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ABSTRACT The generation and characterization of a robust thienylsilane molecular layer on indium tin oxide substrates was
investigated. The molecular layer was found to reduce the oxidation potential required for the electrochemical polymerization of
3,4-ethylenedioxythiophene. The resulting electrochemically prepared poly(3,4-ethylenedioxythiophene):poly(p-styrenesulfonate)
(ePEDOT:PSS) films were found to be more uniform in coverage with lower roughness and higher conductivity than analogous films
fabricated with bare ITO. A relative improvement in the efficiency of 2,5-diyl-poly(3-hexylthiophene) (P3HT)/[6,6]-phenyl-Cs;-butyric
acid methyl ester (PCBM) bulk heterojunction solar cells was observed when devices were formed on thienylsilane-modified ITO

electrodes, rather than unmodified ITO control electrodes.
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INTRODUCTION
rganic solar cells (1 —16) are an attractive alterna-

tive to their conventional silicon-based counterparts

largely due to superior processing conditions, pro-
cessing speed, and cost (17—20). A widely researched
organic solar cell employs a two-component active layer
consisting of an electron-donating conjugated polymer and
an electron-accepting fullerene structured in a disordered
bicontinuous interpenetrating network configuration known
as the bulk heterojunction (BHJ) (21—26). A typical BHJ
polymer organic photovoltaic device (OPV) solar cell consists
of an active layer of regioregular 2,5-diyl-poly(3-hexylth-
iophene) (P3HT) and [6,6]-phenyl-Ce;-butyric acid methyl
ester (PCBM) (27, 28), although promising low-band-gap
polymeranaloguesare currently being developed (18,29—32).
A schematic drawing of a typical BHJ device is provided in
Figure 1. In these excitonic OPVs, the absorption of light
generates bound electron—hole pairs (i.e., excitons) which
ideally dissociate with high yield into free charge carriers at
donor—acceptor interfaces. The free electron and hole
charge carriers consequently migrate from the interface to
the cathode (e.g., a reflective metal such as Al) and the anode
(e.g., a transparent conducting oxide, such as indium tin
oxide (ITO)), respectively.
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FIGURE 1. Schematic depiction of a bulk heterojunction photovoltaic
device: red atoms, S; yellow atoms, C; orange atoms, Si; green atoms,
O. In the active region, donor and acceptor materials (in this case
P3HT/PCBM) are phase-segregated on a nanometer scale and an
extremely large interfacial surface area is achieved. Charge transfer
between the active regions and electrodes is potentially improved
by adding an interfacial molecular layer (inset).

In spite of tremendous advances in both the understand-
ing and fabrication of OPV solar cells (19, 21, 33—35), global
commercialization remains limited due to poor performance
and stability (36, 37) and has therefore been the topic of
recent research (38—41). Several publications unequivocally
state that improved charge transfer across material inter-
faces, especially between the active layers and their associ-
ated electrodes, is critical to addressing many fundamental
issues and that interfacial modification layers are essential
to the achievement of acceptable device performance
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(42—44). Reduced contact resistance at the conductor/active
layer interface is expected to create an overall reduction in
device series resistance, thereby improving the energy
extraction efficiency (45, 46). To this end, elegant research
has recently shown that application of oligosiloxanes to
anodes for OLEDs permits optimization of charge injection
(47), whereas the use of alkylthiophenes (48, 49) and alky-
Iterthiophenes (50) improves anodic charge extraction in
OPV devices. Poly(3,4-ethylenedioxythiophene):poly(p-sty-
renesulfonate) (PEDOT:PSS) is a polymer blend of cationic
and conducting PEDOT that is charge-balanced by anionic
and insulating PSS. This material has been widely employed
as an OPV hole-collecting interfacial layer at the anode due
to its stable and high work function and electron-blocking
properties (51). A PEDOT:PSS interfacial layer leads to a
smoother electrode with improved ohmic contact with the
active layer, enhanced hole collection (52, 53), and increased
open-circuit voltage (Vo) (53) as well as improved areal
electrical uniformity in completed devices (54). Typically
PEDOT:PSS is applied to ITO electrodes by spin-coating from
inhomogeneous aqueous dispersions, yielding films with
considerable structural, morphological, and electrical non-
uniformity (55—59). As-cast PEDOT:PSS films have been
shown to undergo a complex phase separation leading to
PSS-enriched surfaces with dramatically reduced orthogonal-
to-plane conductivity (60, 61). The application of a thienyl-
silane interfacial layer for the electrochemical coating of
PEDOT:PSS films on ITO anodes and subsequent application
in BHJ polymer OPV solar cells remains relatively unexplored.
Herein we discuss the formation and characterization of
a robust thienylsilane molecular layer on an ITO electrode
(see inset in Figure 1). These surface-functionalized elec-
trodes were subsequently used in standard electrochemical
cells for the electrodeposition of PEDOT:PSS (ePEDOT:PSS).
It was found that highly conductive films could be produced
at oxidative potentials well below that of the bare ITO case.
A series of BHJ OPV solar cells was fabricated with ePEDOT:
PSS, and it was found that thienylsilane interfacial layers
significantly improved the resulting short circuit current
density and device efficiency compared to those prepared
under identical conditions with unfunctionalized ITO.

EXPERIMENTAL SECTION

Reagents and Physical Measurements. Triethoxy-2-thienyl-
silane, 3,4-ethylenedioxthiophene, sodium poly(p-styrene-
sulfonate) (M,, &~ 1 000 000 Da), toluene, chlorobenzene, metha-
nol, and pentane were used as received from Sigma-Aldrich.
Regioregular 2,5-diyl-poly(3-hexylthiophene) and [6,6]-phenyl-
Ce1-butyric acid methyl ester were used as received from Rieke
Metals and American Dye Source Inc., respectively. Indium tin
oxide coated glass substrates (8—12 €2/00) were acquired from
Delta Technologies, Ltd. The ITO-coated glass substrates were
cleaned by sequential 10 min ultrasonication in dichloromethane,
water, and isopropyl alcohol. Prior to use, ITO-coated glass
substrates were further cleaned by exposure to a 10 min air
plasma at ~0.1 mTorr (Harrick Plasma, PDC 32G, 18W).

Cyclic voltammetry was carried out using a Princeton Applied
Research Model 2273 potentiostat employing various 1TO
substrates as the working electrodes (area ~1.5 cm?) in a
standard three-electrode electrochemical cell. All potentials
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were measured and are reported relative to a Ag/Ag* reference
electrode recorded at a scan rate of 100 mV/s. Surfaces were
characterized by scanning force microscopy (SFM), scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and Kelvin probe. SEM and XPS were performed under
high-vacuum conditions (<1075 Pa). A Nanoscope 1V (Digital
Instruments/Veeco) instrument, operated in tapping mode with
commercially available Si cantilevers (Micromash, frequency
300 kHz), was used for SEM. Conductivity measurements of
ePEDOT:PSS films were carried out by conductive probe SFM
(CP-SFM) in contact mode with Pt-coated SFM tips (Micromash).
SEM (Hitachi S-4880 FE-SEM) was typically performed with an
accelerating voltage of 10 keV. XPS (Kratos Analytical, Axis-
Ultra) was performed using monochromatic Al Ka X-ray irradia-
tion at a photon energy of 1486.6 eV. The instrument was
calibrated using the C 1s signal (BE = 284.9 eV).

Work functions were measured using a KP Technology Ltd.
SKP Kelvin probe. In the Kelvin probe arrangement, the test
sample is electrically connected to an oscillating electrode which
oscillates above the sample. The sample and vibrating electrode
form the two plates of a parallel plate capacitor. Due to the
varying plate spacing, an alternating current flows which de-
pends upon the work function difference between sample and
vibrating tip. This current flow, recorded at various backing
voltages, is used to extract the relative work function difference
between sample and vibrating tip (62). For absolute magni-
tudes, a reference sample with a known work function must
also be measured using the same vibrating tip in the same
environment. In this case, we chose a freshly prepared highly
oriented pyrolytic graphite (HOPG) reference (63).

Modification of ITO Substrates with Triethoxy-2-thienylsi-
lane. Cleaned ITO-coated glass substrates were evacuated for
30 min in a desiccator containing an open vessel of triethoxy-
2-thienylsilane (~0.1 mL). Substrates were left under static
vacuum for 18 h and then exposed to ambient atmosphere for
2 h prior to use.

Photovoltaic Device Fabrication. The bulk heterojunction
polymer/fullerene photovoltaic devices consisted of blended
films of regioregular P3HT and PCBM sandwiched between a
transparent anode and a reflective cathode. The anode con-
sisted of an ITO-coated glass substrate electrochemically modi-
fied with poly(3,4-ethylenedioxythiophene):poly(p-styrene-
sulfonate) (ePEDOT:PSS). A potentiostatic method (applied
potential 1.15 V) was used for the electrochemical deposition
of ePEDOT:PSS on the anode. Film thickness was controlled by
monitoring the electrical charge passed during the growth
process. After polymerization, the ePEDOT:PSS films were
thoroughly and sequentially rinsed with deionized water (18
MQ), methanol, and pentane followed by drying under vacuum
(<0.1 Pa) for 30 min at room temperature. P3HT was dissolved
in chlorobenzene to make a 10 mg/mL solution, followed by
blending with a 0.8 equiv mass of PCBM. The blend was stirred
for 14 h at 50 °C in a glovebox before spin casting. The P3HT/
PCBM solution was applied by spin coating from chlorobenzene
solution at 700 rpm followed by annealing under an inert
atmosphere (Ar-equipped glovebox, <5 ppm of O, and H,O) at
150 °C for 30 min. The cathode consisted of 120 nm of Al and
was applied by thermal evaporation under high-vacuum condi-
tions (<107 Pa).

Photovoltaic device testing was done at ambient atmosphere
and temperature under simulated AM 1.5G irradiation using a
xenon-lamp-based solar simulator (Oriel 91191 1000W Solar
Simulator), with a nominal device irradiation of 100 mW/cm?.
The actual irradiance at our test position used for all experi-
ments was calibrated using an NREL-calibrated reference cell
of known efficiency (12 % efficiency at 25 £ 1 °C) and found
to be 95 mW/cm?.
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RESULTS AND DISCUSSION
In an effort to enhance the wetting, electrical contact, and

adhesion of PEDOT:PSS on the transparent conducting oxide
anodes (64) in photovoltaic solar cells, we investigated the
formation of a robust thienylsilane molecular layer from the
hydrolysis of triethoxy-2-thienylsilane on hydroxy-function-
alized indium tin oxide (ITO) substrates. Unique to this study,
the resulting interfacial layer would lack alkyl tethers that
would otherwise impart a significant dielectric and insulating
character between the ITO surface and thienyl moieties.
Recently, Armstrong et al. examined the generation and
chemical nature of various hydroxy-functionalized ITO sur-
faces (65). Through the use of hydrogen-bonding interactions
with ferrocenedicarboxylic acid, it was found that an air
plasma was a very effective route to a high areal density of
electroactive surface hydroxyl groups. Following these re-
sults, we treated the ITO substrates with this protocol for
generating an appropriate electroactive surface for the
electrochemical deposition of thiophene-based films (66).

Molecular Layer Synthesis. As shown in Scheme 1,
a molecular layer of triethoxy-2-thienylsilane is chemisorbed
from the vapor phase onto clean, hydroxy-functionalized
ITO. The generation of a thiophene-bearing siloxane layer
occurs through the reaction of ethoxysilyl groups with
surface-bound hydroxyl groups as well as physically ad-
sorbed water (67). Additional hydrolysis by exposure of the
surface to ambient air ensures the complete reaction of trace
ethoxysilyl groups (68).

Molecular Layer Characterization. The function-
alized ITO was characterized using the water contact angle,
X-ray photoelectron spectroscopy (XPS), and a Kelvin probe.
Following oxidation by air plasma, the ITO surface was
found to be hydrophilic with a water contact angle of
approximately 6°. This value agrees with recent studies for
plasma-cleaned ITO surfaces (69). By Kelvin probe the work
function of the ITO-coated glass was found to be 5.05 eV, a
value that correlates well with those found in previous
studies (70).

The surface functionalization with triethoxy-2-thienylsi-
lane is expected to alter the chemical nature and energetics
of the ITO surface. By the procedure discussed above, a
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thienylsilane-modified 1TO interface was produced. The
modified surface exhibited a significant change in hydro-
philicity, where a water contact angle of ~75.5° was deter-
mined. Similar hydrophobicity was found for pyrrolyl mo-
lecular layers on ITO (71). Moreover, the water contact angle
of the substrate was found to be constant over periods of
up to I month. Angle-resolved X-ray photoelectron spec-
troscopy (AR-XPS) was used to probe the nature of the
molecular layer on the ITO surface. This technique, where
the angle between the sample surface and the detector (the
takeoff angle) is varied, allows for depth profiling and is
useful for the characterization of the uppermost surface (72).
Summarized in Table 1 are the atomic compositions deter-
mined for In, Sn, O, C, S, and Si as a function of the takeoff
angle. The table clearly identifies two trends. With decreas-
ing takeoff angle, the intensities of indium and tin signals
decrease whereas signals for the elements in the thienylsi-
lane molecular layer (i.e., sulfur, carbon, and silicon) in-
crease. These findings are consistent with an ITO surface
bearing a molecular layer of thiophene. Shown in Figure
2a—d are the high-resolution O(1s), C(1s), S(2p), and Si(2p)
XPS spectra acquired from a thienylsilane-modified ITO
sample at a takeoff angle of 15°. The spectra are consistent
with previous results for thiophene bearing self-assembled
molecular layers (73). It is worth noting that the C(1s) and
S(2p) spectra show little evidence of oxidation (typically C—0O
and S—O photoelectron lines are found at binding energies
(BEs) of 289 and 169 eV, respectively) (74). Shown in Figure
2e—h are the spectra obtained from an identical sample that
was stored in air for 1 month. In this case only minor
differences were observed. As shown, trace oxidation was
detected in the C(1s) and S(2p) spectra, testifying to the
robustness of the thienylsilane molecular layer. As an ad-
ditional means for characterization of the thienylsilane
molecular layer, the Kelvin probe estimated work function
of the surface was found to be 4.77 eV. This result is in
agreement with other molecular layers bearing aromatic
groups on ITO substrates (75).

Electrochemical Deposition of ePEDOT:PSS. Us-
ing the discussed 1TO-coated glass samples as a working
electrode in a standard three-electrode electrochemical cell,
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Table 1. Atomic Concentrations (%) As Determined
by AR-XPS at Various Takeoff Angles®

takeoff angle (deg) In (3d) Sn (3d) O (ls) C(ls) S(2p) Si(2p)
90 23.03 3.48 46.66 20.12 3.07 3.64
45 20.44 340 4426 24.60 3.08 4.22
15 14.87 2.88 36.80 36.85 3.17 542

“Lower takeoff angles provide chemical information from a
limited region located near the sample surface.

we were able to study the utility of the thienylsilane molec-
ular layer as an improved interface for electrochemically
deposited poly(3,4-ethylenedioxythiophene:poly(p-styrene-
sulfonate) (ePEDOT:PSS). Our approach involves a quantita-
tive analysis of potentiodynamic cyclic voltammetric experi-
ments with differing maximum applied potentials (Vmax) S0
as to conclusively determine key electrochemical differences
and criteria for the electrodeposition of these films from
aqueous PSSNa electrolyte.

ePEDOT:PSS was deposited by sweeping the working
electrode potential from —1.00 V to +Vmax (vs Ag/Ag™) at
100 mV/s for a specified number of cycles. Representative
cyclic voltammetric sweeps showing the growth of ePEDOT:
PSS on hydroxy- and thienylsilane-functionalized ITO work-
ing electrodes are shown in Figure 3a—c and Figure 3d—f,
respectively. Characteristic broad redox waves with increas-
ing anodic and cathodic peak currents for each successive
cycle are evidence for the growth of ePEDOT:PSS. Addition-
ally, during the experiment a light blue film became visible
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on the ITO electrodes. Trends within a series (a—c or d—1)
are also present. With decreasing Vmax, @ decrease in the area
beneath each curve is evident, indicating a decrease in the
amount of electrochemically addressable ePEDOT:PSS film.
This is consistent with the decreasing difference in anodic
and cathodic peak currents with decreasing Vimax. These
trends continue within each series until the critical Vmax
required for the potentiodynamic deposition of ePEDOT:PSS
is not exceeded. In the case of the hydroxy-functionalized
ITO working electrodes, no ePEDOT:PSS film was obvious
at potentials below 1.00 V. For the thienylsilane-functional-
ized ITO analogue, this limiting potential was at a lower value
of 0.85 V. These differences in polymerization onset poten-
tial are also consistent with the variations in surface work
function measured by Kelvin probe. The thienylsilane-modi-
fied surfaces had measured work functions significantly
lower than the values measured for unmodified ITO. This
difference indicates that the extraction of electrons from the
modified surfaces requires less driving energy, and elec-
tropolymerization should proceed at a reduced electrical
potential. Furthermore, it is known that the primary nucle-
ation steps of electrochemical depositions typically require
higher potentials than the growth steps. As observed by
others, the monomeric units within the molecular layer act
as favorable nucleation sites for electrochemical polymeri-
zation and hence result in a surface requiring lower electrical
potential for nucleation (46, 50, 76, 77). It is likely that the
resulting ePEDOT:PSS film propagates from the thienylsilane
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FIGURE 2. High-resolution XPS spectra of O(1s), C(1s), S(2p), and Si(2p) for thienylsilane-modified ITO-coated glass: (a—d) as synthesized;
(e—h) following 4 weeks of exposure to air. In all cases the takeoff angle was 15°. On the y axis, CPS denotes counts per second.
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FIGURE 3. Five consecutive cyclic voltammetric sweeps for the electrochemical growth of ePEDOT:PSS: (a—c) on hydroxy-functionalized ITO; (d—f)
on thienylsilane-functionalized ITO. The maximum applied potentials in a—f were 1.50, 1.20, 1.00, 1.50, 1.20, and 1.00 V, respectively. A scan rate
of 100 mV/s was used, and the initial concentrations of 3,4-ethylenedioxythiophene and poly(p-styrenesulfonate) were 10 and 20 mM, respectively.

units by way of a covalent linkage, which also suggests that
improvements in the cross-sectional conductivity of the film
would result (see discussion below).

For a more quantitative analysis and comparison of each
series, the area-normalized charge for each cycle was de-
termined. The plots of the charge density transferred using
hydroxy- and thienylsilane-functionalized ITO working elec-
trodes versus cycle number are depicted in parts a and b of
Figure 4, respectively. In Figure 4a, there is no significant
rate of increase in the charge transferred until Vimax exceeds
1.00 V, suggesting negligible ePEDOT:PSS growth. Com-
paratively, in Figure 4b this feature occurs at a lower value,
~0.85 V, suggesting that the presence of a thienylsilane
molecular layer facilitates film growth by providing ad-
ditional nucleation sites. Beyond these limiting potentials,
both cases exhibit increasing slopes to the curves, indicating
higher rates of film growth at greater Vmax values. In all cases
the rates of ePEDOT:PSS growth are higher for the thienyl-
silane-functionalized ITO working electrode, perhaps due to
initial nucleation of the film over larger areas of the elec-
trode. The degree of linearity in Figure 4 is also noteworthy.
When they are compared, data sets in Figure 4b maintain
linearity to higher cycle number than in Figure 4a. A possible
explanation for the deviation from linearity is that, with
ongoing potentiodynamic deposition, the rate of growth of
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the ePEDOT:PSS film is becoming increasingly uncontrolled,
leading to increasing rates of polymer growth by way of
increasing surface area and, hence, an increase in the
surface roughness is expected. This argument is supported
by previous studies that have found that the growth of
polythiophene films extend from complex nucleation at the
electrode as well as within the growing film (78). The
curvature of the plots in Figure 4, therefore, suggest that
thienylsilane molecular layers allow for a uniform growth of
ePEDOT:PSS mainly by way of propagation from covalently
tethered ePEDOT chains.

Physical and Electrical Characterization ePEDOT:
PSS Films. The results of the electrochemical deposition
of ePEDOT:PSS using a thienylsilane molecular layer are
expected to lead to significant differences in the films’
properties. Improvements in adhesion, surface roughness,
and electrical conductivity are expected. To characterize
these features, we investigated surface adhesion by a Scotch
tape test and scanning force microscopy. Additionally, to
quantify the electrical properties, samples were produced
using a potentiostatic approach at applied potentials within
the range of those discussed above. Films produced in this
manner are therefore isolated in the highly conductive state
and are most relevant as anodes for polymer photovoltaic
solar cells. In addition to a macroscopic investigation (see
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FIGURE 4. Charge density, obtained from the anodic waves of potentiodynamic experiments, versus the cycle number for hydroxy-functionalized
ITO (a) and thienylsilane-functionalized ITO working electrodes (b). A scan rate of 100 mV/s was used, and the initial concentrations of
3,4-ethylenedioxythiophene and poly(p-styrenesulfonate) were 10 and 20 mM, respectively. The dotted lines are included as references for linearity.

the Supporting Information), we characterized the conduc-
tivity of the samples using conducting probe scanning force
microscopy (CP-SFM). In both cases the “through-film”
electrical characteristics are determined. This technique also
permits characterization of the uniformity of the electrical
conductivity where the presence of “hotspots” of high
conduction are easily visualized (55, 61, 79).

The electrochemical growth of ePEDOT:PSS from a thie-
nylsilane molecular layer led to improved adhesion of the
resulting film relative to the hydroxyl-terminated ITO sub-
strates. This was determined by placing a piece of Scotch
tape onto the samples followed by removal and visually
inspecting the resulting quality of films. In the case of
ePEDOT:PSS grown on modified ITO, the film appearance
was unchanged, whereas those grown on hydroxy-function-
alized ITO showed strong evidence of delamination. As
discussed earlier, more uniform ePEDOT:PSS growth rates
were observed for thienylsilane-functionalized electrodes,
suggesting improvement of both nucleation and film growth.
Shown in Figure 5a—d and Figure 5e—h are representative
scanning force microscopy (SFM) images of ePEDOT:PSS
prepared using hydroxy- and thienylsilane-functionalized
ITO, respectively. A 15 s potentiostatic deposition of a
ePEDOT:PSS film at 1.05 V on hydroxy-ITO (a potential
slightly higher than the limiting potential required for elec-
trochemical deposition, Figure 5a) clearly shows isolated
nucleation and growth of island features with 100 nm height,
up to 300 nm in diameter. In contrast, the thienylsilane-
functionalized ITO (Figure 5e) is much smoother and has
roughness similar to that of the unmodified ITO substrate
(Figure 5i). While subtle, the SFM series of ePEDOT:PSS films
(20—30 nm) potentiostatically grown at higher potentials of
1.15, 1.25, and 1.35 V consistently reveal small islandlike
features (~50—100 nm diameter) on the hydroxy-terminat-
ed ITO that are not visible on the thienylsilane-terminated
ITO. As with the 1.05 V case, the roughness of the layers
grown with the thienyl surface (rms roughness ~4.8 nm) is
more similar to that of the starting ITO (rms ~5.0 nm, see
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the Supporting Information). Functionalization of the ITO
surface seems, therefore, to result in a more uniform
primary nucleation step in the early stages of electrodepo-
sition (55, 61, 79, 80). Similar results for electrodeposited
polythiophenes on thienylalkylsilane-modified ITO elec-
trodes have also recently been observed (50, 77).

As a means for the chemical characterization of the
ePEDOT:PSS film, we acquired the surface O(1s), C(1s), and
S(2p) XPS spectra for a film grown using a thienylsilane-
functionalized ITO substrate (parts a—c of Figure 6, respec-
tively). Due to the complex nature of the ePEDOT:PSS blend,
multicomponent spectra result. Previous efforts have identi-
fied that the O(1s) spectrum is composed of four distinct
chemical species that are easily deconvoluted (60). A peak
at531.9 eV corresponds to the oxygen in sulfonate residues
of the PSSNa, whereas S=0O and S—OH for the sulfonic acid
(PSSH) groups are resolved at approximately 532.4 and
533.4 eV, respectively (81). The final peak at a BE value of
533.7 eV corresponds to oxygen incorporated as ether
groups within ePEDOT. Deconvolution of the O(1s) spectra
therefore permits an estimate of the ePEDOT:PSS molar
ratio. We have determined this value to be ~1.5, concluding
that the surface of the film has a significant contribution of
the high-conductivity PEDOT component. Since commer-
cially available PEDOT:PSS typically has a molar ratio of
~0.83 (82), we anticipate very good electrical conductivity
through the ePEDOT:PSS film. The C(1s) spectra had two
main features, a high BE peak at 286.5 eV and a lower BE
peak at 285.0 eV. The former is assigned to the saturated
and sr-conjugated carbon atoms in the ePEDOT and PSS,
whereas the latter peak is the signal from C—O—C bonds in
the PEDOT (83). Deconvolution of the S(2p) spectra in Figure
6¢c was not possible, due to the presence of up to eight
components in this region (84). Roughly summarizing,
doublets at ~164.0 and 168.2 eV correspond to sulfur in the
ePEDOT and PSS, respectively. Last, and as an additional
means for characterization, we determined the Kelvin probe
estimated work function of the ePEDOT:PSS films grown
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100 nm

FIGURE 5. Scanning force microscopy images of ePEDOT:PSS grown potentiostatically for 15 s using (A—D) hydroxy-functionalized and (E—H)
thienylsilane functionalized ITO working electrodes. Applied potentials: (A) 1.05 V; (B) 1.15 V; (C) 1.25 V; (D) 1.35 V; (E) 1.05 V; (F) 1.15 V; (G)
1.25 V; (H) 1.35 V. The initial concentrations of 3,4-ethylenedioxythiophene and poly(p-styrenesulfonate) were 10 and 20 mM, respectively.
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FIGURE 6. High-resolution XPS spectra of (a) O(1s), (b) C(1s), and (c) S(2p) for ePEDOT:PSS electrochemically deposited using a thienylsilane

modified ITO-coated electrode. The takeoff angle was 90°.

using hydroxy- and thienylsilane-functionalized 1TO. The
respective values, 4.89 and 4.87 eV, were within experi-
mental uncertainty of one another but significantly different
from the initial values of the electrodes.

The electrical conductivity of ePEDOT:PSS was investi-
gated by CP-SEM. An applied bias range of 0—500 mV was
used to quantify the average current passed through the
ePEDOT:PSS films over 4 um? areas (see the Supporting
Information). Shown in Figure 7a,d are the area-averaged I
vs V curves for ePEDOT:PSS potentiostatically deposited on
hydroxy- and thienylsilane-functionalized ITO electrodes,
respectively (60 s deposition). Both plots exhibit linearity in
the potential range (0—500 mV), confirming that the electri-
cal contacts are ohmic. The key difference, however, is that
the ePEDOT:PSS films grown using the thienylsilane-func-
tionalized electrodes display current values that are ap-
proximately an order of magnitude larger than for the
hydroxy-ITO analogues. For a more accurate comparison,
the thickness of the electrodeposited films was determined.
Shown in Figure 7b,e are the plots describing the thickness
of the films as a function of the potentiostatic potential used
for the electrochemical deposition. In the case of hydroxy-
ITO working electrodes, it seems that the growth of thicker

www.acsami.org

ePEDOT:PSS films is favored for potentiostatic potentials
near 1.35 V. Interestingly, the corresponding value for the
thienylsilane derivative is 1.25 V. Equation 1 describes the
relationship for potential (V), current (/), film thickness, (d)
and the resistivity per unit area (p/A):

V=Idx(p/A) (1
Assuming that the electrical contacts for these measure-
ments are ohmic, a plot of Id vs V therefore represents a
normalized plot for which film thickness values are ac-
counted. Shown in Figure 7¢,f are the corresponding plots.
Again, in spite of the film thickness, the conductivity of
ePEDOT:PSS electrosynthesized using thienylsilane-modi-
fied electrodes is improved by a factor of ~6 (for a consistent
1 cm? area comparison, see the Supporting Information). As
documented by others, we attribute the increased conduc-
tivity to the improved charge transfer between the electrode
and polymer (85). The most conductive ePEDOT:PSS grown
on thienylsilane-modified ITO was deposited at a potentio-
static value of 1.15 V.
Bulk Heterojunction Photovoltaic Devices. The
effect of thienylsilane surface modification over the perfor-
mance of bulk heterojunction organic photovoltaic solar cells
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FIGURE 8. (a) Cross-sectional SEM image of a P3HT/PCBM bulk heterojunction photovoltaic device fabricated with thienylsilane-functionalized
ITO. (b) Dark (open symbols) and illuminated (Illum., solid symbols) J/V plots for a BH] OPV device fabricated with hydroxyl- and thienylsilane-
functionalized ITO anodes. For clarity we have suggested the ePEDOT:PSS location in (a) due to insufficient contrast between the active layer

and the ePEDOT:PSS layers.

was investigated using the standard P3HT/PCBM active layer
system. Two sets of devices were prepared, one with thie-
nylsilane-modified ITO electrodes and a control series with
unmodified ITO. Overall device configurations were as fol-
lows: (i) ITO/ePEDOT:PSS (30 nm, 1.15 V, 15 s)/P3HT +
PCBM (300 nm)/Al (120 nm) and (ii) ITO/thienylsilane/
ePEDOT:PSS (30 nm, 1.15V, 15)/P3HT + PCBM (300 nm)/
Al (120 nm). A cross-sectional scanning electron micrograph
of device ii is shown in Figure 8a. In the image, distinct
regions associated with the glass substrate, ITO electrode,

286 IENAPPLIED MATERIALS

VOL. | ¢ NO. 2 s 279-288 » 2009
XINTERFACES

active region, and Al top contact are easily resolved, and
these materials are marked on the figure. In the active
region, insufficient atomic number or textural contrast is
available to readily identify interfaces among ePEDOT:PSS,
P3HT, PCBM, and thienylsilane. For clarity we have included
the expected location of the ePEDOT:PSS in Figure 8a.

A comparison of the dark and illuminated (AM 1.5 G
simulated irradiance) current density—voltage (J—V) curves
for representative devices is shown in Figure 8b. The aver-
aged performance characteristics for six devices from each

Rider et al www.acsami.org



Table 2. Summary of P3HT/PCBM Bulk Heterojunction Photovoltaic Device Characteristics®

ITO substrate Jse, mA/cm? (std dev) Voe, V (std dev) FF (std dev) 7, % (std dev)
hydroxyl 4.44 (0.76) 0.49 (0.03) 0.42 (0.04) 0.96 (0.14)
thienylsilane 6.81 (0.43) 0.43 (0.02) 0.49 (0.03) 1.51 (0.17)

¢ All values are the average of six 0.12 cm? devices.

series are summarized in Table 2. The short-circuit current
density (/s0) was found to be significantly greater in the
device fabricated with a thienylsilane-modified anode. A
reduced open-circuit potential (Vo) and an increase in the
fill factor (FF) of the devices was also found. Correspond-
ingly, the power conversion efficiency (7) of devices fabri-
cated with thienylsilane-modified anodes (7 = 1.5%) was
found to be greater than for control samples prepared under
identical conditions without surface-modified substrates (i
=1.0%). These observations are consistent with the behav-
ior of copper phthalocyanine (CuPc)/fullerene planar junction
devices investigated with and without thiophene acetic acid
interfacial-modification layers (46). It is expected that the
improved electrical and morphological characteristics of
ePEDOT:PSS deposited over thienylsilane-functionalized ITO
electrodes allows improved charge transfer through the
photovoltaic device and, therefore, creates a significant
improvement in the photocurrent extraction from the de-
vice. As a consequence, a relative improvement in device
efficiency is measured using thienylsilane interfacial modi-
fication layers over devices prepared from standard 1TO
substrates.

CONCLUSIONS
The vapor-phase functionalization of freshly cleaned ITO

surfaces with triethoxy-2-thienylsilane affords a stable mo-
lecular layer. The thienylsilane-modified ITO electrode was
effective at reducing the onset polymerization potential
required for the electrochemical deposition of 3,4-ethylene-
dioxythiophene from poly(p-styrenesulfonate) electrolyte.
Films fabricated by these means were generally found to be
smoother and more uniform than the counterparts synthe-
sized using the parent ITO electrode. XPS investigations of
the ePEDOT:PSS determined that the topmost surface was
rich in the conductive PEDOT component and high through-
film conductivity was found by CP-SFM. When thienylsilane-
modified ITO electrodes were used as anodes (rather than
bare ITO analogues) in P3HT/PCBM BH] solar cells, a relative
improvement in the device efficiency was observed, which
we propose is due to improved charge transfer across the
ePEDOT:PSS/ITO boundary via surface tethered thiophene
units.
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