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ABSTRACT This contribution describes the design, synthesis, characterization, and organic photovoltaic (OPV) device implementation
of a novel interfacial layer (IFL) for insertion between the anode and active layer of poly(3-hexylthiophene) (P3HT):[6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) bulk-heterojunction solar cells. The IFL precursor, 5,5′-bis[(p-trichlorosilylpropylphenyl)phenylamino]-
2,2′-bithiophene (PABTSi2), covalently anchors to the Sn-doped In2O3 (ITO) surface via the-SiCl3 groups and incorporates a bithiophene
unit to align the highest occupied molecular orbital (HOMO) energy with that of P3HT (5.0 eV). The synthesis and subsequent
electrochemical analysis of PABTSi2 indicates a HOMO energy of 4.9 eV, while the lowest uoccupied molecular orbital level remains
sufficiently high, at 2.2 eV, to effectively block electron leakage to the OPV ITO anode. For the P3HT:PCBM OPV fabrication, PABTSi2
is used as a spin-coated cross-linked (via -SiCl3 hydrolysis and condensation) 1:2 blend with poly[9,9-dioctylfluorene-co-N-[4-(3-
methylpropyl)]-diphenylamine] (TFB). Such devices exhibit an average power conversion efficiency of 3.14%, a fill factor of 62.7%,
an open-circuit voltage of 0.54 V, and a short-circuit current of 9.31 mA/cm2, parameters rivaling those of optimized PEDOT:PSS-
based devices.
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I. INTRODUCTION

Organic photovoltaic (OPV) cells have been the sub-
ject of intense research in the past several years
(1-9). This interest reflects the many potential

attractions that OPVs offer for solar power conversion, such
as the use of low-cost, lightweight plastic materials; compat-
ibility with flexible substrates; and adaptability to inexpen-
sive, low-temperature, large-area, solution-based processing
techniques, including spin coating and doctor blading, as
well as roll-to-roll and inkjet printing. Since the pioneering
vapor-deposited donor/acceptor (D/A) bilayer devices re-
ported by Tang in 1986, having power conversion efficien-
cies (ηp) of 1% (10), the physical/mechanistic understanding
of OPV function and reported power conversion efficiencies
have progressed dramatically. In 1995, the first bulk-het-
erojunction (BHJ) OPVs were reported (11-13). This cell
architecture increases the fraction of photogenerated exci-
tons able to separate into free holes and electrons by
significantly reducing the required mean exciton diffusion
length, which is accomplished by creating numerous phase-
separated D/A interfaces throughout the active layer rather
than relying on a single interface. The BHJ cell design has
been widely adopted and used with numerous active-layer

materials to increase OPV efficiency (1, 3, 4). Notably, cells
employing poly(phenylene vinylene)s or polythiophenes as
electron donors and soluble fullerenes as electron acceptors
have been extensively studied. Poly[2-methoxy-5-(3′,7′-
dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV):
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) cells have
achieved efficiencies as high as ∼2.5% (14, 15), while
poly(3-hexylthiophene) (P3HT):PCBM OPV efficiencies are
even higher, with several groups reporting ∼5% (chemical
structures shown in Figure 1) (16-19). If OPV power con-
version efficiencies can be brought to 10%, as various
studies have argued appears well within reach (20-23),
“plastic” solar cells could become commercially viable (24).

An important consideration in advancing OPV under-
standing and ultimate efficiency is optimizing the interac-
tions between the various functional BHJ layers. Improved
understanding of OPV interfacial interactions should provide
insight into processes that limit current ηp values to well
below theoretical photon-to-electricity conversion efficien-
cies. These processes include electron-hole recombination
(9, 25-30), charge leakage due to imperfect diodes (15, 18,
25, 31, 32), inefficient exciton scission (26, 33-35), and
surface energy mismatches that lead to interfacial dewetting/
delamination (36-40). The importance of such interfacial
phenomena has been previously demonstrated in other
optoelectronic devices such as organic light-emitting diodes
(OLEDs). In OLEDs, for example, insertion of a hole transport/
electron-blocking layer (HTL/EBL) between the hole-injecting
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transparent conducting oxide (TCO) anode and the organic
emissive layer (EML) both promotes hole injection and
prevents injected electrons from transiting without radiative
recombination, confining them to the EML for radiative
recombination, which significantly increases the device
efficiency (41-44).

In BHJ OPVs, interfacial layers (IFLs) have been used at
both the cathode and anode sides of the active layer
(15, 18, 25, 45-53). A thin LiF layer is typically deposited
before the Al cathode (54, 55), a practice that will be
employed consistently in this work, and poly(3,4-ethylene-
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS; Figure
1) is usually applied directly to the TCO anode, typically Sn-
doped In2O3 (ITO), prior to active-layer deposition (4). The
benefits of IFLs such as PEDOT:PSS in OPVs include creation
of an ohmic contact (56), planarization of ITO surface
“spikes” (57-59), increased open-circuit voltage (Voc) (25, 57),
and improved hole collection (60). PEDOT:PSS drawbacks
include large electrical and microstructural inhomogeneities,
which lead to widely varying conductivities and morpholo-
gies across the film surface, anisotropic conductivity that can
lead to cross-talk between adjacent devices on a substrate,
and pH ∼1, which can corrode the underlying ITO
(2, 42, 61-65). Furthermore, PEDOT:PSS acidity effects are
exacerbated at the high temperatures (66) inherent to most
OPV operation, making PEDOT:PSS a nonoptimum IFL. In

principle, many of these deficiencies should be addressable
by using a more suitable IFL.

Recently, an IFL consisting of a cross-linked blend of
4,4′-bis[(p-trichlorosilylpropylphenyl)phenylamino]biphenyl
(TPDSi2) and poly[9,9-dioctylfluorene-co-N-[4-(3-methylpro-
pyl)]diphenylamine] (TFB; Figure 1) was implemented in
MDMO-PPV:PCBM OPVs, both in conjunction with and as a
replacement for PEDOT:PSS (15, 25). This IFL functions as
an HTL/EBL, which allows the collection of photogenerated
holes at the anode but suppresses undesired electron leak-
age/recombination at the anode. Compared to PEDOT:PSS,
this IFL displays superior charge-blocking characteristics,
excellent thermal stability, and better electrode adhesion
because of covalent bonding to the ITO surface (Scheme 1),
while maintaining high hole mobility (field-effect transistor
µh ) 5 × 10-4 cm2/V·s), good optical transparency through-
out the visible region of the spectrum, and insolubility in
organic solvents, which allows subsequent active-layer depo-
sition from solution.

While TPDSi2 substantially increases MDMO-PPV:PCBM
OPV Voc and ηp metrics versus cells with no IFL or those with
a PEDOT:PSS IFL, it curiously does not achieve similar
enhancements for higher-performing P3HT:PCBM BHJ OPVs.
Does this reflect an energy level mismatch between the
TPDSi2 and P3HT highest occupied molecular orbital (HOMO)
energies, as shown in Figure 2? If this picture is valid, a

FIGURE 1. Structures and abbreviations of active-layer and IFL components used in this study.

Scheme 1. Depiction of (a) TPDSi2 Covalent Bonding to the Hydroxylated ITO Surface and (b) Cross-Linking
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P3HT:PCBM-compatible IFL would require a cross-linkable
p-type semiconductor having substantial hole mobility,
excellent chemical and thermal stability, good optical trans-
parency, a high-lying lowest unoccupied molecular orbital
(LUMO) to block misdirected electrons, and, importantly, a
HOMO energetically positioned at or slightly above the P3HT
HOMO to ensure facile hole extraction.

This contribution describes the design, synthesis, char-
acterization, and BHJ OPV implementation of such an IFL,
5,5′-bis[(p-trichlorosilylpropylphenyl)phenylamino]-2,2′-
bithiophene (PABTSi2; Figure 2). It will be seen here that a
thin layer of a PABTSi2:TFB blend applied to the OPV anode
is effective in producing P3HT:PCBM solar cell power con-
version efficiencies rivaling those of analogous PEDOT:PSS-
based cells.

II. EXPERIMENTAL SECTION
Materials and Methods. Anhydrous toluene, hexanes, and

pentane for syntheses were purchased from Aldrich in Pure-
Pac containers and passed through a Grubbs column system
(67) to further remove water and oxygen. TFB and TPDSi2 were
synthesized and purified according to the procedures of Yan et
al. (42) and Huang et al. (43), respectively. PCBM was purchased
from American Dye Source, Inc. It was purified by several cycles
of sonication in toluene, followed by centrifugation, and then
sonication in pentane, followed by centrifugation. MDMO-PPV
was synthesized according to the procedure of Mozer et al. (68)
and was purified by repeated precipitation from methanol.
P3HT was purchased from Rieke Metals, Inc., and was purified
by sequential Soxhlet extractions with methanol and hexanes.
Anhydrous chlorobenzene (CB) and anhydrous o-dichloroben-
zene (ODCB) were purchased from Aldrich and were distilled
from P2O5. PEDOT:PSS (1:6 by weight) was purchased from
H. C. Starck under the name Baytron P VP AI 4083, stored in
the dark at 4 °C, and used as received. Aluminum slugs
(99.999%) were purchased from Sigma-Aldrich, LiF (99.98%)
was purchased from Acros, and both were used as received.
ITO-coated glass substrates [10.5 Ω/0; root-mean-square (rms)
roughness ) 1.60-2.34 nm] were purchased from Delta Tech-
nologies Ltd. in 25 × 75 mm strips. The UV-curable epoxy ELC-
2500 used for device encapsulation was purchased from Electro-
lite Corp. All other materials were used as received unless
otherwise specified. NMR spectra were recorded on Varian 500
MHz instruments. High-resolution mass spectrometry (HRMS)
was performed using a ThermoFinnigan MAT 900 XL mass
spectrometer. Elemental analyses were performed by Midwest
Microlabs, LLC. Optical absorption spectra were obtained with

Varian Cary 5000 UV-vis-near-IR spectrophotometer. Cyclic
voltammetry (CV) measurements were carried out at a scan rate
of 100 mV/s with a platinum working electrode in acetonitrile
with 0.1 M tetrabutylammonium hexafluorophosphate
(Bu4N+PF6

-) as the electrolyte. A platinum counter electrode and
a silver pseudoreference electrode were used with the fer-
rocene/ferrocenium (Fc/Fc+) redox couple as the internal stan-
dard. The electrochemical potentials obtained with reference
to the silver electrode were converted to the standard calomel
electrode (SCE) scale using EFc/Fc+° ) 0.424 V vs SCE (69, 70),
and the oxidation potentials measured were converted to
HOMO energies using the standard relationship ionization
potential (IP) ) Eonset

ox + 4.4 eV (71-73). Film thicknesses were
measured with a stylus-based Tencor P10 surface profiler. At
least two scans per film location were averaged to obtain
thicknesses, and at least two locations on the film were tested
to ensure reproducibility of the results. A JEOL JSPM-5200
atomic force microscope was used to characterize film mor-
phologies via atomic force microscopy (AFM). Images were
recorded using the tapping mode under ambient conditions
with Applied NanoStructures ACTA Si cantilevers having n+-Si
tetrahedral tips with a 5-6 nm radius of curvature. Several
locations of the film were examined to ensure reproducibility,
and the rms roughness scans are reported over 4.5 × 4.5 µm
or 9 × 9 µm areas. Current density-voltage (J-V) plots of solar
cells were obtained using a Spectra Nova Technologies class A
solar cell analyzer with a Xe lamp that simulates AM1.5G light
from 400-1000 nm at 1000 W/m2. Four-point contacts were
made to test devices, and all tests were carried out under
ambient conditions at 25 °C. Devices were masked before
testing to ensure no additional current was obtained from
outside the designated solar cell area being examined. The
analyzer was calibrated using a Si solar cell fitted with a KG3
filter that was tested and certified by the National Renewable
Energy Laboratory (NREL). The KG3 filter accounts for differ-
ences in the spectral response of silicon and organic polymers,
and it ensures that the spectral mismatch correction factor
approaches unity (74).

Synthesis of 1-Allyl-4-bromobenzene (1). In a Stille coupling
reaction, 1-bromo-4-iodobenzene and allyltri-n-butyltin were
reacted to yield 1. Thus, tetrakis(triphenylphosphine)palladium(0)
(1.976 g, 1.710 × 10-3 mol) was weighed out in a nitrogen-
filled glovebox and transferred to a Schlenk line. Allyltri-n-
butyltin (10.60 mL, 3.419 × 10-2 mol) and 1-bromo-4-iodo-
benzene (9.680 g, 3.422 × 10-2 mol) were added along with
115 mL of distilled, degassed 1,4-dioxane to yield a yellow
reaction mixture that darkened to orange as the reaction
progressed. The reaction mixture was stirred at 70 °C for 46 h
until analysis by thin-layer chromatography (TLC; hexanes), and
gas chromatography/mass spectrometry (GC/MS) showed that

FIGURE 2. Energy level diagram depicting HOMO and LUMO energies of OPV device component materials, including that of the new IFL
reported in this study, PABTSi2.
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the reaction was complete. The mixture was next cooled to
room temperature and filtered through Celite (rinsing with
hexanes), and the resulting solution was washed with both
hexanes and water to remove PPh3. Then the organic portion
was dried over MgSO4. Filtration through Celite and removal of
the solvent in a rotary evaporator at <75 °C yielded an orange
oil. Column chromatography on silica gel with hexanes as the
eluant afforded only 1 and tri-n-butyltin iodide. These were
separated via vacuum distillation at 160 mTorr, where 1 distills
at ∼50 °C (never exceed 75 °C, which can potentially cause
allyl group isomerization) as a clear colorless oil (2.810 g, 42%
yield). GC/MS: single peak (rel intens) m/z 198 (M+, 46), 196 (M+,
46), 117 (100), 115 (86). 1H NMR (CDCl3): δ 7.41 (d, J ) 8.5 Hz,
2H), 7.07 (d, J ) 8.0 Hz, 2H), 5.90 (m, 1H), 5.09 (m, 2H), 3.36
(d, J ) 7.0 Hz, 2H).

Synthesis of N-(4-Allylphenyl)phenylamine (2). Tris(diben-
zylideneacetone)dipalladium(0) [Pd2(dba)3; 0.2623 g, 2.864 ×
10-4 mol] and tri-tert-butylphosphine (0.11 g, 5.437 × 10-4 mol)
were weighed out in a glovebox, transferred to a Schlenk line,
and stirred for ∼5 min in hexanes before the addition of sodium
tert-butoxide (2.000 g, 2.081 × 10-2 mol) as a slurry in hexanes,
1 (2.810 g, 1.426 × 10-2 mol), and 80 mL of hexanes. Next,
distilled aniline (1.43 mL, 1.57 × 10-2 mol) was added over a
period of ∼3 min with stirring. A brown precipitate formed after
∼5 min at room temperature, and stirring was halted after 2 h.
The mixture was then filtered through Celite, and the hexanes
were removed in vacuo ate45 °C so as to minimize allyl group
isomerization. The resulting oil was then placed in a freezer at
-23 °C for 1 h to solidify. The resulting solid was then
recrystallized from pentane to yield light tan crystals of 2 (2.43
g, 82% yield), which were collected by filtration and rinsed three
times with cold pentane. GC/MS: single peak (rel intens) m/z 210
(M+ + H, 17), 209 (M+, 100), 208 (M+ - H, 29), 182 (38) 117
(33). 1H NMR (CDCl3): δ 7.24 (m, 2H), 7.09 (d, J ) 8.5 Hz, 2H),
7.04 (d, J ) 6.5 Hz, 2H), 7.03 (d, J ) 6.5 Hz, 2H), 6.89 (t, J ) 7
Hz, 1 H), 5.94 (m, 1H), 5.64 (s, 1H), 5.06 (m, 2H), 3.34 (d, J )
6.5 Hz, 2H). 13C NMR (CD2Cl2): δ 144.0, 141.4, 138.4, 133.3,
129.7, 129.6, 120.7, 118.7, 117.3, 115.5, 39.8. Elem anal.
Calcd for C15H15N: C, 86.08; H, 7.22; N, 6.69. Found: C, 85.95;
H, 7.11; N, 6.82.

Synthesis of 5,5′-Diiodo-2,2′-bithiophene (3). This modified
synthesis (75, 76) was performed as detailed below. Sublimed
I2 (4.589 g, 1.808 × 10-2 mol) and the catalyst red HgO (3.909
g, 1.805 × 10-2 mol) were added alternatively, in small portions
over a period of 1 h, to a stirring solution of bithiophene (1.536
g, 9.24 × 10-3 mol) in 40 mL of anhydrous benzene at 0 °C
and then allowed to warm to room temperature and stir
overnight. Another portion of I2 (0.530 g, 2.09 × 10-3 mol) was
next added at room temperature, and the red-orange solution
was again allowed to stir overnight. The reaction mixture was
then diluted with ∼100 mL of CHCl3 and washed with a
saturated aqueous KI solution (3 × 20 mL) and a saturated
aqueous sodium thiosulfate solution (3 × 20 mL) to remove
excess I2. The organic phase was then washed once with water
and twice with brine and dried over MgSO4. MgSO4 was then
removed by filtration, and the solvents were removed by rotary
evaporation. Recrystallization of the residue from chloroform/
ethanol (6:1) yielded 2.14 g of 3 as light tan crystals. The solvent
was removed from the mother liquor via rotary evaporation,
and the resultant solid yielded another 0.67 g of 3 after a second
recrystallization, totaling 2.82 g (73% yield) of 3 as light tan
crystals. GC/MS: single peak (rel intens) m/z 420 (M+ + 2H, 9),
419 (M+ + H, 10), 418 (M+ 100), 291 (8), 247 (20), 164 (17).
Mp: 164 °C. 1H NMR (CDCl3): δ 7.14 (d, J ) 3.5 Hz, 2H), 6.78
(d, J ) 3.5 Hz, 2H). Elem anal. Calcd for C8H4S2I2: C, 22.98; H,
0.96. Found: C, 23.08; H, 1.04.

Synthesis of 5,5′-Bis[(p-allylphenyl)phenylamino]-2,2′-
bithiophene (4). Pd2(dba)3 (26.5 mg, 2.89 × 10-5 mol) and
tri(tert-butyl)phosphine (6.5 mg, 3.2 × 10-5 mol) were weighed

out in a glovebox and dissolved in ∼5 mL of toluene. After
stirring for ∼5 min, these were added to a flask containing 2
(0.603 g, 2.88 × 10-3 mol), 3 (0.300 g, 7.16 × 10-4 mol), and
sodium tert-butoxide (0.207 g, 2.15 × 10-3 mol) in ∼80 mL of
anhydrous, anaerobic toluene, the mixture was refluxed for 2 h
until TLC (hexanes:toluene) 9:1), and GC/MS indicated that the
reaction was complete. The mixture was then cooled to room
temperature and filtered, and the solvent was removed in vacuo
at <40 °C. The product was purified via column chromatogra-
phy on silica gel deactivated with 2 wt % triethylamine using
hexanes/toluene (9:1) as the eluent. The solvent was then
removed in vacuo at <40 °C, leaving 4 as a strongly fluorescent
yellow solid that was dried overnight under vacuum (0.195 g,
3.36 × 10-4 mol, 47% yield). MALDI: (rel intens) m/z 582.4 (M+

+ 2H, 39), 581.8 (M+ + H, 77), 580.8 (M+, 100). 1H NMR
(CD2Cl2): δ 7.46-6.96 (m, 22H), 5.95 (m, 2H), 5.06 (m, 4H),
3.37 (d, J ) 6.5 Hz, 4H). Elem anal. Calcd for C38H32N2S2: C,
78.58; H, 5.55; N, 4.82. Found: C, 78.04; H, 5.68; N, 4.37.

Synthesis of 5,5′-Bis[(p-trichlorosilylpropylphenyl)phe-
nylamino]-2,2′-bithiophene (5, PABTSi2). Excess HSiCl3 (0.09
mL, 8.609 × 10-4 mol) and a few grains of a dicyclopentadi-
enylplatinum(II) chloride (Cp2PtCl2) catalyst were added in a
glovebox to a solution of 4 (0.050 g, 8.609 × 10-5 mol) in about
10 mL of anhydrous toluene. The solution was transferred to a
Schlenk line, where it was heated to 60 °C with stirring and left
under static N2 to prevent evaporation of HSiCl3. The reaction
progress was monitored by 1H NMR, and the solution cooled to
room temperature after 42 h. Toluene and excess HSiCl3 were
next removed in vacuo. Upon trituration of the crude product
with 15 mL of a dry 1:1 toluene/pentane solution, a solid formed
and was removed via cannula filtration. The supernatant was
then removed in vacuo to yield a yellow solid 5 (0.072 g, 99%
yield). 1H NMR (CDCl3): δ 7.40-6.90 (m, 22H), 2.68 (m, 4H),
1.83 (t, J ) 8.5 Hz, 4H), 1.43 (t, J ) 8.5 Hz, 4H). HRMS of
C38H34N2S2Si2Cl6 (rel intens). Calcd: m/z 853.9739, 851.9769,
849.9798. Found: m/z 853.9734 (53.7), 851.9752 (93.5),
849.9779 (100).

TPDSi2:TFB Film Deposition. TPDSi2 and TFB were stored
in sealed flasks in a N2-filled glovebox as 10 mg/mL solutions,
each in either dry toluene or dry CB. For film fabrication, TPDSi2
+ TFB solutions in the same solvent were combined in a 1:1
ratio and diluted to yield a solution of ∼3 mg/mL of each
component. To spin-coat films in the glovebox, this solution was
passed through a 0.22 µm Teflon syringe filter onto cleaned ITO
substrates, which were spun at 2000 rpm for 45 s. The films
were then briefly exposed to air for ∼5 min to promote
hydrolysis/cross-linking of the trichlorosilane groups. The result-
ant ∼10 nm films were subsequently annealed on a hot plate
in the glovebox at 70 °C for 1 h prior to active-layer deposition.

PABTSi2:TFB Film Deposition. PABTSi2 was stored as a 10
mg/mL solution in a N2-filled glovebox in either dry toluene or
dry CB. For OPV fabrication, PABTSi2 and TFB solutions in the
same solvent were combined in the glovebox. To spin-coat films
in the glovebox, the PABTSi2 + TFB solution was passed through
a 0.22 µm Teflon syringe filter onto cleaned ITO substrates. The
films were then briefly exposed to air for ∼5 min to promote
hydrolysis/cross-linking of the trichlorosilane groups. The result-
ant films were subsequently annealed on a hot plate in the
glovebox at 70 °C for 1 h prior to active-layer deposition. The
solvent, solution concentration, ratio of components, spin-
coating parameters, and annealing conditions were varied to
obtain optimum OPV performance. Optimal device perfor-
mance was achieved by spin-casting PABTSi2:TFB (1:2) from a
solution that was 1.68 mM in PABTSi2 at 2000 rpm for 45 s.

Organic Field-Effect Transistor (OFET) Fabrication. Top-
contact (staggered) OFETs were fabricated utilizing a ∼20-30
nm PABTSi2:TFB film derived from a 1:2 PABTSi2:TFB solution
in CB as the semiconducting layer. This layer was deposited via
spin coating in a glovebox onto an n+-Si/SiO2 substrate (gate

A
R
T
IC

LE

178 VOL. 2 • NO. 1 • 175–185 • 2010 Hains et al. www.acsami.org



electrode) having a hexamethyldisilazane (HMDS)-treated SiO2

dielectric layer. After exposure to ambient conditions and
annealing to ensure PABTSi2 cross-linking, the Au source and
drain electrodes were vapor-deposited to create OFET devices
with a channel length (L) and a width (W) of 100 and 1000 µm,
respectively.

OPV Fabrication. Detailed descriptions of P3HT:PCBM (18)
and MDMO-PPV:PCBM (25) device fabrication procedures can
be found elsewhere. In brief, UV-ozone (UVO)-cleaned, pat-
terned ITO substrates were coated with the appropriate IFL, and
then either a P3HT:PCBM (1:1 by weight, ∼220 nm) or an
MDMO-PPV:PCBM (1:4 by weight, ∼100 nm) active layer was
spin-coated on top (60 s at 550 rpm or 45 s at 1500 rpm,
respectively) in the glovebox and then annealed. If no IFL was
to be used in the P3HT:PCBM devices, the ITO was treated with
a dilute HCl solution prior to UVO treatment to increase the work
function to 5.0 eV and enhance the performance (77). LiF/Al
cathodes were sequentially deposited by thermal evaporation
through a shadow mask without breaking vacuum to yield four
devices per substrate, each with an active area of ∼0.060 (
0.004 cm2. The completed devices were encapsulated in the
glovebox and tested under ambient conditions, as described
elsewhere (18, 25).

Computational Methodology. Equilibrium geometry opti-
mizations using density functional theory (DFT) with a B3LPY
functional and the 6-31G* basis set were performed using
QChem 2.1 (78). Single-point calculations using these optimized
geometries were performed at the DFT/B3LPY/6-31G* level of
theory to obtain molecular orbital energies (QChem). Energy
levels were adjusted to experimentally obtained electrochemical
values for TPDSi2 HOMO and LUMO energies (see the discussion
below).

III. RESULTS AND DISCUSSION
This section first describes the design, synthesis, and

characterization of PABTSi2 as well as the morphological,
optical, and electrochemical characteristics of PABTSi2-based
films. The consequences of implementing PABTSi2:TFB-
based IFLs in two well-characterized donor polymer:PCBM
BHJ systems, using MDMO-PPV and P3HT (3, 14, 17, 22),
are then presented. It will be seen that the PABTSi2-derived
IFL, having a HOMO well-aligned energetically with that of
P3HT, functions as an efficient HTL/EBL when paired with a
P3HT:PCBM active layer but not with an MDMO-PPV:PCBM
active layer. These disparities are primarily attributed to
differences in energy level matching and underscore the
significance of tailoring IFL electronic properties to those of
the associated OPV active material.

PABTSi2 Design. Using geometries optimized at the
DFT/B3LYP/3-21G* level, HOMO and LUMO energy calcula-
tions targeted TPDSi2 modifications required to raise the
HOMO energy to better match that of P3HT while maintain-
ing a sufficiently high LUMO to block misdirected electrons
as an anode IFL. Appending alkoxy electron donors to the
TPD phenyl para position is known to raise the HOMO only
slightly (79). In contrast, bithiophene fragments are signifi-
cantly more electron-rich, leading to higher-lying HOMOs
(71, 80, 81). The present B3LYP/6-31G* level calculations
predict PABTSi2 HOMO and LUMO energies of 4.9 and 1.7
eV, respectively, versus 5.3 and 2.3 eV for TPDSi2. These will
be shown below to be in good agreement with experimental
CV and optical spectroscopy results. These data are also in
good agreement with literature electrochemical data for
similar p-type architectures without propyltrichlorosilane
tethers (82). Such functionalized “tethers” are essential for
PABTSi2 covalent chemisorption on the ITO surface (83-85)
and for the formation of cross-linked IFL blends in air. This
renders the IFL film insoluble in standard organic solvents
and thus facilitates the BHJ OPV fabrication, without signifi-
cantly compromising the frontier orbital energetics.

PABTSi2 Synthesis. Initially, a synthetic route analo-
gous to that for TPDSi2 (43) was pursued using a bithiophene
rather than a biphenyl core, beginning with Buchwald-
Hartwig coupling (86-91) of aniline and 5,5′-dibromo-2,2′-
bithiophene. Although a variety of catalysts, ligands, and
reaction conditions were investigated, negligible yields were
obtained. This agrees with the general findings that while
2-bromobithiophene coupling with secondary amines pro-
ceeds in high yield, negligible reaction is observed with
aniline (92). The successful PABTSi2 synthetic pathway then
adopted is that in Scheme 2, and details are provided in the
Experimental Section.

PABTSi2 Film Characterization. The morphological,
electrochemical, and optical properties of the PABTSi2-
derived and PABTSi2:TFB-derived films were characterized
by AFM, CV, and optical spectroscopy, and the results are
compared below to those for TPDSi2.

Cross-linked Film Morphology. PABTSi2 and PABTSi2:
TFB films were spin-coated from either a toluene or CB
solution and thermally cured as indicated in the Experimen-

Scheme 2. Synthetic Route to PABTSi2
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tal Section. Tapping-mode AFM images of the resulting films
on ITO (typical ITO rms roughness ≈ 1.4 nm; Figure 3a)
reveal planarization of the ITO surface upon PABTSi2 and
PABTSi2:TFB film deposition from toluene, similar to the
results for TPDSi2 and TPDSi2:TFB (42, 43, 93). Figure 3b
shows a smooth (rms roughness ) 0.7 nm), cross-linked,
unannealed PABTSi2 film cast from toluene, while Figure 3c
demonstrates that incorporating an equal amount of TFB
yields even smoother cross-linked films (rms roughness )
0.5 nm). Annealing the films at various temperatures in a
N2 glovebox for 1 h produces no significant change in the
PABTSi2:TFB morphology, as exemplified by the specimen
in Figure 3d (rms roughness ) 0.6 nm), which was annealed
at 135 °C. Note that if CB is used as the spin-casting solvent,
PABTSi2:TFB films exhibit rougher surfaces (rms roughness
) 3.2 nm) with obvious phase-separation features of
∼0.5-1.0 µm (Figure 3e). In CB-cast films, changing the
component ratio to 1:2 PABTSi2:TFB yields smoother, more
homogeneous films than does the 1:1 ratio, now affording
phase-separation features of ∼300-500 nm with rms rough-
ness ) 2.2 nm (Figure 3f). Line scans of Figure 3e,f (see the
Supporting Information) reveal the height variation between
the different phases to be ∼10 nm, which is less than half
of the thickness of the 25 nm films, indicating that the film
achieves complete ITO coverage. OPV fabrication experi-
ments indicate that CB solutions are required for the
P3HT:PCBM active layers to completely wet the IFL
surface and that annealed 1:2 PABTSi2:TFB films from CB
(Figure 3f) afford the highest-performing P3HT:PCBM OPVs
(see below).

Comparative Electrochemical Properties of
PABTSi2- and TPDSi2-Based Films. The electrochemi-
cal response of PABTSi2- and TPDSi2-derived films was

investigated via CV (Figure 4). The onset of TPDSi2 oxidation
is 0.94 V (vs SCE), and the separation of the reversible half-
wave energies (∆E) is quite large (∼400 mV). PABTSi2
exhibits the onset of oxidation around 0.50 V, also with a
large separation of forward and reverse peaks (∼150 mV).
It is evident that the bithiophene core affords a more
electron-rich IFL and raises the HOMO level closer to vacuum
for closer alignment with the P3HT HOMO. The TPDSi2 and
PABTSi2 HOMO energies as determined electrochemically
are 5.3 and 4.9 eV, respectively, and are shown in relation
to the MDMO-PPV and P3HT HOMO energies in Figure 2.
Because the P3HT HOMO is ∼5.0 eV, PABTSi2 has excellent
energy-level alignment to accept holes from this BHJ poly-
mer en route to collection at the ITO anode. It will be shown
below that films produced by blending PABTSi2 with TFB are
p-type semiconductors with substantial FET hole mobility.
In contrast, TPDSi2-derived films are expected to be less
efficient in hole collection from the P3HT because of the
deeper-lying HOMO and, when blended with TFB, exhibit
somewhat lower FET hole mobility.

FIGURE 3. Tapping-mode AFM images of (a) bare ITO (rms roughness ) 1.4 nm), (b) an unannealed PABTSi2-derived film spin-coated from
toluene (0.7 nm); (c) an unannealed PABTSi2:TFB (1:1)-derived film spin-coated from toluene (0.5 nm); (d) 135 °C-annealed PABTSi2:TFB
(1:1)-derived film spin-coated from toluene (0.6 nm); (e) 135 °C-annealed PABTSi2:TFB (1:1)-derived film spin-coated from CB (3.2 nm); (f)
135 °C-annealed PABTSi2:TFB (1:2)-derived film spin-coated from CB (2.2 nm). Scans a-d are 4.5 × 4.5 µm images with height (z) ) 0-10
nm; scans e and f are 9 × 9 µm images with z ) 0-15 nm.

FIGURE 4. Cyclic voltammograms of TPDSi2 and PABTSi2 drop-cast
films on a platinum electrode in acetonitrile with 0.1 M Bu4N+PF6

-

as the electrolyte. Scan rates are 100 mV/s.
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Additional information is gleaned from the electrochem-
istry by noting that the expected 59 mV ∆E values for
Nernstian reactions in solution, and for rapid reversible
electron transfer, are not observed here (94). Larger half-
wave spacings typical of some surface-anchored species and
observed for the TPDSi2- and PABTSi2-based films can be
attributed to densely cross-linked films in which redox
processes are kinetically hindered, likely via impeded coun-
teranion mobility through the dense matrices (69, 85, 94).

Optical Spectroscopy of PABTSi2- and TPDSi2-
Derived Films. An important OPV IFL requirement is
optical transparency to ensure that the maximum photon
flux reaches the active layer. Figure 5 illustrates that both
PABTSi2- and TPDSi2-derived films exhibit good optical
transparency in the visible region, with maximum absorp-
tion peaks (λmax) at 401 and 355 nm, respectively. Impor-
tantly, neither cross-section interferes significantly with the
P3HT (λmax ) 493-517 nm, shoulder at 572 nm) or MDMO-
PPV (λmax ) 500 nm) film absorption (95, 96). Additionally,
the solar spectral region with the largest photon flux is in
wavelengths equal to or longer than that absorbed by the
present active-layer materials, and a relatively small per-
centage of solar photons (∼15%) is even of proper energy
for IFL absorption (4). Moreover, the IFLs applied to the
present OPV devices are only ∼10-25 nm in thickness, so
that the absorbance of the TPDSi2- and PABTSi2-derived films

at λmax is only ∼0.02-0.04 absorbance units, corresponding
to 91-95% transmission at λmax. The LUMO energies for
PABTSi2 and TPDSi2, estimated from the optical band gap,
as determined from the onset of absorption and the CV-
derived HOMO values, are 2.2 and 2.3 eV, respectively.

Solubility of PABTSi2:TFB-Derived IFLs. Optical
spectra of a blended, spin-cast, cross-linked PABTSi2:TFB
film before and after soaking in CB for ∼1 min (Figure 6a)
demonstrate that the present film deposition process embeds
TFB within a cross-linked PABTSi2 matrix, rendering both film
components insoluble in common organic solvents. This in-
solubility, demonstrated by cross-linked PABTSi2 and TPDSi2
(15, 42), is pivotal in utilizing these as IFLs because the
successive spin-coating procedures required in BHJ device
fabrication necessitate that the deposition of one layer not
dissolve the previous one. In the past, this was achieved
using orthogonal solvents, such as for aqueous PEDOT:PSS
suspensions. In contrast to cross-linked PABTSi2:TFB, neat
TFB films dissolve readily upon exposure to CB for only
several seconds (Figure 6b).

IFL Transport Properties. Maintaining sufficient and
balanced BHJ hole and electron mobilities is important to
prevent space charge from building up and eroding OPV
power conversion efficiency (3, 97). It is similarly important
that an anode-side IFL, such as the present PABTSi2:TFB-
derived films, exhibit significant hole mobility to prevent
charge buildup at this interface. Thus, the FET hole mobility
(µh) of PABTSi2:TFB films was measured and compared to
parallel results for TPDSi2:TFB (98). Top-contact OFET de-
vices (98) were fabricated having the structure n+-Si (gate)/
SiO2-HMDS (300 nm)/PABTSi2:TFB film (20-30 nm)/Au
source drain (50 nm) with L ) 100 µm and W ) 1000 µm.
The hole mobility of PABTSi2:TFB was determined to be 1.1
× 10-3 cm2/V · s, the current on-off ratio (Ion:Ioff) ∼105, and
the threshold voltage (VT) -14 V. These metrics are compa-
rable to, or slightly better than, those for TPDSi2:TFB and
TFB alone (Table 1).

OPV Device Performance Using PABTSi2:TFB
as an IFL. BHJ OPV devices containing P3HT:PCBM and
MDMO-PPV:PCBM active layers and utilizing PABTSi2:TFB,
TPDSi2:TFB, and PEDOT:PSS IFLs between the ITO and the

FIGURE 5. Optical absorption characteristics of spin-cast films of
PABTSi2 (∼20 nm) and TPDSi2 (∼10 nm) on glass substrates.

FIGURE 6. Transmission optical spectra demonstrate that (a) ∼10 nm PABTSi2:TFB-based films are insoluble in CB and that (b) ∼20 nm pure
TFB films are readily dissolved by CB.
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BHJ layer were fabricated as shown in Figure 7. Figures 8
and 9 show current density-voltage (J-V) plots for these
cells, and data are summarized in Tables 2 and 3.

PABTSi2 IFLs in MDMO-PPV:PCBM OPVs. OPVs
with MDMO-PPV as the donor polymer were previously
shown to exhibit enhanced Voc and ηp metrics if a thin ∼10
nm TPDSi2:TFB film is used as the IFL rather than conven-
tional PEDOT:PSS (15, 25). The MDMO-PPV HOMO level (5.3
eV) aligns well with that of TPDSi2 (Figure 2); a priori there
should be little energetic barrier for hole transfer to the IFL

and subsequent extraction by the ITO anode. Because
TPDSi2:TFB forms thermally robust, cross-linked films and
OPVs having superior device performance versus those
fabricated with PEDOT:PSS, TPDSi2:TFB effectively replaces
PEDOT:PSS in MDMO-PPV OPVs (15, 25). Substituting PABT-
Si2 for TPDSi2 while maintaining a constant active layer,
however, does not afford significant performance improve-
ment.

ITO/PABTSi2:TFB/MDMO-PPV:PCBM/LiF/Al devices ex-
hibit low Voc values, similar to OPVs with no IFL (Figure 8
and Table 2). The origin of the low Voc is likely nonohmic
contact with the active layer. Mihailetchi et al. showed that,
for BHJ OPVs with nonohmic contacts, Voc is predominantly
determined by the anode-cathode work function differen-
tial instead of the donor HOMO-acceptor LUMO separation
(3, 100). The PABTSi2 HOMO is not well-aligned with that of
MDMO-PPV (∼0.4 eV difference; Figure 2), and the mea-
sured Voc in PABTSi2 cells is ∼0.47 V. Note that this value is
identical with Voc of ITO/MDMO-PPV:PCBM/LiF/Al devices
having no anode IFL, which doubtless form a nonohmic
anode-side contact due to the large MDMO-PPV HOMO (5.3
eV) and ITO work function (4.7 eV) energetic disparity.
Additionally, the approximate work function differential of
the ITO and Al electrodes (∆Φ ) ΦITO - ΦAl ) 4.7 eV - 4.2
eV ) 0.5 eV), which should dictate Voc in a device with a
nonohmic contact, agrees well with the observed Voc. These
results all strongly suggest that a nonohmic contact is present
at the MDMO-PPV OPV anode. Furthermore, cells using various
PABTSi2:TFB ratios of uniform film thickness (∼12 nm) yield
OPVs with essentially invariant Voc values of ∼0.47 V (Figure
8). As the ratio approaches 1:3 PABTSi2:TFB, the measured
series resistance (Rs) increases significantly, as is evident
from the decreased J-V plot slope near the x-axis intercept
(Figure 8) and greatly reduced FF (6, 7, 101, 102). This result
suggests that when there is insufficient silane to completely
embed the TFB in a cross-linked matrix, a less dense IFL and
an irregular interface results.

PABTSi2 IFLs in P3HT:PCBM OPVs. The question
next arises as to whether MDMO-PPV:PCBM active layers,
known to have nanocrystalline PCBM domains and amor-
phous MDMO-PPV regions (103), interact differently than do
P3HT:PCBM active layers with more ordered constituents
(103, 104). In addition to the crystallinity variations, the two
active layers, of course, have greatly different morphologies
and donor orbital energetics, which should impart different
interfacial and transport characteristics (105, 106). Such
experiments require separate IFL optimizations for each
active layer. For TPDSi2:TFB and PABTSi2:TFB in MDMO-
PPV:PCBM OPVs, the optimum solvent used for spin coating
of the IFL components is found to be toluene, as discussed
above. Smooth films are obtained in this way as assessed
by AFM, and MDMO-PPV:PCBM active-layer films cast from
CB are also smooth. However, P3HT:PCBM active layers are
typically spin-coated from more polar ODCB. In this work,
it was found that ODCB-cast P3HT:PCBM layers dewet
during the slow-drying process if deposited on toluene-cast
IFLs, leaving only discontinuous BHJ areas on the substrate.

Table 1. OFET Performance of Semiconductors
PABTSi2:TFB, TPDSi2:TFB, and TFB in a (Staggered)
Bottom-Gate, Top-Contact Architecture
semiconductor µh

a Ion:Ioff VT
b

PABTSi2:TFB 1.1 × 10-3 105 -14
TPDSi2:TFBc 5 × 10-4 104 -15
TFBc 8 × 10-4 105 -30

a Units of cm2/V · s. b Units of V. c Data from ref 98.

FIGURE 7. OPV device architecture with a P3HT:PCBM or MDMO-
PPV:PCBM BHJ active layer and a PABTSi2:TFB, TPDSi2:TFB, or
PEDOT:PSS IFL (99).

FIGURE 8. J-V plots for BHJ OPVs having MDMO-PPV:PCBM active
layers with various ratios of the PABTSi2:TFB IFL components. Data
plotted are for individual representative devices with typical per-
formance metrics for their respective architectures and materials
composition.

FIGURE 9. J-V plots for BHJ OPVs having a P3HT:PCBM active layer
fabricated with the indicated IFLs, including various IFL PABTSi2:
TFB (1:2) IFL thicknesses. Data plotted are for individual representa-
tive devices with typical performance metrics for their respective
architectures and materials composition.
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Thus, the IFL components were deposited from CB solutions,
a solvent more compatible with ODCB, which significantly
improves the IFL wetting by the P3HT:PCBM solutions,
affording contiguous films.

The BHJ spin-casting solvent is known to have a signifi-
cant impact on resultant film morphologies, as demon-
strated previously for MDMO-PPV:PCBM active layers de-
posited from toluene and CB (14). Toluene-cast films afford
rougher surfaces with large horizontal areas of phase seg-
regation and yield lower-performing MDMO-PPV:PCBM OPVs
than smoother CB-cast films, which exhibit more uniform
constituent mixing. This characteristic allowed Shaheen et
al. to increase the MDMO-PPV:PCBM OPV ηP from 0.9% to
2.5% by processing from CB rather than toluene (14).
Similarly, the present PABTSi2:TFB IFL morphologies for
films cast from toluene versus CB are quite different, as
illustrated in Figure 3d-f. CB affords rougher, more phase-
segregated films than toluene, with apparent PABTSi2 do-
main sizes of ∼0.5-1 µm for a 1:1 PABTSi2:TFB ratio and
∼300-500 nm for a 1:2 ratio. Experimentation determined
that a 1:2 ratio from CB affords optimum P3HT:PCBM BHJ
OPV performance.

After optimization of the spin-coating solvent and IFL
component ratio, the PABTSi2:TFB film thicknesses were
varied in P3HT:PCBM OPV fabrication. Not unexpectedly,
increasing the thickness increases the overall OPV Rs

(107, 108), determined from the inverse of the J-V curve
slope at the x-axis intercept and by the FF (6, 7, 101, 102).
Figure 9 compares J-V plots of several PABTSi2:TFB film
thicknesses to those of P3HT:PCBM devices using PEDOT:
PSS and TPDSi2:TFB as IFLs and also to a device having no
IFL. All OPVs were fabricated in parallel, and it is evident
that PABTSi2:TFB produces OPV metrics rivaling optimized
PEDOT:PSS devices. Response parameters from Figure 9 are
compiled in Table 3. In the case of P3HT:PCBM OPVs with
no IFL, a Voc of 0.47 V is not observed, as for MDMO-PPV:
PCBM devices with no IFL. The observed Voc values for this
P3HT:PCBM cell are only slightly less than devices that

employ an IFL, implying that the anode contact for P3HT:
PCBM OPVs without an IFL is still largely ohmic and Voc is
still determined predominantly by the HOMO-LUMO gap.
This is likely attributable to the dilute HCl solution treatment
that is known to optimize the IFL-free P3HT:PCBM device
performance (77).

Note here that P3HT:PCBM devices fabricated with
TPDSi2:TFB IFLs perform marginally, using any deposition
solvent, component ratio, or thickness investigated. Results
for the optimized TPDSi2:TFB/P3HT:PCBM devices are shown
in Figure 9. We attribute this marginal TPDSi2:TFB perfor-
mance, as discussed above, to the large TPDSi2 and P3HT
HOMO energy mismatch, which creates a barrier to hole
transport to, and collection at, the anode. This result also
validates the rationale underlying the design and implemen-
tation of PABTSi2-based IFLs for P3HT:PCBM BHJ OPVs as
an effective cross-linking, hole-transporting bithiophene
semiconductor with a HOMO energy closely aligned with
that of P3HT.

IV. CONCLUSIONS
This contribution describes the synthesis, characteriza-

tion, and implementation of an energetically tuned IFL
precursor, PABTSi2, as a component in P3HT:PCBM BHJ
OPVs. Theory-aided design introduces a more electron-rich
bithiophene, which effectively raises the HOMO energy to
minimize the energy barrier for hole transfer between the
PABTSi2 IFL (4.9 eV) and P3HT (5.0 eV) while blocking
misdirected electrons. Characterization data suggest that the
PABTSi2 HOMO (4.9 eV) is tailored perfectly for P3HT:PCBM-
based OPVs, similar to TPDSi2 IFLs for MDMO-PPV:PCBM-
based OPVs. The robust, cross-linked PABTSi2:TFB IFL
strongly binds to the hydroxylated ITO surface, was incor-
porated into P3HT:PCBM OPVs, and affords optimized
devices with solar power conversion efficiencies comparable
to those of heavily optimized PEDOT:PSS-based devices.
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