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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 layes,aE&he 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 fmAfan
rectification ratios greater than 2@nder 100 mW/crwhite 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 polymeb&sed photovoltaics and suggest
methods for improving energy conversion efficiencies in polymer-based photovoltaics.

DOI: 10.1103/PhysRevB.64.125205 PACS nuni§er85.60.Dw, 73.61.Ph

I. INTRODUCTION well characterized and highly reproducible with a low intrin-
sic trap density. We study the electrical characteristics and
Over the last decade, polymer-based semiconductors haydotoaction current spectra for HOMEH-PPV devices with
emerged as a novel class of optoelectronic materials thandium tin oxide (ITO) and Au contacts as a function of
combine the potential of high power efficiency with inexpen-polymer thickness, polymer mobility, and the morphology of
sive liquid based processing over large areas. Significant ethe TiG,/polymer interface. We find for optimal device ge-
fort in this field has focused on improving the material purity 0metry a quantum efficiency of 6% at the maximum absorp-
and optoelectronic properties as well as understanding théon of the polymer, open circuit voltages of 1.1 V, current
injection and transport properties of electrons, holes, and exdensities of 0.4 mA/cry fill factors of 42% and rectification
citons in semiconducting polymers. As a partial consequencgatios greater than £ounder 100 mwi/crhwhite light illu-
of this effort, polymer light emitting diode§LED’s) have mination. Our results on nonblended MEH-PPV based de-
recently achieved quantum and power efficiencies compavices are comparable to results for electron-transporting
rable to inorganic LED’s and are now on the brink of com-polymers and nanoparticles blended into MEH-PE\We
mercialization. Nonetheless, while charge injection and excipropose a charge transport model to understand our results
ton recombination has been well studied in polymer-base@nd discuss the ramifications of this model for achieving
semiconductors, the reverse process, namely charge genefigher power efficiencies in polymer-based photovoltaics.
tion and exciton dissociation, has yet to be as well under-
stood and_ c_)ptimized. Recently, several groups have achie_ved Il EXPERIMENT
power efficiencies for polymer-based solar cells approaching
4% conversion efficiency over the absorption region of the Photovoltaic devices of the structure ITO/Ti@Gol-gel/
polymer using either polymer-polymer or polymer- MEH-PPV/Au, as shown in Fig. 1, are constructed by spin-
nanoparticle blends to improve exciton dissociafioh. ning down first a titanium dioxide (Tig) sol-gel and then
While this work is encouraging, the quantum efficiencies arehe photoactive polymer MEH-PPV over indium tin oxide
still significantly below either amorphous silicon or dye- (ITO) patterned glass. The Ti&ol-gel is formed via a pre-
sensitized electrochemical cefisMoreover, a significant curser solution, as described elsewherdter being spun
amount of photon-aided charge injection, trapping, and reeast, the sol-gel is heated under vacu(w25 in Hg at
combination can occur in polymer-based photovoltaics, maki25 °C for 1 h tobake out solvents and other impurities. For
ing the interpretation of the electrical ddiee., the current- sintered layers, the slide is then baked at 450 °C under atmo-
voltage characteristiggdifficult.® spheric pressure for another hour in order to convert the film
In this paper, we focus on understanding the mechanismstructure to crystalline anatase. As an alternative to the sol-
for charge generation, transport, and exciton dissociation igel film, a solution of 13-nm diameter anatase Ji@nopar-
poly (2-methoxy,5-(2-ethyl-hexyloxy)p-phenyleneviny- ticles suspended in water is deposited via spin casting and
lene) (MEH-PPV) polymer-based photovoltaic devices in a annealed at 450 °C for 1 h. The slide is next brought into a
dry nitrogen atmosphere where charge injection in the fordry nitrogen atmosphere glove box and cleaned prior to the
ward bias has been substantially reduced using g D&-  deposition of the MEH-PPV polymediin p-xylene solvent
rier. Although MEH-PPV is not the most efficient photovol- via spin coating. The thickness of the polymer layer is con-
taic material, we have chosen it for these studies because it islled both by spin speed and by the concentration of poly-
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mer in the solvent with average values of 2000 rpm andsersed internal field, measurements on the ITO/PEDT/MEH-
0.8% by weight, respectively. We test two different proce-PPV/AI devices are taken by sourcing ITO negative and Al
dures for removing the solvent from the polymer film. The positive. The voltage is sourced from1.0 to 1.0 V in 0.02
first method, annealing, requires heating the slide overnight steps. Thesel-V curves are taken both in the dark and
at 100 °C and then placing it in a vacuum on the order ofunder white illumination provided by a halogen source
10 8 torr for 2 h before evaporating the gold patterned electhrough the ITO electrode. Light intensities vary from 5 to
trode over the polymer film. For the nonannealing technique220 mw/cn#.°
the slide is placed in the same vacuum overnight before the Photoaction current spectra are taken at zero bias using a
deposition of the gold contact. For comparison purposes, ddialogen light source, monochrometer, chopper, and lock-in
vices of the type ITO/PEDT/MEH-PPV/AI are constructed in amplifier, as described elsewhéfelo prevent oxygen from
a similar fashion, with the poly(ethyldioxy-thiopheng diffusing into the polymer layer and creating additional
PEDT film deposited by the spin casting metifall device  charge traps, the devices are transferred out of the glovebox
areas are 3 mfrwith six devices per substrate to check re- inside of a sealed test chamber. They therefore remain under
producibility. the same dry nitrogen atmosphere throughout the photoac-
The thicknesses of both the Tj@nd the polymer films tion current spectra measurements. Reference spectra are
are determined using an atomic force microscOpEM) in  taken using a calibrated silicon solar cell. Absorption spectra
contact mode. Thicknesses for the MEH-PPV range from 6&re taken with aN & K optical spectrometer.
to 200 nm. The TiQ sol-gel and nanopatrticle films are 50
and 300 nm thick, respectively. We also use AFM to measure
the roughness of the Tilfilms. Both sintered and nonsin-
tered sol-gel films are very smooth, with variations on the For devices of the type ITO/Tigphotoactive polymer/
order of only 2 nm[Fig. 1(c)]. Contrasted to this are the Au, the open circuit voltag®/ .. (i.e., the applied voltage at
rough nanoparticle layers that have variations up to 100 nmwhich the current density is zerander illumination is de-
[Fig. A(b)]. The thickness of the gold electrode, measuredermined by the difference between the quasi-Fermi energy
during evaporation via a crystal monitor, is 25 nm. level of the TiG (~4.2 eV) and the work function of the Au
Electronic transport in the ITO/TKIMEH-PPV/Au de- electrode or the HOMO level of the MEH-PPV.In our
vices is studied via current density voltag&Y) curves, system, the Au electrodévork function 5.1 eV forms a
taken using a 2400 Keithley source meter by sourcing voltnearly Ohmic contact with the HOMO of MEH-PP5.3
age across the IT@ositive and gold(negative electrodes eV). Such devices exhibit low dark current densities in for-
and measuring the resulting current density. Due to the reward bias as well as a saturation of the photocurrent density

IIl. RESULTS
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in forward bias under illumination. The exciton dissociation 210" : :
occurs at the Ti@polymer interface, with transfer of the ~@—63nm, ff=37%
electron to the TiQ as the important process for charge o~ 7om, fr=32%
collection”1° Moreover, TiGQ serves as an effective hole [ —=—200nm, ff = 25%
blocker. 100 mW / cm?

Our focus in this paper is to understand what determines
the energy conversiofor powe) efficiencies in polymer-
based photovoltaic devices consisting of a Jl&yer as the
main exciton dissociation site with MEH-PPV as the photo-
active polymer semiconductor. Our results consist of mea-
surements where we have modified the polymer thickness,
the polymer morphology through annealing, and the surface
roughness of the TiPlayer. Such changes are expected to
systematically probe the effects of internal resistance, poly-
mer hole mobility, and surface area of the exciton dissocia-
tion site on the charge transport properties of polymer-based Vias
photovoltaics.

FIG. 2. Current density as a function of applied voltage for
_ devices of the type ITO/sintered Tj@ol-gel/MEH-PPV/Au. Poly-
A. Polymer thickness mer MEH-PPV thicknesses are 63 nfolosed squar@s 75 nm

Open circuit voltage o), short circuit current density (closed circles 95 nm(open circles and 200 nm(open squargs
(Js9, and the fill factor are measured for polymer thick-
nesses of 63, 75, 95, and 200 nm for the ITO/sintered, TiO
sol-gel/MEH-PPV/Au devices by examining theV curves.
The short circuit current density is measured at zero applieﬁ
bias, while the fill factor is the maximum power delivered to 9
an external load, normalized by the valuesigfandV,.:

devices is occurring at the transparent electrode and because
our thicknesses are well above the exciton diffusion length.
In addition, one must take into account the attenuation of
ht within the polymer. Due to an attenuation length on the
order of 110 nm, only a fraction of the incident light reaches
the polymer-gold interface. Approximately half the light is
transmitted for the thinner devices and about 16% for the
thicker 200 nm devices. For this reason, as well as mobility

Under white ||ght Conditions1 the energy conversion effi-reasons discussed below, it is mainly the dissociation at the

fill factor (ff)=(VXJ)max/ (VocX Jso)-

ciency 7p is given by TiO,-polymer interface that actively contributes to the cur-
rent density.
pp=Jdsxff*V /1, Comparison of the thinner devices with the thicker MEH-

PPV device demonstrates that overall the thinner devices
wherel , is the intensity of incident light. The short circuit have higher fill factors. Fill factors at high light intensity
current density depends directly on the external quantum efange from 37% for the 63 nm polymer layer device to 25%
ficiency, the number of carriers collected/number of incidenfor the 200 nm devicgFig. 2). The lower fill factor for
photons. thicker polymer layers is most likely due to higher resistive

On average, the thinner polymer devig¢é8 and 75 nm  losses. A majority of the charge dissociation occurs at the
have short circuit currents up to 1500/cm?® at white-light  TiO,-polymer interface and the holes must traverse the thick-
intensities near 100 mW/cimwhile averages for the thicker ness of the polymer to reach the opposite electrode. A thicker
devices(200 nm are approximately half that value. Qualita- layer also requires a higher voltage across the device to
tively, it is possible to understand why the current densityachieve the same electric field needed to enable exciton dis-
increases with decreasing polymer thickness, conversely teociation. Figure 3 plots the current density against the ap-
the fraction of absorbed light. Although an increase in theplied voltage for these devices on a semilog scale for various
thickness of the photoactive layer leads to greater absorptiolight intensities. As one would expect, higher values are seen
and exciton generation, it is generally only the excitons genfor both V. and Jg. for higher incident light intensity. Fill
erated within the diffusion length, 208 nm!! of either of  factors, however, decrease for higher light intensities.
the electrode-polymer interfaces that are able to contribute to Improvement in device performance has been observed as
the current density. Other excitons produced deeper withimlevices age. Open circuit voltages and fill factors generally
the polymer recombine or are trapped before they can exihcrease as a device ages from a few days to a few months.
the device. Once the exciton has been dissociated, or@ince gold does not initially make very good contact to most
charge is immediately transferred to the close electrode whilgolymers, these changes are likely due to slow annealing of
the remaining one must transverse the polymer layer to readhe gold/polymer interface, creating a better contact and
the opposite electrode. Because of this, thinner layers, witheading to more efficient removal of holes from the devite.
correspondingly fewer traps and fewer chances for recombiSuch an effect can be partially simulated by thermal anneal-
nation, allow more current to exit the device. Our results ardng of the gold electrode once it has been evaporated onto the
in agreement with previous watkalthough we observe a polymer.
less dramatic effect because the exciton dissociation in our Photoaction current spectra are taken at zero bias to mea-
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FIG. 3. The absolute value of the current density as a function of VIV
applied voltage at various light intensities for an ITO/sintered,TiO  FIG. 5. Current density as a function of applied voltage for
sol-gel/75 nm MEH-PPV/Au device. Light intensities are approxi- annealed and nonannealed MEH-PPV in ITO/sintered, Eia)-gel/
mately 220 mWi/crh (closed squargs 100 mW/cn? (closed  MEH-PPV/Au devices. The MEH-PPV layer thickness is 75 nm
circles, 5 mWicnt (open circley and dark(open squarés and the incident light intensity is 100 mW/éminset: Linear fits of

In(J/E?) vs sqrtE) give the field independent mobility terpa, .
sure the external quantum efficiency. As can be seen in Fig. . .
4, quantum efficiencies for the sintered sol-gel devices inloaction current spectra can peak at the absorption edge
crease as a function of decreasing polymer thickness, rangifgte" than the absorption maximum.
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 2 B. Polymer mobility
increase seen for the short circuit current densities. The ab- pevices with annealed polymer layers have roughly twice
sorption spectra for MEH-PPV is also shown in Fig. 4 forthe short circuit current density compared to nonannealed
comparison; the peak device efficiency, located in the ranggevices. Figure 5 showd V curves for devices with 75 nm
of 498503 nm, is closely correlated to the peak of 479 Nyt annealed and nonannealed MEH-PPV. Note that these
for the absorption spectrum. This symbaticlike result is exmeasurements are for devices only one day old; as explained
pected for a device where the exciton dissociation occurs apove, the device performance improves with age. Hole mo-
the |Ight incident interface. When the exciton dlSSOC|at|ngb|||ty in MEH-PPV is measured for annealed and nonan-
contact is moved to the opposite side of the device as thgealed MEH-PPV devices of the type ITO/PEDT/MEH-
inCident ||ght, SUCh as fOI’ |TO/AI e|eCtl’Ode deViCGS, the phO'PPV/A| by tak|ng J-V curves in the range of 5-12 V and
fitting the results to a space-charge limited form for a single

4 ‘ ‘ ‘ , 1210° carrier(Fig. 5 inse},
sintered TiO,_ solgel -
= - ——63 m; ’ ” \\ — — -absorption J:9/88ME2/L
E x ;g ﬂ , / \ coefficient | %>_ . - - - .
é* 3} ~—2000m 7/ Z Here,E is the electric field across the devidejs the poly-
g ! 18102 mer thickness, and a value ef=3.1x101C?%(Nm?) is
% 2 assumed for the polymer. A Poole-Frenkel-like forpa,
E 2 ] % = o exq0.89ysqrt_(E)], is assumed for the mobilify. B
£ g Nonannealed devices are found to have an average mobility
5 la10¢ & of 1.1x10 “cn?/Vs, while annealed devices average
g 1k = slightly more than twice that at 210"’ cn?/V's. The im-
g 3 provement in polymer mobility with annealing is probably
& - caused by interchain aggregation and partial crystallization
. in the polymer. Since increasing the mobility can lead to
%50 750 ‘ 350 0 higher exciton dissociation efficiencies, the higher mobility
wavelength (nm) could result in the higher current densities seen in the an-

nealed devices. Annealing does not seem to substantially af-
FIG. 4. External quantum efficiency plotted as a function of fect either the open circuit voltage or the fill factor.
wavelength for ITO/sintered TiDsol-gel/MEH-PPV/Au devices.
Polymer MEH-PPV thicknesses are 63 fiaiosed squargs75 nm
(closed circles 95 nm(open circley and 200 nm(open squares
The absorption coefficieridashed lingfor MEH-PPV is included Three different forms of TiQwere used to investigate the
for comparison. effects of TiG morphology on the device physics and per-

C. TiO, morphology
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FIG. 6. Current density as a function of applied voltage for wavelength [nm]
ITO/T|(_)2/95 nm MEH-PPV/Au devices of various Tidayer mor- FIG. 8. External quantum efficiency plotted as a function of
phologies: TiQ r_lanopartlcle_ Iaye(clc_)sed squargs TiO, 5|_ntered wavelength for ITO/TiQ/95 nm MEH-PPV/Au devices of various
i_?]l-g.el(i:ose(lj. cr:rc_le}s an_d Tl%ggnsw/eéid sol-gdbpen circlex TiO, layer morphologies: Ti@nanoparticle layefclosed squargs

& incident fight intensity Is m TiO, sintered sol-ge(closed circles and TiQ, nonsintered sol-gel

) ) (open circles The absorption coefficient for MEH-PPV is included
formance: sintered sol-gel, nonsintered sol-gel, and anatas§r comparison.

TiO, nanoparticle layer¥' Sintered and nonsintered sol-gel
layers are both reasonably smooth, with an average surfag@hich is reflected in a slightly higher open circuit voltage. It
roughness of 2 nm compared to the nanoparticle layers th&hould be noted, though, that sintering the sol-gel can some-
can have as much as a 100 nm peak-to-peak roughness, té®es subject the layer to small cracks and therefore to partial
shown in Fig. 1. shorting which increases the dark current and reduces both
We observe higher current densities and more than doubléae open circuit voltage and the fill factor.
the external quantum efficiencies for sintered devices com- Devices made using sintered TiGhanoparticle layers
pared to their nonsintered counterpa(fisys. 6 and & For  show noticeable improvements in short circuit current den-
example, a 95-nm MEH-PPV sintered device has 2.3% peaity of up to 0.4 mA/crR, open circuit voltages of 1.1 V, and
efficiency while an analogous nonsintered device has onl§ill factors of 40% at incident light intensity near 100
0.9% peak efficiencyFig. 8). Since the morphology of the mWi/cn? (Fig. 7). Quantum efficiency is correspondingly im-
TiO, layers are fairly similar, it is likely that these changes proved, with values as high as 6.4%ig. 8). These features
are due to a shift in the TiOFermi energy level during can likely be explained by considering the rougher surface of

sintering, leading to more efficient exciton dissociationthe nanoparticle layer as compared to a sol-gel layer. The
increased surface area of the dissociation interface leads to

higher charge extraction from the device and a subsequent
decrease in charge recombination.

D. Comparison with other results

Although TiG, layers have been used extensively in dye-
sensitized liquid and solid-state solar célfS,their use in
other types of polymer-based solar cells has been more
limited.!**®17 An initial attempt to use a non-dye-sensitized
TiO, crystalline layer in devices of the type ITO/Ti@inc
phthalocyanine (ZnPg/Au  demonstrated that the
TiO,-photoactive material junction showed promise for pho-
tovoltaic devices® Later results confirmed that the
Lol ‘ ‘ ‘ ‘ TiO,-polymer (PPV and MEH-PPY interface acts as a dis-

15 1 05 0 05 1 sociation site for excitons generated in the polymer, due to
the high electron affinity of the TiQand the low ionization
potential of the chosen polym#&1®1’Arangoet al. demon-

FIG. 7. The absolute value of the current density as a function oftrated that TiQ films that suppress electrical contact be-
applied voltage at various light intensities for ITO/sintered ;i0 tween the ITO and the polymer take on the role of the elec-
nanoparticles/95 nm MEH-PPV/Au device. Light intensities are 220tron electrode; rather than the ITO, it is the quasi-Fermi level
mWi/cn? (closed squar@s100 mW/cn? (closed circles 5 mWicn?  of the TiO, which contributes to the determination of the
(open circle and dark(open squares internal field for the devicé®

| =—O=5mW/cm®

o | —®T100mW / em?
107 | —m—20 mw/em?

Abs (J) [A/cm?]

[ TiO2 nanoparticle layer
95 nm

VIV]
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ITO TiO, MEH-PPV Au 210 ‘ ‘ ‘
° _3 0eV —.—TiO2 solgel/MEH-PPV/Au
=== PEDOT/MEH-PPV/Al
' 63 nm, 100 mW/cm? ff=37%
photon
4.2eV “g
J110*
4.8eV =
.8C ly [—
—
h'+ 5.1ev -
5.3eV i
(a)
ITO PEDOT MEH-PPV Al 0
010 ‘ ‘ ‘ ‘
€- -0.8 -0.4 0
3.0eV
VIVl
photon FIG. 10. Current density as a function of applied voltage com-
paring ITO/TiIO, sol-gel/MEH-PPV/Au and ITO/PEDT/MEH-
4.2eV PPV/AI devices. MEH-PPV layer thickness is 63 nm and incident
< light intensity is 100 mW/crh
4.8eV \ « . . .. .
[51ev b+ cated next to the Ti@polymer dissociation interface. Once
5.3eV dissociation occurs, electrons are immediately transferred to
b) the TiO, and the holes, with a relatively higher mobility,

. . travel to the opposite electrode to exit the device. This effect
FIG. 9. (a) Flat band energy-level diagram for ITO/BO  contributes to the higher quantum efficiencies and fill factors.
MEH-PPV/Au dewces(b)_ Flat band energy-level diagram for ITO/ Figure 10 shows)-V curves comparing these two types of
PEDT/MEH-PPV/AI devices. devices (ITO/TiO, sol-gel/MEH-PPV/Au and ITO/PEDT/
MEH-PPV/AI) for 63-nm polymer layers. The ITO/PEDT/

Many experiments on homogeneous MEH-PPV polymer EH-PPV/AI device has a short circuit current density an

photovoltaic devices have used ITO as the semitranspareg der of maanitude less than its TiGounternart. as well as
hole collecting electrode and either aluminum, magnesium g 2 part,

or calcium as the electron collecting back electrbds1® & fil factor barely above 25%.
S 9 . j In addition, we compare our results to blends where the
External quantum efficiencies for these devices range fro

0.02% up to about 1%, with open circuit voltages of 0.8_1.%corporatlon of an electron-transporting species improves

V and fill factors up to only 25%. In contrast, similar devices exciton dissociation and electron mobility. Earlier device re-
that use TiQ as the anode and either ARef. 7 and this sults using MEH-PPV and an electron transporting polymer

work) or Hg (Ref. 11 as the cathode produce quantum efﬁ-CN'PPV achieved quantum efficiencies of 5%, similar to
ciencies of 1.5—-6.4% and fill factors of up to 52% for similar what we observe here. The use of semiconducting nano-

open circuit voltages ranging from 0.7—-1.1 V. The differencepamdes’ such asdgor CdSe, leads to improved efficiencies

X . -of 12 and 29%, respectively, but only at very high concen-
b_etween these two approac_hes_whlch Ieaqls to bett_er eff'p'e?r'ation(~90%) of nanoparticles where the nanoparticle itself
cies and fill factors is the direction of the internal field with

respect to that of the incident light is making a significant contribution to the photocurrbfiit
) e Ero S
In a cell consisting of ITO/polymer/Afor Mg or Ca, the lower concentrationg~50%), the quantum efficiencies of

internal field created by the difference in electrode Workthese devices are nearer to 6%, comparable to our non-
functions is such that h>(l)les exit through the ITO and elec-blendEd results. These resuilts suggest that except for at ex-

; 9 -~ ~~tremely high concentrations, a rough Ti@yer is as effec-
trons are drawn to the opposite electrode when operating

open circuit mode. As discussed earlier, a majority of th(LP'Ve at dissociation of excitons as interpenetrating
P . : T ' jorty ot nanoparticle or polymer blends with ITO and Al electrodes.
light will be absorbed at the incident electrode. For light

incident through the semitransparent ITO, holes will imme—The advantage of the layered structure over the blended

diately exit through the ITO while electrons must travel structure is that it allows for more efficient charge transport.

throuah the entire polvmer laver to reach the opposite eIeC§uch a layered structure has been successfully constructed in
gn poly yer to reac PP non-MEH-PPV laminated devices, where quantum efficien-
trode[Fig. 9b)]. Low electron mobilities in these polymers,

on the order of 10°cn?/V s, lead to lower efficiencies and cies approaching 29% have been reached.
fill factors. In contrast, the ITO/Tigpolymer/Au (or Hg)
devices have an internal field in the opposite direction such
that the TiQ collects electrons and the holes go to the Au
[Fig. 9@)]. With light incident through the ITO/Ti@side, As models for understanding the quantum efficiéfileyd
the greatest concentration of excitons are conveniently lothe energy conversion efficierfdyin polymer-based photo-

IV. CHARGE TRANSPORT MODEL
FOR POLYMER PHOTOVOLTAICS
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voltaics have been described recently, we focus here on a 210* ‘ ‘

model for understanding th&V characteristics of polymer- —&—200 nm 100 mW/cm?
based photovoltaics. We consider the case of negligible re- +é8‘;"mm 1x 107 em®V s

flection at the glass/polymer interface. The quantum effi-
ciency 74, i.e., the number of collected electrons divided by
the number of incident photons, is a function of the electric
field E and is given by

7q(E)=7p(E)*[1—exp(—al)],

where 7 is the exciton dissociation efficiendthe fraction
of electron-hole pairs that contribute successfully to the cur-
rend, « is the polymer absorption coefficient, ahdis the
thickness of the polymer film.

We next consider three contributions to the total curdent 0 10(_’0 3 0.6 ny Y 0
namely the injected curremdt caused by the thermally acti- ' ' V V] '
vated Schottky-like hole injection in the negative bias direc-
tion, the leakage currend, caused by shorts through either FIG. 11. Simulation of the current density as a function of ap-

the polymer or TiQ film, and the collected photogenerated plied voltage for a polymer photovoltaic at various thicknedse$
currentJ,, . The total current density is given by the polymer layer. The built-in potential is set constant-&t8 V.
p-

J[A/cm?]
=)

J=Ji+J,+ 3, nessL because the exciton dissociation term dominates over
the absorption term. We note thay. is independent of both
where leakage and carrier injection.
More fundamentally, we consider the effects that the poly-
Ji= AT expqVe/KT)* [1—exp( —eVIKT)], mer thickness, light intensity, , mobility and leakage con-
ductanceG; have on the fill factor, and therefore the power

J1=GVIA, efficiency, of the device. In Figs. 11-13, we graprersusv
B for a series of simulated data using the equations above as a
Jp=mo(E)*[1-exp(—aL)lel, /hv, function of polymer thickness, light intensity, and mobility.

We have taken realistic values for the polymer thickness

and whereV,, is the built-in potential equal t@Tioz—q’Au ¢ iaht i . P
=-0.8V, G; is the average conductance of the Ieakage( rom 60 to 200 nm light intensity (up to 100 mw/cr),

) . : and the polymer hole mobility (£10 '—1x10 °cm?/
path, A is the device area, ant},/hv yields the average \{s). We have fixed/y,; to —0.8 V, consistent with the work

number of photons per second as determined by the I|ghf . ; . . :
. . . . o unction differences of our device structure. The simulations
intensity 1,. The effective Richardson constant & o

reproduce the data shown in Figs. 2, 3, and 5 remarkably

— 2 2 H ili
16mek’nou/e® where  is the polymer hole mobility” well. Most notably, the simulations reveal the increase in fill
We assume here that the voltage drop across the dn@ the L : o :
. o - factor that occurs with increasing mobility and decreasing
density of injected electrons are negligible, and that the mo-

bility is constant with electric field. For the calculationf, polymer thickness. In addition, the data predicts the increase
we cannot observe a significant difference between a linear
and square-root dependence on voltage in the exponential; 10°
therefore we use the linear dependence for simplicity.

We also need to consider the electric field dependence of
7p . We assume a form consistent with our data which in- 10 L
cludes theu 7, factor, namely the hole carrier mobility times

the recombination timer,, where the average distance NE
before recombination is given by, (V—Vy)/L. For this = 10%
case, S 3
2
7= Mmad L— X —cu7 (V=Vy)/L]}, V>V, <
) . ) . o 10°} —®— 100 mW/cm® 4
wherec is a constant anay,,, is the maximum dissociation —— 20 mW/em?
efficiency. The short circuit currenly; is therefore deter- ——5 mW/em?
mined to be 07 ¢ —~—dark
-1 -0.5 0 0.5 1
Js= Mmag l—exd cur (Vp)/L]}*[1—exp(—al)]el, /hy. V [V]

This form ShO\_NS thaﬂsc increas?s W?th inC_"eaSing mob_ility FIG. 12. Simulation of the absolute current density as a function
4, recombination timer,, and light intensityl,. For this  of applied voltage for a polymer photovoltaic at various light inten-
thickness rangel,. decreases with increasing device thick- sities I. The built-in potential is set constant-a0.8 V.
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210" : : 210 ‘
100 mW/cm? ——1x10°Q"! 100 nm, 100 mW/cm?
100 nm ——1x10°Q "} 2x 107 em?/Vs
—|=55x10°Q"!
Ng Ng
2 110" Z110*}
< =
— —
—0—1x 107 cm®Vs
—*—2x 10" cm?/Vs
—8—1x 10 cm?Vs
010° . . . 010° . ; .
-0.8 -0.6 -0.4 -0.2 0 -0.8 -0.6 -0.4 -0.2 0
V[V] VI[V]

FIG. 13. Simulation of the current density as a function of ap- FIG. 14. Simulation of the current density as a function of ap-
plied voltage for a polymer photovoltaic at various polymer mobili- plied voltage for a polymer photovoltaic at various leakage conduc-
ties u. The built-in potential is set constant a0.8 V. tivities G, through the polymer film. The built-in potential is set

constant at-0.8 V.

in V. that occurs with increasing light intensity. In Fig. 14,
the effect of increasing leakage conductance between
x107° and 510 4Q "1 is shown. We observe a substan-
tial decrease in the fill factor and open circuit voltage with
increasing leakage, and find that the leakage current dom
nates the current-voltage characteristics for leakage condu
tances much above>5104Q 1. This result is consistent
with our experimental results on devices exhibiting partia
shorting. This dependence on the leakage current demo
strates the importance of good film quality for improved de-
vice performance.

Finally, we note the failures of the model. Most notable
here is the dependence on the light intensity, as shown in Fi
12. Here, the model fails to predict the decrease in fill facto
vyith increagipg Iight.intensity., and it_ overestimatksat low V. CONCLUSIONS
light intensities. This latter inconsistency could be due to
charge trapping effects that predominate over the current at In summary, we have studied the photovoltaic properties
sufficiently low light intensities. These disagreements be-of solar cells that use a titanium dioxide layer as a semitrans-
tween our model and experiment may also be due to thearent anode in conjunction with the photoactive polymer
oversimplified assumptions and omissions mentioned abov&EH-PPV. We have examined the effect of varying factors
The electron mobility, surface recombination, field- such as polymer thickness, polymer mobility, and Ji@or-
dependent mobility, charge trapping, and voltage drop acrogshology and have shown that thinner, higher mobility poly-
the TiO, and polymer are only some of the factors which mer layers combined with rough TiGsurfaces lead to the
need to be studied and incorporated into the simulationmost efficient collection of photogenerated carriers. By using
Nonetheless, this simplified model captures most of the sdarge surface area TiQayers as a semitransparent electrode
lient features of our results on a wide variety of PPV-basedvith a polymer and opposing electrode of favorable energy
polymer photovoltaics. Temperature-dependent currentievels, we are able to reduce charge injection and achieve
voltage curves would further test the validity of this model. improved fill factors and an order of magnitude increase in

Finally, we consider methods to improve the energy conexternal quantum efficiencies. We describe our results using
version efficiency in polymer-based solar cells. Clearly, thesimple models of charge transport in polymer semiconduc-
photogenerated current can be increased by increasing thers where the total current density is a function of the in-
fraction of dissociated carriers, as achieved in blendegected current at the metal-polymer interface, the leakage
samples that induce phase separation on nanometer lengthrrent through the polymer film, and the collected photoge-
scales; however, such blending will not necessarily improvenerated current that results from the effective dissociation of
the mobility and therefore will limit the fill factor and con- excitons.

Eersion efficiency at high light intensities. New materials that
ave high mobility charge separation moieties incorporated
into the backbone should enable higher conversion efficien-
F_ies to be achieved. For example, a TPA-PPV-based device,
xghich has a similar structure to MEH-PPV but also contains
a high mobility TPA arylamino side group, has a quantum
Iefficiency exceeding 25% in nonblended materials combined
l)Mth fill factors near 50% at high light intensifyThe results
are comparable to the best conversion efficiencies found for
blended samples. Finally, we note that if the Ji€@ectron
mobility can be increased or the work function im-
roved, higher fill factors and open circuit voltages would
ikely result.
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