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We have systematically investigated the effects of surface modification of titania (TiO,) in hybrid
TiO,/regioregular poly(3-hexylthiophene) (P3HT) photovoltaic cells. By employing a series of
para-substituted benzoic acids with varying dipoles and a series of multiply substituted benzene
carboxylic acids, the energy offset at the TiO,/polymer interface and thus the open-circuit voltage
of devices can be tuned systematically by 0.25 V. Transient photovoltage measurements showed that
the recombination kinetics was dominated by charge carrier concentration in these devices and were
closely associated with the dark current. The saturated photocurrent of TiO,/P3HT devices
exhibited more than a twofold enhancement when molecular modifiers with large electron affinity
were employed. The ability of modifiers to accept charge from polymers, as revealed in
photoluminescence quenching measurement with blends of polymers, was shown to be correlated
with the enhancement in device photocurrent. A planar geometry photoluminescence quenching
measurement showed that TiO, substrates modified by these same molecules that accept charge
quenched more excitons in regioregular P3HT than bare TiO, surfaces. An exciton diffusion length
in P3HT as large as 6.5—-8.5 nm was extracted. By measuring the external quantum efficiency
(EQE) of working devices, it was found that all of the excitons that were quenched were accountable
as extracted photocurrent. EQE was effectively increased from 5% to 10%—14% with certain
surface modifiers; consequently exciton harvesting was more than doubled. The use of ruthenium
(IT) sensitizing dyes with good exciton harvesting property coupled with suppression of the
recombination kinetics improved the efficiency of optimized bilayer TiO,/P3HT devices from
0.34% to 0.6% under AM 1.5 solar illuminations. The implication of this work is directly relevant
to the design of nanostructured bulk heterojunction inorganic-organic cells, in which efficient
exciton harvesting and control of the recombination kinetics are key to achieving high efficiency.

© 2007 American Institute of Physics. [DOIL: 10.1063/1.2737977]

I. INTRODUCTION

There has been tremendous development in the field of
organic photovoltaic (PV) cells'™ and dye-sensitized solar
cells (DSSCs) (Refs. 7-10) as part of a continuous effort to
realize low-cost solar cells. These excitonic solar cells' rely
on the offset band energyl_3 at a donor-acceptor heterojunc-
tion to split excitons.'*"® Due to the small exciton diffusion
length in typical organic semiconductors of 3—15 nm,' '
the most efficient organic solar cells have been based on
blending the donor-acceptor phases intimately together in so-
called “bulk heterojunction” structure,z’3 such that all exci-
tons can reach the interface before undergoing geminate re-
combination. Once the excitons are split, the charge carriers
need to be collected by the external electrodes before they
recombine at the interface. In bulk heterojunction PV cells,
the large interfacial area between the donor-acceptor pair in-
herently increases the cross section for charge recombination
and consequently increases device dark current. There is in-
creasing evidence of the formation of geminate pairs upon
exciton separation in some devices,"” " which requires en-
gineering of the interface energetics to improve the yield of
fully separated electron and hole carriers under operating
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condition. By optimizing the interface energetics, the exciton
splitting can be engineered efficiently, while the back recom-
bination of split carriers can be suppressed. Therefore, the
study and application of interface engineering is essential
toward improving excitonic solar cells performance.

Interface modification can have many effects on a PV
cell. Molecular interface modifiers (IM) can impart a dipole
at the donor-acceptor interface and shift the interface energy
offset upon attachment.”>** Besides affecting the energy lev-
els of the donor-acceptor pair, the IM’s molecular orbitals
form electronic states at the interface, which may block or
mediate forward charge transfer or reduce back charge re-
combination. Furthermore, IMs are known to passivate inor-
ganic surface states by chemically interacting with surface
dangling bonds,”?° thus changing the surface energetics. By
modifying the physical and chemical properties of a surface,
the IMs also affect the interfacial interaction with a material,
for example giving rise to different growth modes or mor-
phologies of organic semiconductors.*”* Lastly, IMs can act
as energy acceptors if their absorption spectrum overlaps
with the photoluminescence of an emitter in close
proximity.zg

The combination of metal oxide (e.g., titania, tin oxide,
zinc oxide) and conjugated polymer is an attractive donor-
acceptor pair candidate in excitonic solar cells.*** In these
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hybrid inorganic-organic PV cells, the inorganics can be in-
dividually structured before the organic phase is incorporated
to form bulk heterojunction PV cells.*** The flexibility to
pattern these metal oxides separately makes it easier to fab-
ricate ordered bulk heterojunction%’39 and conveniently al-
lows the interface modification step to be included before the
organics are deposited. The ability to tune the interfacial
properties while keeping the same donor-acceptor materials
provides for a means to systematically study the effect of
interface modification. Modification of organic-inorganic in-
terfaces using molecular materials is fitting, as the surface of
metal oxides guarantees well-situated reactive sites for mo-
lecular attachment. Although substantial effort has been di-
rected toward improving the efficiency of hybrid PV cells,
the focus was on the combination of different materials as
donor-acceptor pair and how best to optimize nanoscale
phase separation,3l’32’3 53839 While little work has been done
to investigate the donor-acceptor interface.”2%4

For this study, we modified the interface in titania
(TiO,)/regioregular poly(3-hexylthiophene) (P3HT) PV
cells by attaching molecules to TiO, that bind via carboxy-
late bonds. We tuned the interfacial energy level offsets by
forming interfacial dipoles with both a series of para-
substituted benzoic acids [Fig. 1(a)] and a class of benzene
carboxylic acid molecules [Fig. 1(b)]. The change in energy
level offset resulted in a correlated change in the dark current
of the PV device and the open-circuit voltage (V). Transient
photovoltage (TPV) measurements revealed the recombina-
tion kinetics in these devices, which explains the difference
in dark current. IMs with large electron affinity tend to yield
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FIG. 1. (a) Schematic of bilayer
TiO,/polymer devices with dipolar
COON*(C4Hg)a

modification of titania surface. The
table lists the substituent —R group on
the para position of the benzoic acid
accompanied with calculated dipole
moment. (b) Molecular structures of
the benzene carboxylic molecules with
varying amount of carboxylic acid
groups. (c) Molecular structures of the
three Ru(Il) dyes as IM.

larger photocurrent by at least twofold compared to an un-
modified cell. Photoluminescence (PL) quenching measure-
ment of blends of IMs with P3HT showed a clear correlation
of the IM’s ability to quench excitons in P3HT and the en-
hancement in device photocurrent. A planar geometry PL
quenching measurement showed that TiO, substrates modi-
fied by these same molecules that possess large electron af-
finity quenched more excitons in P3HT than bare TiO, sur-
face. This enhanced exciton harvesting results in an extracted
exciton diffusion length (L,) of 6.5-8.5 nm for P3HT. The
measured external quantum efficiency (EQE) of working de-
vices accounted for all the photocurrent predicted based on
the number of quenched excitons, with EQE increasing from
5% to 10%—14% with surface modifications. We further em-
ployed a class of red ruthenium (II) dye molecules [Fig. 1(c)]
with good exciton harvesting property and concomitantly
controlled the interfacial recombination kinetics to improve
the efficiency of optimized bilayer TiO,/P3HT devices from
0.35% to 0.6% under AM 1.5 solar illumination. An am-
phiphilic Ru (IT) dye showed great promise as an IM candi-
date to be used in bulk heterojunction devices, as it sup-
presses charge carrier recombination while retaining efficient
exciton harvesting.

Il. EXPERIMENT

Contact angle measurements were performed on a
Ramé-hart 100 contact angle goniometer. Atomic force mi-
croscope (AFM) measurements were made with a multimode
Veeco AFM using Tap150 probes (Nanodevices). PL quench-
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ing measurements were taken with samples loaded in
nitrogen-sealed chamber. PL excitation was provided by a
512 nm Spectra-Physics Stabilite 2017 argon ion laser at an
incident angle of ~30° from the film normal. The PL was
collected at the normal angle with an Acton Research Spectra
Pro 500i spectrometer coupled with a CCD camera. The
TiO, films used in PL measurements were made thin
(~5-8nm) to ensure a negligible effect from optical
interference.”

All chemicals were purchased from Aldrich except the
Ru(Il) dyes, which were purchased from Solaronix SA. All
chemicals were used as received except P3HT, which was
purified by Soxhlet extraction using hexane and then chloro-
form before use. Sol-gel TiO, films were prepared either on
glass or fluorine-doped tin oxide (FTO) substrates (AFG In-
dustries, Inc., 100 }/[]). Substrates were cleaned by ultra-
sonication in Extran-100 surfactant, acetone, isopropanol,
and deionized water. TiO, films were made by mixing 100
parts ethanol, 2.5 parts deionized water, and 1 part concen-
trated hydrochloric acid by volume together. One part of ti-
tanium tetraethoxide was then mixed with 8 parts of ethanol
solution. The mixture was stirred for at least 15 min and
filtered through a 0.45 um filter. The sol-gel solution was
spin-coated onto substrates at 2000—3000 rpm. Films were
condensed in an oven at 120 °C overnight and calcined at
450 °C for 1 h to achieve typical thickness of 70—90 nm. To
make 6—8 nm thick TiO, films for PL. quenching measure-
ments, a dilute sol-gel solution was prepared by mixing 0.1 g
of titanium tetracthoxide with 10 g of ethanol solution.

The surface of TiO, films was modified by immersing
them for 2—3 h in (i) 1 mM benzoic derivative solution in
acetonitrile; (ii) 0.3 mM carboxylic acid benzene solution in
acetonitrile; or (iii) 0.1 mM N3 in ethanol solution or 0.1
mM N719 or Z907 in 1:1 acetonitrile:t-butylalcohol solution.
The films were thoroughly rinsed in three sets of fresh sol-
vent (~2 min total) and blow dried with nitrogen. TBP
(z-butylpyridine) treatment was done by immersing sub-
strates in TBP for 15 min with a subsequent ethanol rinse.
The films were then moved into a nitrogen-purged glove box
for subsequent deposition of polymer films and top silver
(Ag) electrodes. P3HT films were spin-coated from tetrahy-
drofuran (THF) solutions. The Ag electrodes were thermally
deposited in a chamber with pressure less than 1
X 1078 Torr. Typical device area was ~0.05 cm?. Finished
devices of the structure FTO/TiO,/(with or without)
interface modifier/P3HT/Ag were annealed on a hot plate in
an inert atmosphere at 130—140 °C for 4—8 h. Subsequent
characterization and measurements were all done in the
glove box.

Current-voltage (J-V) curves of devices were obtained
with a Keithley 2400 source measure unit. Solar illumination
was provided by a Spectra Physics 300W solar simulator
equipped with an AM 1.5G filter. The light intensity was
calibrated with a Newport 818SL silicon photodiode. The
calculated spectral mismatch factor of 0.78 for P3HT is in-
cluded in all reported efficiencies here. Once intensity was
calibrated, an UV filter with a cutoff of 400 nm was placed in
front of the cells to avoid optical excitation of the TiO,. EQE
measurements were obtained by illuminating devices with an
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expanded and uniformly collimated 512 nm Spectra-Physics
Stabilite 2017 argon ion laser beam, whose intensity was
monitored. Photocurrent action spectrum was obtained by
illuminating the device with a scanning monochromatically
selected tungsten lamp that was chopped with a Scitec opti-
cal chopper. The photocurrent was monitored with a Stanford
Research SR830 lock-in amplifier.

For the TPV experirnent,41 the devices were held at a
certain steady-state V. by illuminating from the solar simu-
lator with adjustable intensity, while a frequency-doubled
Nd:YAG laser (A=532nm, 5-7 ns FWHM) supplied the
pulse beam for the transient photovoltage with a repetition
rate of 11 Hz. A Tektronix TDS1012 digital oscilloscope was
used to record the photovoltage decay transient. The tran-
sient photovoltage AV was kept below 10 mV to ensure a
small perturbation to the steady-state V.

lll. RESULTS AND DISCUSSION

A bilayer TiO,/P3HT cell configuration was chosen for
this interface modification study because the planar hetero-
junction between TiO, and P3HT simplifies device model-
ing, analysis, and fabrication. The use of a layered device not
only negates complicated issues related to bulk heterojunc-
tions such as pore filling, phase segregation, and charge col-
lection, but also keeps the optical interference profile similar
between devices provided the same layer thicknesses are
used.'** Insights attained from studying a planar system are
directly applicable to bulk heterojunction systems, whose
nanostructured inorganic phase can be similarly modified
with IMs.

Figure 1(a) shows a schematic of a bilayer device. FTO
is the electron collecting electrode, while the annealed Ag
electrode (which we believe has Ag,O at the surface) col-
lects holes. P3HT is the best polymer that has been used in
combination with acceptors like PCBM and TiO, in bulk
heterojunction PV cells.****% Jts  hole mobility of
>10"*cm?/V's in the direction perpendicular to the
substrate,” the direction pertinent for photocarrrier extrac-
tion, allows for large photocurrent to be transported without
encountering space charge limited current.

Figure 1 shows the IMs used in this study. Three classes
of molecular modifiers binding via carboxylate bonds were
employed: (i) para-substituted benzoic derivative acid de-
rivatives with different substituent group that vary the dipole
moment’>***** [Fig. 1(a)]; (ii) benzene carboxylic acid
molecules with varying number of carboxylic acid groups
[Fig. 1(b)]; and (iii) three Ru(II) red dyes used frequently in
DSSCs, which are N3 dye,10 N719 dye,46 and 7907 dye,47 or
“hydrophobic dye” [Fig. 1(c)]. Abbreviations are used to de-
scribe the molecules in the rest of this article. For example,
—NO, and —CN denote nitrobenzoic acid and cyanobenzoic
acid, -TRI and -TETRA denote benzene tricarboxylic acid
and benzene tetracarboxylic acid modifications.

To show that the IMs were bound to the surface of TiO,,
contact angle measurements were performed (not shown). A
water drop on a bare TiO, surface, as calcined or after being
rinsed with solvents like acetonitrile and THF, showed a con-
tact angle of 0°. The water wet the bare TiO, surface com-
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pletely due to its hydrophilicity. Upon coating with any IMs,
the TiO, surface showed a nonzero contact angle. The or-
ganic IMs lowered the surface energy to different extents.

The difference in binding constants to TiO, and molecu-
lar sizes of the IM affects surface coverage. Kruger et al.
showed that, even though the attachment groups of the mol-
ecules with —NO, and —OCH; have different acidity, the
surface concentration of adsorbed —NO, and —OCHj; on
TiO, at monolayer coverage was similar with surface area
per molecule of ~0.3 nm2.%? On the other hand, the area
occupied by N3 molecules at full monolayer coverage was
found to be 1.65 nm? due to its larger molecular size."” Note
that a monolayer coverage of a particular type of modifiers
does not necessarily mean perfect coverage, as additional
coadsorption of smaller molecules* and intercalation of sol-
vent molecules are possible.44

A. Band edge shift

One effect the IMs have is to change the band offset at
the interface by forming a layer of dipoles. Depending on the
chemical nature of the IM, there can be two contributions: (i)
the molecular dipole, which depends on the electron with-
drawing and donating nature of the atoms across the molecu-
lar structure;** and (ii) the protonation of the TiO, surface
stemming from the dissociative adsorption of the carboxylic
acid group to form a carboxylate bond, in which the positive
charge of the proton on the surface and the negative charge
on the carboxylic group form an interfacial dipole.23’24 The
TiO, band edge has been shown to shift according to the
Nernstian potential dependence of 60 mV per pH unit in
solution.*®

1. Band edge shift due to molecular dipoles

The use of molecular dipoles to adjust the work function
of semiconductors or metals in general has been widely
investigated.“o’49 Much of the work was directed toward im-
proving charge injection from metals into organic materials
in organic light-emitting diodes and PV cells.**%3! There
are few reports of tuning the electron transfer kinetics and
mechanism at a heterojunction interface, and even those
were directed at DSSCs.

(a) (b) ()
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TABLE 1. CRC values of dipole moments (D) of substituted benzene with-
out the carboxylic groups and dipole moments simulated for the full benzoic
acid derivative structure using density functional theory (DFT).

Substituted group CRC DFT
-SO,F B 45
-NO, 42 3.8

—-CN 4.0 34
-Br 1.7 1.4
-H 0 -2.1

—OCH; -1.4 -39
-NH, -1.1 -4.5

We utilized the class of para-substituted benzoic acids
investigated plreviously,22’40’44’45 but included two more de-
rivatives, aminobenzoic acid and fluorosulfonyl benzoic
acid. Depending on the specific functional group substituted
at the para position, the IMs form a dipolar layer with vary-
ing dipole direction and strength. Table I tabulates the dipole
moments of these molecules. The left column set was ob-
tained from literature™ for the corresponding substituted
benzene without the carboxylic group, while the right col-
umn set was simulated” using density functional theory for
the whole structure including the carboxylic group. As the
carboxylic group forms a chelating group to Ti(IV), acting
like an ester-type linkage which causes it to be less electron-
withdrawing, the dipole moments of adsorbed molecules are
expected to fall somewhere between those two sets.

This dipolar layer, when attached to the TiO, surface,
induces a step in the local vacuum level due to the electric
field across this layer (Fig. 2). The work function and the
band edge of the TiO, surface are changed by eAV, where
AV is the magnitude of surface potential change and can be
calculated from Poisson’s equation to be

AV= Ny cos 0’ (1)

£,€0
where N is the surface dipole concentration, w is the dipole
moment, 6 is the angle which the dipole makes to the surface
normal, g, is the dielectric constant, and g is the permittivity
of free space. A linear relationship between the work func-
tion change of TiO, and the dipole moments of these para-

I Evac Evac T ——Evac
ELumo ELumo ELumo FIG. 2. Schematics of band diagram
Ec of TiO,/polymer cell at flatband (as-
Ec =i sumed to be close to open-circuit con-
=== <> dition) (a) with interfacial dipoles
- =
E.‘E ..... = Voc <> qVoc pointing toward TiO,, (b) without any
T qVoc q o 2 ; :
=]...Y}. oxl. <> . modification (c) with interfacial di-
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substituted benzoic acid derivatives was determined previ-
ously using a Kelvin probe.zz’44

Figure 2 illustrates schematically the energy band dia-
gram for flatband conditions of a bilayer TiO,/polymer sys-
tem with and without a dipole sheet between them. Figure
2(a) shows that when the dipole is directed toward the TiO,,
the band edge potential of TiO, shifts away from the local
vacuum level of the polymer. Thus, the effective gap be-
tween the conduction band (E,) of TiO, and the highest oc-
cupied molecular orbitals (HOMO) of polymer reduces when
compared to unmodified TiO, in Fig. 2(b). If the dipoles are
pointing away from titania, the band edge of titania shifts
closer to the vacuum level of the polymer, and the gap be-
tween E,. and HOMO increases [Fig. 2(c)]. Because the typi-
cal photocarrier concentration of 10—10'® cm™ under
usual illumination is smaller than the valence and conduction
edge density of states, the V., the split between the electron
and hole quasi-Fermi levels under illumination, is limited by
the effective E.-HOMO gap. The presence of a dipole layer
changing the effective E.-HOMO gap consequently affects
the maximum attainable V.. Although the maximum V. at-
tainable is thermodynamically limited by this gap, the actual
V,. observed critically depends on the recombination kinetics
of charge carriers (Sec. III D). Figure 2 is drawn such that
flatband condition is assumed to be close to the open-circuit
condition, although we acknowledge the existence of diffu-
sion photocurrent away from the heterojunction that causes
the band to slope slightly at open-circuit condition.'"*

The TiO, samples modified with various molecular di-
poles were used to fabricate bilayer TiO,/P3HT devices.
Figure 3 shows the device characteristics in the dark and
under AM 1.5 illumination. A thick polymer layer
(~160 nm) was used to improve the device yield and to
obtain more reproducible dark current, which is affected by
shunting when the polymer film is thin. Any difference in the
J-V characteristics shown in Fig. 3 arises from the existence
of the molecular dipoles. The dark J-V curves in Fig. 3(a)
have similar shapes, and differ only by an offset along the
voltage axis. The amount of voltage shift between the de-
vices of ~250 mV has been previously observed in solid-
state DSSCs. >

The V,. of P3HT devices is plotted against the calculated
dipole moments of the molecular dipoles in Fig. 3(c). V.,
correlates very well with the dipole magnitude. Dipoles
pointing at TiO, decreased V. by as much as 0.2 V, whereas
dipoles pointing away from TiO, only increased V. by at
most 0.03—0.05 V. The small increment in V. with dipoles
pointing away from titania is possibly due to the opposite
dipole contribution from protonation effect of the carboxylic
acid group (Sec. IIT A 2). In Fig. 3(c), this protonation con-
tribution, determined from the vertical difference between
the V. of the unmodified cell and the dashed line, is found to
be ~0.06—0.07 V. The relative V. change with different
molecular dipoles is reproducible, though the absolute V.
between batches of films can vary by +30 mV. If we assume
a previously measured N, of 3 X 10'® m=2 and &,=5.3 (Refs.
22 and 44) in Eq. (1), a 0.85 V shift of the V,. is expected
with —NO, modification if the dipoles are oriented normal to
the surface. The reduced magnitude of V. change with di-
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FIG. 3. J-V curves of TiO,/160 nm P3HT bilayer devices with and without
interface modifications employing para-substituted benzoic acid derivatives
(a) in dark and (b) under illumination. (c) V., and J. of devices shown in (b)
plotted against dipole moment of the modifiers. A dashed line is drawn as a
guide to the eye.

pole moment in a real device is attributable to different ori-
entation of the dipoles in contact with polymers,5 ’a higher
effective ¢, or a lower N,.

The fact that the trend of V. change and the dark current
translation is correlated with the dipole moments of the IM
strongly suggests that the main effect of the dipole is to
change the energy offset at the TiO,/polymer interface.
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There is no evidence of the IMs acting as a physical tunnel-
ing barrier that suppresses recombination. The recombination
kinetics difference is thus dominated by the energy offset at
the interface. When the E.-HOMO gap is smaller, the elec-
tron concentration in TiO, and hole concentration in P3HT
are higher at a given voltage. Higher carrier concentration
results in faster charge recombination rate and higher dark
current. The earlier turn-on of dark current consequently re-
sults in a lower V.

The short-circuit current (J,) in these devices shows an
interesting trend [Figs. 3(b) and 3(c)], in which an enhance-
ment of ~2X was obtained using IMs with strong dipoles
pointing toward TiO,, which are —NO,, —CN, and —SO2F.
These same molecules have large electron affinity due to the
strong electron-withdrawing substituted functional groups.
Their role in accepting charges from polymer will be de-
scribed in Sec. III C. For comparison, lowest unoccupied
molecular orbital (LUMO) values of ~3.0 eV (Refs. 56 and
57) and ~4.0 eV (Ref. 58) are reported for benzoic acid and
—NO,, respectively.

2. Band edge shift due to protonation of titania

Acid-base interactions arising from the anchoring of the
carboxylic acid group to TiO, affect the band edge of TiO,
by protonating it and forming an interfacial dipole layer. The
benzoic acid derivatives with one functional group contrib-
uted to the band edge shift this way (III A 1). However, as
the surface density of these carboxylic functional groups in-
creases, the effect should be more pronounced. A class of
multiply substituted benzene carboxylic acid molecules,
shown in Fig. 1(b), was used. This class of molecules has
increasing number of functional groups for protonation with
varying pKa. Since their molecular dipoles are small com-
pared to the para-substituted benzoic acid derivatives, the
interfacial dipoles need to be mainly considered. The change
in band edge due to this protonation effect is equivalently
described by Fig. 2(a).

Figure 4(b) shows that IMs with more protonating
groups result in lower V.. This trend is expected from the
increasing protonation of the TiO, surface. The V. was not
changed going from TETRA-substituted to HEXA-
substituted molecules, suggesting the active number of an-
choring groups saturates. Saturation of binding groups could
be due to depletion of active sites on the TiO, surface or the
surface pH dictating a certain number of dissociative car-
boxylic acid groups. The molecules not only bind edge-on,
but can absorb face-on, potentially increasing the number of
functional groups participating in the binding.25 Unfortu-
nately, we do not have more information about the absorp-
tion of this class of molecules.

Figure 4(a) shows that the shift in dark current causes a
similar shift in V. observed under illumination [Fig. 4(b)]
and can be similarly justified by the explanation given in
Sec. II A 1 on the increase in dark current with decreasing
E_-HOMO gap. Interestingly, the photocurrent with this class
of IMs also increases with more electron withdrawing car-
boxylic groups, or in other words, larger electron affinity.
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FIG. 4. J-V curves of TiO,/160 nm P3HT bilayer devices with and without
interface modifications employing multiply substituted benzene carboxylic
acid molecules (a) in dark and (b) under illumination.

B. Ru(ll) dyes modification

The third class of molecular IMs employed is the class
of ruthenium (IT) dyes commonly used in DSSCs [Fig. 1(c)].
These Ru(Il) dyes possess suitable LUMO levels and exhibit
binding to TiO, that allow rapid electron transfer (<50 fs)
(Ref. 10) to TiO,. The LUMO Ilevels (~3.95 eV) (Ref. 59)
also sit between the LUMO of P3HT (~3.0 eV) and the E,
of TiO, (~4.2 eV), and can possibly mediate charge transfer
from the polymer to TiO,. The energy levels of the three-
layer system are such that the electron travels in one direc-
tion from the polymer to TiO, via the IM but is potentially
inhibited from recombining with the polymer. These Ru(II)
molecules possess a similar density of carboxylic acid group
as the multiply substituted benzene carboxylic acid mol-
ecules (Sec. IIT A 2); thus, a band edge shift in the TiO, of
similar magnitude (~0.2 V) is expected upon attachment of
these molecules. These molecules also possess small molecu-
lar dipoles resulting from the spatial asymmetry of the
HOMO and the LUMO."

The three Ru(Il) dyes investigated as IMs are, respec-
tively, N3, N719, and Z907. N3 is the most common dye
used in DSSCs and exhibits fast electron transfer to TiO,
upon photoexcitation.10 N719 dye is similar in most aspects
to N3 except that the hydrogen of two of the carboxylic
groups is substituted with tetrabutylammonium (TBA). This
less-protonated N719 dye resulted in an E,. closer to the
vacuum level and showed higher V.. when used in
DSSCs. 24 7907 dye is attractive because its amphiphilic
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FIG. 5. J-V curves of planar TiO,/160 nm P3HT cells with and without
interface modifications using Ru(II) dyes (a) in dark and (b) under illumi-
nation. (c) Photocurrent action spectra of devices in (b) showing contribu-
tion to photocurrent enhancement only originates from P3HT absorption
upon interface modifications with Ru dyes.

nature improves interactions with polymers,‘w’60 and its alkyl

chain is known to inhibit recombination and improve
v, 386!

Figure 5(a) plots the dark current of devices with these
dye modifications. Figure 5(b) shows that all surface modi-
fiers except for the Z907 dye reduced the V.. The reduction
in V. is due to the protonation of the TiO, by the carboxylic
acid. The N3-modified device showed the lowest V., but if
N719 with fewer carboxylic groups was used, the V. was
increased by ~60 mV. In addition, we employed the additive
tert-butylpyridine (TBP), which is known both to shift the
band edge of TiO, upwards due to its basicity and to physi-
cally plug voids at the interface at the molecular scale, to
increase the V(,C.&’63 For both N3 and N719-modified titania,
TBP increased the V. by another ~60—-70 mV. All these
shifts in V. are consistent with the picture of band edge shift
due to interfacial dipoles. Interestingly, the hydrophobic dye

J. Appl. Phys. 101, 114503 (2007)

7907 actually enhanced the V., even though the attachment
of the molecules is achieved similarly through carboxylate
groups. This is not surprising considering that that Z907 is
known to slow down the recombination kinetics in solid-
state DSSCs (Ref. 61) and zinc oxide/polymer devices.™ Its
9-carbon alkyl chain has been credited for forming charge
carrier recombination barrier.®!

Figure 5(b) shows the photocurrent curves for the same
devices. N3 and N719 dyes were found to enhance J. by
=2X, while Z907 increased it by 60% —70%. The photocur-
rent enhancement could not come from the sensitization ef-
fect of the dyes, because the absorption of a monolayer of
these dyes is negligible. Photocurrent action spectra of these
devices in Fig. 5(c) show that there is no contribution beyond
the adsorption edge of P3HT, even though the dyes absorb
out to 800 nm.”® When normalized, the photocurrent action
spectra in Fig. 5(c) overlay each other and match the absorp-
tion spectrum of P3HT. Section III C explains that this en-
hanced J,. originates from higher exciton quenching when
TiO, is modified with the dyes.

The N3 and N719-modified devices gave rise to slightly
different enhancement, probably due to the different elec-
tronic coupling at the TiO,/dye or dye/polymer interface. An
interesting observation is that, upon treatment with TBP, both
N3 and N719 devices retained similar J,.. This suggests that
there is not always a tradeoff between J . and V.. In the case
of Z907 modification, both J. and V. actually improved.
Therefore, the explanation of TiO, band edge shift increas-
ing the driving force for forward charge transfer, which ulti-
mately increases the charge transfer yield, is not applicable.

The lesser photocurrent enhancement from Z907 dye is
intriguing. With similar LUMO levels and charge transfer
property as the other two Ru(II) dyes, Z907 is expected to
behave similarly. The uniqueness lies in its alkyl chains. At
the same time that these insulating segments slow down
charge carrier recombination and increase V., the forward
charge transfer from the polymer to the TiO, is also partially
inhibited by the extending alkyl chains. This slower forward
charge transfer rate may explain the smaller J,, enhance-
ment. Z907 is an attractive IM candidate in nanostructured
metal oxides/polymer devices because it potentially imparts
slow recombination kinetics to offset large recombination in-
terface to maintain large V. and fill factor. A recent work
also showed the concomitant benefit of using Z907, which is
to increase the incorporation of P3HT in nanostructured
template.60

C. Models for increased photocurrent yield

The modifications with all three groups of IMs resulted
in enhanced photocurrent, by >2X in some cases. We dis-
cussed earlier that the ability of IM to accept electrons from
the polymer is closely linked to the enhanced photocurrent in
devices. The charge accepting ability was revealed in a PL
quenching experiment probing blends of P3HT with
2.5 mol % IM spun from THF solutions (not shown). The PL
of P3HT is quenched in the vicinity of electron acceptors.
IMs that enhance device photocurrent were consistently
found to accept charges from P3HT.
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an excitation wavelength of 512 nm with a power intensity of 1.7 mW/cm?
as a function of applied voltage of bilayer TiO,/160 nm P3HT devices with
and without titania surface modification.

The exact nature of exciton quenching by the IM is ex-
pected to differ in a blend compared to a monolayer on a flat
surface. The quenching by a monolayer of IM attached to
TiO, is more relevant to working PV devices. By comparing
the PL intensity of a polymer film on a planar quenching
substrate and a nonquenching substrate for a range of poly-
mer film thickness, the exciton diffusion length (L,) can be
determined.** " Glass was used as the nonquenching sub-
strate, while a thin layer of TiO, coated on glass with or
without IM was the quenching substrate. Thin TiO,
(~5-8 nm) was used to ensure a negligible effect from op-
tical interference.””® The variation in polymer film thick-
ness spun on different modified TiO, surface was usually
+1 nm. Film thickness was determined from the optical den-
sity.

Figure 6(a) shows the PL quenching as a function of
P3HT film thickness. When deposited on bare TiO, or —NH,
modified TiO,, P3HT exhibits some quenching at large
thickness, but the quenching never approaches 100% as its
thickness is reduced.** This lack of complete quenching is
unexpected because in very thin film of polymers (d<L,),
all the excitons should be able to diffuse to the quenching
interface. For thin films where the absorption is assumed to

be linear with thickness, the quenching profile follows:*

J. Appl. Phys. 101, 114503 (2007)

_ L1 —exp(=2d/Ly)]
quenching — d[l + exp(— 2d/LD)] .

PL, (2)

We extracted an L, by fitting data to Eq. (2) to allow for
comparison between the data sets. Figure 6(a) shows that
when P3HT was deposited on —NO,-modified TiO,, the PL
quenching was about twice as high compared to that on bare
TiO, at large thickness and approached 100% with decreas-
ing film thicknesses. When the TiO, was modified with N3
dye, a slightly higher quenching was observed. The L;’s ex-
tracted for —NO,-modified and N3-modiifed substrates are
6.5 and 8.5 nm, respectively. It is observed that among other
IMs used, only those with large electron affinity result in
higher PL quenching. A similar L; value for P3HT of 9 nm
measured using triplet-triplet annihilation method was re-
cently reported by Samuel.”’

To see if the difference between the PL quenching mag-
nitudes observed on bare and modified TiO, was due to dif-
ference in polymer film roughness, we performed AFM mea-
surements. AFM micrograph of a 3.3 nm thick P3HT film on
the different substrates showed that the polymer film covered
the TiO, surfaces completely and exhibited similar surface
root-mean-square (rms) roughness of 0.4—0.45nm (not
shown). For comparison, the surface roughness of bare TiO,
is only 0.27 nm. There was no polymer surface roughness
difference to explain the PL quenching difference.

To prove that there is no diffusion of these IMs into the
polymer causing PL quenching, we accounted for all the
quenched excitons in photocurrent. Figure 6(b) shows EQE
measurements of sufficiently thick P3HT (160 nm) bilayer
devices. At this film thickness, the optical interference effect
is negligible and the absorption profile follows Beer’s law.
For a given L, and a flat quenching surface, and neglecting
the reflectance loss, the EQE is expected as®> o8

Lda

E=m. (3)

EQ

The absorption coefficient, o, at 512 nm for P3HT is
1.9% 10° cm™'. The J-V curve for the unmodified cell shows
saturated photocurrent with increasing reverse bias, indicat-
ing that geminate recombination is not a bottleneck and any
photocurrent enhancement is not due to the competition be-
tween recombination and charge extraction. Experimentally,
the EQE obtained on —NO, device is twice that on the un-
modified cell, and the EQE of ~10% at 512 nm is expected
for L; of 6.5 nm. Similarly, the EQE value of ~14% ob-
tained for N3-modified device matches the value predicted
from a 8.5 nm L. Therefore, diffusion of a monolayer of the
surface modifiers cannot possibly account for the enhance-
ment in PL quenching. The enhancement indeed originated
from more excitons being split, and they are accounted for as
photocurrent.

Another effect that must be considered when using N3
dye is the energy transfer from P3HT to the dyes.zg’65 The
rate of Forster transfer from P3HT to a 2D sheet of N3 dye,
calculated from the Forster equation, was estimated to be
competitive with bulk diffusion only at a distance <1 nm
from the acceptors.65 This mechanism also cannot account
for the large enhancement in PL quenching.
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We propose that there is nonperfect electronic coupling
between the polymer and bare TiO,. For example, the side
chains of polymer can prevent the excitons from getting right
next to the TiO, interface, or not all surface sites on bare
TiO, are active as charge acceptors. The surface modifiers in
this case can mediate charge transfer from the polymer to
TiO, if the LUMO level is suitable for accepting electrons.
The IMs attach themselves through chemical bonding such
that they are physically next to the TiO,, potentially provid-
ing a good electronic coupling. Experimentally, whenever
IMs with high electron affinity were employed, higher J.
was observed. The charge transfer yield is a product of the
electronic coupling between the IM with TiO, and that be-
tween the polymer and the IM. Interestingly, Ru(Il) dyes,
which are known to transfer electron to TiO, effectively,
enhanced J, the most. The origin of imperfect exciton
quenching of P3HT on bare TiO, is under investigation.

The observation of enhanced exciton quenching on cer-
tain modified TiO, surface is significant. Previous studies
assume that the TiO, surface is a perfect quenching interface.
This assumption was made because some experiments had
shown that the exciton lifetime in conjugated polymer was
significantly shortened in the presence of TiO,. The lifetime
of MEH-PPV has been shown to reduce from 300 to
<10 ps,3] and another work showed <100 fs.* That of the
oligomeric thiophene was shortened from 230 to <6 ps.70
This indicates that the charge transfer from polymer to bare
TiO, can be very fast. Further improvement in the forward
charge transfer rate cannot improve exciton splitting signifi-
cantly. It is likely that IMs with suitable LUMO levels me-
diate charge transfer from P3HT to TiO,, thereby bypassing
some barriers and improving exciton harvesting. There
should be relevance of the IM’s LUMO participation in the
charge transfer process as excitons encounter the IM prior to
TiO,.

D. Transient photovoltage measurement of
recombination kinetics

In Secs. III A and III B, the dark current of PV devices
was compared to understand how the V. changes with inter-
face modification. It was argued that the dark current is
higher at a fixed voltage if the E.-LUMO gap is smaller due
to higher electron and hole carrier concentration. The recom-
bination rate in operating devices was determined by making
transient photovoltage measurement (TPV) measurements.”’
In a TPV measurement [Fig. 7(a)], devices are held at a
steady-state V., the magnitude of which is adjusted by vary-
ing the intensity of a bias lamp. A pulsed light creates a small
perturbation to the V. by transiently generating electrons
and holes. At V., these additional carriers (photovoltage)
decay with the lifetime determined by the rate of charge
carriers recombining across the heterojunction interface. Fig-
ure 7(b) shows a typical TPV curve. The decay curve can be
fitted to a monoexponential decay to extract a characteristic
lifetime, 7. The effective recombination rate, k., is 1/7. If
recombination is assumed to be second-order bimolecular,
the recombination rate

J. Appl. Phys. 101, 114503 (2007)
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FIG. 7. (a) Schematic of a band diagram of TiO,/polymer cell in a transient
photovoltage measurement setup. The devices are held at open-circuit con-
dition while under illumination by a bias lamp, which sets the open-circuit
voltage magnitude. A pulsed light is introduced to create a transient photo-
voltage, which decays as these charge carriers recombine with certain re-
combination lifetime. (b) A typical photovoltage transient, which can be fit
to a monoexponential decay function as shown in the log-linear plot in the
inset. (c) ky Vs V. measured for bilayer TiO,/160 nm P3HT device with
and without various surface modification.

d('z) =— Bnp, (4)

d

depends on the bimolecular recombination rate constant B,
and the electron and hole concentration. As quasi-Fermi lev-
els approach the band edges or V. increases, the charge
carrier concentrations increase exponentially. At the same
time, the mobility of charge carriers improves as more traps
become filled. Improved mobility consequently increases the
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frequency of opposite charge carriers encountering each
other at the interface, which enhances B for a diffusion lim-
ited recombination mechanism. Therefore, the recombination
rate is expected to increase with V.. Figure 7(c) depicts the
plot of k.. vs V.. of different devices. The recombination
rate was found to increase exponentially with bias, a charac-
teristic that has been observed in DSSCs system.23’4l’62 For
these TiO,/P3HT devices, the slopes were found to be
~0.55-0.6 decade per 100 mV.

Most cells exhibit recombination rates of 10°~10° s~! at
operating conditions. The rightmost point of each data set
corresponds approximately to 1 sun intensity. Compared to
the unmodified cell, all devices exhibit similar recombination
rate constant curve shape [Fig. 7(c)] The same slopes suggest
that interface modification has not altered the underlying re-
combination mechanism. Devices with earlier turn-on of
dark current exhibit faster recombination rate as expected.
The difference in the curves in Fig. 7(c) can either be due to
a translation along the V. axis, which is related to the
changes in the effective E.-HOMO gap, or a translation
along the k.. axis, which is related to the change in B. With
the clear trend of how dipoles affects the V. (Sec. IIT A), the
main contribution still comes from a shift in band edge offset
at the TiO,/polymer interface. The only exception is that the
7907 dye actually reduces the recombination rate because
the alkyl chains form a charge carrier recombination barrier.

It is interesting that a layer of IMs does not have an
effect on slowing down recombination, except Z907 with
long alkyl chains. These results are similar to what was pre-
viously observed, that the IMs act more as an agent that
modulates the interface energetics22 than as a recombination
barrier. Researchers have investigated the use of a large band
gap inorganic material in DSSCs as charge transfer
barriers.*"""! The “monolayer” of IMs used here is less effec-
tive as recombination barrier, probably due to imperfect cov-
erage at the molecular scale or due to its 77-conjugated semi-
conducting nature. It is also possible that the recombination
across the TiO,/P3HT interface is diffusion limited and a
small alteration in the reaction rate has no effect on the re-
combination.

E. Optimized bilayer

Experimental results in earlier sections were obtained
using a thick polymer layer so that the dark current could be
more reproducible, and allowed analysis that assumes Beer’s
law absorption. Here, the characteristics of a bilayer cell
were improved by optimizing layer thickness'*%*7%7 o
maximize the optical field close to the exciton splitting inter-
face. This ensures that a higher concentration of excitons is
generated within a diffusion length away from the interface.
Figure 8(a) shows the optical power profile at 532 nm wave-
length (close to P3HT absorption maximum) inside a device
stack with an optimum P3HT thickness of 50 nm. Figure
8(b) shows the J-V characteristics of actual bilayer
TiO,/P3HT devices with three different IMs. Table II sum-
marizes the device characteristics of these devices and the J
predicted based on L, extracted from Fig. 6(a). As compared
to earlier devices with thicker P3HT, the devices here typi-
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cally exhibit ~1.5 times higher J ., while the V, is retained.
The EQE of N3 modified devices was measured to be 19.5%,
close to the estimated 20%. J,. is highly reproducible to
within +10% and in devices with rectification ratios above

TABLE II. Tabulated device characteristics of devices shown in Fig. 8(c).
The last column shows the J . predicted by modeling using L, extracted
from Fig. 6(a).

Jee Voe Estimated Jg
Devices (mA/cm?) (V) FF 7 (%) (mA/cm?)
Unmodified 0.85 0.60 0.67 0.34 0.80
-NO, 1.40 0.51 0.62 0.44 1.56
7907 1.21 0.67 0.69 0.56 e
N3+TBP 1.86 0.57 0.57 0.60 1.92
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10° at =1 V and 1 V, V,, is consistent within =15 mV. The
power efficiency of some of these thin bilayer devices (or
trilayer devices counting the IMs as a layer) approaches
0.60%.

IV. CONCLUSION

This work systematically studies the effect of interface
modification in hybrid inorganic-organic PV cells and has
provided insight into its device physics. It provides design
strategy to improve this type of cell. We showed that both
molecular dipoles and acid-base interaction can cause a band
edge shift in TiO,, resulting in a change in V... This work
illustrates that surface modification needs to take into ac-
count the effect of dipoles on the band edge shift, and the
inevitable effects of protonation from carboxylic, phospho-
nic, or sulfonic anchoring groups. We measured a larger L,
of P3HT of 6.5—-8.5 nm on certain surface-modified TiO,
compared to bare TiO,, and showed that the electron-
accepting nature of the IM is likely responsible for the pho-
tocurrent enhancement in PV devices. This larger L; than
previously thought has significant implications, for example,
the dimensions of nanostructure in bulk-heterojunction PV
cells needed for achieving efficient exciton harvesting may
be relaxed. Utilizing the knowledge learned in this work, we
increased the power efficiency of planar TiO,/P3HT devices
from 0.34% to 0.6% with Ru(Il) dye modifications. Z907
dye showed promise as the IM for use in bulk heterojunction
nanostructured metal oxide-polymer PV cells due to its de-
sirable properties of suppressing charge carrier recombina-
tion while retaining efficient exciton harvesting.
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