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The Effect of Polymer Optoelectronic Properties on the
Performance of Multilayer Hybrid Polymer/TiO, Solar Cells**
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By Punniamoorthy Ravirajan, Saif A. Haque, James R. Durrant, Donal D. C. Bradley, and Jenny Nelson*

We report a study of the effects of polymer optoelectronic properties on the performance of photovoltaic devices consisting of
nanocrystalline TiO, and a conjugated polymer. Three different poly(2-methoxy-5-(2’-ethylhexoxy)-1,4-phenylenevinylene)
(MEH-PPV)-based polymers and a fluorene-bithiophene copolymer are compared. We use photoluminescence quenching,
time-of-flight mobility measurements, and optical spectroscopy to characterize the exciton-transport, charge-transport, and
light-harvesting properties, respectively, of the polymers, and correlate these material properties with photovoltaic-device per-
formance. We find that photocurrent is primarily limited by the photogeneration rate and by the quality of the interfaces, rather
than by hole transport in the polymer. We have also studied the photovoltaic performance of these TiO,/polymer devices as a
function of the fabrication route and device design. Including a dip-coating step before spin-coating the polymer leads to excel-
lent polymer penetration into highly structured TiO, networks, as was confirmed through transient optical measurements of
the photoinduced charge-transfer yield and recombination kinetics. Device performance is further improved for all material
combinations studied, by introducing a layer of poly(ethylene dioxythiophene) (PEDOT) doped with poly(styrene sulfonic
acid) (PSS) under the top contact. Optimized devices incorporating the additional dip-coated and PEDOT:PSS layers produced
a short-circuit current density of about 1 mA cm™, a fill factor of 0.50, and an open-circuit voltage of 0.86 V under simulated

AM 1.5 illumination (100 mW cm >, 1 sun). The corresponding power conversion efficiency under 1 sun was >0.4 %.

1. Introduction

Organic photovoltaic materials are under intensive study for
potential application in low-cost, large-area solar cells. Power
conversion efficiencies exceeding 3 % have been reported in
several device configurations.!!" Although all-organic systems
such as polymer/fullerene blends are receiving high interest,
these systems suffer from poor photostability of the two organ-
ic components and poor mechanical stability of the active
layers through phase segregation. One promising alternative
approach is to use a nanostructured inorganic semiconductor
as the electron-transport component.”! Electron-transporting
metal oxides, such as titanium dioxide (TiO,), tin oxide
(SnOy), and zinc oxide (ZnO), are attractive materials in this
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context on account of their low cost, good stability, ease of fab-
rication, and the potential that exists for controlling their film
morphology on the nanoscale.’! Effective charge separation in
metal-oxide/conjugated-polymer composites has been demon-
strated and such hybrid materials are attracting growing inter-
est for use in photovoltaics.[**!

The TiO,/polymer combination is the best-studied sys-
tem*"* for hybrid metal-oxide/polymer photovoltaic devices
compared to other metal-oxide/polymer systems. However, the
highest measured power conversion efficiency value reported
for a TiO,/polymer system to date is 0.18 % under 1 sun
(100 mWem™), and highest external quantum efficiency
(25 % at 435 nm!®) is substantially lower than the highest effi-
ciency for conjugated-polymer/fullerene solar cells.

Efficient photocurrent generation in polymer/TiO, struc-
tures requires that the TiO, be structured on the scale of the
exciton diffusion length of the polymer (~ 5-20 nm). Originally,
it was believed that incomplete polymer infiltration into highly
structured or porous TiO, (pore size ~10-20 nm) would limit
the performance of hybrid polymer/TiO; solar cells. This is no
longer considered a limitation since several recent studies have
shown that intimate polymer/metal-oxide infiltration can be
achieved by various approaches. These include heat,"* dip-
coating of mesoporous TiO, films,'*!! spin-casting on ultra-
thin dip-coated TiO, films,"® in-situ growth of TiO, from an or-
ganic precursor,'!] and heat treatment of a spin-cast polymer
into templated nanostructured TiO, substrates.””! It should be
noted that infiltration is a function of the polymer used, and
that regioregular poly(3-hexyl thiophene) (RR P3HT) has
been found to resist infiltration into mesoporous titania
through the coiling of the polymer chains."”’ Although attempts
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to blend TiO, nanoparticles with conjugated polymers in solu-
tion have not led to efficient deVices,[12’16] this route has re-
cently been successfully exploited[”] for zinc oxide nanoparti-
cles (~5 nm) with poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-
1,4-phenylene vinylene] (MDMO-PPV) polymer. Janssen and
co-workers reported!!”) an efficient ITO/PEDOT:PSS/MDMO-
PPV:ZnO/Al device (ITO: indium tin oxide; PEDOT:
poly(ethylene dioxythiophene); PSS: poly(styrene sulfonic
acid)), which showed external quantum efficiency of 40 % at
the absorption maximum of the polymer.

Despite successful infiltration of polymer into thin
(£100 nm) nanostructured TiO, films, the power conversion
efficiency is a factor of ten smaller than the best power conver-
sion efficiency achieved using similar polymers with fullerenes.
The difference is largely in the value of the short-circuit current
density, Jsc, whilst the values of open-circuit voltage, Voc, and
fill factor, FF, are similar to the best published data for
organic solar cells. The reduced Jsc may be due to a number of
factors: limited red absorbance, small optical depth, poor sensi-
tization of the oxide film, large pore size/nanostructure scale
compared to the exciton diffusion length, poor charge trans-
port, fast recombination, or imperfect interfaces. However, it is
difficult to analyze these losses on the basis of previous studies,
on account of wide variations in materials and fabrication tech-
niques.

In this paper, we attempt to identify the mechanisms limiting
the short-circuit current density, through a systematic study of
the effect of the optoelectronic properties of the polymer on
the performance of a model polymer/TiO, hybrid system. We
focus on a series of poly(2-methoxy-5-(2’-ethylhexoxy)-1,4-
phenylenevinylene) (MEH-PPV)-based polymers, character-
ized by long exciton diffusion length, and high hole mobility,
and/or good red absorbance. Through complementary studies
of device performance and the charge-transport and light-har-
vesting properties of these materials, we show that photocur-
rent is limited primarily by the photogeneration rate and by
the quality of the interfaces, rather than by hole transport in
the polymer. The corresponding devices show power conver-
sion efficiencies of up to 0.41 % under 1 sun, approximately
double the best previously reported value for a TiO,/polymer
hybrid device under the same conditions.

Four hole-conducting polymers have been used in this work
and their names and structures!"*?"! are shown in Figures 1a—d.
The first three of these polymers have MEH-PPV subunits and
the first two contain N,N’-diphenyl-N,N’-bis(3-methylphenyl)-
(1,1"-biphenyl)-4,4’-diamine (TPD) groups. The TPD (4M)-
MEH-M3EH-PPV polymer is a regular terpolymer while the
others are alternating copolymers. The MEH-DOO-PPV
copolymer has broad optical absorption in the visible spectrum
peaking at about 502 nm, while the TPD-containing polymers
absorb less strongly in the visible but have better hole-trans-
port properties (see Sect. 2 below). For some studies we used a
fourth polymer, a fluorene-bithiophene alternating copolymer
(poly[(9,9-dioctylfluorene)-co-bithiophene], F8T2), which we
have studied previously,m] as a control. Figure le shows the
optimized multilayer device structure. All devices were pre-
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pared on ITO-coated glass substrates (~ 1 cm?). There are four
layers: a dense TiO, layer, a porous TiO, layer, and dip-coated
and spin-coated polymer layers. The dense layer prevents
direct contact between the polymer and the substrate and is
thus called the ‘hole-blocking layer’ (HBL). In some cases, a
layer of PEDOT:PSS was deposited on top of the hole-trans-
porting polymer layer before depositing the metal contact. Six
devices were fabricated per substrate to check reproducibility.
The full preparation details for the multilayer devices can be
found in the Experimental section.

2. Results and Discussion

2.1. Polymer Hole Mobilities

The polymer hole mobilities were studied using the time-of-
flight (TOF) method. Figure 2a shows a typical room-tempera-
ture hole-current transient for the TPD(4M)-MEH-PPV poly-
mer, in an ITO/polymer (1.2 um)/Al device structure, at
1.3x10° Vem™. The inset shows the corresponding transient
on a double logarithmic scale. The transient shows an initial
spike followed by a distinctive plateau and then by a broad tail.
The constant-current plateau in the hole transient of
TPD(4M)-MEH-PPV polymer indicates non-dispersive trans-
port. The transit time, ¢, corresponding to the intercept of the
asymptotes to the hole transient on a log-log scale, is about
0.9 us and the corresponding mobility is 1x 10~ cm?V!s™ at
1.3x10° Vem™. Hole transients for the other two polymers
(data not shown) show dispersive transients but a clear transi-
ent time can be determined. The drift mobility at an applied
electric field, E, is calculated from the expression u =d/(ttE),
where d is the polymer thickness.

Figure 2b shows the electric-field-dependent variation of the
room-temperature hole mobility for all three polymers. The
electric field was calculated taking into account a built-in volt-
age of 0.3 V, namely the workfunction difference between the
ITO (4.6 eV) and Al (4.3 eV) electrodes. The work-function
values of ITO and Al were estimated by Kelvin-probe
and electroabsorption measurements.'>) The hole mobilities
of all polymers follow a Poole-Frenkel dependence uy o<
exp(BEY?).”! The two TPD-containing polymers show higher
hole mobility than the MEH-DOO-PPV polymer. This may be
due to the positive influence of the TPD group on hole trans-
port.”l The TPD(4M)-MEH-PPV polymer shows higher hole
mobility than the other two polymers in the range of electric
fields from 0.9x10° Vem™ to 5x10° Vem™. The TPD(4M)-
MEH-PPV polymer also shows weaker field dependence, while
both TPD(4M)-MEH-M3EH-PPV and MEH-DOO-PPV poly-
mers show strong field dependence. Estimating an electric field
of 1x10° Vem™ within an efficient TiO,/polymer photovoltaic
device (polymer thickness ~50-100 nm) at short circuit, the
TPD(4M) MEH-PPV polymer would be expected to give the
best hole transport in devices. However, hole transport in both
TPD(4M) MEH-M3EH-PPV and MEH-DOO-PPV polymers
should improve in thinner devices.
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Figure 1. Chemical structures [18-20] of a) poly[(1,4-phenylene-(4-methylphenyl)amino-4,4"-diphenylene-(4-methylphenyl)amino-1,4-phenylene-etheny-
lene-2-methoxy-5-(2-ethylexyloxy)-1,4-phenylene-ethenylene)-co-(2,5-dimethoxy-1,4-phenylene-ethenylene-2-methoxy-5- (2-ethylhexyloxy)-1,4-phenyl-
ene-ethenylene)], TPD(4M)-MEH-M3EH-PPV terpolymer, b) poly[(4-methylphenyl)amino-4,4’-diphenylene-(4-methylphenyl)amino-1,4-phenylene-etheny-
lene-2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-ethenylene-1,4-phenylene], TPD(4M)-MEH-PPV copolymer, c) poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylene-ethenylene-2,5-dioctyloxy-1,4-phenylene-ethenylene], MEH-DOO-PPV copolymer, and d) poly[(9,9-dioctylfluorene)-co-bithiophene], (F8T2)
copolymer. e) Optimized device structure.
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Figure 2. a) A typical room-temperature TOF hole transient in ITO/
TPD(4M)-MEH-PPV (1.2 um)/Al at an electric field 1.3x10° Vem™.
b) Variation of the room-temperature TOF hole mobility u, with electric
field for the three MEH-PPV-based polymers. The film thicknesses were
1.2, 1.5, and 1.5 um for polymers TPD(4M)-MEH-PPV (triangles),
TPD(4M)-MEH-M3EH-PPV (circles), and MEH-DOO-PPV (squares),
respectively. The built-in voltage for the ITO/polymer/Al structure is as-
sumed to be 0.3 V.
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2.2. Polymer Absorption and Sensitization of TiO,

Optical absorption spectra for thin films of each of the three
MEH-PPV-based polymers spin-coated on spectrosil B
substrates are shown in Figure 3a. The magnitude of the ab-
sorption coefficient is similar for all three polymers, but the
MEH-DOO-PPV polymer absorbs further into the red, with
peak absorption at 502 nm. The absorption spectrum of the
TPD(4M)-MEH-M3EH-PPV polymer is red-shifted slightly
compared to that of TPD(4M)-MEH-PPV. Whilst TPD(4M)-
MEH-PPV and MEH-DOO-PPV are strictly alternating
copolymers,'2"! the TPD(4M)-MEH-M3EH-PPV polymer is
a statistical condensation copolymer consisting of TPD(4M)-
MEH-PPV (AB), repeat units and M3EH-PPV (CB), repeat
units in the ratio x/y=50:50.2"" The M3EH-PPV units are
therefore believed to be responsible for the red shoulder in the
absorption of TPD(4M)-MEH-M3EH-PPV.

Table 1 compares the ionization potential, hole transport,
and absorption properties of these three PPV polymers as well
as those of the fluorene-bithiophene copolymer, F8T2. The
F8T2 polymer has a higher optical absorption in the visible
spectrum than the two TPD polymers, peaking at about
460 nm.!"* This polymer shows highly dispersive hole transport
and strongly field-dependent TOF hole mobility in the range
of 10°-10* cm?V!s™ over the electric-field range 1x10*
6x10* Vem ™! It performs rather better as an aligned thin
film in field-effect transistor structures.”” The ionization po-
tential of each polymer was estimated using cyclic voltammetry
of the polymer film, and lies between 5.2 eV and 5.5 eV, as
shown in the third column of Table 1. The last two columns of
Table 1 compare the hole mobility at a given electric field and
the nature of hole transport. Overall, the TPD(4M)-MEH-
M3EH-PPV polymer shows the most promising combination
of hole transport and absorption properties for solar-cell appli-
cation.

Good uptake of polymer by the porous TiO; is essential for
efficient device performance. Figure 3b compares the optical
density of porous TiO; electrodes of thickness about 100 nm fol-
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Figure 3. a) Absorption spectra of the three MEH-PPV polymers: TPD(4M) MEH-M3EH-PPV (solid line), MEH-DOO-PPV (dashed line), and TPD(4M)
MEH-PPV (dotted line), deduced from UV-vis optical absorption spectra of thin polymer films on spectrosil B substrates. b) UV-vis optical absorption
spectra of TiO, nanoporous films of thickness 100 nm, after dipping in the respective polymer/CsHsCl (2 mg mL™) solutions for 18 h at 60°C.
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Table 1. Summary of optoelectronic parameters for the polymers studied. An.x is the wavelength corresponding to maximum absorption, a the corre-

sponding absorption coefficient, Ip the ionization potential, and u, the hole mobility at 2.5x 10° Vem™.

-1

Polymer a Amax Ip wn at Type of transport
25%x10°Vem™!
[x 10° cm™] [nm] [eV] [cm? V em™]
MEH-DOO-PPV 1.60 502 5.25 3.3x107° Dispersive
TPD(4M)-MEH-M3EH-PPV 1.67 439 5.30 2.8x107* Dispersive
TPD(4M)-MEH-PPV 1.74 428 5.45 2.0x10° Non-dispersive
F8T2 2.90 460 5.55 107 Highly dispersive

lowing dip-coating in solutions of each of the MEH-PPV-based
polymers. All three sensitize the TiO, well. This may be due to
an interaction between the TiO, surface and the oxygen atoms
of the alkoxy substituents on the MEH-PPV subunits of each
polymer. The TPD(4M)-MEH-M3EH-PPV polymer shows a
better uptake by TiO, than the other two polymers. This may be
due to the higher number of alkoxy substituents in the polymer
repeat unit. Another reason for the better sensitization of
TPD(4M)-MEH-M3EH-PPV compared to TPD(4M)-MEH-
PPV may be the lower average molar mass of the TPD(4M)-
MEH-M3EH-PPV polymer than of TPD(4M)-MEH-PPV
(35700 gmol™ {29 repeated units} < 53100 gmol™ {66 repeated
units}).[zo] It was observed that polymer uptake by porous TiO,
increases with dipping time and temperature.

2.3. Infiltration of Polymer into Porous TiO,

Infiltration of the polymer into the porous TiO, film can be
achieved either by heat or dip-treatment.l*'>!*] Here we show
that pore filling in porous nanocrystalline TiO, electrodes may
be improved by dip-coating. Nanosecond-microsecond spec-
troscopy is a useful technique for monitoring both the charge-
separation yield and the charge-recombination rate in molecu-
lar photovoltaic devices.!'>1420-28 Thjg technique can be applied
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to estimate the extent of polymer penetration into porous TiO,
in a TiO,'polymer structure.'*'* Comparison of the magnitude
of the photoinduced absorption signal for illumination from the
polymer side and from the substrate side indicates the extent of
polymer penetration into the porous TiO,. Provided that the
pore volume exceeds the volume of polymer applied, complete
polymer penetration results in identical photoinduced absorp-
tion signals for illumination from either side, while incomplete
penetration leads to a smaller signal for illumination from the
polymer side, due to the optical filtering of the pump light by
the layer of polymer not incorporated into the porous film.
Figure 4 shows the transient absorption kinetics for porous
TiO/TPD(4M)-MEH-M3EH-PPV at a probe wavelength of
750 nm and porous TiO,/MEH-DOO-PPV at a probe wave-
length of 900 nm under excitation by pulses of intensity
~30 wJ pulse ' ecm™. In each case, the probe wavelength was
chosen as the maximum of the photoinduced absorption spec-
trum recorded after 10 us. No photoinduced absorption signal
was observed at the probe wavelength for pristine films of
either polymer, therefore the observed signal for the composite
films on the (0.1 us—100 ms) timescale can safely be assigned
to hole-polarons rather than to triplet states. The inset shows
the sample structure. Each sample was excited at the peak ab-
sorption wavelength of the polymer (450 nm for TPD(4M)-
MEH-M3EH-PPV and 500 nm for MEH-DOO-PPV).
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Figure 4. Transient absorption kinetics following photoexcitation of ITO/HBL/porous TiO,/polymer using a) TiO,/TPD(4M)-MEH-M3EH-PPV polymer
and b) MEH-DOO-PPV polymer. The inset shows the sample structure: ITO/HBL/porous TiO,/polymer®*, where the superscripts d and s indicate both
‘dip-coated’ and ‘spin-coated’ layers, respectively. The excitation density was about 30 uj pulse™ cm™ (corresponding to 1.3x 10" incident photo-
ns pulse” cm™). The transient absorption is assigned to hole-polarons in the polymer and the decay to interfacial recombination between electrons in
the TiO, and hole-polarons in the polymer. Black lines indicate illumination from the substrate (‘front’) side and gray lines correspond to illumination
from the polymer (‘back’) side.
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The layer structures of each sample are identical with layer
thicknesses of about 50 nm HBL, 100 nm porous TiO,, and
about 50 nm effective polymer thickness, including both dip-
coated and spin-coated layers. We estimated the effective poly-
mer thickness on porous TiO, by comparing the optical absorp-
tion of the polymer-coated TiO, electrode with the known
absorption coefficient of the respective polymer on spectrosil.
The optical density of the active layers after dip- and spin-coat-
ing is about 0.3-0.4 at the pump wavelength. The shape and
magnitude of the transient absorption signals are almost identi-
cal for illumination from the back (polymer side) and front
(substrate side), indicating that polymer penetration is excel-
lent in both structures. However, the decay of the signal in each
case is relatively fast, with a half time of 5-10 us, compared to
the slower recombination times of 100 us—10 ms observed pre-
viously in TiO,/F8T2 solar cells"***! and dye-sensitized solar
cells.?*?"! These recombination times, however, compare rea-
sonably well with values (1-100 us) reported for polymer/ful-
lerene blends, which are used as the active layer in efficient or-
ganic solar cells.”” The slightly faster charge-recombination
kinetics in TiOo/TPD (4M)-MEH-M3EH-PPV compared to
TiO,/MEH-DOO-PPV samples may be due to the higher hole
mobility in the TPD (4M)-MEH-M3EH-PPV polymer."*"

2.4 Exciton Diffusion Length

The exciton diffusion length in TPD (4M)-MEH-M3EH-
PPV polymer was estimated using the method described in the
literature.l”! Figure 5 shows the relative photoluminescence of
the TPD(4M)-MEH-M3EH-PPV polymer layers on ITO and
dense TiO, substrates at 600 nm, as a function of polymer-layer
thickness when the polymer was excited with 450 nm light
through the ITO-coated glass substrate. The photolumines-
cence measurements were taken using a FlouroMax 3.0 spec-

TPD(4M)-MEH-M3EH-PPV

250 T T T T T
light souce
polymer Ve
200+ @ L , % 4
|| detector s,
1504 glass/ITO/dense TiO,/polymer |~ |
measurement geometryo,

polymer on , 7
1004 |TO electrode P 4 polymer on

TiO» electrode

Luminescence (arbitary unit)

50 /0
Exciton diffusion length ~ 15 nm

0 = T T T T
0 20 40 60 80

Polymer layer thickness (nm)

Figure 5. Photoluminescence at 600 nm from a spin-coated TPD (4M)-
MEH-M3EH-PPV polymer layer on ITO (top curve) and on ITO/dense-
TiO, (lower curve) substrates as a function of polymer-layer thickness. The
polymer was excited with 400 nm light through the ITO. The inset shows
the measurement geometry in the spectrofluorimeter.
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trofluorimeter and the insert shows the measurement geome-
try. The polymer-layer thickness on the dense TiO, layer was
estimated from the UV-vis optical absorption of the layer using
the known absorption coefficient of the polymer. The lumines-
cence varies linearly with polymer layer thickness on ITO, and
approximately linearly with polymer thickness on dense TiO,.
For the dense TiO, substrate, the trend predicts complete
quenching of luminescence at a layer thickness of about 15 nm,
and we can therefore estimate the exciton diffusion length in
the polymer as (15%4) nm. This is longer than the exciton dif-
fusion length in F8T2 (~5 nm)"**! but it is similar to that in
MEH-PPV (20 nm).[” The other two PPV polymers also con-
tain MEH-PPV sub-units and we might expect that their exci-
ton diffusion lengths would to be similar to those of TPD(4M)-
MEH-M3EH-PPV and MEH-PPV.

2.5. Photovoltaic Device Performance

We consider now the influence of the hole-transport and
light-havesting properties of the polymer on the performance
of TiO,/polymer phtovoltaic devices. Figure 6 compares the
current-density—voltage (/-V) characteristics of TiO,/polymer
devices based on each of the three MEH-PPV-based polymers
under AM 1.5-equivalent illumination (100 mWcm™>1 sun).
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Yeavpay
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Figure 6. Current-density-voltage (J-V) characteristics of ITO/HBL
(50 nm)/porous TiO, (100 nm)/polymer®* (50 nm)/Au devices under
simulated (100 mWcm™, AM 1.5) solar illumination. The polymers used
were TPD(4M)-MEH-M3EH-PPV (dashed line), MEH-DOO-PPV (solid
line), and TPD-(4M)-MEH-PPV (dotted line).

The device structure and the thicknesses of the layer are as
follows unless stated otherwise: ITO/HBL (50 nm)/porous
TiO, (100 nm)/polymer (50 nm)/Au. The MEH-DOO-PPV
polymer device produced the highest Jgc, while the TPD(4M)-
MEH-M3EH-PPV polymer showed the highest Vo and best
overall device performance. Both MEH-DOO-PPV and
TPD(4M)-MEH-M3EH-PPV polymer devices yield power
conversion efficiencies more than 0.32 % under 1 sun, which is
at least 50 % higher than the best previously reported efficien-
cy for a hybrid TiO,/polymer solar cell.™ The device with the
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highest-hole-mobility polymer, TPD(4M)-MEH-PPV, pro-
duced the lowest Jgc, of only 0.4 mA cm™2, which can be attrib-
uted to the blue-shifted absorption and relatively poor sensiti-
zation by this polymer. Nevertheless, the power conversion
efficiency of this blue polymer device, at 0.19 %, exceeds the
best previously reported efficiency for a TiO,/polymer device
under 1 sun.

As stated above, the Jsc of a TiO,/polymer photovoltaic de-
vice may depend upon the polymer through its light-harvesting
or hole-transport properties. The low Jgc observed for the
highest-mobility TPD(4M)-MEH-PPV polymer, with mobility
more than two orders of magnitude greater than for the MEH-
DOO-PPV polymer, indicates that in these devices, light har-
vesting plays a more important role than charge transport in
determining Jsc. The highest device efficiency is obtained for
the polymer with intermediate light-harvesting and charge-
transport properties, TPD(4M)-MEH-M3EH-PPV. The larger
Voc for TPD(4M)-MEH-M3EH-PPV than for MEH-DOO-
PPV polymer devices may result from either the higher hole
mobility, the larger separation between the highest occupied
molecular orbital (HOMO) level of the polymer and the con-
duction band of TiO,, or both. The influence of the hole mobil-
ity on overall device performance can-
not, therefore, be ruled out.

charge collection at short circuit. The low Au work function
may also lead to an energy step at the interface with a high-/p
(Ip: ionization potential) polymer, which, as we have shown re-
cently,*" may reduce the rate of hole collection. Finally, poten-
tial damage to the polymer surface from evaporated gold may
enhance the probability of exciton quenching near that inter-
face. Therefore, we have studied the effect of introducing a
PEDOT:PSS layer between polymer and top Au contact on the
photovoltaic performance of TiO,/polymer devices based on
all three MEH-PPV-based polymers and on FS8T2.

Figure 7 shows the effect of a PEDOT:PSS layer under the
Au electrode on the J-V characteristics of TiO,/polymer multi-
layer devices under AM 1.5 illumination. The additional lines
in Figure 7a show the effect of a PEDOT:PSS layer on the J-V
characteristics of an ITO/HBL (50 nm)/MEH-DOO-PPV/Au
bilayer device under the same conditions. Table 2 compares
the effect of the PEDOT:PSS layer on the photovoltaic param-
eters of the bilayer device. Short-circuit current densities of all
devices increase by at least 30 % upon introduction of PED-
OT:PSS, and the overall power conversion efficiencies are sig-
nificantly improved. The photovoltaic parameters of our de-
vices are compared with the best previously reported polymer/

As a control, bilayer devices com- (3)1_2 __TiOp/ MEH-DOO-PPV ' (b)1.2 TIO/TPD (4M)-MEH-MIEH-PPV
prising ITO/dense TiO;, (50 nm)/poly- n =0-37% with PEDOT:PSS,
mer (50 nm)/Au were prepared for all ('\'g Multi-layer devices i \ n=041%
three polymers. In each case the effi- I ST , pag] < 081 1
ciency was around 0.04 % under 1 sun, > n=032% 7T e £ T,
which is at least five times smaller § 044 | g 0.4 Jnithout PEDOT:PSS, ]
than that of the device containing an = z n=0.34%
additional porous TiO, layer. This ob- § | g Multilayer devices
servation confirms our previous report 0.0 — “"\\\Y« e
that the device performances improve _ Without PEDOT:PSS !
by more than a factor of five when a 0.0 02 vg|t4a V) 0.6 08 00 02 04 06 08 1.0
thin porous TiO, layer is introduced Voltage (V)
into a bilayer device.'*!
(c) TiOo/TPD-(4M)-MEH-PPV (d) TiO, / F8T2
0el Wi PE‘DOTfPffvﬂo/ ' ] 06l PEDOT:PSS ' ]
2.6. Optimizing Device Design “E o < n=0.21%
£ < 04 . .
Although the Jsc values reported = 0'4"M"""""""""“""*h-ww-m,,. 1 & o Multi-layer devices
above for two of the polymers are the % Without PEDOT:PSS, "’ ", g 0zl o |
highest reported to date for polymer/ Z 024 n=0.19 % 1 3 Without PEDOTU:F;S(S 17% N
TiO, devices, they are still low com- § i ) é \.‘
. . .. Multi-layer devices 5 00 ~
pared to those achievable using similar © %o ' o \\ e
polymers in polymer/fullerene de- "\:\
vices.*? Since it appears that the hole 0.0 02 04 06 08 1.0 _0‘20.0 02 04 06 08 10
mobility is not the primary limiting Voltage (V) Voltage (V)

factor, we also addressed the effect of
the hole-collecting top contact. The
Au top contact in our devices may lim-
it photocurrent collection in several
ways. First, the low effective work-
function of Au when evaporated on
top of polymer films"®* leads to a rela-

tively small electric field to assist isless than 10-15%.
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Figure 7. J-V characteristics of ITO/HBL(50 nm)/porous TiO, (100 nm)/polymer (50 nm)/Au devices
with and without a PEDOT:PSS layer under the Au top contact. The polymers used were a) MEH-DOO-
PPV, b) TPD(4M)-MEH-M3EH-PPV, c) TPD-(4M)-MEH-PPV, and d) F8T2. In each case, the solid
(dashed) lines represent the J-V characteristic of the device with (without) a PEDOT:PSS layer. The ad-
ditional lines in (a) show the J-V characteristic of an ITO/HBL (50 nm)/TPD(4M)-MEH-M3EH-PPV
(50 nm)/Au bilayer devices with and without a PEDOT:PSS layer under the Au contact. All the measure-
ments were performed under simulated (100 mWcm™, AM 1.5) solar illumination. J-V behavior was re-
producible between different devices of the same structure, such that the standard deviation of the data

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. The photovoltaic parameters of an ITO/HBL (50 nm)/MEH-DOO-PPV/Au bilayer device
with and without a PEDOT:PSS layer the Au top contact, measured under AM 1.5 conditions
(100 mWcm™, 1 sun). The values correspond to the J-V characteristics of the bilayer device shown

vice increase when the energy step at the
polymer—-metal interface is reduced.!
The improvement of Jsc may be partly

[
™}
o
S
-l
wd
=
4

in Figure 7a. 4

due to doping of the polymer by PED-
Device Jsc [WA cm™ Voc [mV] FF 7 (%] OT:PSS, and this and other possible rea-
Without PEDOT:PSS 73 648 0528 0,025 sons are dls[(a:él]ssed in detail in a separ?te
With PEDOT-PSS 123 533 0.549 0.039 publication.”™ We note that the qualita-
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TiO, devices in Table 3. The efficiency values for all of our
devices that contain a PEDOT:PSS layer are higher than the
previous best reported values.

Note that although the F8T2 polymer has comparable hole
mobility and better red absorption than the TPD(4M)-MEH-
M3EH-PPV polymer, F8T2-based polymer devices show a low-
er Jsc. This is probably due to the apparently shorter exciton
diffusion length of the FST2 polymer (~ 5 nm),*! stressing an-
other key factor, apart from light harvesting, in photocurrent
generation.

The V¢ decreases upon introduction of a PEDOT:PSS layer
in all devices except for the high-hole-mobility TPD(4M)-
MEH-PPV polymer device, where both Jsc and Vi increase.
The more general reduction in Ve can be explained in terms
of the reduced interfacial energy step at the polymer—top-con-
tact interface upon replacing Au (effective work-function
4.9 eVl with PEDOTPSS (work-function (5.2£0.1) eV).
The reduced barrier for hole injection tends to increase the in-
jected current and reduce Vo, since the open-circuit voltage
of a solar cell is limited by, amongst other factors,* currents
injected from the electrodes opposing the photocurrent. In-
creased charge injection is also evident in the dark currents of
PEDOT:PSS containing devices in all cases.

The effect of PEDOT:PSS in increasing Jsc may have several
explanations. As noted above, these include the possible reduc-
tion in exciton quenching by the metal contact, and the effect
of a larger internal electric field to assist exciton dissociation in
the polymer layer. A further reason may be the improved
charge transfer between polymer and top contact, resulting
from the lower energy step.[34] It has already been reported that
the Jsc and quantum efficiency of a TiO,/polymer bilayer de-

Table 3. The photovoltaic parameters of our multilayer TiO,/polymer devices (shown in Fig. 7) un-
der AM 1.5 conditions (100 mWcm™, 1 sun) are compared with the best reported devices in the

tively similar effect of PEDOT:PSS on the
performance of devices using three poly-
mers with different chemical structure
shows that the mechanism responsible is quite general and is
unlikely to result from an anomalous interaction between poly-
mer and PEDOT:PSS. Instead, it seems that the roles of the
PEDOT:PSS layer in improving hole injection and improving
the quality of the interface are responsible.

In summary, the device with TPD(4M)-MEH-M3EH-PPV
polymer, the material with the best combination of hole-trans-
port, ionization-potential, and light-absorption properties
shows the best performance. The fluorene—thiophene-copo-
lymer device shows poorer performance than the MEH-PPV-
based polymer devices, despite having similar or better light-
absorption and charge-transport properties. This is probably
due to a shorter exciton diffusion length for this polymer.

Although the reported efficiencies here are greater than pre-
viously published values for TiO,/polymer solar cells, they are
still lower than for polymer/fullerene solar cells, largely on ac-
count of relatively low Jgc values. Possible reasons may be the
poor electron mobility of the porous TiO, (~107°-107 cm?
V157 the limited length scale of the nanostructure which
may still allow exciton quenching despite the relatively long ex-
citon diffusion length of MEH-PPV polymers, or the optical
transparency of the TiO,, which contributes nothing to light
harvesting. Future study will therefore focus on optimizing the
metal-oxide layer, in terms of its electron mobility, pore vol-
ume, and morphology.

3. Conclusion

We have studied the effects of conjugated-polymer optoelec-
tronic properties on the performance of a model polymer/TiO,
hybrid system. A comparison of the exci-
ton-transport, charge-transport, and light-
harvesting properties of three different
MEH-PPV-based polymers and a fluo-

literature. o
rene-bithiophene polymer was made. The
Polymer PEDOT:PSS Jsc Voc FF 7 Reference performance of the corresponding photo-
[mA cm™| ™ [%] voltaic devices was also assessed. Our re-
P3UBT x 0.45 0.67 0.29 0.09 [10] sults established that the short-circuit cur-
MEH-PPV x 0.40 1.1 0.42 0.18 [4] rent density is limited primarily by the
F8T2 \Xl g:g g-?i g-:z g-; Th_[”] ) photogeneration rate, and by the quality
. L . .. IS wWor| :
of the interfaces, rather than by the hole-
TPD(4M)-MEH-PPV x 0.41 0.83 0.56 0.19 This work S £ th y |
N 0.57 0.90 0.53 0.27 This work transport  properties ot - the — polymer.
% 0.74 0.78 0.56 0.32 This work Through a study of the sensitization pro-
MEH-DOO-PPV _ . .
3 1.04 0.74 0.48 0.37 This work cess and device design we found that ex-
0.70 0.89 0.55 0.34 Thi k infi 1 i -
TPD(4M)-MEH-M3EH-PPV x Is wor cellent polymer infiltration into the po
N 0.96 0.86 0.50 0.41 This work
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rous metal oxide could be achieved by
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dip-coating, and that including a PEDOT:PSS layer beneath
the top Au contact improves the short-circuit photocurrent in
all cases. An improved TiO,/polymer device incorporating both
dip-coated and PEDOT:PSS layers produced a short-circuit
current density of about 1 mA cm2, a fill factor of 0.50, and an
open-circuit voltage of 0.86 V under 1 sun. The corresponding
overall power conversion efficiencies of these devices were
20.4 % under 1 sun.

4. Experimental

All devices were prepared on ITO-coated glass substrates (~ 1 cm?),
which were first cleaned by ultrasonic agitation in acetone and isopro-
panol. Two types of device structure were prepared: bilayer and multi-
layer. In bilayer device structures, there are two active layers, a dense
TiO; layer and a polymer layer, while in multilayer devices there are
additional active layers such as porous TiO, and dip-and spin-coated
polymer semiconductor layers. In some devices, a PEDOT:PSS layer
was also introduced between the polymer semiconductor and metal
contact (Au). The ITO substrate was first covered with a thin, dense
TiO, layer using a spray-pyrolysis technique [38]. The porous TiO,
layer of thickness about 100 nm was deposited by spin-coating
(2000 rpm (rpm: revolutions per minute)) diluted aqueous colloidal
TiO; paste on to the dense TiO, layer. The layers were then sintered at
450 °C for 30 min in air. The dip-coated layer was prepared on the po-
rous TiO; layer by immersing the TiO, electrode in a solution of poly-
mer in C4HsCl (~ 2 mgmL™) at 40-60 <MO0>C for periods ranging from
6-18 h. The dip-coated film was then “wiped” by a quick blow with dry
nitrogen gas (oxygen-free) and heated at about 50 °C in air. A 50 nm
polymer layer was then deposited on the substrate by spin-coating from
a polymer solution in CgHsCl (10 mg mL™) at 2000 rpm. The thickness
of each of the films on both ITO and spectrosil was measured by a Ten-
cor Alpha-Step 200 profilometer, while the effective polymer thickness
on porous TiO, was estimated by comparing the optical absorption of
the polymer-coated TiO, electrode with the known absorption coeffi-
cient of the polymer on spectrosil, assuming that the TiO, is ~ 50 % po-
rous. In some devices PEDOT:PSS layer was deposited on top of the
polymer layer before depositing the metal contact. The deposition of
PEDOT:PSS on top of the polymer is somewhat tricky as we normally
observe less sensitization for PEDOT:PSS with polymer if we do not
adopt the following procedures: The PEDOT:PSS solution was first un-
trasonicated for 15 min and then heated for 15 min at 90 °C. The solu-
tion was then filtered with a 0.45 pm filter and spin-coated on the dried
semiconducting-polymer layer in a water-free environment. The sam-
ple was then annealed at 100 °C for 5 min under N, gas. It is essential
that the PEDOT:PSS layer should be annealed for not more than
15 min because a longer annealing time degrades the layer [39]. Au
electrodes were deposited either onto the semiconducting-polymer film
or the PEDOT:PSS film by thermal evaporation though a shadow
mask. There were six devices per substrate to check reproducibility and
the area each active device was about 4.2 mm?. The Au-contacted de-
vices were annealed again at 100 °C for 5 min in a N,-gas environment.
The thicknesses of the layers was as follows unless stated otherwise:
HBL(~40 nm)/porous TiO, (~100 nm)/polymer (~50 nm)/PED-
OT:PSS (~ 50 nm)/Au (~ 70 nm). Samples for TOF measurements were
also prepared on ITO and the top contact was aluminum (~ 100 nm).
The thickness of semiconducting polymer in the TOF sample was typi-
cally between 1 and 1.5 um. The J-V measurements were taken in air
with a solar simulator (Sciencetech) and AM 1.5 spectral filter. Calibra-
tion of the light was achieved using a band-pass filter of known trans-
mission combined with a silicon photodiode with independently certi-
fied spectral response. The lamp (high-pressure xenon-type) intensity
was adjusted to give close (5 %) agreement with the theoretical
AM 1.5 photon flux over the spectral region of the polymer absorption
as described in the literature [27]. Photoinduced charge-transfer yield
and recombination kinetics were measured in samples without any top

Adv. Funct. Mater. 2005, 15, No. 4, April

http://www.afm-journal.de

contact using nanosecond-millisecond transient optical spectroscopy as
described elsewhere [13]. The relative luminescence intensity at
600 nm was measured as a function of polymer thickness spin-coated
on ITO-coated substrates and with an additional 50 nm dense TiO,
layer. A FluoroMax 3.0 spectrofluorimeter was used for this with
440 nm excitation through the substrate. Room temperature TOF mea-
surements were made using a Nd:YAG frequency-tripled laser
(A=355 nm, 7=6 ns, 2 Hz) as the excitation source. The sample was
illuminated from the ITO side. Care was taken to keep the generated
charge less than 5 % of the capacitor charge stored on the sample to
avoid space—charge effects. Cyclic voltammetry measurements were
also carried out to determine the ionization potential of all four poly-
mers using a standard three-electrode cell comprising a Pt wire as
counter-electrode, the polymer film on conducting glass as the working
electrode, and an Ag/AgCl reference electrode. A redox inactive elec-
trolyte (0.1 M tetrabutylammonium tetrafluoroborate) was used to
minimize the effect of transport of analyte through migration to the
working electrode. The electrolyte solution was prepared in a glove-
box filled with dry nitrogen gas.
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