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A detailed study of the optoelectronic processes occurring in ultrathip fi@@ocrystal-conjugated polymer,
poly(p-phenylene vinylene(PPV) composites is presented. Composites of ultrathin filaout 100 nare
studied spectroscopically and as the active medium in photovoltaic devices of the stédtcoenposite/
indium tin oxide. By varying the weight ratio of the nanocrystals and using results of photoluminescence
efficiency, photocurrent, and photovoltaic measurements and time-resolved microwave conductivity, we are
able to construct a well-defined picture of the relevant processes in the composite: including exciton dissocia-
tion, charge transport, and recombination. We combine the experimental results with a hopping model for
charge transport in a nanocrystal lattitcandom walk or biased random walto determine the probability of
electron collection as a function of distance from a collecting contact in a nanocrystal lattice. The combined
results indicate that most photogenerated excitons lead to charge separation at the interface between the
polymer and the nanocrystals above 20-wt % Ji@nocrystals, but the electron collection efficiency in
photovoltaic devices is limited by fast recombination. The transport model indicates that even for a relatively
long recombination time and a well-ordered nanocrystal lattice, most of the collected charge will originate
from the first several nanocrystal layers at the electrode rather than from sites throughout the film, due to the
recombination process. We also argue that the existence of a photocurrent in these and related devices is not
necessarily evidence of charge transport through a network of the nanocrgstather componeit as the
guantum yields can be accounted for by interfacial charge transfer at the contact alone. Quantum yields for
collecting charge following direct band-gap excitation of the J&e more than a factor of 10 larger than for
excitation into the polymer, suggesting that either hole transfer to the polymer, or some preceding process, is
rate limiting and much slower than the corresponding process following polymer excitation. We also examine
the key differences between the mechanisms underlying conjugated polymer:nanocrystal devices and conven-
tional, siliconpn devices[S0163-182@9)02015-9

I. INTRODUCTION gativities have also been develop@dn these devices the
authors demonstrated that the morphology in the blends is
Semiconductor nanocrystals lie in the mescoscopic sizetructured on a nanometer length scale, which results in an
regime between the bulk and molecular. As such, they are dfficient conversion of excitons to separated charges. In re-
interest in the study of the transition in electronic and opticallated work, a PPV derivative with g molecules blended in
properties between the two scales. For instance, the band gap high weight fractions forms the active medium of photo-
and radiative lifetime of the lowest allowed optical excitation voltaic devices with high quantum yield$:*?In a previous
can be tuned with sizeand single-electron transport events study, we showed directly, using a microwave conductivity
can be seen as discrete steps in conductaiitese proper- technique, that excitons generated in PPV will dissociate at a
ties are unique to an intermediate size regime, belonging t@iO, nanocrystal interface with electrons transferred to the
neither the molecular or the bulk. Conjugated polymersnanocrystal$® We are also able to time resolve the dynamics
macromolecules, also represent an unusual type of materiaf the recombination process using the same technique, a
behaving like a bulk, amorphous, semiconductor in solid-<complex process which occurs on a time scale of hundreds of
state forn® Typical diffusion lengths of singlet excitons, the nanoseconds to microseconds. This key piece of information
main species upon photoexcitation, are in the range of 5—1provides insight into the dynamical processes underlying
nm with radiative and nonradiative decay time scales ofconjugated polymer-nanocrystal composites, and allows one
100-1000 pé-’ to construct a model for charge transport based on the com-
Composites of semiconductor nanocrystals with conjuposites in a photovoltaic device.
gated polymers are also interesting as model systems for This paper studies PPV:Tihanocrystal composites, fo-
photoinduced charge transfer at nanometer-scale interfacesusing on the photoinduced electron and hole transfer and
Previous work has demonstrated that photoinduced chargecombination processes at the interface between the two
transfer does occur between a derivative of eiyhenylene  components, and the charge transport in the polymer and
vinylene (PPV) with CdS and CdSe nanocrystdland pho-  nanocrystal phases. Photovoltaic devices based on a compos-
tovoltaic devices have been made using composites of thige of conjugated polymer with TiQnanocrystals are intro-
materials as the active medithPhotovoltaic devices using duced. By combining photoluminescence, photovoltaic, and
a blend of two conjugated polymers with different electrone-photocurrent measurements with Rutherford backscattering
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data(to determine Ti atomic densities in the filimand mi- [T T L T
crowave conductivity experiments, we are able to construct a
detailed picture of the optoelectronic processes in the system.
A model for discussing the charge transport in the composite
films is developed based on a random or biased random walk
of charge through an ordered lattice of nanocrystals. We also
discuss the differences in the photovoltaic mechanism be-
tween such composites and conventional, inorganic semicon-
ductorpn junctions.
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Il. EXPERIMENT FIG. 1. Absorption spectrum of PPV aloteashed lingand a

PPV:TiO, compositg20-wt % TiG,). The TiG, electronic band gap
is at 3.2 eV, with a maximum absorption coefficient at 4.2 eV. The
ilms are visually nonscattering.

Colloids of completely dispersed TjOnanocrystals of
uniform size can be prepared via a hydrolysis reaction. W
obtained a well-characterized colloi@2-g TiO,/l) of such
nanocrystals in methandat pH 2 as a generous gift from
M. Grazel (Ecole Polytechnique Federale Lausanrige-

; . . : . tak instrument.
tails of the preparation of the Tirolloid are found in Ref. : o i
14. The nanocrystals are spherical in shape with 20-nm di; Microwave photoconductivity measurements were per

ameters and an electronic band gap of 3.2 eV, and are Ior;}c_ered as described in detail in Ref. 17. Briefly, the experi-

dominantly in anatase crystalline fortn-75%. The conju- mental apparatus consists of a microwave cavity with a slit

gated polymexa sulfonium precursor of PPWvas prepared open at one end, permitting optical excitation by a Nd:YAG
as a roughly 0.7-wt % polymer in methariland converted (yttrium aluminum garnetlaser bean{532 nn) converted to

o the final product, PPV, by heating in vacuum (1gorr) pulses of 10-ns duration and various energies by an optical

. . o parametric oscillator(photon energy 3.5 eV for band-gap
or under flowing nitrogen at 150—200 °C. Because both com xcitation in the TiQ nanocrystal and microwave genera-

ponents are soluble in the same solvent, there is no need [0

) : . Ion and detection electronics. Excitation was done at a 3-Hz
gncgpsulate the napocry;tals with an organic layer; COmpo‘?‘épetition rate with 2 mJ/pulse, and a beam size of about 1
ite films were obtained simply by mixing the two compo- X

cm in diameter. For microwave conductivity measurements,

nents in the desired weight ratio, evaporating excess solvenh ' . :
) . ' : . the films were prepared on glass and mounted in the micro-
away to obtain a viscous solution, and spin coating ontQ

substrates. The films are nonscattering, indicating good di wave cavity at a position of maximum electric-field strength

. : : Y~ 10* Vicm). The time-dependent photoconductivityr(t)
persion of the nanocrystals in the polymer matrix. d e A .

, . . ue to light-induced excess charge carriers in the sample is
Absorption spectra were measured with a Perkin Elmer. b
Lambda 2S Spectrometer with 2-nm spectral bandwidth. Fop'Ven by
photoluminescence efficiency measurements, mixtures were Aco(t)=eAn(t)u,+eAp(t)up, )
spin coated on Spectrosil substrates, and efficiencies mea- )
sured using an integrating sphere technique, describedith An(t) and u, the excess electron concentration and
previously'® Photoexcitation was made with the 457-nm line Mobility, respectively, Ap(t) and w, the corresponding
of an argon-ion laser, and typical excitation powers were 0.Properties for holes, ande the fundamental unit of
mW. The integrating sphere was kept under a positive pressharge’®!® The time dependence of the photoconductivity
sure of nitrogen during the measurements to prevent Oxygeﬁherefore mirrors the decay of thg excess charge carriers. All
dependent photodegradation, and the emission collecte#€asurements were performed in air at room temperature.
through an optical fiber from the sphere to a calibrated phoFor the transport model, the relevant equations were imple-
todetector. mented in C on a computer mainfraniBigital, Inc.), and

For photovoltaic or photocurrent measurements, mixture§olved within minutes to several hours of real time.
were spin coated on transparent conducting oxialgium tin
oxide or SnQ@:F)-glass substrates with Al contacts evapo- [ll. RESULTS AND DISCUSSION
rated on top, with a portion of the ITO removed for making
electrical contact to the Alnecessary to prevent short cir-
cuits through the soft polymgr Current-voltage measure-  The absorption spectrum of PPV and a 20-wt%
ments were performed in air with a Keithley 238 electrom-TiO,-PPV composite film is shown in Fig. 1. The spectrum
eter. lllumination was made with either white ligiXe arc  indicates that more than 90% of the incident light is absorbed
lamp, ~100 mW/cnf, AM1.5) or the 357-nm line of an between 2.8 and 4.4 eV. The rise of the absorption due to the
argon-ion laser. For quantum yield measurements a halog€eriO, nanocrystals above band gap at about 3.2 eV is visible,
lamp-monochromator system was used, with photon fluxeand a peak occurs at 4.2 eV, the energy at which the absorp-
of 101-10s 1cm 2 incident at the ITO side of the com- tion coefficient in TiQ is a maximunt® For polycrystalline
posite film. The spectral bandwidth of the monochromatorTiO,, the absorption coefficient=8x10°cm™! at 4.2 eV
was 4 nm. Normalized short-circuit currentgluantum indicates a dense film of thickness 16 nm for the measured
yields) as a function of excitation energy were obtained byfilm absorption of 1.3. Since the film thickness is 100 nm for
dividing the obtained currents by the measured photon fluthis sample, the absorption implies an 16% volume fraction
(using a calibrated Si diodat each energy. Film thicknesses for the nanocrystals. A volume fraction of £7—1% TiO,

for all samples were 100—150 nm, as measured with a Dek-

A. Optical absorption



PRB 59 EXCITON DISSOCIATION, CHARGE TRANSPORT, AN . .. 10 887

3 T T Energy (eV) w.r.t
3 E level
< ] 3 vacuum LUMO
E: 2 E E 3 — EA=28eV
5 F 3 cB
g - 4 EA=4.0¢eV 7777‘
3 = =40e
: 1 _ HOMO
A~ 0 S J//7 P=50eV
0 10 20 30 40 50 6 —
Wt. % TiO2 nanocrystals 7 VB
FIG. 2. Absolute photoluminescencéPL) efficiency of IP=728V
PPV:TiO, composites as a function of wt % Tj@anocrystals. The .
PL efficiency for PPV alone was measured to be 20%. TCO TiO, PPV Al

. . . FIG. 3. Electronic energy-level diagram relative to vacuum for
has been independently determined for this sample by Ruthpe 1o, nanocrystalsCB: conduction band: VB: valence band:
erford backscattering, in precise agreement with the ab- ga: glectron affinity; IP: ionization potentiglthe PPV (LUMO:
sorption measurement. The absorption of PPV in the compwest unoccupied molecular orbital; HOMO: highest occupied mo-
posites in Fig. 1 is unperturbed by the presence of theecular orbital, and work function levels of TCQtransparent con-
nanocrystals, displaying the same=* absorption peak as ducting oxide(ITO) or SnQF] and Al. The energy levels were
for PPV alone. For higher weight fractions of TiGhe TiO,  obtained from Refs. 3 and 20.
peak is correspondingly higher, and the two distinct peaks
present in the spectrum of the 20-wt % composite, one due torystal surface in the 5-wt % composite is about 35 nm, ob-
the w-7* absorption maximum of the polymer and the othertained by a straightforward geometric argument. For an
to the band-gap onset of TOmerge into a single broad ordered, close-packed lattice of spherical nanocrystals, we
absorption band dominated by the nanocrystal absorptiowould have a maximum volume fraction of 52% TiBased
The absorption spectra are the sum of the absorption spectomm geometric considerations. In this ideal case, each nano-
of the two components individually, indicating that no crystal would be in physical contact with at least four or six
charge-transfer bands or significant electronic interaction ocethers, depending on whether it is at a surface of the film or
curs between the materials under steady-state illumination @b the interior. Given that the nanocrystals will not be evenly
low intensities. The energy levels of the two components arspaced in the composites, we have no precise information
shown in Fig. 3. about the distribution of nanocrystal spacing in the film and
the degree to which the crystals are in physical contact.

The PL is quenched by a factor of approximately 7, with
5-wt % nanocrystals, which corresponds to an interfacial dis-

Composites of PPV with Ti@nanocrystals were studied sociation of more than 80% of the luminescent excitons. This
by photoluminescencéPL) as a function of wt% of nano- result and the expected maximum distance to a nanocrystal
crystals. For PPV alone, PL efficiencies are 0.17—-0.27 deinterface of 20 nm are in reasonable accord given an exciton
pending on material quality and preparation conditibhs. diffusion length of 5—15 nm and a distribution of distances
Figure 2 shows the PL efficiencies of films prepared withfrom a polymer to a nanocrystal interface with a maximum
TiO, nanocrystals. Even at 5-wt % TjQthere is significant of 35 nm. As the wt% of nanocrystals increases, the maxi-
quenching of the polymer fluorescen@pproximately 80% mum distance to a nanocrystal interface decreases. For 40-
of the excitons are quenched as compared with PPV alonewt % nanocrystals and a volume density of 22%, the maxi-
At higher concentrations of the nanocrystal, the quenching isnum polymer-nanocrystal distance is about 18 nm, and we
nearly complete. The quenching is clearly due to the presmeasure a PL efficiency of below 0.5, indicating that the
ence and distribution of nanocrystals in the polymer matrixluminescence is quenched by a factor of more than 20. The
Given an exciton diffusion length of 5-15 nm, most of the exciton also has a finite dimension in the polymer phase: the
excitons must be generated within this distance of a nanadimensions in a single PPV molecule have been calculated to
crystal and be quenched within about 1 ns, the maximunbe about 2 nm along the length of the chain and 0.4 nm
lifetime of the excitons. From optical absorption and Ruth-transverse to it; however, with more extended states in a
erford backscatteringRBS) measurements, the volume  solid film, the spatial extent of the exciton may be longer,
density of TiGQ in a 5-wt% TiO,:PPV composite is 1t/ resulting in an even smaller effective distance from polymer
—2%, or two nanocrystals per every volume cube of edgeo nanocrystal surface. Overall, the quenching of the lumi-
43 nm. This volume fraction in a 5-wt% composite is nescence is nearly complete above 20-wt % sTAnocrys-
slightly higher than would be expected given the densities ofals, indicating that nearly all of the excitons are generated
each component, 4 and 1.4 gftfor TiO, and PP\V2®re-  within 5-15 nm of a nanocrystal interface, that the excitons
spectively, but at higher weight fractions the measured volare capable of being quenched by the surfakes to charge
ume densities are in good agreement with the expected deseparation, for instangeand that the nanocrystals are well
sities. The RBS measurements also indicate that the densitgiixed in the polymer.
of nanocrystals is constant across the thickness of the com- The PL efficiencyd depends on the fraction of absorbed
posite film?! The maximum distance of any point to a nano- photons which produce singlet excitotte branching ratio

B. Photoluminescence efficiency and exciton dissociation
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77), as opposed to other species such as spatially separate 0.1 [———T——— T
polaron pairs, and the probability that the singlet excitons [
will decay to the ground state by radiative emissien,

g
d=ye. (2 E 0 R
The values ofp and e determine the physical detail behind -
the luminescence efficiency observable. The measured abso-
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T

lute luminescence efficiency ob=0.27 for PPV gives a 0.1 N P B S
lower limit of »=0.27, if ¢ is unity. As discussed in detail in -1 -0.5 0 0.5 1
the work by Greenhanet al,'® the efficiency of radiative V (volt)

decay of singlet excitons;, depends on a competition be- FIG. 4. Current density-voltage curvel-t/) of a typical

tween radiative and nonradiative decay rate processes, a'T‘POIPPV:TiOZ composite/Al device in the daridashed ling and

has been estimated to be about 0.28 for PPV, implying @er white light illuminatior(100 mW/cn?). The dark curve indi-

branchir_lg ration of unity (all _photoexc_:i'gations_ produce sin- cates diode behavior. The typical device size was 1-&.mm
glet excitong. The decrease in PL efficiency in the presence

of the nanocrystals indicates that either or betland ¢ is
reduced. The most likely interpretation is that another . .
branching channel is added to the system, i.e., an exciton 1. Photovoltaic properties
loss via charge separation which subsequently decays nonra- ppotoyoltaic measurements were made on the device
diatively. In previous work? we showed, using a microwave gtrycture AI/PPV:TiQ composite/ITO in the dark and under
conductivity technique, that photogenerated excitons in PPYfjymination, and a typical current-voltage curve is shown in
do indeed dissociate at a Ti@anocrystal interface to give Fig 4. For a 20-wt % Ti@ composite, the short-circuit cur-
separated charges, with electrons transferred to the condugsnt density in white light(100 mWi/cn?, AM1.5) is 25
tion band of the nanocrystals following polymer photoexci-MAlcmz with an open-circuit voltage of 0.65 V. For a 67-
tation. The conduction band electrons are mobile in the Miyt o4 composite, the short-circuit current increases by a fac-
crowave field and a control experiment with a film of PPV o of more than 3, to over 78A/cm?, but the curve shape
without nanocrystals displayed no such signal. and open-circuit voltage remain nearly the same. The mag-
Given that the PL efficiency decrease is due to chargrde of the open-circuit voltage at a given light intensity
separation at the polymer-nanocrystal interface, a knowledggepends on the steady-state balance between generation and
of the fraction of absqrbed photons which _produce exciteGecombination rate for charge separation at a polymer-
states capable of leading to charge separation would be Usganocrystal interface with subsequent spatial separation

C. Photovoltaic and photocurrent properties

ful. A simple equation accounting for this is across the film, and these are not expected to depend strongly
on the density of nanocrystals in the composite. The open-
I'=7«, 3 circuit voltage of the device, 0.65 V, is equal to the work-

with T" the fraction of charge separation events per absorbe[s{i‘pr;it;?gs{;f;?;?igieo?f;giiggtgngcgg twgll‘?l?:?g Iitrr’:weilttet(:f)y
hoton (under steady-state illuminatipn» the fraction of o .o
P ( y anz -érpe built-in electric field between the contacts. Electrons flow
charge separatiofsinglet excitons and « the efficiency of Into th_e AI contagt, .Wh'Ch IS consistent with the d_|rect|on of
9 P (sing 5 “ y the built-in electric field Al with a lower work function than

har ration of th . T ® =1, with all ab- . .
charge separation of the state. THus , with all ab go, see Fig. 3 In reverse bias, the photocurrent under the

sorbed photons leading to either luminescence or charge =’ >°~ . T
separatign In general e%ch term in E3).is also dependent %hlte light illumination increases by a factor of 2 aR.0 V
' ' for a given composite, but remains at this level at larger

on photon energy. If we takey to be unity as discussed X L )

above(all photoexcitations produce states capable of chargéeverse bla§ voltag_eg. The effect of _the bias indicates an im-

separatioh I' is determined by via either geometric con- provementin an efficiency (.)f collecting separated _charges n
the device rather than an improvement in the efficiency of

siderationgdistribution of nanocrystals per unit volume, i.e., h " ffici . b ¢ the oh
polymer-nanocrystal distancer the probability of exciton charge separation €efhiciency, since we observe from the pho-
luminescence measurements that nearly all excitons have

dissociation upon reaching an interface, or both. In the cas ted t ted ch d bi
here with TiQ nanocrystals and nearly complete PL quench- een converted to separated charges under zero bias.

ing, with all absorbed photons leading to singlet excitons
which are capable of charge separatiass 1, and thus all
absorbed photons lead to charge separations. In general casesQuantum yields(electrons/incident photopsare 1-2 %

of conjugated polymers mixed with nanocrystals gy @ol-  between 2.5 and 3 eV, and over 10% above 3.2 eV at short
ecules, the efficiency of dissociatior, may be lower than circuit for a 20-wt% TiQ composite. These values are in-
unity, or there may be other nonradiative channels of decagreased by a factor of 2—3 for a 67-wt % TiOrhe spectral
available to an exciton upon reaching the interface resultingesponse of the photocurrent at short circuit for a composite
in a less than complete PL quenching. Based on our direds shown in Figs. 5 and 6. The photocurrent onset is at 2.35
observation of complete PL quenching, the microwave coneV, consistent with that for Al/PPV/ITO structur@sithout
ductivity measurements, and takimgto be unity, we expect nanocrystals®> However, the current density is two orders
that all excitons are converted into separated charges in conof magnitude higher than that found in PPV-only structures,
posites with 20-wt % Ti@Q and higher. due to an improved efficiency in exciton dissociation in the

2. Photocurrent quantum yields
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et baa s baea b b e baas beaed FIG. 7. Schematic diagram of the various excitation, charge
18 2 22 24 26 28 3 32 34 transfer, and decay pathways available in a conjugated polymer-
Energy (eV) nanocrystal composite. The filled circles indicate electrons, and the
open circles represent holes. Process 1 indicates photoexcitation;
. . o ; process 2 indicates decay of the electronic excited state; the dark
device. Quantum yieldeollected electronsfincident photorese in slanting lines with arrows indicate a hole or electron transfer pro-

theo ran_ge.of 2-3% over t_he spectral _reIgion 2.3-2.7 eV for a 67E:ess(left and right sides, respectivglyand the thin lines connect-
Wt % TiO,:PPV composite; _quantum yields at_)ove 3.3 eV are 0Vering the conduction band of TiQwith the hole level in PPV indicate
10%. The spectral bandwidth was 4 nm with photon fluxes of

OM 10t s L om 2 an interfacial recombination process. The state levels are depicted
107-10"s “cm = as in Fig. 3, with the holes placed at slightly lower energy than the

. olymer LUMO (lowest unoccupied molecular orbial
presence of the nanocrystals. At photon energies above 3'.02 Y ( P I

eV, the photocurrent quantum yield increases rapidly to L . L
nearly 15% at 3.4 eV. The magnitude of the short-circuitStates with different lifetimes and thus be collected with dif-

current is linear with monochromatic light intensitgrgon- ferent efficiencies. We examine this possibility in Sec.

FIG. 5. Spectral response for an ITO/PPV:Fi€bmposite/Al

ion laser, 357-nm line in the range of imes.

10'- 10" photons cm?s ™%, the same range of incident light

intensity in which the quantum yields were measured; this 3. Electron vs hole transfer across the conjugated
indicates that the measured quantum yields are not a function polymer-TiG, interface

of the light intensity used in the measurement. The quantum Tha increase in the quantum vyield at photon energies

yield at short circuit as a function of photon ener@(E),  higher than 3.2 eV in our devices cannot be attributed solely

can be accounted for by the product of three factors: the, e ahsorption of the PPV, since the absorbance of PPV
fraction of photons absorbed; the charge separation yield ,.reases only by a factor of 2 from 2.6 to 3.2 eV, for ex-

per absorbed photork; and the charge transport efficiency gmpje while the response increases by a factor of 8. In PPV-
or probability of collecting the charge at a contagt, The 4y devices the quantum yield declines to zero in this spec-
factor ¢ will depend on the competition between charge g region?? The increase instead must be due to absorption
transport time to a collectmg contact and recombination. Ofdirectly into the TiQ nanocrystals, producing free charge
these factors, only the fraction of absorbed photons and COyriers above the band gap. Since the absorbance of the
lection efficiency depend on the photon energy: nanocrystals in our composites is not significantly higher
_ than that of the PPV, the main factor responsible for the
QIE)=AE)xe(E) @ increase in quantum yield must be accounted forg§iz),
because the photoluminescence w@Pk quenching by the the probability of collecting the charge at a contact. Figure 7
same factor at all energiesuggests that, in a heterogeneousillustrates the possible excitation, charge transfer, and decay
mixture of two components with different electrochemical pathways involved in the composite. Process 1 represents
potentials, the charge separation efficieneys not deter- photoexcitation in the polymer and nanocrystal phases; pro-
mined by the energy of the excitation, but rather only by thecess 2 represents the internal decay of the excitation energy
energetic and electrical characteristics of the interface. Theia radiative and nonradiative pathways; the dark arrows
collection efficiencye may depend on excitation energy, slanting left and right represent hole and electron transfer
since different excitations may lead to charge-separatedcross the interface, respectively; and the slanting thin lines
represent recombination across the interface between the
] spatially separated electrons and holes. The levels of the

1

=]

:E: 0.8 1 2 holes are placed slightly lower in the schematic than the

g 1 E lowest unoccupied molecular orbital level of the PPV, since

Z 06 1 £ they are presumed to somewhat polarize the surrounding

; 04k RS B polymer.

2 : £ The time scales for the internal decay of the excitation

g 0.2 1 £ following photoexcitation of either PPV or TiCare known.

S 0 . 5 Process 2 in PPV alone, the exciton decay, typically occurs
; — '2'5' — 3 — '3'5' within 1-2 ns(radiative and nonradiative degayneasured

from photoluminescence and photoexcitation spectros-
copy>?® We measured process 2 in TLi®anocrystals, the
FIG. 6. Spectral response for an ITO/PPV:Fi€bmposite/Al  recombination of free charge carriers, by a time-resolved mi-
device compared with PPV-only absorption. The spectral bandcrowave photoconductivity technique. Figure 8 shows the
width was 4 nm with photon fluxes of ¥B-10s™tem™2. microwave photoconductivity trace measured when the, TiO

Energy (eV)
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Al/PPV:TiO, composite/ITO device originates. For both
PPV and TiQ photoexcitation, the net result is the same: a
light-induced excess of electrons is in the conduction band of
the nanocrystals, and corresponding holes in PPV. The effi-
ciency of collecting charge at a contact will depend on the
site of charge separation in the film, since different locations
are at different distances from the contact. The polymer
phase is continuous throughout the composite, but only some
et .1 L S fraction of the nanocrystals is in physical contact with other
0 20 40 60 80 nanocrystals. Therefore, a path exists from any charge sepa-
Time (microseconds) ration site in the composite for hole transport to the ITO
FIG. 8. Microwave photoconductivity of TiOnanocrystals in Coma.Ct’ but there may not be such a path for t.he electro_ns in
air following a 10-ns flash of 2-mJ lighB3.5 eV). References 13 the TIG, to the Al contact. Furthermore, even if conducting
and 17 contain details of the experimental setup. pathways do exist ,fqr the electrons in the Fjthey may not
be transported efficiently through the network due to ener-

nanocrystals in air are excited above the band gap at 3.5 e\g_etic barriers or grain boundaries between nanocrystals. Thus
Figure 8 indicates that half of the free charge carriers recom’¢ expect that the magnitude of the short-circuit currents
bine in about 1Qus and 80% in 9Qus. The decay of the free WI|| be limited by electron transport through the nanocrystal-
charge carriers is not expected to be significantly altered ifjn€ Phase rather than by hole transport through the polymer
TiO,:PPV composites. phase. We also assume that charge transfers or recombina-
The recombination reaction between the spatially sepat-ion at the contacts of the device are not limiting factors in
rated electrons and holes in the composite has also been m¢d€ duantum yields. . o
sured by the same technigtieThe process occurs in hun- We observe a 2—3 increase in the short-circuit quantum
dreds of nanoseconds to several microseconds and, althou Wld;LOf our devices gozjn.g from hZO to 67 Wg/" P'ﬁsmce.
measured only for polymer photoexcitation, is expected to b&'€ meﬁsure_:meﬂt indicates that pverr] 95% o E e excitons
the same for either polymer or nanocrystal excitation sincéf€ quenc .e‘?“"a charge separa_tlc)nn the ZOth % TIQ
the resulting statdelectrons in nanocrystals and holes in composite, it is possible that the increase is simply due to an

Photoconductivity (arb. units)

polyme is the same. The time scales for the electron andl'Creéase in absorption at higher Ti€ontents(with quantum

hole transfer processes have not been measured. If we Ai€!ds Of charge collection significantly higher for nanocrys-
tribute the increase in the photocurrent quantum yield abov&?! €xcitation than for polymer excitatinAnother possibil-

3.1 eV of the composite devices to a longer-lived chargelty is that significantly more electrons in the film are able to
separated state, this implies that either the hole transfer pré€ach the collecting contact, since there are more continuous
cess from TiQ to PPV is slower than the electron transfer PAths from any charge separation site to a contact available at
process from excitons in PPV, or that some process precedi9ner welghr: frgcnlons of nanocryls(;al_s. However, we can
ing hole transfer is slower. In either case, it takes longer ggecount for theabso utequantum yields in any Of. our com-
reach the charge-separated state and thus longer for charg@Sites by only considering the charge separation events in

recombination. Withr the total time required for relaxation M€ first nanocrystal layer from the Al contact. With the mea-
of the excitation energy: sured absorbance of each component in film and the ex-

pected charge generation profile=1,e~#, with |, the inci-
dent light intensity at the ITO contadt, the light intensity at
=2 kgttky itk L, (5)  the Al contact, and\ the film absorbance, we can estimate an

upper limit for the photocurrent quantum vyield of charge
and k., and k, the charge-transfer and recombination ratecollected from just a single TiOnanocrystal layer at the Al
constants, respectively, arig the rate constant for some contact. For a single pass of light, neglecting reflection from
process which precedes charge transfer, we expeckgat the Al contact—which will raise the estimate—and assuming
or k;;* or both are longer following TiQexcitation than the ~that every photon absorbed leads to a charge separation
corresponding processes following polymer excitation. ThefVent, we calculate a maximum quantum yield of about 40%
fact that free-charge-carrier decay in jiftanocrystals alone [©0f @ 67-wt% TIQ-PPV composite at the first layer of
(Fig. 8 decays much more slowly than tifiterfacia) re- ngngcrystals at the Al contact, assuming that all excitons
combination process in composites suggests that a Iongé(Y'th'n 15 nm of the electrode are converted to collected
length of time could elapse before hole transfer to the polycharges and the measured total film absorbared..0 for a
mer occurs. If the longer time to reach the charge-separatef?0-NM-thick film. Since our measured quantum yields of
state is due to the hole transfer process itself, this might b&0—15 % for TiQ excitation(and 1-2 % for PPV excitation
accounted for by a larger effective mass of the holes than th'® Well below this, we have no assurance that the charge is

electrons, but a detailed analysis of this is beyond the scopeP!lécted from nanocrystals throughout the film rather than
of the present paper. only at the interface. Our argument does not rule out charge

transport between nanocrystals, it only demonstrates that the
existence of a photocurrent in device structures based on
conjugated polymer-nanocrystal composites does not neces-
We now consider the important question of where in thesarily indicate that charge transport occurs between the
composite film the observed photocurrent in thenanocrystals. We will consider the transport issue more

D. Spatial origin of the photocurrent
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quantitatively in following sections. In related work with a tude lower than this. TiO,, as prepared and used in our
PPV derivative mixed with a CdSe nanocrystahe authors  composites, is expected to haloped due to adventitious,O
found a more than tenfold increase in short-circuit quantunyoping, with an estimated doping density of about
yield going from 40- to 90-wt % nanocrystals, and concluded) o7 ;-3 24.25 ynder white light(100 mW/cn?, AML.5), we

from this that the significant increase in photocurrent at 9Q.5, expect a maximum steady-state photoinduced excess
W% is largely due to a percolation effect in the Tighase, charge density for either carrieAf,Ap) of 10" cm ™3 with

i.e., that the threshold for percolation is reached where thergn=Ap.26 With interfacial charge separation with electrons

is a high probability of finding a continuous pathways from,[0 the nanocrystals and holes to the polymen=n is the

most sites in the lattice to the collecting contact. However,

the tenfold increase might also be accounted for by a com=ame order of magnitude or less than the dark density; but

bination of a decrease in PL efficiencincrease in charge AP<P is several orders of magnitude lower than the dark
separation efficiency of excitonwith a higher absorption of density. This indicates that a hole photodoping effect will

the film (increase in excitonsleading to an increase in the Potentially be operating in the polymer phase under these
photocurrent. illumination levels, and may contribute to an improvement in

photocurrent as the illumination intensity is increased.
Charge carriers in both phases are therefore majority carriers,
with the predominant recombination loss occurring at the
1. Carrier recombination interface between the components. Photocurrents are due to

A . éhe collection of each carrier at opposite electrodes. Electron
part from the question of whether electrons are collecte o . - L1

: . mobilities for bulk TiO, are w, 1i0.=0.1-1cmV 1s7?
from throughout the Ti® nanocrystal film or from only a 2 .
single interfacial layer near the contact, carrier transport ifRnd for holes at least an order of magnitude lofesut it is
both TiO, and PPV phases must compete with recombinaot known hovv_ much_ these valges are reduced in a film of
tion. We will use the photocurrent quantum yield to estimatg?@nocrystals with grain boundaries betwee_nl tr_‘? crystals. As-
the time scale of charge transport in the 67-wt% JRPY  SUmMing a mobility then Oftn Tio,=0.1cnfV " *s™%, we ob-
composite as follows. First, we assume that all incident photain a diffusion constantD=2.5x10 ®cn?s * for the
tons are absorbed in the composite. This is a reasonable agpnduction-band electrons in bulk. For PPV, the hole mobil-
sumption since, from the measured absorbance, less thally is up ppy<10"*cn?V~'s™* (Ref. 3, and electron mo-
10% of the incident light reaches the Al back contact. Sechbilities several orders of magnitude smaller. For PPV then,
ond, we assume that all absorbed photons are converted intoe diffusion constant of holes B=2.5x10 °cn?s ™! at
separated charges based on our arguments from above. UsiB@0 K by Einstein’s relation.
Eq. (4) we are left with the factop, the probability of charge Now we model the transport and charge collection prob-
collection at a contact: the quantum yigds determined by  ability, and compare this with the measured values. For sim-
the charge transport and recombination rate processes, not plcity, we will assume our composites are composed of a
absorption or charge separation efficiency. The probability ofvell-ordered square Tifnanocrystal lattice with PPV in the
charge collectionp is determined by the mean time required interstitial space. A real system with disordered nanocrystals

E. Charge-carrier recombination and transport time scales

for a carrier to be collected at a contagt, will exhibit less efficient charge transport through the net-
work, so the ideal system represents an upper limit in per-
¢=R(7)/R(0), (6) formance. We consider only the electrons moving in the

nanocrystal phase, although a similar argument can be made

with R(7) given by the measured recombination process, angyr the holes in the polymer phase. We assume that all elec-
R(0) for normalization. An overall quantum yiel® of  trons in the conduction band of the first layer of nanocrystals
1-2% implies ap of 1-2% and a 98-99% probability of at the Al contact are collected with unity probability, but this
recombination. Recombination of the SeparatEd Charges O¢lnes not Change the conclusions of the argument. The re-
curs in a complex manner with half of the initial signal am- maining electrons must random walk through the lattice to be
plitude, decaying in 600 ns in a nonexponential fashfon. collected at the contact. Taking a hopping model for the
The part of the decay after 800 ns can be well fitted to a sunansport, we have in principle six different probabilities per
of two expongntlals with time constants of 4_.3 and@land  ynit time (rate constanigor hopping{p;.....ps}, depending
relative amplitudes of 0.7 and 0.3, respectively. From thesgp, the direction of the hopp, toward the collecting contact,
data, we infer that the mean time for charge transport in th%2 away from it, andps, ...,pg in a sideways fashion within
films is 200-300us. As discussed above, we attribute theg |attice layer. The difference in the hop probabilities arises
much higher quantum yield.0—15 % above 3.2 eVt0 Ti®  from the built-in electric field oriented toward the collecting
nanocrystal excitation with hole transfer to the PPV or some&gntact. To estimate the relative magnitudes of the hop prob-
preceding process as the limiting step, not the recombinatiogpilities, we compare the diffusion and drift velocities of the
process, which leads to a longer-lived charge-separated staigectrons. For the thermal velocity we have the formula
mev3=3/2KT, with m, the effective mass of the electron,
vy, the thermal velocityk Boltzmann's constant, and@ the
temperature. Takingn, to be 100 times that of a free-

First we consider the dark carrier densities and mobilitieslectron mass$! we havev,=1.1x 10* cm/s at 300 K. We
in both phases. In PPV,@doped material, the intrinsic hole calculate the drift velocity from the formulag= w«E, with
concentration is estimated to fge=10*cm 3, and the in- vq4 the drift velocity, u the electron mobility in the TiQ
trinsic electron concentratiom to be two orders of magni- conduction band, an# the built-in electric field. Takings

2. Carrier transport from experimental measurements
and in a lattice model
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=0.1cnfV 1s !t andE=5x10"V/cm (from 0.7 V across
150 nm givesvy=4X10°cm/s. Since our estimate of the
mobility assumes bulk and is probably too high given grain
boundaries between nanocrystals, we expect that the drift
velocity is much smaller than the thermal velocity. We con-
clude, therefore, that the main force behind carrier transport
is thermal diffusion, biased slightly by the built-in electric
field.

Following this argument, we estimate the maximum dis-
tance an electron will travel in bulk TiQusing the diffusion
constant of the conduction band electron® =2.5
X 10 °cn?s™1). The electrons in bulk TiQwill diffuse ac- FIG. 9. Results of a random walk of charge Mfsteps in a
cording to the formuld.?/D = r, with L the average distance close-packed, well-ordered latti¢ef nanocrystals the probability
traveled in timer. Taking 7=100us as the upper limit al- t0 reach the first nanocrystal layét the interface with the elec-
lowed for transport by the recombination procésfs above, trode starting from the second to the tenth layers. Details of the
we determind.=500 nm. We now picture that distance as amodel and the implications of the results are discussed in the text.
series of hops between individual sitggnocrystalsof di- ) . . )
ameter 25 nm, and find an upper limit for the number of hopgVith a sum over all with the possible sequences in a path of
before recombination: 20. The estimate implies an uppelength N, with the obvious condition thaEkj=N and the
limit for the time to hop between nanocrystals af boundary conditiorkj<L—1 with L the layer number. The
=10us. However, in a network of TiQnanocrystals, the boundary cqnd|t|0n limits the sum to only those path se-
diffusion constant is expected to be significantly lower thanduences which do not allow the charge to reach the first
the bulk value. From recombination measurements in a netayer. We take the probability for hopping in any of the six
work of dye-sensitized TiQnanocrystal¥ and the known directions to be equalpg=p,=ps=ps=Ps=ps=s), al-
quantum yields, we estimate a diffusion constant of ordefhough a biased random walk can be obtained directly by
10~ 7 cm?s L using this and following the same argument asincluding other values for the hop probabilities. Equatién
above gives an average hop time of about }@0between therefore becomes
nanocrystals. For a PPV:Tgk@omposite system, with charge
recombination complete in 10Qs, we can therefore expect _ 1N
charge collection only from the first nanocrystal layer at the P=5N2 NI (ot kst kal kst k! - ®
electrode interface.

Probability

The results of a random walk of lengthin the nanocrys-
tal lattice are shown in Fig. 9, plotted as the probability to
reach the first layer from a given lay€t,...,10. For walks of
five steps, there is only a 60% probability of a charge from
We now examine the general case of a conjugated polythe second layer reaching the first layer, and a 20% probabil-
mer:semiconductor nanocrystal composite in which excitongty to reach it from the third layer. For walks of 20 steps or
are dissociated at the interface between the components, withore, there is a better than 50% probability of the electrons
electrons transferred to the nanocrystal conduction band. Wigaching the first layer from within the fourth layer. If we
will assume that the photocurrent is limited by the collectionassume the probability of collecting an electron from the first
of the electrons rather than holes in the polymer phase. Wrwyer is unity, these results can be used directly to determine
would like to know the probability that an electron intro- the Spatia] origin of the collected Charge Sm'[(e_): P(L)
duced at some sits in the film can reach the collecting G(L), whereP(L) is the probability for collecting an elec-
contact subject to charge recombination, as a function ofron at the contact from layérin the lattice, ands(L) is the
diffusion constant and position within the nanocrystal net-number of charges photogenerated within layefdirectly
work. We will again take a close-packed, ordered squargietermined from the absorption projilé\gain, these results
lattice of nanocrystals as our model system, and assume thage for an ordered, close packed lattice; in the real situation,
the electrons migrate mainly according to diffusion with athe probabilities shown in Fig. 9 will be smaller.
negllglble drift bias. An electron in the bulk will have six For a genera| case Withgi\/en by the recombination time
hop possibilities and associated probabilitigs, ,....ps},  (we take this to be the time for 90% of charges to recombine
with 2 p;=1. We define the nanocrystal layer at the electrodesnd using the diffusion formulayd=(7D)°> with d the
interface as layer 1, and taKé;,... ks} as the number of hop distancdi.e., nanocrystal diameterTo collect most of
occurrences of each hop direction in a given path sequenage electrons from the within the first five or six layers in the
of N steps. The probability for a charge not reaching the jdeal lattice, would require a minimum &f=40. For nanoc-
first layer from others layer®2,...n=L} in the lattice is then  rystals of 25-nm diameterd(=25) and an upper limit for the
given by diffusion constant through the network,D=2.5
X 10" %cn?s ™, this corresponds to a recombination time
of 400 us. Now consider a well-ordered lattice of nanocrys-
_ k1k2 k3 k4 K5 k6 tals with grain boundaries and a lower diffusion constant,
P= Ek N1/ (ke kot kst kat kst ke! ) P1 P2"P3"Pa Ps Ps s order of 107 cn?s ™%, as discussed above. To collect charge
(7)  from the first five or six layers via the random walk, we

3. Carrier transport: A general case of a conjugated
polymer:nanocrystal composite

ky'-Ke
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would need a minimum again of 40 steps, and this implies @gy of nanocrystal:conjugated polymer composites,
demand ofr=0.1s for the recombination time. Since most comparable efficiencies are possible.

of the separated charges in PPV:}i@anocrystal devices

recombine within hundred of nanoseconds to microseconds

(cf. above, Sec. lll EXL. only charge generated within one IV. CONCLUSIONS

layer in the lattice from the contact will have an appreciable

probability of being collected. We have introduced photovoltaic devices of a composite

of TiO, nanocrystals and a conjugated polymer, PPV. We
have also analyzed in detail the mechanisms underlying the
device, including exciton dissociation, charge recombination,

It is worthwhile to compare the mechanisms by whichang transport, paying particular attention to the composite
conventional, silicorpr-junction photovoltaic devices work  morphology and energy levels of the electronic states in both
with those based on conjugated polymer composite®io-  components. Photogenerated excitons in the polymer or

Erystals, Qor'] it.c)r; Theh key diffekr)_el_nce?] are 'th(’l) silicon (?and-gap absorption in the nanocrystals lead to charge sepa-
as a much higher charge mobility than either conjugate ation at the interface between the componeatsctrons to

polymers or nanocrystals, typically on the order of 10 or 100 .
em?V-Ls1 depending on the silicon morphology and dop- the nanocrystals and holes to the polymer, respectivahd

ing density?>2’ and (2) the device is a bilayer, junction de- ir_1 a device structure some of the photogenerated charge car-
vice. The higher mobility means that the overall Charge_rlers are _Collected at the e_Iectrodes. With r!early compleze
carrier motion is strongly influenced by the built-in electric photolummescence quenchlng at concentrations of 20-wt %
field (drift velocities are comparable to thermal velocifies 1102 hanocrystals and higher, we have all absorbed photons
By contrast, in conjugated polymer:nanocrystal devices, car€2ding to charge separation. We conclude therefore that the
rier mobilities are at least two or three orders of magnitudeduantum yields of collecting charge in the device are limited
lower, so charge motion is mainly diffusive and thus lessby the charge transport and recombination rate processes, not
efficient. The second difference, the single junction betweey absorption or charge separation efficiency. The quantum
the n- and p-type layers, means that once the carriers haveields of the device are significantly higher10%) above
been separated across the interface region, they encoun® eV than between 2.5 and 3 eV, and we attribute this to
only a minority of oppositely charged carriers in their transitband-gap absorption in the nanocrystals, producing free car-
to collecting contacts. In the composite devices, however, thders which require a longer time to recombine than for the
charge is able to recombine across the interface between therresponding process following excitation in the polymer.
separate phases throughout its transit to an electrode contagfe argue that the existence of a photocurrent from the de-
In other words, the interfacial area, the region expected tgice does not guarantee that charge transport occurs through
produce the most carrier recombination due to surface stateg, network of the nanocrystals, since the absolute quantum
is distributed over the entire device. The third main differ-yields may be accounted for by charge transfer from a single
ence between the two types of devices is that even allowinganocrystal layer at the interfacial contact; in general, in con-
for the major loss of efficiency due to the first two factprs, jugated polymer composites with nanocrystéts some

4. Comparison of semiconductor nanocrystal:conjugated
polymer photovoltaic devices with silicon pn junctions

thoartt Svlvji‘lslhorz:agl:]rs l\;ve”tIV\?e):(leSr: 'Phgo(rj?s;z::sc%rnghgtnif;'geg; trzgzz'pharge percolating through a network of the nanocrystals. By
P P using a random-walk model of electrons diffusing through a
crystals or G, molecules.

It appears, based on these very substantial differenceclose-packed, ordered, lattice of nanocrystals we determine

that these composite photovoltaic devices may never react € requ_irements for efficient collection of C.h arge as a func-
the collection efficiencies of conventionam junctions(typi- t|9n of distance from the electrode, recombination time, and
cally over 70%. However, recent demonstrations of efficient diffusion constant in the network. The model suggests that
molecular systems, such as that introduced by Regan arf/€n given an ordered lattice and a reason_ably long recom-
Grézel based on dye-sensitized Tifanocrystals in an elec- Pination time, most of the collected charge in the FRPV
trolyte, demonstrate otherwi€®.The device has a 60% dewges will originate from charge separation events within
quantum vyield at the maximum and produces over 1dhe first one or two nanocrystal layers at the electrode.
mA/cn? under white-light condition$100 mwW/cn?). In this

device, as in the conjugated polymer:nanocrystal device pre-

sented here, the charge motion is mainly diffusive. However, ACKNOWLEDGMENTS

the crucial factor which underlies the efficiency of the dye-

sensitized system is that the recombination time is quite This work was supported by E.U. Contract No.
long, ranging from hundreds of milliseconds to secotds. JORCT960107. The author gratefully acknowledges R. H.
Since the device is a photoelectrochemical cell, the recombiFriend and N. C. Greenham of the Cavendish Laboratory,
nation is not between holes and electrons directly but rathe€ambridge, U.K. and St. John’'s College, Cambridge, for
between electrons and an ionic, electron acceptor in solutiohosting a stay to complete the photoluminescence experi-
which may be advantageous from the point of view of reduciments, and R. E. |. Schropp of Universiteit Utrecht, The
ing the recombination rate. However, it is reasonable to exNetherlands, for providing an environment in which the rest
pect that through control of the interfacial area and morpholof the work was made possible.



10 894 J. S. SALAFSKY PRB 59

LA, P. Alivisatos, Scienc@71, 933(1996. 14M. Nazeeruddiret al, Helv. Chim Acta73, 1788(1990.
2D. L. Klein, R. Roth, A. K. L. Lim, A. P. Alivisatos, and P. L. °P. L. Burn, D. D. C. Bradley, R. H. Friend, D. A. Halliday, A. B.
McEuen, NaturgLondon 389, 699 (1997. Holmes, R. W. Jackson, and A. Kraft, J. Chem. Soc., Perkin
3N. C. Greenham and R. H. Friend, 8vlid State Physi¢edited Trans. 11, 3225(1992.
by H. Ehrenreich and F. Spaepéxcademic, San Diego, 1995 16N, C. Greenham, I. D. W. Samuel, G. R. Hayes, R. T. Phillips, Y.
Vol. 49, p. 1. A. R. R. Kessener, S. C. Moratti, A. B. Holmes, and R. H.
4J. J. M. Halls, K. Pichler, R. H. Friend, S. C. Moratti, and A. B. Friend, Chem. Phys. LetR41, 89 (1995.
Holmes, Appl. Phys. Let68, 3120(1996. 173. s. Salafsky, W. H. Lubberhuizen, E. van Faassen, and R. E. I.
SK. E. Ziemelis, A. T. Hussain, D. D. C. Bradley, R. H. Friend, J.  Schropp, J. Phys. Chem. B2, 766 (1998.
Rihe, and G. Wegner, Phys. Rev. Lei6, 2231(1991). 18\M. Kunst and G. J. Beck, Appl. Phy80, 3558(1986.

6p. J. Hamer, K. Pichler, M. G. Harrison, R. H. Friend, B. Ratier, 1°R. Fessenden and P. Kamat, Chem. Phys. e 233(1986.
A. Moliton, S. C. Moratti, and A. B. Holmes, Philos. Mag.73, 20H. O. Finklea, inSemiconductor Electrodesdited by H. O. Fin-

367 (1996. klea (Elsevier, New York, 1988 Chap. 1.
"P. Dyreklev, O. Ingar® J. Paloheimo, and H. Stubb, J. Appl. 21J. S. Salafsky, H. Kerp, R. E. I. Schropp, Synth. M@t be
Phys.71, 2816(1992. published.
8Y. Wang and N. Herron, Chem. Phys. Le200, 71 (1992. 22R. N. Marks, J. J. M. Halls, D. D. C. Bradley, R. H. Friend, and
9N. C. Greenham, X. Peng, and A. P. Alivisatos, Phys. Ret4B A. B. Holmes, J. Phys.: Condens. Mat&r1379(1994.
17 628(1996. 23M. Yan, L. J. Rothberg, F. Papadimitrakopolous, M. E. Galvin,

103, 3. M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia, R. and T. M. Miller, Phys. Rev. Let{72, 1104(1993.
H. Friend, S. C. Moratti, and A. B. Holmes, Natufeondon 24R. H. Wilson, L. A. Harris, and M. E. Gerstner, J. Electrochem.

376, 498(1995. Soc.114, 172(1979.

11G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger,sz. Rothenberger, D. Fitzmaurice, and M."Gs, J. Phys. Chem.
Science270, 1789(1995. 96, 5983(1992.

12K, Yoshino, X. H. Yin, K. Muro, S. Kiyomatsu, S. Morita, A. A. 2°M. A. Green, Solar Cells Prentice-Hall Series in Solid State
Zakhidov, T. Noguchi, and T. Ohnishi, Jpn. J. Appl. Ph$2, Physical Electronics, Vol. XIV (Prentice-Hall, Englewood
L357 (1993. Cliffs, NJ, 1982.

13, s, Salafsky, W. H. Lubberhuizen, and R. E. I. Schropp, Chem?’S. M. Sze,Semiconductor Device®Viley, New York, 1985.
Phys. Lett.290, 297 (1998. 28B. O'Regan and M. Gitael, Nature(London 353 737 (1991).



