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Boosting Infrared Light Harvesting by Molecular
Functionalization of Metal Oxide/Polymer Interfaces in

Efficient Hybrid Solar Cells

Giulia Grancini, R. Sai Santosh Kumar, Agnese Abrusci, Hin-Lap Yip, Chang-Zhi Li,

Alex-K. Y. Jen, Guglielmo Lanzani, and Henry J. Snaith*

Hybrid solar cells based on light absorbing semiconducting polymers
infiltrated in nanocrystalline TiO, electrodes, have emerged as an attrac-

tive concept, combining benefits of both low material and processing costs
with well controlled nano-scale morphology. However, after over ten years of
research effort, power conversion efficiencies remain around 0.5%. Here, a
spectroscopic and device based investigation is presented, which leads to a
new optimization route where by functionalization of the TiO, surface with a
molecular electron acceptor promotes photoinduced electron transfer from a
low-band gap polymer(poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
bo]dithiophene)-alt-4,7-(2,1,3-benzothiadia-zole)] (PCPDTBT) to the metal
oxide. This boosts the infrared response and the power conversion efficiency
to over 1%. As a further step, by “co-functionalizing” the TiO, surface with
the electron acceptor and an organic dye-sensitizer, panchromatic spectral

affinity, non-toxicity, low-cost and phys-
ical and chemical stability of the metal
oxide nanoparticles, with the good light
absorbing and hole transporting proper-
ties of semiconducting polymers.'? The
metal oxide pre-ordered geometry ensures
a high interfacial area® leading to well
distributed exciton quenching sites, and
a guaranteed bi-continuous network of
pure phases providing effective charge
transport paths. Importantly, metal oxides
such as TiO, have extremely high dielec-
tric constants, promising to overcome
charge separation issues associated with
Coulombically bound electron-hole pairs
forming at all organic donor/acceptor
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photoresponse is achieved in the visible to near-IR region. This novel archi-
tecture at the heterojunction opens new material design possibilities and
represents an exciting route forward for hybrid photovoltaics.

1. Introduction

Hybrid solar cell architecture, based on semi-conducting
polymers infiltrated into mesostructured metal oxide elec-
trodes,''7] combines the high electron mobility, high electron
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interfaces.['#20 Despite these “theoretical
advantages” over all organic devices, to
date these hybrid systems have under-
performed with respect to competing
concepts. The major limitation in these
hybrid metal oxide/polymer solar cells
has been previously thought to be related to ineffective pore
infiltration of the semiconducting polymer into the mesopo-
rous metal oxide electrode.”'% However, recent work has
clearly demonstrated that this is not typically the case, and for
instance poly(3-hexylthiophene) (P3HT) can infiltrate and col-
lect charge effectively from mesoporous TiO, films as thick as
7 um.2! This therefore leaves inefficient photoinduced electron
transfer at the polymer/TiO, interfacel>¥ to be the most likely
performance limiting mechanism. This could be related to the
quality of the interface,>' or due to the specific orientation of
the polymer and electronic coupling between the excited state
energy levels in the polymer and the conduction band states in
the oxide. A further limitation in hybrid solar cells is due to the
narrow photoresponse limited to light absorbed in the visible
spectral region from the polymer, related to the polymers previ-
ously employed with ~1.9 eV band gaps./*!!

Solid-state dye-sensitized and extremely thin absorber solar
cells have performed significantly better than polymer absorber
based hybrid solar cells.?223] Recent reports of solid-state dye-
sensitized solar cells, employing the light absorbing polymer
P3HT as the hole conductor, have indeed delivered efficiencies
over 3%.1%1121 However, for these systems, almost all the photo-
current originates from light absorbed in the dye absorber layer,
and is not delivered from the polymer hole conductor.??4 An
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inorganic extremely thin absorber concept employing Sb,S; as
the thin absorbing interlayer between mesoporous TiO, and
P3HT hole-conductor has demonstrated over 5% power con-
version efficiency.®’l However, once again, most of the photo-
current is delivered by the Sb,S; absorber layer and not from
the P3HT, evident from a dip in the spectral response in the
region where the P3HT absorbs most strongly.?! This literature
indicates that electron transfer from photo-excited P3HT into
TiO,, or into an absorber layer, does not occur very effectively.
An alternative route to generate charge from light absorbed in
an organic semiconductor within a mesoporous oxide, is to
employ resonant energy transfer to move the excitons from a
wide band gap absorber within the pores, to a lower band gap
dye sensitizer.%2¢l Recent reports of solid-state dye-sensitized
solar cells (DSSCs) employing lower band gap dyes, in conjunc-
tion with P3HT as the hole-conductor, do indeed show photo-
action from light absorbed in the polymer.82527]

A recent study by N. Humphry-Baker et al. clearly identi-
fies that energy transfer can occur very efficiently from P3HT
to a Zn Phalocyanine dye adsorbed to the surface of TiO,.?®!
However, this “energy transfer” approach limits the available
possibly materials combinations to wide band gap hole-trans-
porters in conjunction with low band gap dye-sensitizers, and
requires very efficient low band gap sensitizers which are not
currently developed for solid-state DSSCs. There is hence sig-
nificant motivation to enable direct electron transfer from the
photo-excited low band gap semiconducting polymers into
mesoporous metal oxides.

Here, we perform a spectroscopic and device based inves-
tigation into hybrid solar cells composed of the low band gap
polymer poly[2,6-(4,4-bis-(2-ethylhexyl)-4 H-cyclopenta[2,1-b;3,4-
b’)dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT)
(Eg~ 1.45 eV) infiltrated into mesoporous TiO,. We observe
that photoinduced electron transfer at the TiO,-PCPDTBT het-
erojunction does not compete with the natural decay of the
exciton, resulting in extremely poor device performances under
simulated sun light (J ~ 0.23 mAcm™2, 1 ~ 0.04%). To over-
come this limitation of inefficient charge generation, we func-
tionalize the TiO, surface with a fullerene based self-assembled
monolayer (Cq-SAM), to make the oxide surface appear like an
organic electron acceptor from the perspective of the polymer.
The presence of electron acceptor molecules do indeed “photo-
activate” the polymer; it drives efficient photo-induced elec-
tron transfer from the polymer to the Cg-SAM modified TiO,
interface, resulting in over 10-fold enhancement in photocur-
rent and more than 20-fold enhancement in efficiency (n ~
0.8%). To fine tune the energetic landscape at the heterojunc-
tion, specifically deepen the conduction band edge of TiO, to
favor the forward electron transfer process, we add lithium
bis(trifluoromethylsulfonyl)imide salt (Li-TFSI) to the system,
which significantly enhances the current generation and effi-
ciency in the hybrid devices to 1.1%.117] As a final modifica-
tion, we “co-functionalize” the TiO, surface with a mixed mono-
layer of C¢y-SAM and a yellow dye-sensitizer (D131), to deliver
a panchromatic photoresponse. Notably, the optimized devices
deliver external quantum efficiencies of over 30% at 700 nm
(corresponding to PCPDTBT absorption), short-circuit photo-
currents of 8 mAcm™ under AML1.5 simulated sun light of
100 mW/cm~2 and power conversion efficiencies of up to 1.4%,
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representing a step in performance for “polymer absorber”
based mesoscopic hybrid solar cell.

2. Results and Discussion

The structure of PCPDTBT is shown in Figure 1a. The close
to ideal optical band gap of PCPDTBT is ~1.4 eV, leading to
improved light harvesting in the near-infrared region,?’! com-
bined with the high hole mobility of 2 x 102 cm? V! s7! and
easy processability?*>? have made this material a good candi-
date for photovoltaic applications.?>*! The absorption spec-
trum of the PCPDTBT is shown by the solid line in Figure 1a: it
peaks around 700 nm, with a secondary feature around 400 nm.
Figure 1c shows the architecture of the hybrid devices pre-
sented in this study. They consist of a mesoporous layer of TiO,,
serving as the electron acceptor, infiltrated with the polymer
phase, acting as light absorber and hole conducting material
(see Supporting Information for further details in device fabrica-
tion). Further modifications include functionalizing the surface
of the TiO, with a fullerene based self assembled monolayer
(Cgo-SAM) containing a carboxylic acid terminated anchoring
group, and also co-functionalizing with a mixed monolayer of
Cso-SAM and an indolene based dye-sensitizer, termed D131.
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Figure 1. a) Absorption spectra of PCPDTBT (solid line), Cgo-SAM (full
dots) and D131 dye (open circles) functionalized upon mesoporous TiO,.
The chemical structures are inset. b) Schematic diagram of energy levels
of TiO,, PCPDTBT and Cgy-SAM. The thick line for the C4o.SAM and TiO,
LUMO level and conduction band respectively represent the uncertainty
of positioning the C4o.SAM energy level, as discussed in the text. c) Car-
toon of the architecture of the fabricated hybrid solar cell based on a mes-
oporous TiO, film co-functionalized with the Cg-SAM and dye-sensitizer
and infiltrated with the polymer.
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The chemical structure of the Cg-SAM and D131 are also
shown in Figure 1a and the synthesis procedure reported else-
where.3640 The Cy-SAM exhibits a negligible absorption in
the visible spectral region, with an onset at around 350 nm, as
shown in Figure 1a. Figure 1b shows the approximate energetic
landscape of various materials, further analysis on the posi-
tioning of the Cq-SAM energy levels is presented below (see
Supporting Information for details).

The solar cell characteristics of PCPDTBT/TiO, hybrid solar
cells are shown in Figure 2, measured under simulated AM
1.5G solar conditions at 100 mWcm ™ intensity. The current
density-voltage (J-V) characteristic reveals good rectification
and diodic behavior, however, the photocurrent and overall
solar power conversion efficiency are extremely poor, only
0.2 mA/cm? with 0.04% respectively. As indicated by the external
quantum efficiency (EQE), the contribution to the photocurrent
from light harvested in the polymer is extremely low (less then
1% EQE). In order to elucidate the low photocurrent generation
in this system we employ ultrafast transient absorption (TA)
spectroscopy, as a powerful technique to monitor the electron
transfer dynamics.'1* Figure 2d shows the TA spectrum of
TiO,/PCPDTBT sample upon excitation at 780 nm, corre-
sponding to the main PCPDTBT absorption peak. The posi-
tive fractional transmission signal (AT/T) from 650 nm to near
IR (extending beyond the probe spectral range) is attributed
to photobleaching (PB) and stimulated emission (SE), while
the negative band at shorter wavelength (<560 nm) is due to
photoinduced absorption (PA;) of the singlet exciton. All these
features are related to transitions from the first excited singlet
state, as indicated by the energy levels diagram in Figure 2c and

b
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the dynamics resemble the ones of a neat PCPDTBT film.[*243]
After few tens of ps a tiny negative band appears around 900 nm,
attributed to polaron absorption (PA;). However, the signal
is extremely small, indicating that a very small population of
charges are created after exciton separation at the TiO, inter-
face. The results above demonstrate that photoexcited excitons
undergo negligible electron transfer to the TiO,. Here, the
electronic energy levels should be suitably offset to enable for-
ward electron transfer, thus the lack of charge generation sug-
gests poor electronic coupling between the lowest unoccupied
molecular orbital (LUMO) level of the polymer and the conduc-
tion band states in TiO,. On reflection, this is not entirely sur-
prising: If the polymer has a stronger tendency to form inter
chain m-orbital interactions than with the oxide surface, then
the polymer may predominantly contact the oxide surface side-
on or via the aliphatic chains, minimizing the electronic orbital
overlap between the polymer and the metal oxide. In contrast,
organic-organic heterojunctions tend to quench excitons very
effectively, provided there is a suitable LUMO level energy
offset.**=4% Often for organic-organic heterojunctions, the elec-
tronic coupling is so strong that specific interface states, such
as exciplexes, and ground state charge transfer complexes are
created, indicating good compatibility.['844-47]

In order to enhance the device performance here we function-
alize the TiO, surface with a fullerene based (Cy)-SAM) organic
electron acceptor, as used very effectively in bulk heterojunction
solar cells.'®1% Moreover, C¢-SAM modifiers with carboxylic
acid anchoring groups have been used previously in inverted
bulk heterojunction based devices to both improve the vertical
phase segregation of the de-mixed polymer blend, and to also

promote forward electron transfer from exci-
tons in the polymer to ZnO electrodes.[36-40
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Here, our ensuing “functionalized” hybrid
solar cells operate significantly better than
the basic device structure. As measured
under simulated AM 1.5 solar illumination
at 100 mW cm™2, the Cy(-SAM functionaliza-
tion increases the photocurrent by about one
order of magnitude from 0.23 to 2 mAcm™2
with an open-circuit voltage of 0.64 V, and
efficiency as high as ~0.8%. Though this is
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PCPDTBT has the potential to generate over
25 mA cm™?, if it could convert the solar
photons to electrons with 90% efficiency.
Hence there clearly remain major losses in
this system. It is possible that the energetic
of the system are not ideal. Assuming the
offset between the PCPDTBT and Cg is suit-
able (as occurring in bulk heterojunctions)
then, if the LUMO of the C4-SAM is deeper,
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Figure 2. Solar cell performance and photophysicsof a for a TiO,/PCPDTBT based device.
a) Photocurrent-voltage curve measured under AM 1.5G simulated sun light of 100 mWcm™2,
the inset is a table showing the device performance parameters. b) external quantum effi-
ciency spectrum. c) Scheme of electronic levels of the PCPDTBT and relative transition.
d) Pump-probe spectrum of TiO,/PCPDTBT sample collected at different pump-probe delay, from
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500 1000 or not sufficiently higher than the conduc-

tion band edge of the TiO,, this may result
in ineffective forward electron transfer. It is
very difficult to estimate the relative offset of
LUMO and conduction band levels: firstly,
there is no guaranteed and universal conver-
sion between electrochemical measurements

Adv. Funct. Mater. 2012, 22, 2160-2166
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is presented in Figure 3a. As expected, the
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open-circuit voltage drops monotonically
with increasing Li-TFSI concentration. Quite
remarkably, the short-circuit photocurrent
increases by a factor of 3 up to 5.5 mA cm™
over the range studied and the efficiency
rises to 1.1%. Though this is not a stagger-
ingly high efficiency in comparison to other
more developed organic solar cells, this is a
remarkable milestone considering that, to the

10 I =
0 Tlozlcs?IPCPDT.BT . . best of our knowledge, it is the first time that

0.8 400 500 600 /nrﬁo 500 900 mesoporous metal oxide hybrid solar cells,
s c - — - employing the polymer as the sole absorber,
© b \ LimM) | mavem | EFC%) | VOo(V) FF have delivered over 1% power conversion effi-
g 0.4 — 0 2 0.8 0.64 0.45 ciency. We note that there is a fluctuation in
4 |33 ]| 08 | 06 0.4 FF with changing Li-TFSI content, however

0.21 12 | 45 | 0.75| 0.54 | 0.31 this does not follow a trend. The presence of

40 5 1.1 0.43 0.53 the ions does alter the film forming proper-

O T % % 4 1o 120 | 36 | 05 | 037 | 0.37 ties of the polymer, and this may be partly
Li-TFSI [mM] responsible for this relatively large variation.

Figure 3. a) Short-circuit current density (Js.) (top panel, solid-circles) and open-circuit voltage
(Vo) (bottom panel, solid-squares) for functionalized hybrid solar cells (TiO,/Cgo-SAM/PCP-
DTBT) measured under AM1.5 simulated sun light as a function of Li-TFSI concentration in the
coating solution. b) Spectral response of TiO,/C¢o-SAM/PCPDTBT based devices with no Li-TFSI
(black solid line) and with the addition of increasing Li-TFSI content. c) Table showing the device
performance parameters, measured under AM 1.5G simulated sun light of 100 mW cm~2.

(ferrocene/ferrocenium, Fc/Fc+) to absolute energy. Even if this
was unambiguous, when two materials make contact there can
very easily be up to 0.5 eV shift in the relative surface energy at
the interface, due to some degree of charge transfer. Ultraviolet
photoelectron spectroscopy offers a direct measurement at real
interfaces, however, this is performed under ultra high vacuum
and is likely to differ from that in the constricted device. We
have performed cyclic voltammetry (CV) measurements on
compact TiO, and that functionalized within the Cgz-SAM
(reported in the Supporting Information). We find that there is
a 50 meV negative shift in reduction onset of the functional-
ized surface, with respect to the bare TiO, as measured in Fc/
Fc*. This would suggest that the energy level offset between the
Cgo-SAM and TiO, are almost perfectly set. However, there are
a number of reasons why this still may not be the case: i) it may
be necessary to have more than 50 meV offset to ensure effec-
tive forward electron transfer, following exciton ionization at the
polymer Cg, interface; ii) the reduction onset of TiO,, as meas-
ured by CV, may represent filling of the sub-band gap states,
rather than the conduction band level; iii) the surface potential
of TiO, is known to be extremely sensitive to its environment,
i.e., level of protonation, presence of ionic species, and the sur-
face potential in Fc/Fc" may be considerably different to in the
fabricated solar cell. In order to asses if there is a requirement
to shift the TiO, conduction band level, we have coated the
functionalized TiO, surface with Li-TFSI prior to deposit the
PCPDTBT. Lithium ions are “potentially determining”for TiO,,
resulting in a positive shift, thus deepening the TiO, conduction
band level with respect to the C¢-SAM.>11171 The evolution of
the short-circuit current and open-circuit voltage for functional-
ized hybrid solar cells with increasing Li-TFSI concentrations
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In Figure 3b, we show the photovoltaic action
spectra for the same devices which were
tested under the simulated sun light, exhib-
iting a maximum EQE approaching 30% at
700 nm.

The motivation for addition of the Li-
TFSI to the system was to improve the for-
ward electron transfer from the Cg-SAM to
the TiO,. In order to understand the processes in more detail,
here we perform transient absorption spectroscopy studies of
the system, the results are presented in Figure 4. We photoex-
cite the low band-gap polymer using a 780 nm pump pulse at
low pump energy (less than 50 nJ) and we monitor the charge
generation dynamics at an ultrafast time scale. Figure 4a and
4b show the TA measurements on devices without and with
Li-TFSI treatment, respectively. Firstly, in comparison to the
unmodified PCPDTBT-TiO, interface (Figure 2d), the Cg4, func-
tionalized devices exhibit strikingly different TA characteris-
tics, both with and without Li-TFSI, particularly in the near IR
probe spectral region. Considering the device without Li-TFSI
(Figure 4a) the SE (peaking at 900 nm) is rapidly quenched
within 10 ps, compared with the singlet lifetime in the neat
polymer of a few hundred ps. We assign the PA band around
900 nm as a fingerprint of charge population in PCPDTBT.[#>#3]
From our results it is clear that ultrafast charge generation
only occurs when the Cg-SAM is employed, as supported by
the comparison to the bare TiO,/PCPDTBT devices. Figure 4b
presents the analogous results on the devices processed with
optimal Li-TFSI concentration. The PA bands related to charge
formation, responsible for the good photocurrent generation,
are still evident. Indeed, the charge band formation around
900 nm probe wavelength, appears to be even faster: the charges
are instantaneously photogenerated, since the PA signal is neg-
ative from the earliest time. This indicates that ultrafast charge
separation occurs in presence of Li ions, in contrast to the slow
evolution of the charge signal without any Li salts. In this case
(see Figure 4b) no SE from singlets is detected, thus indicating
that almost 100% of the photo-excited singlets efficiently sepa-
rate into charges. However, when photo-exciting the polymer
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a Excitation=780nm c Excitation=390nm hot charge pairs thermalise at larger dis-
6 tances, thus increasing the likelihood for

Without Li-TFSI ——:ioi fs Without Li-TFSI :fopos | complete charge separation. For organic

5 —O—10pps il PB ——10ps PV, the cristalinity of the fullerene domain
< —+—100ps appears to play a critical role in charge sep-
OE’ aration, indicating that electron transport
B away from the charge generating interface is
0 o a requirement. In the case of photoexciation

’ at 780nm, the electrondoes not have suffi-
cient kinetic energy to transfer “instantane-

, ) ) ) ) ) ) ) . ously” into the TiO, prior to thermalization,

500 600 700 900 1000 500 600 700 900 1000 hence it is susceptible to geminate recombi-
x/nml A/ nm nation. Notably the external quantum effi-

b o| With Li-TFS| ’ :foos 51 d rwnos ——200fs | ciency, in comparison to the light absorption,
PB —0—10pps 4r o e is much higher at 400 nm than at 700 nm,

. —+—100ps consistent with improved charge separation.
&4 ) We note that when combined with PC,BM
£ [ in bulk heterojunction polymer solar cells,
w3 PCPDTBT can generate photocurrent very
0 efficiently, suggesting that the structural

0w : and electronic configuration of the polymer-
PA2 acceptor interface is close to ideal. However,

27500 600 7007 900 1000 27500 600 700 900 1000 here, this may be influenced by the confine-
A/ nm A/nm ment of the polymer within the mesoporous

Figure 4. Ultrafast transient absorption measurements of a,c) TiO,/Cg-SAM/PCPDTBT and
b,d) TiO,/Li-TFSI/Ceo-SAM/PCPDTBT at a,b) 780 nm and c,d) 390 nm pump wavelength
respectively, collected at different pump-probe delays from 200 fs to 100 ps as indicated in the

legend. Pump Energy <50 nJ.

at 780 nm, an initial fast decay of the charges occurs, possibly
due to a geminate recombination between electrons on the Cg,
and holes in the polymer. In order to obtain a more complete
picture on the ultrafast charge generation process we tune the
pump wavelength to 390 nm, resonant to the higher energy
PCPDTBT absorption peak. Figure 4c and d show the results
on the devices processed without and with Li salts. Without
Li-TESI (Figure 4c) the results match the TA measurements
obtained upon exciting the polymer at 780 nm, thus showing a
broad PA band at near IR spectral region, as previously assigned
to charge generation. When Li ions are added (Figure 4d)
the mechanism is still the same, but a faster and more efficient
charge generation seems to occur, especially evident at this exci-
tation wavelength.

Though pumping at both 390 and 780 nm almost exclusively
excites the polymer, pumping at 780 nm charges are instanta-
neously generated, but their signal undergoes a decay to about
30% of its initial value within a few tens of ps. In contrast,
pumping at 390 nm results in little decay over the measurement
window of 100 ps. Our best hypothesis is that when pumping
at 780 nm, the electrons temporarily reside upon the Cg-SAM
molecules thus allowing geminate recombination with the
hole residing on the polymer. However, for the 390 nm pump,
“hot electron transfer” may occur with the electron “bridged”
directly through the Cg-SAM into the TiO, (see Figure SO
in Supporting Information that compares the PA dynamics
selected at 960 nm probe wavelength upon 390 nm and 780 nm
excitation wavelength). The argument follows similar consid-
erations to the Onsager model for charge separation:[1848 the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

TiO, network, and the tethering of the Cqy, to
the titania surface. To completely understand
charge generation and to understand and
improve the device manufacture and opera-
tion, further structural studies of the polymer
electron acceptor interface within the mes-
oporous network are required.

Due to the absorption profile of PCPDTBT, there is a sig-
nificant dip in response in the mid visible region. In bulk
heterojunction solar cells this is “filled” to a certain extent by
employing a light absorbing electron acceptor, PC,,BM.[42434]
This has motivated us to investigate the possible advantages
of “co-functionalizing” the surface with a mixed monolayer of
both Cgp-SAM and light absorbing dye molecules. We have opti-
mized the co-functionalization of the TiO, surface with a mixed
layer of organic indolene dye (D131) and Cg-SAM. Figure 5a,b
shows the obtained spectral response and current voltage
output measured under simulated sun light respectively, com-
paring three different device architecture.

From the spectral response measurements, the co-function-
alized device has significantly increased the response in the vis-
ible region of the spectrum due to light absorbed in the dye-
sensitizer. Notably, the co-functionalized device without any
Li-TFSI already shows good performances (i = 4.3 mA/cm?,
Efficiency = 1.2%). With the presence of Li the photoaction is
further enhanced with the EQE approaching 50% in the vis-
ible region and over 30% from near IR, related respectively to
dye and polymer absorption contributions. The highest photo-
current for the co-functionalized device is over 8 mAcm™ and
the corresponding power conversion efficiency is 1.4%. These
devices were around 1.5 um in thickness, which we found to
be optimum. The photocurrent generated in this co-function-
alized hybrid system is comparable to the best performing
solid-state dye sensitized-solar cells (~10 mAcm™2)[2227:5051]
and there is clearly massive scope for significant enhancement.

Adv. Funct. Mater. 2012, 22, 2160-2166
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Figure 5. a) External quantum efficiency measurements and b) Photocur-
rent-voltage curves for a TiO,/Cg/Li-TFSI/PCPDTBT device (open dots
line), TiO,/D131/C¢,SAM/PCPDTBT device (full square line) and TiO,/
D131/C¢,SAM/Li-TFSI/PCPDTBT device (full dot line) measured under
AM 1.5G simulated sun light of 100 mWcm™2. In the table inset of (b)
shows the device performance parameters.

Furthermore, the near IR contribution from the polymer is
more significant than that obtained from near-IR dyes in solid-
state dye-sensitized solar cells.[?>20051 The challenge is to engi-
neer the interfacel!*-1640 between the oxide and the polymer to
enable “instantaneous” electron transfer, while also retaining a
high open-circuit voltage.

3. Conclusions

In summary, we have clearly identified that electron transfer
from the photo-excited polymer to the metal oxide, is the main
limitation in polymer absorber based hybrid solar cells. To over-
come this limitation, we have presented a strategy whereby
the surface of the mesoporous oxide is functionalized with a
molecular electron acceptor, which acts an intermediary spe-
cies, electronically coupling the semiconducting polymer to
the metal oxide. Through this route we have obtained an order
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of magnitude increase in the photocurrent in the solar cells
employing a low band gap polymer PCPDTBT. Additionally, by
tuning the surface potential of the metal oxide with the addition
of Li-TFSI, the photocurrent is further increased, delivering
hybrid solar cells with over 30% external quantum efficiency
from light absorbed in near IR region in the polymer phase.
Finally, in order to achieve a panchromatic photoresponse, we
have also introduced a new concept of “co-functionalization”
of the surface with both dye-sensitizer and electron accepting
components, which results in a further increase in photocur-
rent. This work represents a key step for polymer absorber
based hybrid solar cells, opening significant possibilities for
new molecular design and system optimization.
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