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Charge transport in TiO 2 ÕMEH-PPV polymer photovoltaics
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We study the effect of polymer thickness, hole mobility, and morphology on the device properties of
polymer-based photovoltaics consisting of MEH-PPV as the optically active layer, TiO2 as the exciton disso-
ciation surface, and ITO and Au electrodes. We demonstrate that the conversion efficiency in these polymer-
based photovoltaics is primarily limited by the short exciton diffusion length combined with a low carrier
mobility. For MEH-PPV devices with optimal device geometry, we achieve quantum efficiencies of 6% at the
maximum absorption of the polymer, open circuit voltages of 1.1 V, current densities of 0.4 mA/cm2 and
rectification ratios greater than 105 under 100 mW/cm2 white light illumination. In addition, we achieve fill
factors up to 42% at high light intensities and as high as 69% at low light intensities. We conclude by
presenting a model that describes charge transport in solid-state polymer/TiO2-based photovoltaics and suggest
methods for improving energy conversion efficiencies in polymer-based photovoltaics.
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I. INTRODUCTION

Over the last decade, polymer-based semiconductors
emerged as a novel class of optoelectronic materials
combine the potential of high power efficiency with inexpe
sive liquid based processing over large areas. Significan
fort in this field has focused on improving the material pur
and optoelectronic properties as well as understanding
injection and transport properties of electrons, holes, and
citons in semiconducting polymers. As a partial conseque
of this effort, polymer light emitting diodes~LED’s! have
recently achieved quantum and power efficiencies com
rable to inorganic LED’s and are now on the brink of com
mercialization. Nonetheless, while charge injection and e
ton recombination has been well studied in polymer-ba
semiconductors, the reverse process, namely charge ge
tion and exciton dissociation, has yet to be as well und
stood and optimized. Recently, several groups have achie
power efficiencies for polymer-based solar cells approach
4% conversion efficiency over the absorption region of
polymer using either polymer-polymer or polyme
nanoparticle blends to improve exciton dissociation.1–3

While this work is encouraging, the quantum efficiencies
still significantly below either amorphous silicon or dy
sensitized electrochemical cells.4 Moreover, a significant
amount of photon-aided charge injection, trapping, and
combination can occur in polymer-based photovoltaics, m
ing the interpretation of the electrical data~i.e., the current-
voltage characteristics! difficult.5

In this paper, we focus on understanding the mechani
for charge generation, transport, and exciton dissociatio
poly (2-methoxy,5-(28-ethyl-hexyloxy)-p-phenyleneviny-
lene) ~MEH-PPV! polymer-based photovoltaic devices in
dry nitrogen atmosphere where charge injection in the
ward bias has been substantially reduced using a TiO2 bar-
rier. Although MEH-PPV is not the most efficient photovo
taic material, we have chosen it for these studies because
0163-1829/2001/64~12!/125205~9!/$20.00 64 1252
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well characterized and highly reproducible with a low intri
sic trap density.6 We study the electrical characteristics a
photoaction current spectra for TiO2/MEH-PPV devices with
indium tin oxide ~ITO! and Au contacts as a function o
polymer thickness, polymer mobility, and the morphology
the TiO2/polymer interface. We find for optimal device ge
ometry a quantum efficiency of 6% at the maximum abso
tion of the polymer, open circuit voltages of 1.1 V, curre
densities of 0.4 mA/cm2, fill factors of 42% and rectification
ratios greater than 105 under 100 mW/cm2 white light illu-
mination. Our results on nonblended MEH-PPV based
vices are comparable to results for electron-transpor
polymers and nanoparticles blended into MEH-PPV.1,2 We
propose a charge transport model to understand our re
and discuss the ramifications of this model for achiev
higher power efficiencies in polymer-based photovoltaics

II. EXPERIMENT

Photovoltaic devices of the structure ITO/TiO2 sol-gel/
MEH-PPV/Au, as shown in Fig. 1, are constructed by sp
ning down first a titanium dioxide (TiO2) sol-gel and then
the photoactive polymer MEH-PPV over indium tin oxid
~ITO! patterned glass. The TiO2 sol-gel is formed via a pre-
curser solution, as described elsewhere.7 After being spun
cast, the sol-gel is heated under vacuum~;25 in Hg! at
125 °C for 1 h tobake out solvents and other impurities. F
sintered layers, the slide is then baked at 450 °C under at
spheric pressure for another hour in order to convert the
structure to crystalline anatase. As an alternative to the
gel film, a solution of 13-nm diameter anatase TiO2 nanopar-
ticles suspended in water is deposited via spin casting
annealed at 450 °C for 1 h. The slide is next brought int
dry nitrogen atmosphere glove box and cleaned prior to
deposition of the MEH-PPV polymer~in p-xylene solvent!
via spin coating. The thickness of the polymer layer is co
trolled both by spin speed and by the concentration of po
©2001 The American Physical Society05-1
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FIG. 1. ~a! A side view of the
layered structure for the
ITO/TiO2 /MEH-PPV/Au devices.
~b! An AFM image of a TiO2

nanoparticle layer.~c! An AFM
image of a sintered TiO2 sol-gel
layer.
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mer in the solvent with average values of 2000 rpm a
0.8% by weight, respectively. We test two different proc
dures for removing the solvent from the polymer film. T
first method, annealing, requires heating the slide overn
at 100 °C and then placing it in a vacuum on the order
1026 torr for 2 h before evaporating the gold patterned el
trode over the polymer film. For the nonannealing techniq
the slide is placed in the same vacuum overnight before
deposition of the gold contact. For comparison purposes,
vices of the type ITO/PEDT/MEH-PPV/Al are constructed
a similar fashion, with the poly~ethyldioxy-thiophene!
PEDT film deposited by the spin casting method.8 All device
areas are 3 mm2 with six devices per substrate to check r
producibility.

The thicknesses of both the TiO2 and the polymer films
are determined using an atomic force microscope~AFM! in
contact mode. Thicknesses for the MEH-PPV range from
to 200 nm. The TiO2 sol-gel and nanoparticle films are 5
and 300 nm thick, respectively. We also use AFM to meas
the roughness of the TiO2 films. Both sintered and nonsin
tered sol-gel films are very smooth, with variations on t
order of only 2 nm@Fig. 1~c!#. Contrasted to this are th
rough nanoparticle layers that have variations up to 100
@Fig. 1~b!#. The thickness of the gold electrode, measu
during evaporation via a crystal monitor, is 25 nm.

Electronic transport in the ITO/TiO2/MEH-PPV/Au de-
vices is studied via current density voltage (J-V) curves,
taken using a 2400 Keithley source meter by sourcing v
age across the ITO~positive! and gold~negative! electrodes
and measuring the resulting current density. Due to the
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versed internal field, measurements on the ITO/PEDT/ME
PPV/Al devices are taken by sourcing ITO negative and
positive. The voltage is sourced from21.0 to 1.0 V in 0.02
V steps. TheseJ-V curves are taken both in the dark an
under white illumination provided by a halogen sour
through the ITO electrode. Light intensities vary from 5
220 mW/cm2.9

Photoaction current spectra are taken at zero bias usi
halogen light source, monochrometer, chopper, and loc
amplifier, as described elsewhere.10 To prevent oxygen from
diffusing into the polymer layer and creating addition
charge traps, the devices are transferred out of the glove
inside of a sealed test chamber. They therefore remain u
the same dry nitrogen atmosphere throughout the phot
tion current spectra measurements. Reference spectra
taken using a calibrated silicon solar cell. Absorption spec
are taken with anN & K optical spectrometer.

III. RESULTS

For devices of the type ITO/TiO2/photoactive polymer/
Au, the open circuit voltageVoc ~i.e., the applied voltage a
which the current density is zero! under illumination is de-
termined by the difference between the quasi-Fermi ene
level of the TiO2 ~;4.2 eV! and the work function of the Au
electrode or the HOMO level of the MEH-PPV.4,7 In our
system, the Au electrode~work function 5.1 eV! forms a
nearly Ohmic contact with the HOMO of MEH-PPV~5.3
eV!. Such devices exhibit low dark current densities in fo
ward bias as well as a saturation of the photocurrent den
5-2
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in forward bias under illumination. The exciton dissociati
occurs at the TiO2-polymer interface, with transfer of th
electron to the TiO2 as the important process for charg
collection.7,10 Moreover, TiO2 serves as an effective hol
blocker.

Our focus in this paper is to understand what determi
the energy conversion~or power! efficiencies in polymer-
based photovoltaic devices consisting of a TiO2 layer as the
main exciton dissociation site with MEH-PPV as the pho
active polymer semiconductor. Our results consist of m
surements where we have modified the polymer thickn
the polymer morphology through annealing, and the surf
roughness of the TiO2 layer. Such changes are expected
systematically probe the effects of internal resistance, p
mer hole mobility, and surface area of the exciton dissoc
tion site on the charge transport properties of polymer-ba
photovoltaics.

A. Polymer thickness

Open circuit voltage (Voc), short circuit current density
(Jsc), and the fill factor are measured for polymer thic
nesses of 63, 75, 95, and 200 nm for the ITO/sintered T2
sol-gel/MEH-PPV/Au devices by examining theJ-V curves.
The short circuit current density is measured at zero app
bias, while the fill factor is the maximum power delivered
an external load, normalized by the values ofJsc andVoc:

fill factor ~ ff !5~V3J!max/~Voc3Jsc!.

Under white light conditions, the energy conversion e
ciencyhP is given by

hP5Jsc* ff * Voc/I n ,

where I n is the intensity of incident light. The short circu
current density depends directly on the external quantum
ficiency, the number of carriers collected/number of incid
photons.

On average, the thinner polymer devices~63 and 75 nm!
have short circuit currents up to 150mA/cm2 at white-light
intensities near 100 mW/cm2, while averages for the thicke
devices~200 nm! are approximately half that value. Qualita
tively, it is possible to understand why the current dens
increases with decreasing polymer thickness, conversel
the fraction of absorbed light. Although an increase in
thickness of the photoactive layer leads to greater absorp
and exciton generation, it is generally only the excitons g
erated within the diffusion length, 2063 nm,11 of either of
the electrode-polymer interfaces that are able to contribut
the current density. Other excitons produced deeper wi
the polymer recombine or are trapped before they can
the device. Once the exciton has been dissociated,
charge is immediately transferred to the close electrode w
the remaining one must transverse the polymer layer to re
the opposite electrode. Because of this, thinner layers, w
correspondingly fewer traps and fewer chances for recom
nation, allow more current to exit the device. Our results
in agreement with previous work12 although we observe a
less dramatic effect because the exciton dissociation in
12520
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devices is occurring at the transparent electrode and bec
our thicknesses are well above the exciton diffusion leng

In addition, one must take into account the attenuation
light within the polymer. Due to an attenuation length on t
order of 110 nm, only a fraction of the incident light reach
the polymer-gold interface. Approximately half the light
transmitted for the thinner devices and about 16% for
thicker 200 nm devices. For this reason, as well as mob
reasons discussed below, it is mainly the dissociation at
TiO2-polymer interface that actively contributes to the cu
rent density.

Comparison of the thinner devices with the thicker ME
PPV device demonstrates that overall the thinner dev
have higher fill factors. Fill factors at high light intensit
range from 37% for the 63 nm polymer layer device to 25
for the 200 nm device~Fig. 2!. The lower fill factor for
thicker polymer layers is most likely due to higher resisti
losses. A majority of the charge dissociation occurs at
TiO2-polymer interface and the holes must traverse the th
ness of the polymer to reach the opposite electrode. A thic
layer also requires a higher voltage across the device
achieve the same electric field needed to enable exciton
sociation. Figure 3 plots the current density against the
plied voltage for these devices on a semilog scale for vari
light intensities. As one would expect, higher values are s
for both Voc and Jsc for higher incident light intensity. Fill
factors, however, decrease for higher light intensities.

Improvement in device performance has been observe
devices age. Open circuit voltages and fill factors gener
increase as a device ages from a few days to a few mon
Since gold does not initially make very good contact to m
polymers, these changes are likely due to slow annealin
the gold/polymer interface, creating a better contact a
leading to more efficient removal of holes from the device13

Such an effect can be partially simulated by thermal ann
ing of the gold electrode once it has been evaporated onto
polymer.

Photoaction current spectra are taken at zero bias to m

FIG. 2. Current density as a function of applied voltage
devices of the type ITO/sintered TiO2 sol-gel/MEH-PPV/Au. Poly-
mer MEH-PPV thicknesses are 63 nm~closed squares!, 75 nm
~closed circles!, 95 nm~open circles!, and 200 nm~open squares!.
5-3
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BREEZE, SCHLESINGER, CARTER, AND BROCK PHYSICAL REVIEW B64 125205
sure the external quantum efficiency. As can be seen in
4, quantum efficiencies for the sintered sol-gel devices
crease as a function of decreasing polymer thickness, ran
from a 1.6% peak for the 200-nm MEH-PPV layer to a 3.3
peak for the 65-nm layer, consistent with the factor of
increase seen for the short circuit current densities. The
sorption spectra for MEH-PPV is also shown in Fig. 4 f
comparison; the peak device efficiency, located in the ra
of 498–503 nm, is closely correlated to the peak of 479
for the absorption spectrum. This symbaticlike result is
pected for a device where the exciton dissociation occur
the light incident interface. When the exciton dissociati
contact is moved to the opposite side of the device as
incident light, such as for ITO/Al electrode devices, the ph

FIG. 3. The absolute value of the current density as a functio
applied voltage at various light intensities for an ITO/sintered T2

sol-gel/75 nm MEH-PPV/Au device. Light intensities are appro
mately 220 mW/cm2 ~closed squares!, 100 mW/cm2 ~closed
circles!, 5 mW/cm2 ~open circles!, and dark~open squares!.

FIG. 4. External quantum efficiency plotted as a function
wavelength for ITO/sintered TiO2 sol-gel/MEH-PPV/Au devices.
Polymer MEH-PPV thicknesses are 63 nm~closed squares!, 75 nm
~closed circles!, 95 nm~open circles!, and 200 nm~open squares!.
The absorption coefficient~dashed line! for MEH-PPV is included
for comparison.
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rather than the absorption maximum.7

B. Polymer mobility

Devices with annealed polymer layers have roughly tw
the short circuit current density compared to nonannea
devices. Figure 5 showsJ-V curves for devices with 75 nm
of annealed and nonannealed MEH-PPV. Note that th
measurements are for devices only one day old; as expla
above, the device performance improves with age. Hole m
bility in MEH-PPV is measured for annealed and nona
nealed MEH-PPV devices of the type ITO/PEDT/MEH
PPV/Al by takingJ-V curves in the range of 5–12 V an
fitting the results to a space-charge limited form for a sin
carrier ~Fig. 5 inset!,

J59/8«mE2/L.

Here,E is the electric field across the device,L is the poly-
mer thickness, and a value of«53.1310211C2/(Nm2) is
assumed for the polymer. A Poole-Frenkel-like form,m
5m0 exp@0.89gsqrt(E)#, is assumed for the mobility.6

Nonannealed devices are found to have an average mob
of 1.131027 cm2/V s, while annealed devices averag
slightly more than twice that at 2.731027 cm2/V s. The im-
provement in polymer mobility with annealing is probab
caused by interchain aggregation and partial crystalliza
in the polymer. Since increasing the mobility can lead
higher exciton dissociation efficiencies, the higher mobil
could result in the higher current densities seen in the
nealed devices. Annealing does not seem to substantially
fect either the open circuit voltage or the fill factor.

C. TiO2 morphology

Three different forms of TiO2 were used to investigate th
effects of TiO2 morphology on the device physics and pe

f

f

FIG. 5. Current density as a function of applied voltage
annealed and nonannealed MEH-PPV in ITO/sintered TiO2 sol-gel/
MEH-PPV/Au devices. The MEH-PPV layer thickness is 75 n
and the incident light intensity is 100 mW/cm2. Inset: Linear fits of
ln(J/E2) vs sqrt(E) give the field independent mobility termm0 .
5-4
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CHARGE TRANSPORT IN TiO2 /MEH-PPV POLYMER . . . PHYSICAL REVIEW B 64 125205
formance: sintered sol-gel, nonsintered sol-gel, and ana
TiO2 nanoparticle layers.14 Sintered and nonsintered sol-g
layers are both reasonably smooth, with an average sur
roughness of 2 nm compared to the nanoparticle layers
can have as much as a 100 nm peak-to-peak roughnes
shown in Fig. 1.

We observe higher current densities and more than do
the external quantum efficiencies for sintered devices c
pared to their nonsintered counterparts~Figs. 6 and 8!. For
example, a 95-nm MEH-PPV sintered device has 2.3% p
efficiency while an analogous nonsintered device has o
0.9% peak efficiency~Fig. 8!. Since the morphology of the
TiO2 layers are fairly similar, it is likely that these chang
are due to a shift in the TiO2 Fermi energy level during
sintering, leading to more efficient exciton dissociati

FIG. 6. Current density as a function of applied voltage
ITO/TiO2/95 nm MEH-PPV/Au devices of various TiO2 layer mor-
phologies: TiO2 nanoparticle layer~closed squares!, TiO2 sintered
sol-gel~closed circles!, and TiO2 nonsintered sol-gel~open circles!.
The incident light intensity is 100 mW/cm2.

FIG. 7. The absolute value of the current density as a functio
applied voltage at various light intensities for ITO/sintered Ti2

nanoparticles/95 nm MEH-PPV/Au device. Light intensities are 2
mW/cm2 ~closed squares!, 100 mW/cm2 ~closed circles!, 5 mW/cm2

~open circles!, and dark~open squares!.
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which is reflected in a slightly higher open circuit voltage.
should be noted, though, that sintering the sol-gel can so
times subject the layer to small cracks and therefore to pa
shorting which increases the dark current and reduces
the open circuit voltage and the fill factor.

Devices made using sintered TiO2 nanoparticle layers
show noticeable improvements in short circuit current d
sity of up to 0.4 mA/cm2, open circuit voltages of 1.1 V, and
fill factors of 40% at incident light intensity near 10
mW/cm2 ~Fig. 7!. Quantum efficiency is correspondingly im
proved, with values as high as 6.4%~Fig. 8!. These features
can likely be explained by considering the rougher surface
the nanoparticle layer as compared to a sol-gel layer.
increased surface area of the dissociation interface lead
higher charge extraction from the device and a subseq
decrease in charge recombination.

D. Comparison with other results

Although TiO2 layers have been used extensively in dy
sensitized liquid and solid-state solar cells,4,15 their use in
other types of polymer-based solar cells has been m
limited.11,16,17An initial attempt to use a non-dye-sensitize
TiO2 crystalline layer in devices of the type ITO/TiO2/zinc
phthalocyanine ~ZnPc!/Au demonstrated that the
TiO2-photoactive material junction showed promise for ph
tovoltaic devices.15 Later results confirmed that th
TiO2-polymer ~PPV and MEH-PPV! interface acts as a dis
sociation site for excitons generated in the polymer, due
the high electron affinity of the TiO2 and the low ionization
potential of the chosen polymer.10,16,17Arangoet al. demon-
strated that TiO2 films that suppress electrical contact b
tween the ITO and the polymer take on the role of the el
tron electrode; rather than the ITO, it is the quasi-Fermi le
of the TiO2 which contributes to the determination of th
internal field for the device.10

r

f

0

FIG. 8. External quantum efficiency plotted as a function
wavelength for ITO/TiO2/95 nm MEH-PPV/Au devices of various
TiO2 layer morphologies: TiO2 nanoparticle layer~closed squares!,
TiO2 sintered sol-gel~closed circles!, and TiO2 nonsintered sol-gel
~open circles!. The absorption coefficient for MEH-PPV is include
for comparison.
5-5
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Many experiments on homogeneous MEH-PPV polym
photovoltaic devices have used ITO as the semitranspa
hole collecting electrode and either aluminum, magnesi
or calcium as the electron collecting back electrode.5,18–19

External quantum efficiencies for these devices range f
0.02% up to about 1%, with open circuit voltages of 0.8–
V and fill factors up to only 25%. In contrast, similar devic
that use TiO2 as the anode and either Au~Ref. 7 and this
work! or Hg ~Ref. 11! as the cathode produce quantum e
ciencies of 1.5–6.4% and fill factors of up to 52% for simil
open circuit voltages ranging from 0.7–1.1 V. The differen
between these two approaches which leads to better effic
cies and fill factors is the direction of the internal field wi
respect to that of the incident light.

In a cell consisting of ITO/polymer/Al~or Mg or Ca!, the
internal field created by the difference in electrode wo
functions is such that holes exit through the ITO and el
trons are drawn to the opposite electrode when operatin
open circuit mode. As discussed earlier, a majority of
light will be absorbed at the incident electrode. For lig
incident through the semitransparent ITO, holes will imm
diately exit through the ITO while electrons must trav
through the entire polymer layer to reach the opposite e
trode@Fig. 9~b!#. Low electron mobilities in these polymer
on the order of 1029 cm2/V s, lead to lower efficiencies an
fill factors. In contrast, the ITO/TiO2/polymer/Au ~or Hg!
devices have an internal field in the opposite direction s
that the TiO2 collects electrons and the holes go to the
@Fig. 9~a!#. With light incident through the ITO/TiO2 side,
the greatest concentration of excitons are conveniently

FIG. 9. ~a! Flat band energy-level diagram for ITO/TiO2/
MEH-PPV/Au devices.~b! Flat band energy-level diagram for ITO
PEDT/MEH-PPV/Al devices.
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cated next to the TiO2/polymer dissociation interface. Onc
dissociation occurs, electrons are immediately transferre
the TiO2 and the holes, with a relatively higher mobility
travel to the opposite electrode to exit the device. This eff
contributes to the higher quantum efficiencies and fill facto
Figure 10 showsJ-V curves comparing these two types
devices ~ITO/TiO2 sol-gel/MEH-PPV/Au and ITO/PEDT/
MEH-PPV/Al! for 63-nm polymer layers. The ITO/PEDT
MEH-PPV/Al device has a short circuit current density
order of magnitude less than its TiO2 counterpart, as well as
a fill factor barely above 25%.

In addition, we compare our results to blends where
incorporation of an electron-transporting species impro
exciton dissociation and electron mobility. Earlier device
sults using MEH-PPV and an electron transporting polym
CN-PPV achieved quantum efficiencies of 5%, similar
what we observe here.1,2 The use of semiconducting nano
particles, such as C60 or CdSe, leads to improved efficiencie
of 12 and 29%, respectively, but only at very high conce
tration ~;90%! of nanoparticles where the nanoparticle its
is making a significant contribution to the photocurrent.1,2 At
lower concentrations~;50%!, the quantum efficiencies o
these devices are nearer to 6%, comparable to our n
blended results. These results suggest that except for a
tremely high concentrations, a rough TiO2 layer is as effec-
tive at dissociation of excitons as interpenetrati
nanoparticle or polymer blends with ITO and Al electrode
The advantage of the layered structure over the blen
structure is that it allows for more efficient charge transpo
Such a layered structure has been successfully construct
non-MEH-PPV laminated devices, where quantum efficie
cies approaching 29% have been reached.3

IV. CHARGE TRANSPORT MODEL
FOR POLYMER PHOTOVOLTAICS

As models for understanding the quantum efficiency20 and
the energy conversion efficiency21 in polymer-based photo

FIG. 10. Current density as a function of applied voltage co
paring ITO/TiO2 sol-gel/MEH-PPV/Au and ITO/PEDT/MEH-
PPV/Al devices. MEH-PPV layer thickness is 63 nm and incide
light intensity is 100 mW/cm2.
5-6
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voltaics have been described recently, we focus here o
model for understanding theJ-V characteristics of polymer
based photovoltaics. We consider the case of negligible
flection at the glass/polymer interface. The quantum e
ciencyhq , i.e., the number of collected electrons divided
the number of incident photons, is a function of the elec
field E and is given by

hq~E!5hD~E!* @12exp~2aL !#,

wherehD is the exciton dissociation efficiency~the fraction
of electron-hole pairs that contribute successfully to the c
rent!, a is the polymer absorption coefficient, andL is the
thickness of the polymer film.

We next consider three contributions to the total currenJ,
namely the injected currentJi caused by the thermally act
vated Schottky-like hole injection in the negative bias dire
tion, the leakage current,J1 caused by shorts through eith
the polymer or TiO2 film, and the collected photogenerate
currentJp . The total current densityJ is given by

J5Ji1J11Jp ,

where

Ji5A* T2 exp~qVbi /kT!* @12exp~2eV/kT!#,

J15G1V/A,

Jp5hD~E!* @12exp~2aL !#eIn /hn,

and whereVbi is the built-in potential equal toFTiO2
2FAu

520.8 V, G1 is the average conductance of the leaka
path, A is the device area, andI n /hn yields the average
number of photons per second as determined by the l
intensity I n . The effective Richardson constant isA*
516p«k2n0m/e2 where m is the polymer hole mobility.22

We assume here that the voltage drop across the TiO2 and the
density of injected electrons are negligible, and that the m
bility is constant with electric field. For the calculation ofJi ,
we cannot observe a significant difference between a lin
and square-root dependence on voltage in the exponen
therefore we use the linear dependence for simplicity.

We also need to consider the electric field dependenc
hD . We assume a form consistent with our data which
cludes themt r factor, namely the hole carrier mobility time
the recombination timet r , where the average distanced
before recombination is given bymt r(V2Vbi)/L. For this
case,

hD5hmax$12exp@2cmt r~V2Vbi!/L#%, V.Vbi ,

wherec is a constant andhmax is the maximum dissociation
efficiency. The short circuit currentJsc is therefore deter-
mined to be

Jsc5hmax$12exp@cmt r~Vbi!/L#%* @12exp~2aL !#eIn /hn.

This form shows thatJsc increases with increasing mobilit
m, recombination timet r , and light intensityI n . For this
thickness range,Jsc decreases with increasing device thic
12520
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nessL because the exciton dissociation term dominates o
the absorption term. We note thatJsc is independent of both
leakage and carrier injection.

More fundamentally, we consider the effects that the po
mer thickness, light intensityI n , mobility and leakage con-
ductanceG1 have on the fill factor, and therefore the pow
efficiency, of the device. In Figs. 11–13, we graphJ versusV
for a series of simulated data using the equations above
function of polymer thickness, light intensity, and mobilit
We have taken realistic values for the polymer thickne
~from 60 to 200 nm!, light intensity ~up to 100 mW/cm2!,
and the polymer hole mobility (131027– 131026 cm2/
V s). We have fixedVbi to 20.8 V, consistent with the work
function differences of our device structure. The simulatio
reproduce the data shown in Figs. 2, 3, and 5 remarka
well. Most notably, the simulations reveal the increase in
factor that occurs with increasing mobility and decreas
polymer thickness. In addition, the data predicts the incre

FIG. 11. Simulation of the current density as a function of a
plied voltage for a polymer photovoltaic at various thicknessesL of
the polymer layer. The built-in potential is set constant at20.8 V.

FIG. 12. Simulation of the absolute current density as a funct
of applied voltage for a polymer photovoltaic at various light inte
sities I. The built-in potential is set constant at20.8 V.
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in Voc that occurs with increasing light intensity. In Fig. 1
the effect of increasing leakage conductance betwee
31025 and 531024 V21 is shown. We observe a substa
tial decrease in the fill factor and open circuit voltage w
increasing leakage, and find that the leakage current do
nates the current-voltage characteristics for leakage con
tances much above 531024 V21. This result is consisten
with our experimental results on devices exhibiting par
shorting. This dependence on the leakage current dem
strates the importance of good film quality for improved d
vice performance.

Finally, we note the failures of the model. Most notab
here is the dependence on the light intensity, as shown in
12. Here, the model fails to predict the decrease in fill fac
with increasing light intensity, and it overestimatesJsc at low
light intensities. This latter inconsistency could be due
charge trapping effects that predominate over the curren
sufficiently low light intensities. These disagreements
tween our model and experiment may also be due to
oversimplified assumptions and omissions mentioned ab
The electron mobility, surface recombination, fiel
dependent mobility, charge trapping, and voltage drop ac
the TiO2 and polymer are only some of the factors whi
need to be studied and incorporated into the simulat
Nonetheless, this simplified model captures most of the
lient features of our results on a wide variety of PPV-bas
polymer photovoltaics. Temperature-dependent curre
voltage curves would further test the validity of this mode

Finally, we consider methods to improve the energy c
version efficiency in polymer-based solar cells. Clearly,
photogenerated current can be increased by increasing
fraction of dissociated carriers, as achieved in blend
samples that induce phase separation on nanometer le
scales; however, such blending will not necessarily impro
the mobility and therefore will limit the fill factor and con

FIG. 13. Simulation of the current density as a function of a
plied voltage for a polymer photovoltaic at various polymer mob
ties m. The built-in potential is set constant at20.8 V.
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version efficiency at high light intensities. New materials th
have high mobility charge separation moieties incorpora
into the backbone should enable higher conversion effic
cies to be achieved. For example, a TPA-PPV-based dev
which has a similar structure to MEH-PPV but also conta
a high mobility TPA arylamino side group, has a quantu
efficiency exceeding 25% in nonblended materials combi
with fill factors near 50% at high light intensity.7 The results
are comparable to the best conversion efficiencies found
blended samples. Finally, we note that if the TiO2 electron
mobility can be increased or the work function im
proved, higher fill factors and open circuit voltages wou
likely result.

V. CONCLUSIONS

In summary, we have studied the photovoltaic propert
of solar cells that use a titanium dioxide layer as a semitra
parent anode in conjunction with the photoactive polym
MEH-PPV. We have examined the effect of varying facto
such as polymer thickness, polymer mobility, and TiO2 mor-
phology and have shown that thinner, higher mobility po
mer layers combined with rough TiO2 surfaces lead to the
most efficient collection of photogenerated carriers. By us
large surface area TiO2 layers as a semitransparent electro
with a polymer and opposing electrode of favorable ene
levels, we are able to reduce charge injection and ach
improved fill factors and an order of magnitude increase
external quantum efficiencies. We describe our results us
simple models of charge transport in polymer semicond
tors where the total current density is a function of the
jected current at the metal-polymer interface, the leak
current through the polymer film, and the collected photo
nerated current that results from the effective dissociation
excitons.

FIG. 14. Simulation of the current density as a function of a
plied voltage for a polymer photovoltaic at various leakage cond
tivities G1 through the polymer film. The built-in potential is se
constant at20.8 V.

-
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