field-
dependent currents.

There are several factors which can control Fluomo —
E41 1o at a donor/acceptor mterface, such as the formation of
interface dipoles, and charge redistribution across the interface 27—+
which may further limit the attainable Foc and Jic for planar
or blended heterojunction OPVs. These factors are considered
in this publication, for new heterojunctions based on oxo-titanyl
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Tribochemical Polymerization of Adsorbed »-Pentanol on SiO, during
Rubbing: When Does It Occur and Is It Responsible for Effective Vapor
Phase Lubrication?”
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The origin and role of tribochemical reaction products formed while sliding silicon oxide surfaces in the presence of
adsorbed alcohol molecules in equilibrium with the vapor phase were studied. Wear and friction coefficient studies with
varying contact loads and n-pentanol vapor environments were used to determine under what operating conditions the
tribochemical reaction species was produced. Imaging time-of-flight secondary ion mass spectrometry and micro-
infrared spectroscopy found that hydrocarbon species with a molecular weight higher than the starting vapor molecules
are produced when there is wear of the Si0, surface. When the n-pentanol vapor lubrication is effective and the silicon
oxide surface does not wear, then the tribochemical polymerization products are negligible. These results imply that the
tribochemical polymerization is associated with the substrate wear process occurring due to insufficient adsorbate
supply or high mechanical load. The tribochemical reactions do not seem to be the primary lubrication mechanism for
vapor phase lnbrication of 5i0; surfaces with alcohol, although they may lnbricate the substrate momentarily upon

failure of the alcohol vapor delivery to the sliding contact.

Introduction

Wear of sliding interfaces in mechanical devices is ubiquitous,
and various lubrication methods have been developed to reduce
friction and wear processes. As manufacturing methods evolve to
enable greater precision, and with the advent of microfabrication
techniques, more innovative wear mitigation strategies are re-
quired to contend with the need for device operation in much more
severe tribological conditions.! These include multifunctional
synthetic hydrocarbons, vapor phase lubricants, and a variety of
solid coatings.”™ Frequently observed in these developments is
the formation of unexpected byproducts by the chosen lubricant
during sliding. These byproducts have been referred to as “friction

YPart of the Molecular Surface Chemistry and Its Applications special
issue.
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polymers” or “tribo-polymers” in the literature.” * Understand-
ing the formation of these byproducts and whether or not their
presence is beneficial to device operation and lifetime is of great
importance to many industrial applications as well as surface
reaction and tribochemical reaction fundamentals.

The presence of friction polymers was first reported in the
1950s by Hermance and Egan.'® These studies found that the
rubbing of two metal surfaces in the presence of hydrocarbon gases
produced a brown “stain” in the rubbed region.'? Changing the
composition or structure of the gas phase molecules greatly
influenced the formation of the tribochemical species, which were
insoluble in the liquid phase that supplied the vapor-phase lubri-
cant. As long asth?' did not interfere with the designed function of
the solid contacts,” these products were usually considered to be
beneficialto sliding metal contacts since the friction polymers could
also act as lubricants.'®?' This phenomenon was also observed for
metals rubbed in liquid lubricant media = The tribo-polymers have
also been observed on semiconductor surfaces ™ Studies invol-
ving magneticmemory discs have reported the presence of “stains”,
and these have been shown to be detrimental to device operation as
they deteriorate not only the mechanical properties but also the
electrical properties of the materials.** Similarly, tribochemical
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Freshly Deposited and Acid-Etched Indium Tin Oxide Electrodes
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We compare the near-surface composition and electroactivity of commercial indium fin oxide (ITO) thin films,
activated by plasma cleaning or etching with strong haloacids. with ITO films that have been freshly deposited in
high vacuum, before and after exposure to the atmosphere or water vapor. Conductive-tip AFM. X-ray photoelectron
spectroscopy (XPS). and the electrochemistry of probe molecules in solution were used to compare the relative degrees
of electroactivity and the near-surface composition of these materials. Brief etching of commercial ITO samples with
concentrated HCI1 or HI significantly enhances the electrical activity of these oxides as revealed by C-AFM. XPS was
used to compare the composition of these activated surfaces, focusing on the intrinsically asymmetric O 1s line shape.
Energy-loss processes associated with photoemission from the tin-doped, oxygen-deficient oxides complicate the
interpretation of the O 1s spectra. O 1s spectra from the stoichiometric indium oxide lattice are accompanied by
higher-binding-energy peaks associated with hydroxylated forms ofthe oxide (and in some cases carbonaceous impurities)
and overlapping photoemission associated with energy-loss processes. Characterization of freshly sputter-deposited
indium oxide (I0) and ITO films, transferred under high vacuum to the surface analysis environment, allowed us to
differentiate the contributions of tin doping and oxygen-vacancy doping to the O 1s line shape. relative to higher-
binding-energy O 1s components associated with hydroxyl species and carbonaceous impurities. Using these approaches.
we determined that acid activation and O; plasma etching create an ITO surface that is still covered with an average
of one to two monolayers of hydroxide. Both of these activation treatments lead to significantly higher rates of electron
transfer to solution probe molecules. such as dimethyferrocene in acetonitrile. Solution electron-transfer events appear
to occur at no more than 4 x 107 electroactive sites per cm?® (each with diameters of ca. 50—200 nm) (ie.. a small
fraction of the geometric area of the electrode). Electron-transfer rates correlate with the near-surface tin dopant
concentration. suggesting that these electroactive sites arise from near-surface tin enrichment.

11089

Introduction
The optimization of transparent conducting oxides (TCO) as
indicator electrodes for chemical sensors and as the transparent
bottom contact electrode for electrochromic displays. organic
light-emitting diodes (OLEDs), and organic photovoltaic cells
(OPVs) 15 a critical part of the development of these new
technologies 172 One of the most important limitations of TCOs
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is the fact that the surface chemical and electrical properties of
both indium tin oxide (ITO) and fluorine- or antimony-doped tin
oxide (FTO, ATO) are quite heterogeneous **1271925-32 In
electroanalytical applications where the TCO electrode functions
as a potentiometric or amperometric sensor, enhancements

(15) Carter, C; Brumbach M.; Denley, C.; Hreha, B D Marder, 8. B.;
]j)joangjr_cl 1 P.; Yoo, 5; Kippelen, B.: Amstrong, N. B J. Phys. Chem. B 2006,

, 25101

(16) Marrikar, F_ 5.; Brumbach, M.; Evans, D ; Lebron-Paler, A ; Pemberton,
I.; Wysocki, R_; Armstrong, N. Langmuir 2006, 23, 1530.

(17) Xia, W. Ph.D. Thesis, University of Anzona, 2005.

(18) Brumbach, M. Ph D. Thesis, Umversity of Arizona, 2007

(19) Donley. C. L. PhD. Thesis, University of Arizona, 2003.

(20) Milliron, D.J; Hill I. G; Shen. C_; A ; Schwartz, J..J Appl Phys.
2000, 87, 572

(21) Purvis, K L; Lu, G; Schwartz, J.; Bemnasek, 5. L. J 4m. Chem. Soc.
2000, 122, 1808.

(22) Bruner. E.L; Koch. N.; Span. A R.; Bernasek, S.L.; Kahn A ; Schwartz,
I.J Am. Chem. Soc. 2002, 124, 3192

(23) Guo, J; Koch, N.; Schwartz, J.; Bemasek, S. L. J. Phys. Chem. B 2005,
109, 3966.

(24) Hanson_ E. L; Guo, J.; Koch, N Schwartz, J.; Bemasek 5. L. .J Am.
Chem. Soc. 2005, 127, 10038.
111(123) Bermmdez, V. M.; Berry. A. D; Kim_ H_; Pique, A Langmuir 2006, 22,

(26) Karsi. N; Lang, P.; Chehimi. M ; Delamar, M.; Horowitz, G. Langmuir
2006, 22, 3118. il

(27) Bwang, J. H.; Edwards, D. D.; Kammler, D. R_; Mason, T. O. Solid State
Ionics 2000, 129, 135.

(28) Warschkow, O ; Ellis, D E ; Gonzalez, G. B.; Mason, T. O.J Am. Caram.
Soc. 2003, 86, 1700.

(29) Harvey. S. P.: Mason, T. O.; Gassenbauer, Y ; Schafranek. R ; Klein A
J. Phys. D: Appl. Phys. 2006, 39, 3959.

(30) Warschkow, O.; Miljacic, L.; Ellis, D. E; Gonzalez, G. B.; Mason, T.
0. J Am. Ceram. Soc. 2006, 89, 616.

(31) Nakao, T.; Nakada, T.; Nakayama, Y .; Miyatani, K ; Kimura, Y ; Saito,
¥ Kaito, C. Thin Solid Films 2000, 370, 155.

(32) Kobayashi, T.: Kinmra, Y _; Suzuki, H.; Sato, T ; Tanigaki, T.; Saito, Y.;
Kaito, C. J Cryst. Growth 2002, 243, 143.

© 2007 American Chemical Society

Published on Web 09/20/2007




