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An Electrode Design Rule for Organic Photovoltaics
Elucidated Using Molecular Nanolayers

Robert M. Cook, Lara-Jane Pegg, Sophie L. Kinnear, Oliver S. Hutter,

Richard J. H. Morris, and Ross A. Hatton*

Silane nanolayers deposited from the vapor phase onto indium-tin oxide
(ITO) coated glass are shown to be an effective means of tuning the work
function and stabilizing the surface of this complex ternary oxide. Using this
approach a pair of model hole-extracting electrodes have been developed to
investigate how the performance of bi-layer organic photovoltaics is impacted
by built-in positive space charge in the critical region close to the hole-
extracting electrode. The magnitude and spatial distribution of positive space
charge resulting from ground-state electron transfer from the donor layer to
the ITO electrode upon contact formation, is derived from direct measure-
ments of the interfacial energetics using the Kelvin probe technique. This
judiciously designed experiment shows that it is unnecessary to engineer the
work function of the hole-extracting electrode to match the ionization poten-
tial of the donor layer, rather only to ensure that the former exceeds the latter,
thus simplifying an important aspect of device design. In addition, it is shown
that silane nanolayers at the ITO electrode surface are remarkably effective at
retarding device degradation under continuous illumination.

1. Introduction

Organic photovoltaics (OPV) have strong potential as a low-
cost route to harvesting electricity directly from sunlight, par-
ticularly for portable consumer electronics applications and for
the provision of off-grid electricity.'”) To realize this potential
scalable and versatile strategies for optimization of the organic
semiconductor/ electrode interfaces in these devices must
be developed and generic design criterion identified.”8! The
power conversion efficiency (1) of PV devices is directly pro-
portional to the product of the short-circuit current density (J),
the voltage at the open-circuit condition (V,) and the fill-factor
(FF), where the latter is defined as the ratio between the max-
imum-power-point and Jy..V,.. Whilst many of the factors that
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control these parameters in OPVs are now
well understood, current understanding of
their correlation with the energetics and
detailed nanostructure at organic semi-
conductor (polymer and small molecule)/
electrode interfaces is at an early stage of
development.””11 To a large extent this
is due to the intrinsic complexity of these
contacts which, in the case of the most
widely used substrate electrode; indium-
tin oxide (ITO) coated glass, is exacerbated
by the ill-defined nature and instability
of the electrode itself.'>1 It is also now
clear from the large body of high quality
reports in the literature pertaining to
measurements of the interfacial energetics
at different organic semiconductor/elec-
trode interfaces, that the conditions under
which these interfaces are formed plays a
critical role in determining the interfacial
energetics.>"181 Consequently, measure-
ments of interfacial energy level alignment
are not quantitatively useful to inform device design unless the
deposition and substrate conditions are exactly reproduced
when fabricating devices.

This paper addresses a fundamental question relating to
the design of the hole-extracting electrode in bi-layer OPV
devices: When the work function (¢) of the hole-extracting
electrode is greater than the ionization potential (I) of the
donor material, how does the extent of spontaneous ground-
state charge transfer from the donor layer to the hole-
extracting electrode impact device performance? The answer
to this question is important at a fundamental level because
it advances current understanding of how charge carrier
injection and transport are influenced by the interfacial ener-
getics at this class of interface. From an applications perspec-
tive it is important because it can be used as the basis for
an electrode design rule with applicability to both discrete
heterojunction OPVs and device structures based on a mixed
photoactive layer sandwiched between two single component
layers. It is not possible to predict the impact of built-in space
charge near to the electrodes on the performance of OPV
devices using established models developed for doped inor-
ganic semiconductor/electrode interfaces, owing to the lim-
ited applicability of these models to undoped organic semi-
conductor/electrode junctions.!'>!8 To date convincing exper-
imental evidence addressing this question has been lacking
due to the difficulty in achieving large differences in the ¢
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of the hole-extracting electrode without drastically modifying
other properties known to be critical determinants of the
energetics and nano-morphology at these interfaces. There
are also surprisingly few reports correlating measurements of
the energetics at organic semiconductor/ electrode interfaces
directly with OPV performancel’®?% and so understanding
the relationship between the detailed electronic structure at
the electrode interfaces and the performance of these devices
remains a fertile area of research now recognized as being
critical to the development of OPVs.

The simplest organic semiconductor/electrode contact in an
OPV is at the substrate electrode since the organic overlayer is
typically physisorbed to the electrode surface, thereby retaining
the orbital structure and chemical integrity of those molecules at
the interface. The substrate electrode is also amenable to tuning
of its surface potential via the chemisorption of a nanolayer
(<1 nm) of organic molecules that are preferentially orientated
with respect to the substrate surface and have a permanent
molecular dipole.l1%1115:21-251 The power of this approach is that
it decouples the bulk properties of the electrode, such as con-
ductivity and transparency, from its surface properties such as
¢ and hydropilicity. As a result it has been extensively exploited
as a tool to investigate the effect of modifying the Schottky bar-
rier to charge carrier injection from the ITO electrode in the
context of organic light-emitting diode research ever since the
pioneering work of Willis et al.?2231 and Zuppiroli et al.l2*.
Hitherto there have been only a small number of reports per-
taining to their utility in OPVs to investigate the reverse process
of charge carrier extraction and in all cases OPV performance
was correlated with the ¢ of the electrode prior to contact for-
mation.'26271 As pointed out by Kippelen!, this approach is
too simplistic to draw firm conclusions as to the relationship
between the efficiency of charge carrier extraction and the inter-
facial energetics, since upon deposition of an organic semicon-
ductor onto a substrate electrode there are invariably interfacial
charge density redistributions and/or changes to the structure
of the organic semiconductor layer that are extremely sensitive
to the nature of the substrate.l'>1826 In the context of small
molecule OPV, Khodabakhsh et al.l'!l used nanolayers of acid
chloride, sulfonyl chloride and dichlorophosphate molecules
deposited from solution, in conjunction with oxygen plasma
treatment to tune the ¢ of the ITO electrode over the range
4.5-5.1eV. The performance of bilayer OPV devices based on ITO/
copper phthalocyanine/Cg,/bathocuproine (BCP)/Al was found
to improve as a result of a large increase in J . This improve-
ment was attributed to better alignment between the electrode
Fermi level (gf) and the highest occupied molecular orbital
(HOMO) of the CuPc (I, = 5.1-5.2 eV) donor layer, although the
interfacial energetics were not actually measured to verify this
hypothesis. Notably, the surface treatment that bought about
the most significant change in device performance also dramat-
ically increased the size of the CuPc crystallites in the critical
region close to the interface with the ITO electrode. As a result,
it is not possible to isolate the affect on device performance of
the change in electrode ¢ from the impact that the change in
crystallite size has on the efficiency of charge carrier transport
across the CuPc/ electrode interface. Notably, the ¢ of the ITO
electrode was also smaller than the I, of the donor layer and

p
so spontaneous ground-state charge transfer from the HOMO
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of CuPc to the substrate electrode was not a consideration in
that study. Conversely Sharma et al.”’l have reported that all
device parameters in ITO/pentacene/Cq/BCP/Al based OPVs
are independent of the ¢ of the ITO electrode, by varying the
ITO ¢ from 4.5 eV to 5.4 eV using fluorinated phosphonic acid
nanolayers and air plasma treatment. In that case the ¢ of the
ITO electrode did exceed the I, of the donor (I, ~ 4.9 eV)l.
However, the full range of ¢ was achieved using very different
surface treatments and the difference in ¢ between those that
resulted in an ITO ¢ greater than the I, of pentacene was very
small; 0.1 eV + 0.1 eV.[?’] The latter also exhibited a very large
difference in hydrophilicity, as evident from a ~100° differ-
ence in water contact angle. Since it is known that the growth
mode of pentacene films is extremely sensitive to differences in
substrate hydropilicity?®?% the effect of the small change in ¢
cannot be differentiated from the affect of the large difference
in electrode hydropilicity on the interfacial energetics. Other
factors that complicate the interpretation of the data include: (i)
the known instability of the ¢ change bought about by oxygen
plasma treatment which renders these substrates unreliable
for fundamental studies of interfacial energeticsi3%; (ii) and the
use of acidic nanolayers, since even very dilute acid solutions
are known to etch ITO modifying the surface composition and
liberating ions that can dope the organic semiconductor in the
region close to the contact thereby drastically modifying its
nature.B1-33

Herein a solventless method for the chemical derivati-
zation of ITO glass with a silane nanolayer is reported. To
the authors’ knowledge this is the first time this method of
nanolayer deposition has been used for this purpose in the
context of organic optoelectronics.?43° The advantage of vapor
phase deposition in the current context is its amenability to
scale-up, and thus integration into a commercial fabrication
process. As a tool for studying the interfacial energetics this
method has three distinct advantages over deposition from
solution: (i) The absence of a solvent minimizes the likeli-
hood of incorporating solvent molecules or impurities into
the nanolayer.; (ii) Covalent coupling to the surface is afforded
by methoxysilane moieties and so free protons are not pro-
duce upon chemisorption, thereby avoiding the complexity
associated with the use of acidic anchor groups.; (iii) The by-
product of the condenzation reaction (methanol) is volatile
and so does not remain at the interface when introduced into
a vacuum system. We have used this approach to modify the
surface potential of ITO glass using (3-chloropropyl)trimeth-
oxysilane (CPS) and (3,3,3-trifluoropropyl)trimethoxysilane
(FPS) (Figure 1(a)). These molecules were chosen because
they modify the surface of ITO glass such that the differ-
ence in ¢ is large; ~ 0.5 eV, whilst being virtually identical in
hydrophilicity, surface roughness, transparency and electrical
conductivity. Furthermore, since they are of comparable size it
can be assumed that the effective thickness of single layers of
CPS and FPS is comparable (~0.8 nm).1*>3¢ Additionally, we
show that the ¢ of ITO glass modified with silane nanolayers
is very stable upon storage under nitrogen, in sharp contrast
to that of UV/Oj; treated ITO glass which decreases rapidly
from an initially high value. Collectively these properties
make this pair of electrodes ideal for investigating the impact
on OPV performance of positive space charge close to the
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Figure 1. a) (3-chloropropyl)trimethoxysilane (CPS) and (3,3,3-trifluoro-
propyl)trimethoxysilane (FPS); b) Variation in the ¢ of ITO glass with
exposure time to FPS (triangles) and CPS (circles) vapour at 5 mbar,;
(c) Change in ¢ of ITO with time after treatment with FPS for 24 hours
(triangles), CPS for 24 hours (circles) and UV/Oj; only (squares).

hole-extracting electrode. To ensure spontaneous electron-
transfer from the organic semiconductor to both model elec-
trodes a low I, organic semiconductor was selected: namely
pentacene, I, =4.9-5.0 eV.[?¥] Pentacene is also widely regarded
as the prototypical conjugated organic molecule since it is the
most intensively investigated organic semiconductor and its
amenability to vacuum deposition allows a high degree of
control over layer thickness and the environment in which
the contact is formed.['®3”] In addition to varying the ¢ of the
electrode, a picture of the extent and distribution of charge
transferred across both interfaces upon contact formation
is constructed by measuring the change in contact potential
as a function of pentacene thickness, and correlated directly
with the performance of bi-layer OPV devices employing Cg
as the electron acceptor. From the results of this judiciously
designed study a generic electrode design rule is proposed
with applicability to discrete heterojunction OPVs and those
based on mixed heterojunctions sandwiched between single
component donor and acceptor layers or continuously graded
photoactive layers.13¥3% In addition, we show that the stability
of the interface between pentacene and ITO is a critical deter-
minant of device lifetime and present compelling evidence
that silane nanolayers are a remarkably effective means of
improving the stability of this interface.
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2. Results and Discussion
2.1. Electrode Fabrication and Characterization

It is well known that molecules with methoxysilane moieties
bind to oxide surfaces including ITO glass via strong siloxane
linkages.2634-3% In order to optimize the deposition time
the ¢ was measured as a function of the time freshly UV/
O3 treated substrates were exposed to FPS vapor at 5 mbar
(Figure 1(b)). It is evident from Figure 1 that the change in ¢
saturates for t > 20 hrs, consistent with increasing coverage
until the surface density is saturated.l?l The increase in ¢ to
~5.75 eV is consistent with FPS molecules orientated such
that the electronegative —CF; moieties are at the nanolayer
surface, since the inwardly pointing molecular dipole would
operate to decrease the surface potential, thus increasing
@.101115.21-25] Ultra-low energy secondary ion mass spectros-
copy (ule-SIMS) was used to provide direct evidence for FPS
on the ITO surface. Mass spectra from the near-surface region
were obtained using both O," and Cs* primary ions. Upon
FPS deposition the measured secondary ion signal intensi-
ties for F~ CF3™ and Si* were increased by a factor of 70, 200
and 10 respectively as compared to freshly UV/Oj; treated ITO
glass. The signal intensity for the fragment ion most indica-
tive of coupling to the ITO surface; SiOIn*, was increased by
4-fold. The root-mean-square (rms) roughness of ITO glass
derivatized with FPS measured using an Atomic Force Micro-
scope (AFM) was identical to that of untreated ITO (~3.5 nm),
evidence that polymerization of FPS does not occur to any
significant extent using the vapor phase deposition method.
This conclusion is in agreement with Aswal et al.>* and Stec
et al.?%l who used vapor phase deposition of trimethoxysi-
lane nanolayers to immobilize incident Au atoms on silicon
and glass substrates respectively, and is corroborated by the
absence of ion fragments in the ule-SIMS spectra assigned
to Si-O-Si linkages. Figure 1(b) also shows evolution of the ¢
of UV/O; treated ITO glass as a function of time exposed to
CPS vapor, from which it is evident that the optimal exposure
time is also >20 hrs and the ¢ of CPS derivatized ITO glass
saturates at ~5.25 eV. Consequently for the purposes of this
study the nanolayer derivatization time was fixed at 24 hours.
Notably, it is clear from Figure 1(c) that, unlike freshly UV/
O3 treated ITO glass, the ¢ of CPS and FPS derivatizated
ITO glass remains stable for extended periods in a nitrogen
atmosphere, making them well suited as model high ¢ elec-
trodes. The static water contact angle of ITO glass exposed to
CPS and FPS for 24 hours was: 68° £ 3° and 73° £ 3° respec-
tively. To verify that the growth mode of pentacene films at
low thickness was not significantly impacted by this small
difference in hydropilicity the complimentary techniques of
electronic absorption spectroscopy and AFM imaging were
used to probe for differences in the degree of crystallinity
and size of crystallites in 5 nm and 45 nm films of pentacene
deposited onto ITO glass derivatized with the CPS and FPS
nanolayers (Figures 1S-4S). From the absence of any discern-
able differences in either the absorption spectrum or surface
morphology it can be concluded that the pentacene growth
mode on both substrate types is not significantly different.

Adv. Energy Mater. 2011, 1, 440-447
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This result is consistent with comprehensive studies of the
growth and evolution of pentacene films on self-assembled
monolayer terminated substrates by Hu et al.l*9l and Kifer
et all*, who have shown that pentacene molecules adopt
a near vertical orientation with respect to the plane of the
substrate regardless of the monolayer termination***!l even
when the underlying substrate is polycrystalline.*!!

2.2. Measuring Interfacial Energetics

To probe the interfacial energetics upon contact formation the
Kelvin probe (KP) technique was used to measure the change
in energy of the vacuum level (g,,) relative to the &f, denoted as
€., upon stepwise deposition of pentacene onto the CPS and
FPS derivatized substrates. Measurements were made under
nitrogen immediately after pentacene deposition without expo-
sure to the laboratory atmosphere. Unlike UV photo-electron
spectroscopy, which can also be used to make such measure-
ments, the maximum film thickness that can be probed using
the KP technique is not limited by sample charging.[1>2042-44]
As a result the change in potential across the full 45 nm pen-
tacene film thickness used to fabricate OPV devices can be
probed. In order to corroborate the conclusions pertaining to
the establishment of electrical equilibrium upon contact for-
mation measurements were also performed on freshly UV/O;
treated ITO glass.

2.2.1. Fermi Level Alignment

Figures 2 shows how &,/ changes upon stepwise deposition
of thin films of pentacene onto the three substrates ITO and
FPS/ITO and CPS/ITO. In all cases &, rapidly decreases and
saturates at a common value of ~4.6 eV consistent with the for-
mation of an interfacial double layer resulting from the transfer
of electron density from the pentacene overlayer into the ITO
electrode. The convergence to a common value is compelling
evidence that in all cases sufficient charge is transferred for
thermodynamic equilibrium to be established, since an impor-
tant criterion for € alignment it that the measured ¢ of the
organic over layer should be independent of the ¢ of the under-
lying substrate.l'>*2* Seki et al.l'>*2% point out that thermo-
dynamic equilibrium across organic/electrode interfaces cannot
be assumed for device thicknesses of undoped molecular semi-
conductors deposited under vacuum, since the density of unin-
tentional impurities capable of donating/accepting charge is
typically too low. At the interfaces studied herein the I, of the
molecular overlayer is less than the ¢ of the substrate and so
the source of electron density is a high density of filled frontier
molecular orbitals rather than a low density of unintentional
impurities. Under these circumstances there is no bottleneck
to achieving " alignment across the interface for the film thick-
nesses used. Notably, the saturation value &,/ is ~0.3 eV lower
in energy than expected for intrinsic pentacene, evidence of
low levels of p-type impurities in the pentacene overlayer. Thin
films of molecular semiconductors are known to be susceptible
to low levels of unintentional doping, even when deposited
under UHV conditions and so are to be expected under OPV
fabrication conditions.*!
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2.2.2. Ground-State Charge Transfer

The insets in Figure 2 show the interfacial charge distribution
p(x) that would give rise to the profiles in Figure 2 as deter-
mined using Poisson’s equation:

P
Tdx | e (1)

where ¢ is the permittivity of free space and ¢, is the relative
permittivity of pentacene; 3.146] It is evident that in all cases the
positive space charge is located within a few nanometres of the
interface, although the thickness coordinates can be regarded as
upper limits since ultra-thin organic films rarely grow according
to a layer-by-layer (Frank-van der Merwe) growth mode.”!
Whilst the electronic structure and transport in molecular
solids at room temperature is generally not described in terms
of band theory, some highly crystalline high mobility solids

5.8 (?E 8
o
o
5.6 \:‘:6'
3
5.4 ;‘;4_
5.2' g’
7
5.0 S
£ 0 T T T T
4.8 a0 3 6 s 12 15
Pentacene Thickness / nm
4.6
4.44— T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
6.0 @ 10
§
5.8 © gl
K
5.6 g N
o
s 5.4 §4
[
< 521 $
o v & 2
ws S
< 5.0 g,
&0 3 6 9 12 15
4.8 Pentacene Thickness | nm
4.6 = 1
I I
4.4+ T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
@
5.4 5
L 10
®
5.2 %
ios
5.0 g
4.8 5& T p v y '
5 10 15 20 25 30
Pentacene Thickness / nm
4.6+ E i f
4.4 -+—

0 5 10 15 20 25 30 35 40 45 50
Pentacene Thickness / nm

Figure 2. The variation in &, upon deposition of stepwise films of pen-
tacene onto; i) freshly UV/O; treated ITO (upper); ii) FPS/ ITO glass
(middle); i) CPS/ ITO glass (lower). All ¢ measurements were made under
N, immediately after pentacene deposition. The insets depict the space
charge density distributions that would give rise to the variation in &,
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Figure 3. Schematic representation of the interfacial energetics at the
interfaces: a) pentacene/CPS/ITO glass; and b) pentacene/FPS/ITO
glass, assuming a band-type description of the electronic structure in the
pentacene overlayer.

such as the acenes are an exception.W] Evaporated pentacene
films are invariably polycrystallinel?®2937] and in this case the
crystallite diameter is 50-100 nm, as determined using AFM
(S3 & S4). At a local level the energetics at the pentacene/ elec-
trode interface can therefore be described in terms of abrupt
bending of the pentacene bands across the space charge
region as depicted in Figure 3. An alternative molecular model
is one in which the Fermi level of the electrode is pinned to
the positive polaron level of those pentacene molecules at the
interface.['”] Regardless of its origin it is clear from Figure 2
that the positive space charge region in the pentacene layer
is confined to the first few nanometres of the interface in all
three cases!*¥! giving rise to large built-in electric field in the
critical region close to the interface. By integrating under the
curves of spatial charge density vs. distance (Figure 2 (inset))
the total space charge in the pentacene overlayer per unit area
of interface can be quantified: The total space charge at the
interface with FPS derivatized ITO (~16.3 x 107 C cm™) is
four-fold larger than at the interface with CPS derivatized ITO
(~4.2x 107 C cm™).

2.3. Device Measurements

To investigate the impact on OPV performance of this large dif-
ference in space charge density in the critical region close to the
interface with the hole-extracting electrode, model OPV devices
were fabricated by sequential deposition of 40 nm Cg,, 8 nm
BCP and 1000 nm Al on top of the 45 nm pentacene layers.
The performance characteristics for OPV devices incorporating
ITO, ITO/CPS and ITO/FPS substrate electrodes under 1 sun
simulated irradiance are summarized in Table 1. From Table 1
and the representative J/V characteristics shown in Figure 4, it
is evident that none of the key device performance parameters
are impacted by the large difference in the extent of the inter-
facial space charge region. Since the dark J/V characteristics
(Figure 4 (inset)) are also virtually identical this is compelling
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Table 1. Summary of the key device performance characteristics for
OPVs with a device structure; ITO/X/pentacene/Cg/BCP/Al, where X is
freshly UV/Oj; treated ITO glass (none) or a nanolayer of FPS or CPS.

Nanolayer
None CPS FPS
Joe [MA cm? £1 SD 7.0£0.2 71402 73403
Vo [Volts] £1 SD 0.40 +£0.01 0.40 +£0.01 0.41+£0.01
F.F.£1SD 0.56 +£0.02 0.57 +£0.03 0.57+0.3

evidence that the Schottky barrier to hole-injection, and thus
the built-in electric field, are essentially identical, consistent
with the establishment of & alignment. The importance of
this result lies in the demonstration that it is not necessary to
engineer the ¢ of the hole-extracting electrode for OPVs beyond
ensuring that it is greater than the I of the donor material, thus
simplifying an important aspect of device design. This result
rationalizes a recent report by our group that high ¢ gold nano-
particles (¢ ~5.9 eV) function as efficient hole-extraction mate-
rials in bilayer OPV devices based on donor materials with I,’s
of ~5.3 eV and ~5.6 eV.'!l We propose that this electrode design
rule will also be applicable to molecular OPVs employing mixed
photoactive layers pinned between two single component
layers. From Figure 4 it is clear that all devices exhibit a photo-
current of ~7 mA cm™ under 1 sun simulated illumination.
Assuming a built-in electric field of 1 VI*I and hole-mobility of
~1.0 cm™2 V- s71 28] this corresponds to a space charge density
of <107 C ecm™ in the interfacial region. Since the interfacial
space charge density formed spontaneously upon contact for-
mation (~1 C cm™) is many orders of magnitude larger than
the photo-generated space charge density it can be concluded
that the energy level diagrams derived from the KP measure-
ments are good depictions of the interfacial energetics close to
Ve under operational conditions.
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Figure 4. Representative -V characteristics for a ITO/X/pentacene/Cgp/
BCP/Al device under 1 sun simulated illumination, where X is freshly UV/
O treated ITO glass (squares) or a nano-layer of FPS (triangles) or CPS
(circles). Inset: The corresponding dark JV characteristics.
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2.4. Device Lifetime Studies

Beyond functioning as a tool to investigate the fundamentals
of electrode design for OPVs vapour phase silanization is a
scalable and potentially cost effective means of engineering
the surface of ITO and other conducting oxide electrodes for
this application. As the efficiency of OPVs edges towards the
minimum required for commercialization the issue of opera-
tional lifetime has become increasingly important.**4 Whilst
it is clear that the interfaces in OPVs are critical determinants
of device lifetime, current understanding of the degradation
mechanisms is at an early stage of development.”'*3] Having
shown that the ¢ of ITO glass is stabilized by CPS and FPS
nanolayers (Figure 1(c)), the possibility that this would trans-
late to improvement device stability was explored. Figure 5
summarizes typical key performance characteristics for OPVs
with and without silane nanolayers over an extended period
of continuous illumination. The J . of all devices is stable
at ~7 mA cm2. The V,. and FF of OPVs fabricated on freshly
UV/O; treated ITO glass exhibit an initial rapid decline fol-
lowed by gradual near-linear deterioration. Conversely the V.
of OPVs incorporating silane nanolayers remains stable and
the FF declines at a slow near-linear rate throughout. Since
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Figure 5. Variation of device performance parameters under 1 sun
simulated solar irradiance as a function of time. The device structure is
ITO/X/pentacene/Cqo/BCP/Al where X is freshly UV/Oj treated ITO glass
(squares) or a nano-layer of FPS (triangles) or CPS (circles). All measure-
ments were made in a nitrogen atmosphere.
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the gradual deterioration in FF is common to OPVs with and
without nanolayers it may not stem from deterioration of
the ITO/pentacene interface, but from another degradation
mechanism operating in parallel over the same time domain.
The absence of the initial rapid decline in FF and any signifi-
cant change in V. in OPVs incorporating silane nanolayers is
compelling evidence that the stability of the ITO/pentacene
interface is greatly improved. Since this improvement is also
independent of the ITO electrode ¢ it is tentatively attributed
to enhanced interfacial adhesion, since the polar hydroxyl and
oxo moieties at the surface of ITO glass are known to render
it poorly suited to the formation of robust interfaces with
non-polar organic semiconductors.’>>¢ A consequence of
poor interfacial adhesion is an increased likelihood of delami-
nation, which would manifest itself as an increase in device
series resistance and deterioration in FF as observed in OPVs
without a silane nanolayer. This result demonstrates the crit-
ical role that the pentacene/ ITO glass interface plays in deter-
mining the operational lifetime of these devices and offers a
path to engineering this interface to extend device lifetime. To
our knowledge the impact on OPV lifetime of using molecular
nanolayers has not previously been reported and investiga-
tions are ongoing to verify the hypothesis that the observed
improvement in device lifetime stems from an improvement
in interfacial adhesion.

3. Conclusions

In summary, a solvent free protocol for the derivatization of
ITO electrodes with a silane nanolayer is reported. Unlike
deposition from solution, this method is scalable and a
potentially cost-effective means of enhancing the function-
ality of ITO electrodes supported on glass or plastic sub-
strates for application in organic optoelectronics. We show
that dipolar silane nanolayers deposited from the vapor phase
can be used to engineer large changes (~0.5 eV) in the work
function and impart improved stability to this widely utilized
transparent electrode material. Using this approach in con-
junction with measurements of the interfacial energetics it is
shown that the performance of model OPV devices based on
pentacene/Cgyo heterojunctions is independent of the extent
of positive space charge density in the critical region close to
the interface with the donor layer. This judiciously designed
experiment demonstrates that it is unnecessary to engineer
the ¢ of the hole-extracting electrode to match the ionization
potential of the donor layer, rather only to ensure that former
exceeds the latter, thus simplifying an important aspect of
device design. In addition, we show that the stability of the
interface between the ITO electrode and pentacene layer is a
critical determinant of operational lifetime in pentacene/Cg,
based OPVs and demonstrate the remarkable effectiveness of
silane nanolayers in retarding device degradation. Notably,
the results of this study could be applied directly to the man-
ufacture of the current generation of flexible OPV, since high
work function, stable ITO electrodes realized using silane
nanolayers could be employed in place of the problematic
hole-extracting material poly(3,4-ethylenedioxythiophene):po
ly(styrenesulfonate).
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4. Experimental Section

4.1. Work Measurements (Kelvin Probe)

All work function measurements were made in a nitrogen filled glove
box using a Kelvin Probe referenced to freshly cleaved HOPG graphite.

4.2. Electrode Fabrication

ITO glass substrates were cleaned via ultra-sonication in: (i) acetone;
(i) Decon Neutracon: H,O; (iii) H,O; (iv) and finally propan-2-ol, before
UV/O; (Novascan PSD-UVT) treatment immediately prior to transfer into
the vacuum system. UV/O; treatment involved exposure of the relevant
substrates to UV light from a Hg lamp (185 nm and 254 nm, 20 mW/cm?)
at a distance of 25 mm from the substrate in a sealed air filled chamber
for 15 minutes followed by a 15 minute incubation period.

4.3. Ultra Low Energy Secondary lon Mass
Spectroscopy (uleSIMS)

Ultra-low energy secondary ion mass spectroscopy (uleSIMS)
was performed using an Atomika 4500 quadrupole instrument
to provide direct evidence for FPS on the ITO surface. Mass
spectra from the near surface region were obtained using both
O," and Cs* primary ions with energies of 250 eV and 500 eV
respectively.

4.4. OPV Fabrication and Characterization

OPV cells were fabricated under high vacuum (~10~° mBar) by
thermal evaporation. The photoactive organic materials; pen-
tacene (H. W. Sands triply sublimed) and Cg, (Nano-C Inc.,
99.5%) were purified once by thermal gradient sublimation
prior to deposition. Pentacene, Cqy and BCP were deposited at
rates of 1 As™, 0.5 As™" and 1 As" respectively. Al cathodes were
deposited in-situ by evaporation through a shadow mask to give
active device areas of 0.16 cm™ (S5). Current-voltage (J-V) char-
acteristics were measured using a Keithley 2400 SourceMeter
and Solar Simulator. The light intensity was calibrated to AM1.5
(100 mW cm™2) using a calibrated silicon diode with KG5 colour
filter. More than 15 of each device type were fabricated. Lifetime
measurements were performed in a nitrogen atmosphere
(<1 ppm O,; <1 ppm H,0) at room temperature under contin-
uous illumination (AM1.5 (100 mW cm™)). Lifetime tests for
each device type were repeated 3 times.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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