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We report a study of the optimization of power conversion efficiency in hybrid solar cells based on
nanostructured titanium dioxide and a d@(2-ethylhexyloxy-5-methoxy-1,4-phenylenevinylehe
(MEH-PPV) based conjugated polymer. Charge collection efficiency is enhanced by introducing a
poly(ethylenedioxythiophenfpolystyrene sulphonat€®EDOT) layer (under the gold electrod@s

the hole collector. Device performance is maximized for a device with a net active layer thickness
of 100 nm. The optimized device has peak external quantum efficiercl€86 at the polymer’s
maximum absorption wavelength and yield short circuit current desstymA cni? for air mass

(AM) 1.5 conditiong100 mW cn?, 1 sun. The AM 1.5 open circuit voltage for this device is 0.64

V and the fill factor is 0.43, resulting in an overall power conversion efficiency of 0.58200%
American Institute of PhysicDOI: 10.1063/1.1890468

Solar cells based on soluble conjugated polymers are afurf) are still low compared to the best values for other
great interest because of the potential low cost of productiopolymer-based solar cells. Performance is typically limited
by solution processing. Distributed heterojunctions based oby low external quantum efficiency, which leads to low short
blends of polymers with fullerene derivatives are the bestircuit current densitiés"®=° of only a few hundreds of
studied devices and to date have yielded the highestA cm 2 compared to over 5 mA crifor polymer-fullerene
efficiencies. However, the use of fullerenes as electron ac-devices made from similar polymers. The low short circuit
ceptors has some disadvantages such as segregation of therent density may be attributed to low interfacial area,
components during aging and relatively poor photostabilityshort exciton diffusion lengths for the polymer compared to
Metal oxides such as TiF *ZnO.> and SnQ are promising  the pore size of the nanostructured film, poor polymer hole
as alternative electron acceptors. They offer good electromobility, or fast interfacial recombination. In a separate
transport properties, excellent physical and chemical stabilitgtudy of the relationship between polymer optoelectronic
and fabrication via facile techniques. Moreover they offer theproperties and device performari®aye have found that the
possibility of control of the microstructure in order to createfactors in an optimized device structure with greatest influ-
a large interfacial area when coated with a polymer film.  ence on device efficiency are the polymer exciton diffusion

Since the first demonstration of working bilayer 5i0  |ength and absorption range, followed by the hole mobility.
polymer device$, several attempts to increase the charge |n this letter we report the optimization of the device
separation efficiency by increasing the FiOpolymer inter-  structure for a hybrid MEH-PPV polymer /Ti®hotovoltaic
facial area have been reporttd®~'°in some early studie¥,  (Pv) device. We focus on a system consisting of the
overall device performance was limited by poor penetratiorcopolymer, pol{{1, 4-phenylené4-methylphenylamino-4,
of the spin-coated polymer into the porous film, but through4’ - diphenylene¢4 - methylphenylamino-1,  4-phenylene-

a range of strategies this problem is now effectively solvedethenylee-2-methox-5-(2-ethylhexyloxy-1, -phenylene-
These strategies include, the use of thinl00 nm nano-  ethenylengco{2, 5-dimethoxy-1, 4-phenylene-ethenylene-
porous metal oxide film$ melt processing of a polymer 2-methoxy-5(2-ethylhexyloxy-1, 4-phenylene-ethenyleie
possessing a liquid-crystalline phase into porous ,TiO (TPD(4M)-MEH-M3EH-PPVW)'® and nanocrystalline porous
electrodes:’ dipcoating the porous Tifelectrode in a dilute  TiO,. TPD(4M)-MEH-M3EH-PPV was selected for its high
polymer solution before spin coating a second polymemhole mobility (~3x 104 cm?2V~1stat 2.5 10° V/cm),
layer,*° and the formation of a Ti@polymer bulk hetero- visible absorption rangé300-525 nri ability to sensitize
junction by in situ conversion of a titanium isopropoxide TiO, (possibly assisted by the alkoxy side chain oxygen at-
precursor codeposited from solution with a conjugatedoms), relatively long exciton diffusion length~15 nm and
polymer. moderate ionization potentiéb.3 eV).'° This combination of

Despite the successful interpenetration of polymer angyroperties was shown in Ref. 10 to lead to the best perfor-
metal o_xi_de components, the highest reported external quagance from among a group of similar polymers.
tum efficiency(EQE) (25% at 435 nrf) and power conver- The devices were fabricated as described in Ref. 10. Six
sion efficiencies for TiQ/ polymer hybrids(<0.2% under 1 gevices were fabricated per substrate to check reproducibil-
ity. Each device(area=4.2 mr) consists of four layers on
¥Electronic mail: jenny.nelson@imperial.ac.uk top of the indium tin oxidg1TO) substrate, namely a dense
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TiO, hole blocking layer(HBL), a porous nanocrystalline 164
TiO, layer, a dip-coated polymer layer, and a spin-coated
polymer layer. It is important to note that the polarity of the
device is the reverse of most organic PV devices, such that
electrons, not holes, travel towards the ITO. Because of the
high temperature processing of the Fifdms, it is necessary
that the TiQ is deposited on the ITO before the organic
layers, and this requires that the ITO acts as the electron
collecting electrode, and the top contact as the hole collector.
The thicknesses of the layers in each device weirdess 044 without PEDOT
stated otherwige as follows: HBL (~40 nm), porous n=0.23%
TiO, (~100 nm), dip and spin coated polymegr~50 nm 0.0 . . '
combined, PEDOT(~50 nm), and Au(~70 nm. The HBL 0.0 0.2 0.4 0.6 0.8
is required to prevent shunt paths between the polymer and Voltage (V)
the ITO substrate. The porous TiCayer is required to in-
crease the interfacial area for charge separation, as shown 'f{\oGd 1w3—\{20rarade;i5“clsgl U”dgf AM IlT-g /S:gj‘[/spec”ur?_ i”‘i‘;igﬁon
Ref. 7 The dip coating step improves both the sensitizat?oé] - /?P&TM)-NTEZ— ,?A;é“Hf'Pag\i;Oe:]’%ef PEDOTXNE) / Aci) :,%ﬂ(] x
of the TiO, film compared to spin coating alone and the fill —5q nm or without(X=0 nm) the PEDOT layer. The inset shows the dark
factor of the TiQ / polymer device leading to an increase of J-v characteristics of the multilayer device with PED@8olid line) and
50% in the overall power conversion efficiency. The final, without (dash ling.
spin coated polymer layer is required to fill the pores, thus
increasing optical density and improving film uniformity.  possibility is that PEDOT improves collection by minimizing
For porous TiQ film deposition, colloidal TiQ the energy step between polymer and top contact.
(~20 nm diameterpaste synthesized as described in Ref. 11Experimental and simulatiof® studies show that interfacial
was dissolved in tetrahydrofuraifHF) (10 mg/m) and de-  energy steps should be minimized for efficient charge trans-
posited by spin coating followed by sintering at 450 °C. Infer between active layers and electrodes. It has been shown
some devices, a layer of PEDOT:PSBAYTRON P, HC  that the work function of Au on top of conjugated polymers
Stark, standard gragiéen aqueous dispersion was deposited may be smaller than the expected value of 5.1 eV by 0.2-0.3
on top of the polymer layer before depositing the metal conev'* Since the ionization potential of TREM)-MEH-
tact. In order to improve the wetting of the polymer by the M3EH-PPV polymer is 5.3 eV the energy step at the poly-
PEDOT:PSS, the PEDOT solution was first untrasonicategner / Au interface is expected to be at least 0.4 eV in the
for 15 min and then heated for 15 min at 90 °C, filtered withdevice without the PEDOT layer. In contrast, for the device
a 0.45um filter and spin coated on the dried semiconductingwith the PEDOT layer there should be no interfacial energy
polymer layer in a water free environment. The sample wastep because the PEDOT work function of 5.2-5.3 eV is
then annealed at 100 °C for 5 min undeg das.J-V and  similar to the ionization potential of the polym&rThe inset
quantum efficiency measurements were made in air as deo Fig. 1 shows that the forward-bias dark current for the
scribed in Ref. 7. Photoinduced charge transfer yield angjevice with PEDOT is much highdf.00 times at+1.5 V)
recombination kinetics were measured on ITO / HBL/ poroushan for the device without PEDOT, confirming that the en-
TiO, / polymer samplegwithout PEDOT and Al using  ergy barrier for hole injection at the polymer / metal interface
nanosecond-millisecond transient optical spectroscopy as reduced by introduction of the PEDOT layer. The decrease
described in Ref. 10. Such measurements of the photoinn Vv, upon introduction of the PEDOT layer is also quite
duced charge transfer yield confirm that polymer infiltrationconsistent with a reduced interfacial energy step and in-
into the porous TiQis excellent.’ creased hole injection. Note that the effect \dgc is the
Figure 1 shows)-V characteristics of two devices pre- reverse of that expected, o was controlled by the differ-
pared as described above with and without the PEDOT layegnce in electrode work functions.
under AM1.5 equivalent illuminatiori100 mW cm?). The In order to optimize the device structure, we varied the
inset shows the corresponding dark/ characteristics of the thickness of the active layers. The inset to Fifa) Zhows
cells. The PEDOT layer increases the short circuit currenthe AM 1.5 power conversion efficiencies for devices with
density(Jsc) from 0.6 to 1.6 mA cri. The open circuit volt-  different porous TiQ layer thicknesses, from 100 to 500 nm
age(Voc), however, slightly decreases by about 0.1 V. Thefor a fixed semiconducting polymer thickness of 100 nm.
overall efficiency is approximately doubledfrom #  The efficiency is maximum when the ratio of the porous
=0.23% to 0.43% Although PEDOT is well known to im-  TiO, layer thickness to the effective polymer layer thickness
prove the performance of organic PV devices, it has noris about 2:1. This result is reasonable, since there should be
mally been used in the conventional polarity where PEDOTjust enough polymer to fill the pores at this ratio, assuming
is deposited on to ITO and the ITO acts as hole collector. that the porosity of the Ti©films is about 50%. Next, keep-
There are several possible reasons for the improvemerig the optimum ratio of 2:1 for the porous Ti@nd semi-
in Jgc resulting from insertion of the PEDOT layer. One conducting polymer layer thicknesses the effect of total de-
explanation is that PEDOT may cause a chemical doping ofice thickness was studied. FiguréaR compares thel-V
the polymer that reduces the contact resistance between tiebaracteristics for thick200 nm porous TiQ 100 nm poly-
polymer and metal contact. A second possibility is that themen and thin(100 nm porous Ti@ 50 nm polymer devices
PEDOT layer may protect the polymer film from damageunder AM 1.5 conditions. The thin device shows an open
during evaporation of the Au electrodfewhich could lead to  circuit voltageVoc=0.64 V, a short circuit current density
an increase in the series resistance of the device. A thirdsc=2.1 mA cmi? and a fill factor of 0.43. Its resulting AM
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(a) T T TABLE |. Comparison of the performand@M 1.5) of our devices with

< 0.28
24 * that of the best previously reported hybrid TiOpolymer solar cells.
0.24 e

& 2.0 g ' -
’g = 020 Jsc Voc 7
< 46 ot Polymer (mAcm?) (V) FF (%) Reference
E - n=0.58 % "®"760 260 306 400 560
- orous TiO2 layer thickness {(nmj
2 4, | F8T2 0.40 0.94 0.440.17 7
§ ............ MEH-PPV 0.40 1.10 0.420.18 4
E 08 Thick device™ ., - MDMO-PPV 0.60 0.51 0.420.19 6
=S n=027% TPD(4M)-MEH-M3EH-PPV 2.10 0.64 0.430.58 This work
© 044

3Performance under 70 mW ¢/ while others under 100 mW cth

0.0 T T
0.0 0.2 0.4 06 0.8

® Voltage (V) der AM1.5 conditions of 2.1 mA cii. Table | compares the
performance characteristics of our devices with the best pre-
viously reported hybrid TiQ / polymer solar cells under

T
g
=

401 A AML1.5 illumination. The better performance of our device
] Device 18 can be attributed to improvements in device design, polymer

pore penetration, and the specific properties of the polymer,
including its hole mobility and ability to sensitize T}O

External Quantum Efficiency, EQE (%)
Absorption coefficient ( x10° cm™)

20-M polymer o In conclusion, we have reported high efficiency
' multilayer hybrid TiG / polymer solar cells based on nano-
104 Loa crystalline TiG and a TPD containing MEH-PPV polymer.
We observe strong effects both from introduction of a PE-
0 . . . . ] 0.0 DOT layer and from optimizing the active layer thickness on
300 350 400 450 500 550 600 the photovoltaic performance of the device.
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