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We report improved device performance of poly(3-hexylthiophene) (P3HT) and [6,6]phenyl Cg; butyric
acid methyl ester (PCBM)-based inverted bulk-heterojunction (BHJ) solar cells through the modified
interface of the TiO,/BHJ with a series of carboxylic acid functionalized self-assembled monolayers
(SAMs). The SAMs reduce the series resistance and improve the shunt resistance of the cell leading to
increased fill factor and photocurrent density. Different aspects of device improvement can be affected
depending on the nature of the SAMs. Modification with a Cg-SAM shows the largest enhancement
leading to a 35% improvement (n = 3.78%) over unmodified inverted devices (n = 2.80%). This SAM
serves multiple functions to affect the photoinduced charge transfer at the interface to reduce the
recombination of charges, passivation of inorganic surface trap states, improve the exciton dissociation
efficiency at the polymer/TiO, interface as well as a template to influence the overlayer BHJ distribution
of phases, morphology and crystallinity leading to better charge selectivity and improved solar cell

performance.

Introduction

Organic photovoltaic devices have attracted considerable interest
as promising low-cost, solution processable alternatives to
inorganic-based photovoltaic devices.'* The power conversion
efficiency of polymer : fullerene based bulk-heterojunction
devices has reached as high as ~5%. The high perfomance was
achieved through the optimization of phase segregation in the
blend and the development of new materials to allow better p—n
interfaces and balanced hole and electron charge transport.®”’
Until recently, most of the cells studied are based on the
conventional device architecture which consists of a poly(3,4-
ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT :
PSS) hole-transporting layer and a bulk-heterojunction layer
sandwiched between a high work function, hole collecting con-
ducting transparent metal oxide electrode and a low work
function, electron collecting metal electrode. However, the low
work function metal electrode in this device geometry can be
easily oxidized in air leading to deterioration in performance. To
address this problem, a new device architecture using a titanium
oxide or zinc oxide buffer layer between the organic active layer
and the Al electrode has been used as a hole blocking and oxygen
barrier layer to improve the device stability.*** The device
performance can be further improved by the modification of
the metal oxide/metal interface using a self-assembled mono-
layer.'>13

Another way to circumvent this problem is to develop new
device architectures that enable the use of a more air stable, high
work function metal as the back electrode. Recently, inverted
device geometries using high work function metals (Ag, Au) as
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the hole collecting electrode and metal oxides (TiO,, ZnO) as the
electron collecting contact have been reported."*' We have
already demonstrated improved ambient device stability using
this inverted device architecture which retains over 80% of its
original conversion efficiency after 40 days exposure to the
atmosphere.?® Besides the advantage of using a less air-sensitive
electrode, the inverted device geometry avoids the need for using
PEDOT : PSS at the ITO interface which has been shown to
degrade performance due to chemical instabilities at the inter-
face.?! In addition, high work function metals offers the possi-
bility for using non-vacuum techniques such as lamination or
printing to deposit the top electrode.?>** Another advantage of
the inverted device geometry is that if an n-type metal oxide is
utilized with a bulk-heterojunction blend, the metal oxide can
provide additional interfaces for exciton dissociation which can
lead to an increase in photocurrent generation.' However,
compared to the conventional device architecture, the inverted
structures tend to have lower fill factors and photocurrent
densities due to the un-optimized morphology of the bulk-
heterojunction and poor charge selectivity at the electrode
contact interfaces.'®

The balanced charge transport and bulk resistance in each
layer of an organic solar cell is extremely important to minimize
charge recombination which will lead to the loss of perfor-
mance.?*?” The resistance in each layer must be minimized not
only in the active layers, but also at the interfaces between layers.
Appropriate electrical contacts between interfaces are important
in order to determine the short-circuit current density (Jy.), open-
circuit voltage (V,.), and fill factor (FF) device characteristics of
a solar cell. An ideal solar cell device should have low series
resistance (R;) and high shunt (parallel) resistance (Rg,) in order
to optimize the device performance characteristics mentioned
above. The series resistance reflects the ohmic loss in the entire
device which is from a combination of the contact resistance and
charge transfer rate at the interface as well as the bulk resistance
of the active material. The shunt resistance reflects the loss of
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charge carriers due to current leakage pathways and recombi-
nation of charges in the bulk or at the interfaces.

One potential approach to simultaneously improve the
morphology and charge selectivity of the inverted devices is to
modify the interface between the inorganic and organic layer
with a self-assembled monolayer (SAM). SAMs have been shown
to significantly change the interfacial properties of various oxide
and metallic surfaces. They can be used to improve adhesion,
compatibility, and charge transfer properties at the interface to
reduce back charge recombination. In addition, they can also be
used to control the upper layer growth mode and distribution of
phases, passivate inorganic surface trap states, and shift the
interfacial energy offset between donor-acceptor materials.*-3
However, the majority of the work using SAMs to modify the
interface of organic solar cells are centered around dye-based
carboxylic acids on TiO, for dye-sensitized solar cells or for
inorganic—organic heterojunction cells.3**5 There have been only
a few attempts to use them to modify the interface of organic
bulk-heterojunction cells.?!

TiO; has been shown to be a good hole blocking and electron
selective contact in inverted solar cells.’® The lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) of TiO, have been reported to be —4.4 eV and
—7.6 eV, respectively.*® This allows TiO, to function as a good
interfacial layer between ITO and the bulk-heterojunction blend
for inverted solar cell devices. Here we demonstrate the improved
performance of P3HT : PCBM-based inverted bulk-hetero-
junction solar cells through the appropriate SAM modification
on the electron collecting TiO, interface. The improved device
performance is due to the reduction of series resistance and
improved shunt resistance of the cell which can be attributed to
the improvement of the following three aspects: 1) reduction of
the contact resistance between the inorganic TiO, layer and
active organic layer by passivation of surface trap states; 2)
enhancement of the electronic coupling between the inorganic
TiO, and active organic layer to mediate better forward charge
transfer and reduce back charge recombination at the interface,
and 3) affect the upper organic layer growth mode and
morphology. We show that different aspects of device improve-
ment can be affected depending on the nature of the SAMs.

Experimental
Materials

Regioregular poly(3-hexylthiophene) (P3HT) was purchased
from Rieke Metals, Inc. and was used as received without further
purification. The [6,6]phenyl Cg; butyric acid methyl ester
(PCBM) was purchased from American Dye Source Inc. (99.0%
purity), and was used as received without further purification.

Other chemicals were purchased from Aldrich and used as
received unless otherwise specified. 2,2":5',2”-Terthiophene-
S-carboxylic acid was synthesized following a method similar to
the reported one.’” '"H NMR spectra (300 MHz) were recorded
on a Bruker-300 FT NMR spectrometer with tetramethylsilane
(TMS) as internal reference. Elemental analyses were determined
at QTI (Whitehouse, NJ). ESI-MS spectra were obtained on
a Bruker Daltonics Esquire Ion Trap Mass Spectrometer.

For the synthesis of Cgp-substituted benzoic acid (Scheme 1),
a mixture of 4-carboxybenzaldehyde (0.210 g, 1.40 mmol), Cg,

[e]
g = )—OH Chlorobenzene
B Reflu

Scheme 1 Synthesis of Cgp-substituted benzoic acid.

(0.202 g, 0.28 mmol), and N-methylglycine (0.125 g, 1.40 mmol)
in chlorobenzene (60 mL) was refluxed overnight under
a nitrogen atmosphere. The solvent was removed by rotary
evaporation under reduced pressure. The crude product was
purified by silica gel column chromatography with toluene to
toluene-THF (2 : 1) as the eluents to afford a brown-yellow solid
(0.238 g, 95%). '"H NMR (300 MHz, DMSO-dy): 6 2.20 (s, 3H),
6.65 (s, 1H), 6.89 (s, 2H), 8.03 (d, /= 8.4 Hz, 2H), 8.15(d, /= 8.4
Hz, 2H), 10.12 (s, 1H). C;0H|1NO,: caled C 93.64, H 1.23,
N 1.56; found C 93.45, H 1.31, N 1.62%. ESI-MS (m/z): calcd.
897.1; found 897.0.

Device fabrication

To fabricate solar cells, ITO-coated glass substrates (15 Q [17")
were cleaned in an ultrasonic bath with detergent, deionized (DI)
water, acetone, and isopropyl alcohol and then dried under a N,
stream. The substrates were then treated with oxygen plasma for
10 min. Titanium isopropoxide diluted in n-butyl alcohol was
spun onto ITO at 3000 rpm (~40-50 nm). The films were
annealed at 450 °C for 30 min to allow the growth of the crys-
talline anatase regions. The different monolayers were formed by
immersing the sample in 0.1 mM solutions of either Cg, ter-
thiophene, benzoic, or lauric acid in THF-ethanol (1 : 1) over-
night. Samples were annealed at 140 °C for 20 min under N, to
promote the chemical bonding of the SAM to the TiO, surface.
After, the samples were sonicated in THF-ethanol for 5 min to
remove any physically absorbed SAM molecules. The substrates
were then transferred into an argon-filled glove box. The active
layer was spun from a 40 mg mL~"' solution of P3HT : PCBM (1 :
0.8 by weight) in 1,2-dichlorobenzene at 900 rpm for 60 s in an
argon-filled glove box. The film was allowed to slowly dry in
a covered Petri dish as described by Li e al* and then thermally
annealed at 150 °C for 10 min in the glove box. PEDOT : PSS
(Baytron 4083) diluted with isopropyl alcohol and n-butyl
alcohol was spun onto the active layer and annealed at 120 °C for
10 min under nitrogen before a second PEDOT : PSS (~30-
40 nm) layer was spun on top and again annealed at 120 °C for
10 min under nitrogen. To complete the device structure, a 100
nm silver electrode was thermally evaporated (~107¢ Torr) on
top. Top contact organic field effect transistors (OFETs) and
capacitance-voltage (C-V) samples (prepared on the same
substrate as OFET) as well as X-ray diffraction samples were
fabricated on heavily n-doped silicon substrates with a 300 nm
thick thermally grown SiO, dielectric (from Montco Silicon
Technologies, Inc.). Procedures for TiO,, self assembly of Cg,
molecules, and active layer preparation were performed in the
same way as the solar cell fabrication. Pristine P3HT and
PCBM films were fabricated by spin-coating 1 wt% solution in
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1,2-dichlorobenezne and chloroform and annealed at 150 °C for
10 min, respectively. Interdigitated source and drain electrodes
(W =9000 pm, L = 90 pm, W/L = 100) for OFETs and C-V
samples (D = 1 mm) were defined by evaporating a 50 nm thick
gold film through a shadow mask.

Device characterization

The J-V characteristics of the solar cells were tested in air using
a Keithley 2400 source measurement unit and an Oriel xenon
lamp (450 W) coupled with an AM1.5 filter was used as the light
source. The light intensity was calibrated with a calibrated
standard silicon solar cell with a KG? filter which is traced to the
National Renewable Energy Laboratory and a light intensity of
a 100 mW cm~2 was used in all the measurements in this study.
The series resistance and parallel resistance were calculated from
the inverse of the slope of the J-V curve near 1 V and 0 V,
respectively, under illumination. AFM images under tapping
mode were taken on a Veeco multimode AFM with a Nanoscope
IIT controller. X-Ray diffraction measurements were performed
on a Bruker D8 X-ray diffractometer using an accelerating
voltage of 40 kV and a Cu-Ka source. OFET characterization
was carried out in the dark under vacuum (~10~° Torr) using
a Keithley 2400 source measurement unit and a Keithley 6430
sub-femtoamp remote sourcemeter unit. C-J measurements
were performed from —35 V to 35 V in the dark under vacuum
(~107° Torr) using an Agilent 4192A impedance analyzer.

Results and discussion

The structure of the inverted polymer solar cells and the different
types of SAMs employed in this study are shown in Fig. 1. The
TiO, surface was characterized by taking multiple advancing
contact angle measurements from various locations on the
substrates modified with and without the SAMs. Table 1 shows
the average contact angles with +3° uncertainty on the various
SAM modified surfaces. Without SAM modification, the surface
of TiO, after oxygen plasma had a low wetting angle to DI water
(~5°) showing a hydrophilic surface. The formation of the SAMs
was confirmed from the results showing an increase in contact
angle (hydrophobic surface) after surface modification. The
modified SAM surface was also characterized by atomic force

Ag
DEDOT-P
s s
\W/ )/
TiO,
o @—m
Glass Ao

Fig. 1 Device architecture of the inverted polymer solar cell with the
different self-assembled molecules used to modify the TiO, surface.
(Right side, top to bottom) Cgy based SAM, terthiophene SAM, benzoic
acid SAM, and lauric acid SAM.

Table 1 Summary of the average device performance of inverted
P3HT : PCBM bulk heterojunction solar cells with and without
carboxylic acid self-assembled monolayer modification (performance
averaged over 40 devices)

Contact Je/mA FF g RJ/Q  RyW/Q
SAM angle/°  Vo/V em2 (%) (%) cm? cm?
None ~5 0.61 980 469 2.8 13 380
Ceo 63 0.62  10.6 572 3.8 24 1010
Terthiophene (TT) 56 0.60 10.0 56.2 34 35 880
Benzoic acid (BA) 45 0.60 10.5 50.2 32 2.7 580
Lauric acid (LA) 83 0.61 992 495 3.0 26 440

—20.0 nm

i |

10.0 nm

0.0 nm

Fig. 2 AFM images of the TiO, surface modified with SAMs. (a)

Unmodified TiO, surface, (b) C¢-SAM, (c) TT-SAM, (d) BA-SAM, (e)
LA-SAM. All AFM image scans are 2 pm x 2 pm.

microscopy (AFM, Fig. 2) showing negligible differences
between the unmodified surface and the modified SAM surfaces.

Bulk-heterojunction device performance

Fig. 3a shows the J-V characteristics for the inverted bulk-het-
erojunction cells with and without modification with carboxylic
acid SAMs under AM1.5 illumination. From the inset of Fig. 3a,
the log plot of J-V, the modification of the surface of TiO, with
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Fig. 3 The current density—voltage (J-V) characteristics of the inverted
P3HT : PCBM bulk heterojunction solar cells modified with and without
self-assembled monolayers: (a) under AMI1.5 illumination (100 mW
cm~?) (inset: plot of illuminated J-V curve in log scale) and (b) in the
dark.

SAMs shows almost one order of magnitude higher in current
density at 1 V compared to the device without any SAM modi-
fication. This indicates that the SAM reduces the series resistance
of the cell which is attributed to better compatibility and removal
of surface trap states on the TiO, surface.?**® Furthermore, the
dark J-V plot in Fig. 3b reveals similar improvement in diode
performance from the SAM modified devices. A summary of the
average device performance with and without monolayer modi-
fication is given in Table 1. The devices without SAM modifi-
cation have an average power conversion efficiency () of 2.8%
witha J,, =9.80 mA cm2,a V.= 0.61 Vand a FF = 46.9 which
are comparable to the reported literature values.'>® SAM
modified devices show overall improvements in series resistance
(Ry) from 13 Q cm? to 3-4 Q cm? and shunt resistance (Rg,)
compared to devices without modification. The series and shunt
resistances are calculated from the inverse gradient of the J-V
curve at 1 V and at the short circuit current density under illu-
mination. The LA-SAM shows a slight improvement of 7 to
3.0 %. The Jy. and V, values remain similar to those of devices
without a monolayer; however, the FF increases slightly to
49.5 which is most likely attributed to the reduced surface traps
leading to better contact. Modification with the BA-SAM shows

further enhancement in performance having n = 3.2%. The FF is
similar to that of devices modified with LA-SAM. The V. value
decreases slightly, but is compensated by the increase in Jy. to
improve the overall performance. The improved Jy. is attributed
to BA-SAM improving the interfacial electron transfer by
removing the trap states at the interface of the TiO, layer as
described by Moser et al.*® When the surface of TiO, is modified
with an electroactive functional group such as terthiophene or
Ceo, the average efficiencies are further improved by 0.6% and
1.0%, respectively, compared to devices without a monolayer.
The FF of the TT-SAM and Cg,-SAM devices show a dramatic
increase to 56.2 and 57.2, respectively, compared to the device
without SAM modification indicating that the electroactive
groups on the SAM help to improve charge selectivity and reduce
the charge recombination losses at the interface. In addition to
helping passivate surface traps to improve the contact resistance,
TT-SAM and Cg-SAM may also be promoting photoinduced
charge transfer at the interface. C5o-SAM shows the lowest R
(~2.4 © cm? and the highest Ry, (~1010 Q cm?) leading to
average device efficiencies of 3.8%.

Photoinduced charge transfer

To investigate the photo-induced charge transfer properties at
the inorganic/SAM/organic interface, heterojunction devices
with and without SAM modification on TiO, and pristine P3HT
were fabricated. Since the only exciton dissociation site in this
heterojunction structure is at the n-type TiO,/p-type P3HT
interface, the effect of the SAM on the exciton dissociation
efficiency can be independently studied. The J-V plot of the
heterojunction devices under AM1.5 illumination is given in
Fig. 4a. The plot shows that LA-SAM and BA-SAM do not have
a large effect on the device performance. However, TT-SAM and
Cso-SAM result in improvements in all the device characteristics.
Table 2 summarizes the device performance of the SAM modi-
fied heterojunction devices. TT-SAM and Cg-SAM, which are
both electroactive, show improvements in fill factor and photo-
current density which confirms that photoinduced charge
transfer at the interface plays a role in preventing charge back
recombination at the TiO, interface. C4)-SAM shows the largest
improvement which is not surprising since the Cgo molecule has
already been shown to be a very good electron acceptor (n-type)
under illumination due to photoinduced electron transfer from
polymer to Cgo.3® This photoinduced electron transfer from
P3HT to the C4-SAM in the heterojunction device explains why
the blend P3HT : PCBM device also shows improved perfor-
mance since in the blend device, both P3HT and PCBM can be
located at that interface. The dark log J—V characteristics of the
heterojunction devices are given in Fig. 4b from which the diode
rectification ratio at +3 V is extracted.*® Both the unmodified and
LA-SAM showed similar rectification: ~1072. BA-SAM had
improved rectification followed by TT-SAM. The Cg-SAM had
the best rectification ratio of ~10~* which indicates that it serves
as an effective hole blocking layer.

Morphology

To investigate the effect of the monolayers on the overlayer film
formation, AFM was used to track the changes prior to and after
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Fig. 4 The current density—voltage (J-V) characteristics of the inverted
P3HT : TiO, heterojunction solar cells modified with and without self-
assembled monolayers under AM1.5 illumination (100 mW cm~2) plotted
on a linear scale (a) and in the dark plotted on a log scale (b).

Table 2 Summary of the average device performance of inverted
P3HT : TiO, heterojunction solar cells with and without carboxylic acid
self-assembled monolayer modification (performance averaged over 40
devices)

J/mA Rectification
SAM VooV cm™ FF (%) n (%) ratio
None 0.08 0.45 31.5 0.01 4 x 1072
Ceo 0.37 0.65 49.1 0.12 3x 107
Terthiophene (TT) 0.19 0.56 44.1 0.05 2x 1073
Benzoic acid (BA)  0.12 0.43 35.7 0.02 2 x 1072
Lauric acid (LA) 0.07 0.49 30.6 0.01 4 x 1072

annealing the blend films at 150 °C. AFM images in Fig. 5 show
that the morphology of unannealed blend film surfaces with and
without SAM layers have a very rough surface around ~5-6 nm
rms. Upon annealing at 150 °C, the surface roughness of all the
devices increase slightly to ~6-8 nm rms. The device without
SAM modification increased from 5.7 nm rms to 6.3 nm rms
while the Co-SAM modified device increased from 6.1 nm rms to
7.9 nm rms after annealing. These results are consistent with
prior reports from Li et al. who suggested that the slow drying
rate using 1,2-dichlorobenzene as the solvent allows the P3HT

No Annealing Annealed at 150 °C

i 50.0 nm

25.0 nm

0.0 nm

(i) LA-SAM

Fig. 5 AFM images of P3HT : PCBM spin-coated on TiO, surfaces
modified with and without SAMs before and after annealing at
150 °C. Unmodified TiO, surface: (a) no annealing, (b) annealed at
150 °C. Modified with Cgo-SAM: (c) no annealing, (d) annealed at 150 °C.
Modified with TT-SAM: (e) no annealing, (f) annealed at 150 °C.
Modified with BA-SAM: (g) no annealing, (h) annealed at
150 °C. Modified with LA-SAM: (i) no annealing, (j) annealed at 150 °C.
All AFM image scans are 2 pm X 2 pm.

chains to self-organize leading to better ordering.* Indeed, the
Ce0-SAM modified devices showed a much rougher surface
morphology compared to the others. The increase in surface
roughness has been correlated to better ordering of the P3HT
chains in blend films leading to better performing devices;
however, it does not necessarily give quantitative information
regarding its crystallinity and can only be an indirect method to
determine performance of devices.

X-Ray diffraction

To study the effect of the SAM modification on the overlayer
crystallinity of the P3HT : PCBM blend, X-ray diffraction
samples were prepared. Fig. 6 shows the X-ray diffraction
spectra of the bulk-heterojunction blend before and after
annealing at 150 °C on devices with and without SAMs. Fig. 6(b)
shows the diffraction peaks of P3HT (100) on devices without
a monolayer before and after thermal annealing. Fig. 6(b) shows
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Fig. 6 X-Ray diffraction spectra of the P3HT (100) peaks before and
after thermal annealing at 150 °C on bulk heterojunction devices modi-
fied with and without SAMs.

an increase in intensity after annealing indicating better P3HT
ordering. The P3HT diffraction intensity of devices modified
with BA-SAM are lower (Fig. 6(a)) than those without a mono-
layer showing a negative influence on the overlayer crystallinity
implying that improved device performance from BA-SAM is
attributed mainly to the improved charge transfer and lower
contact resistance at the interface. TT-SAM devices show an
increase in P3HT diffraction signal (Fig. 6(c)). This improvement
in crystallinity in addition to the improved charge transfer and
lower contact resistance leads to better performing devices. The
device performance of LA-SAM is poor even though it shows
a large affect on P3HT ordering (Fig. 6(d)). The improved order
is due to the long alkyl chain SAM interacting with P3HT to help
order the P3HT chains.*’ The slight improvement in device
performance is due to the improved crystallinity of the bulk
blend which lowers the series resistance of the device. The
improvement, however, is not likely to be due to improved
charge transfer at the interface since lauric acid is not electro-
active and will act as a physical barrier that affects the electronic
coupling between the polymer and TiO,. Devices modified with
Ceo-SAM show the largest increase in the diffraction signal
(Fig. 6(e)) both before and after annealing, confirming that it can
affect the overlayer crystallinity and morphology. The combined
improvements in P3HT crystallinity, contact resistance by
passivating surface traps, and photoinduced charge transfer to
reduce back charge recombination are the reasons for the high
performance in the Cp-SAM modified devices.

C-V and FET measurements

To further understand the effect of the Co-SAM on the interface
between the organic active and inorganic TiO, layer, organic
field effect transistors (OFET) and capacitance-voltage (C-V)
measurements were performed. It has been shown that charac-
terizing blend films of P3HT : PCBM using OFETs and C-V can
give information regarding the distribution and vertical
concentration gradients of the organic materials close to the
interface.** The transport properties in OFETs are generally
determined by the first few nanometers of the active material
close to the interface. If one of the two components of the blend
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Fig. 7 (a) Square roots of the measured transfer characteristics of
OFETs prepared from the pristine P3HT, PCBM and blend films of
P3HT : PCBM (weight ratio 1 : 0.8) with and without C)-SAM modi-
fication at the TiO, interface. (b) Capacitance-voltage measurements of
blend films of P3HT : PCBM (weight ratio 1 : 0.8) with and without
Ceo-SAM modification at the TiO, interface.

segregates towards the bottom interface, the charge carrier
mobility should ideally reach its pristine value. OFETs were
fabricated of the pristine films of P3HT and PCBM on a TiO,/
SiO,/doped-Si substrate. The square roots of the transfer char-
acteristics of the pristine films of P3HT and PCBM are given in
Fig. 7a. The mobility is calculated from the slope of the line
giving a hole mobility of 1.8 x 10~*cm? V' s~ for P3HT and an
electron mobility of 1.2 x 10~*cm? V! s~! for PCBM. The blend
film without SAM modification had a hole mobility of 4.1 x 10~°
cm? V-! s7! and an electron mobility of 9.4 x 107¢ cm? V-! s~
The higher hole mobility compared to electron mobility indicates
that a higher concentration of P3HT is accumulated at the
interface which is in agreement with previous reports of blend
films cast from dichlorobenzene showing higher concentrations
of P3HT near the bottom interface.*® The blend film with Cg-
SAM modification, however, had a hole mobility of 1.8 x 1073
cm? V-!s7!and an electron mobility of 1.0 x 10~*cm?> V="' s7!. In
this case, the electron mobility is higher than the hole mobility
confirming that more PCBM is accumulated at the interface. C—
V measurements shown in Fig. 7b also indicate that the C5o-SAM
facilitates the accumulation of PCBM to the bottom TiO,
interface. The Cg-SAM modified devices show p-mode and
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n-mode accumulation which is in agreement with what was
found from the OFET measurements. Without SAM modifica-
tion, the C-V shows higher capacitance under negative gate
voltage implying a more p-mode accumulation at the interface.
However, under positive gate voltage, no significant n-mode
accumulation is observed. This proves that the Cg-SAM can
help to nucleate PCBM to provide a better percolation conduc-
tion pathway of PCBM at the interface which improves the
overall distribution of phases, morphology and crystallinity of
the blend leading to better charge selectivity.

Conclusions

In conclusion, we have found that modification of the interface
between the inorganic TiO, and organic bulk-heterojunction
layer with a SAM can improve the performance of inverted
photovoltaic cells. Depending on the functionality of the SAM, it
can help to improve the contact resistance and charge transfer at
the interface as well as influence the overlayer distribution of
phases, morphology and crystalline order. The Cgo-SAM leads to
a 35% improvement over unmodified TiO, inverted devices. This
SAM serves multiple functions to affect the photoinduced charge
transfer at the interface to reduce the recombination of charges,
passivation of inorganic surface trap states, improve the exciton
dissociation efficiency at the polymer/TiO, interface as well as
acting as a template to influence the overlayer bulk-hetero-
junction distribution of phases and crystallinity leading to better
charge selectivity. Understanding how to improve the interface
resistance as well as the bulk-heterojunction resistance in
a photovoltaic cell is critical to prevent recombination of charges
that lead to losses in photovoltaic performance.
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