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We attempt to distinguish between two competing models of the photovoltage-determining mechanism in
dye-sensitized solar cells. One model does not consider the equilibrium potential difference at ghe TiO
substrate interface to be a significant factor in determining the photovoltage; the other claims that this potential
difference sets the upper limit to the achievable photovoltage. We deposit dye-sensitizdidinis@n four

different substrates that have vacuum work functions spanning a 1.4 eV range and measure the photovoltage
obtained from these films in three different redox electrolyte solutions. No significant differences in photovoltage
are obtained on the different substrates, not even on Pt where the interfacial potential should oppose electron
transfer. We suggest that the interfacial potential barrier may be smaller than expected and/or too thin to
have a significant influence on cell performance. We conclude that the photovoltage is determined by
photoinduced chemical potential gradients, not by equilibrium electric fields.

Background in the concentration of electrons in the BiCelative to the
substrate electrode. That is, the quasi Fermi level for electrons,

_ Dye-sensitized solar celfs? are the most promising alterna- e v definition is equal in the S@nd TiGy at equilibrium,
tive to conventional solar cells conceived in recent years. These A ;
becomes more negative in the Li@hen electrons are photo-

unusual cells combine aspects of semiconductor F)hOtoe'ec'[ro'in'ected from the excited dye molecules. The electrical potential
chemistry, dye-sensitization, and colloid chemistry in a mix that I Y : P

is not yet fully understood and probably far from optimized gradient that would otherwise develop between the photoinjected
Even the most fundamental aspect of the dye egitsw they " electrons and the oxidized species, and would oppose charge
generate a photovoltage and thereby a photovoltaic effsct separation, is electrostatically screened by the electrolyte solution

: AN
still controversial. In this Letter we discuss the two competing Elq?t pfermetar\]tes ;h? _bglk O(; thed_na?o?r%/hstalllne ZLmn level
models of the photovoltage-determining mechanism and present erefore, the photoincuced gradient of the quasl =ermi leve

experiments that we believe distinguish between them. consists almost entirely of a chemical potential gradient.

. . - g (Without the electrostatic screening by the electrolyte, and
We first briefly summarize the points of agreement between,without the band-bending that drives charge separation in

the two models, and among most of the involved researchers: i n

Both models assume that the initial charge separation (photo-nonporous dye-sensitized electrpdt_es, most photoinjected elec-

injection of electrons from the dye into the nanocrystallineTiO trons WQU|d not escape f_rom their “image” charges and would

film and transfer of “holes” into solution) is primarily a feco”?b'”e befo_re reachl_ng the substra_lte eIect?é_élé} The
photoinduced difference in electrochemical potential across the

kinetically controlled proces$ and that the subsequent electron - . - :
transport through the bulk of the film occurs in an essentially nanocrystalline Ti@electrolyte interface (the difference between
the quasi Fermi level for electrons in the Gi@nd the quasi

electric field-free regime, that is, it occurs by diffusion rather . y o . L
than by field-driven drifé®12 There are no significant electric €M level for “holes™ in solution) sets an upper limit to the
photovoltage Vo, since it is this difference, and the fact that

fields in the individual nanocrystalline TiOparticles:’ or ; )
y P electrons and holes are confined to separate chemical phases,

between the sintered particles in the bulk of the fiffr1® !
because, in the first case, the particles are too smdlb(nm) that drives electrons toward the substrate electrode and holes

and too lightly doped to support a significant space charge and ©oward the counter electrode. The actual valu&/gfwill be
because, in the second case, the sintered particles are surroundé@SS than this value because of recombination processes,
by a concentrated electrolyte solution that screens any eXistingelectrochemlcal overpotentials, etc. This model does not consider
electric fields within about a nanometer. the existence of an equilibrium electrical potential difference
The models differ, however, in how they treat the significance Petween the Ti@film and the Sn@substrate. We should note

of an equilibrium interfacial electrical potential gradient at the that this description represents our understanding of the kinetic

TiOJ/substrate interface, and therefore invoke somewhat dif- Model and does not appear verbatim in any of the referenced
ferent forces to drive photoinjected electrons across this PaPErs.

interface. The earlier model, that we refer to as the “kinetic ~ The other model, the “junction mode¥?,is newer and not
model”, was developed by a number of grot{$-14-21 put so thoroughly elaborated as the kinetic model. In many ways it
often appears in the literature as a common understanding ratheis analogous to the model of a conventional solid-state solar
than as a clearly formulated model. It posits that the photoin- cell. It posits the existence of a large equilibrium electric field
jected electrons are driven into the substrate electrode by the(band bending) at the TEIBnG, interface that drives charge

chemical potential gradient created by the photoinduced increaseseparation across the interface. The junction potential is
determined by the difference between the work function of the
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in the same fashion as a junction is formed at a conventional model. So changing this difference and monitoring its effect
semiconductor electrode upon immersion in a redox electrolyte on the photovoltage seems like the clearest way to distinguish
solution2* However, the junction potential in the dye cell is between the models. Here we report measurement¥,of

restricted to a very narrow region-0 nm) at the TiQISnG, obtained from dye-sensitized TiCfilms deposited on four
interface because the electrolyte solution that permeates thedifferent substrates that have vacuum work functions spanning
porous TiQ film would screen an electric field withinrl nm a 1.4 eV range.

or so anywhere else in the c&f2 Therefore, the junction _ _
potential does not drive charge transport through the bulk of Experimental Section

the TiG,, which remains electric field-free, but only across the  gjgctrodes. The electrodes are Sn-dopedQs, or ITO (Delta
TiO2/SnQ, interface. It is assumed that the separation of the 1gchnologies), F-doped SaLibbey Owens Ford), Au (pre-
electrostatically screened, photoinjected electrons in the TiIO yareq by sequential evaporation of 500 A Cr, 600 A Pd, and
from their image charges in solution cannot occur without this 1999 A Au onto a clean glass substrate), and Pt (prepared by
interfacial electrical potential gradient. Therefore, the magnitude sequential evaporation of 600 A Ti and 400 A Pt; these were
of this equilibrium potential difference sets the upper limit to 155 ysed as counter electrodes). Versus vacuum, the work
the magnitude of the achievable photopoterifial. functions of the clean electrodes argdd~ 4.3 V28 Bgno, ~

There is another aspect of the junction model that was not 4.8 eV28 @,, ~ 5.1 e\?® and @: ~ 5.7 eV2® The electro-
discussed in its original presentation but is relevant to our chemical reference electrode that we use, SCEA4F5 eV vs
comparison of the two models: upon illumination, a chemical vacuun?4 The TiO, colloids and the films on SnAu, and
potential gradient is formed in an fashion identical to that in Pt substrates were prepared by the methods described &arlier.
the kinetic model. This is unavoidable, and a similar process Since ITO is not stable at the high temperatures (45pused
occurs in conventional-pn junction solar cells. Therefore, this  in the normal film preparation technique, films on this substrate
model assumes a combined electrical and chemical potentialwere prepared by a low-temperature metkb@he dye,cis-
gradient as the thermodynamic driving force that drives electrons di(thiocyanato)bis(2,2bipyridine-4,4-dicarboxylato)ruthenium-
across the Ti@SnQ interface. Furthermore, it asserts thatitis (1), N3 (Solaronix), was adsorbed from ethanol solution for
not possible to drive electrons across this interface without the 12 h and the films were then soaked in pure ethanol for 12 h to
electrical potential gradient; that is, a chemical potential gradient remove any excess dye.

by itself (as in the kinetic model) is not sufficieltOther groups Measurements.We could not use the normal sandwich cell
have deduced the existence®?> or modeled?® a junction configuration because the metallic electrodes were not transpar-
potential occurring at the Ti#BnG; interface but did not ent. Therefore, the sensitized electrode was placed in a beaker
estimate its magnitude or claim it sets an upper limi\ig. facing the light and a Pt counter electrode was positioned at its

One group claims to have “measured” a barrier height of 0.67 side perpendicular to it. Photopotentials were measured in each
V by fitting, without attempting to justify the procedure, the of three CHCN solutions containing 0.5 M Lil; 0.05 M
current-voltage behavior of dye cells to the equations valid ferrocene and 0.1 M LiCI@) or 0.05 M hydroquinone and 0.1
for solid-state p-n junctions?” M LiClO4. The solution potentials were measured both before

The generalized thermodynamic driving force in solar cells and after each experiment and the average value was used in
is the gradient of the electrochemical potential; these gradientsthe calculations. The potential was more positive after the
drive the fluxes of electrons and holes. Whether the electro- €xperiments by 5670 mV because of the generation of some
chemical potential gradient consists of a chemical potential Of the oxidized half of the redox couple.
difference, an electrical potential difference, or a mixture of the ) )
two is unimportant from a thermodynamic perspective. As an Results and Discussion
example relevant to this discussion, there is general agreement The use of only the reduced half of the redox couple prevents
that the flux of “holes” (primarily 47) through solution to the  the dissolution of the gold substrate electrodessinsolution
counter electrode in the dye cells is driven by a pure chemical and also substantially slows the rate of the recombination
potential gradient. No significant electric fields can exist in reaction at the substrate (eqs 1) and at the, E@face.
concentrated electrolyte solution, ygt lons reach the electrode

surface and are reduced at a high rate with minimal overpo- 26 + 1. —31 (1a)
. . . . substrate 3

tential. The kinetic model, in essence, assumes that the flux of

electrons through the nanocrystalline Fi@ the opposite € wubsrarsT fEIicENium— ferrocene (1b)

electrode occurs by a similar mechanism, thus resulting in a

photovoltaic effect in the absence of any significant electric € cubstrate hydroquinoné — hydroquinone  (1c)

fields (except across the Helmholtz layers). The junction model,
in contrast, assumes that the flux of electrons to the substrate The conventional dye cell uses/l;~ as the redox couple,

electrode is a fundamentally different process than the flux of gnd no other known redox couple works nearly as well. The
I3~ to the counter electrode, because the separation of electrong;se of most other redox couples, and most substrates besides
from their screening ions at the substrate can occur only with SnQ, is expected to accelerate the recombination reactions
the assistance of an electric field whereas no such field is rg|ative to the conventional dye cell and thus diminig
required to separate thelions, or other redox species, from  (independent of the mechanistic model). This would tend to
their screening ions at the counter electrode. obscure what we are looking for: the relation betweep,@

As far as we can tell, both models can adequately account@eq0x and Vo Therefore we use only the reduced half of the
for the existing experimental results, so new experiments to redox couple to minimize recombination rates and maximize
distinguish between them are needed. The difference betweernV,. This means that the photocurrent is concentration-limited
the work function of the substrate electrode and the solution at the counter electrode by the small amount of the oxidized
redox potential, @ — Bredox Sets the upper limit t¥/c in the half of the couple formed by the photoreaction and by thermal
junction model, while this factor is not considered in the kinetic equilibration. Therefore, only the measured photovoltage in these
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800 —— or Al to explain the photovoltages with the junction model. It
700 F A ¥ | is difficult to know the actual work function of an electrode in
600 @ S x ] solution, @, the quantity that is predicted by the junction
E . - = ] model to control the photovoltage, because the effects of double-
7 500 Ly ] layer charging and specific adsorption of ions are not known
-, 400 : exactly. For example,1in aqueous NaCl@solution is known
> 300 | g g,(())z ] to specifically adsorb to Au as an anion and shift its point of
200 i s Au 3 zero charge (related to its work function) 0.8 V negative of its
2 " Pt ] value in pure NaCl@ solution? However, I specifically
100 14 3 ] adsorbs in its neutral form, rather than as an anion, on Pt and
Obge i thus a much smaller change of its effective work function is
0 10 20 30 40 50 60 70 80

expected® Coupled with the fact that & vacof Pt is 0.6 V

] o o ) positive of Au, this strongly suggests thai@— Gredox for Pt

Figure 1-f Tze open ,C_'rC‘é'tT%‘_’ltOVO'tage ptLOtt?thSf incident “9fht substrates in1 solution is a positive quantity. Nevertheless, a

intensity for dye-sensitize ilms on each of the four types o ; ; ; ;

substrate electrodes in 0.5 M Lil solution in acetonitrile. negative photovoltage 6f0.63 V |s.measured. tht!e IS known
about the work functions of the oxide substratesiisdlution.

Light intensity, mW/cm’

000 - e e We also measured the photovoltages of a series of fresh
I ] electrodes in ferrocene-containing solution (Figure 2) in order
800 ’ . X3 to avoid the ambiguities caused by specific adsorption of iodide
i 1 ions. The average potential of this solution wagsg~ 0.09
7 600L ® ] V vs SCE. In this solution, the double layer at the solution/
s C 1 substrate interface should be dominated by nonspecifically
> 400 o : a 4 2 adsorbed solvent and LiClCelectrolyte and be only slightly
ro o] 1 perturbed by the large, outer-sphere redox couple. Therefore
2001 © o ] we expect much smaller shifts ingggfrom the vacuum values
ol ] compared to1 solution. TheV, values measured in ferrocene
-600 -400 200 0 200 400 600 800 1000 solution were uniformly smaller than in olution, as expected
-9, mvV from the very fast electron exchange kinetics of the ferrocene

sub,vac redox

species. Addition of a small amount of the oxidized form of
Figure 2. The open circuit photovoltage at 75 mW/&r~1 sun) P

plotted vs the difference between the work function of the substrate in ferrocene to the solution result_edVgC ~ 0'.0 V’. even fo'f Sn@
vacuum, @usves and the solution redox potential,&@ The work substrates, because of the rapid recombination reaction (eq 1b).

function of the substrate in the solutions@the quantity of interest, ~ But in solutions with no purposely added ferricenium, photo-
is difficult to measure but is related tos@va see the discussion in  voltages of around-0.2 V were obtained for all substrates. To
the text. The four types of substrates are, from left to right, ITO,:5nO  account for this, the junction model would require that the work
Au, and Pt; the filled diamonds are for 0.5 M Lil solution, the open  fnction of each substrate electrode,gin ferrocene solution
circles are for 0.05 M ferrocene in 0.1 M LiCiGolution, and the be ~—0.15 V vs SCE 4.6 V vs vacuum) or more negative.

filled triangles are for 0.05 M hydroquinone in 0.1 M LiCJ®olution. L . : ]
Similar experiments with fresh electrodes were carried out

experiments, but not the photocurrent, contains fundamentalin hydroquinone-containing solution (&b~ 0.06 V, Figure
information about the dye-sensitization process. 2). Again, we expect much smaller deviations af@rom the

The experimentally determined photovoltages as a function Yacuum values in this solution compared toolution, anq
of incident light intensity are shown in Figure 1 for the four 2dain we observe no significant variation\ek with substrate:
substrate electrodes in 0.5 M Lil solutiony. increases Voc~ —0.4 V for all substrates. To account for this, the junction

approximately with the logarithm of the light intensity in all model would require that the work function of each substrate

cases. There are no major differences between the magnitude§!€ctrode in hydroquinone solution be-0.38 V vs SCE t-4.4
of the photovoltages on the different substrate electrodes despite/ VS Vacuum) or more negative.
the ~1.4 V range in their vacuum work functions. The slight ~ There are unavoidable ambiguities in the values af, &
decrease Vo, on Pt substrates is probably caused by the Dredox in these experiments, but the overwhelming weight of
enhanced rate of recombination (eq 1a) at this highly catalytic the evidence points to a simple conclusior is independent
electrode. Supporting this interpretation is the observation that Of @sus — Gredos @nd therefore the junction model is incorrect.
adding a small amount of lto the solution, which might be ~ To claim otherwise would require assuming that four different
expected to increas¥,. by shifting the solution potential ~ Substrates, with widely varying vacuum work functions and
positive, in fact greatly decreases it. interface chemistries, all converge to the same effective work
The measured photovoltages at 1 sun intensity are p|0ttedfuncti0n in three different solution environments. This seems
versus the difference between the vacuum work functions of nearly impossible. Therefore, we conclude that the photovoltage
the substrate electrode and the measured solution redox potenin dye cells is not determined by the equilibrium junction
tials, Gupvac— Bredox in Figure 2 for the solutions containing ~ Potential at the Ti@substrate interface.
|-, ferrocene, and hydroquinone. The average measured potential The fact that the photovoltages are nearly independent of the
of the redox electrolyte containing land a trace of3~ was work function of the substrate electrodes suggests that no
Dredox = +0.12 V vs SCE. To account for photovoltages of significant junction potential occurs along the pathway that
~—0.8 V at one sun, the junction model would require that the electrons follow from the bulk Ti@film to the substrate. This
work function of the substrate electrode;,gin I~ solution be is somewhat surprising since an interfacial potential difference
at least as negative as—0.75 V vs SCE or approximately 4.0 must occur upon equilibration of the substrate electrode with
V vs vacuum. Thus g}, for each substrate irrlsolution would the electrolyte solutio®?2426and a substantial fraction of the
have to be more negative than the vacuum work function of In potential should drop across the semiconductor. Of course, the
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a. (Li* in our experiments) to counterbalance the charge on the
substrate. Because of the direct contact between the solution
and the substrate, the electric field resulting from this double
layer of charge will drop over a very short distance (in the
Helmholtz layer). Since the solution is highly conductive, we
assume that the surface of the %i@xposed to it must
approximate an equipotential surfdéé®The interfacial electric
field cannot penetrate far into the Ti®ecause the cations in
solution can get very close to the substrate, relative to the particle
diameter, and thus screen the field. Using these considerations,
we have drawn, in a purely qualitative fashion, a set of expected
equipotential curves at the TPt interface showing the highly

—&— equipotential

conduction band nonuniform spatial distribution of the interfacial field in the 5O
~~~~~~~~ — quasi Fermi level, particle (Figure 3). It appears that, at its widest point, the
-7 - light, short circuit interfacial barrier may be somewhat less than the diameter of
_—— Y L L e —— ; one particle. But if the electrons were to move mainly near the
Fermi level, dark . . L
particle surface, as expected, close to their screening ions, they
Pt 10 would experience an interfacial electric field that would drop
102

over a distance only slightly wider than the Helmholtz layer,
around 1 nm. (Although spatial variations in the interfacial
Figure 3. (a) Diagram showing qualitatively the spatial variation in barrier width were not discussed by Bisquert et?alour

the interfacial potential expected at an unreconstructeg/Fithterface. qualitative treatment appears to be consistent with their calcula-
Only the ions involved in forming the interfacial electric field are shown, tions. Schwarzburg and Willig apparently calculated the potential
not the screening ions. This interface should present a barrier to electrongjstribution only in one dimension through the middle of the
transfer,_ but experlmer_ltally the barrier appears insignificant. It may particlest?) Electrons may be able to tunnel readily through such
be so thin near the particle surface that electrons can tunnel through it. . . . . -

(b) Approximate energy level diagram showing the narrow barrier near a thin barrier. Tur_mellng becomes appr(_amable for b_amers less
the particle surface at the TiPt interface. than 16-20 nm wide, and thermally assisted tunneling can be

o significant for barriers up to 200 nm widé Therefore, the~1
barrier in an actual dye cell, & — Gredox may be smallerthan —  \yide junction expected at the TiGolution/substrate
the barrier expected from measurements of clean substrates iR, o face in a dye cell may present no significant barrier to

UHV, Dsub, vac— Dredox bUt the trend in barrier heights over a
range of substrates is expected to remain. When ITO or,SnO
substrates are used, both the “kinetic” factor (chemical potential
gradient) and the electrical potential difference at the junction
should drive electrons in the same direction, so it is difficult to
distinguish between the two forces. But with a Pt substrate, the
junction potential must oppose electron transfer from the,TiO
into the substrate; so this case shows clearly that the junction

barrier has almost no effect on the electron-transfer process.’ = *’ . ; .
The reason for this is not yet understood. We propose two of Li™ to neutralize the resulting charge would lower the barrier

possible explanations: (1) the barrier may be so thin that height and thereby decrease the free energy of the system.

electrons can tunnel through it; and/or (2) the high electric field _Charging of _surface states might have a_S"T‘”ar effect. Ir_‘ fa_ct,
(~10° V/cm) at the unreconstructed interface may drive a It SE€MS unlikely that such a high electric field could exist in

chemical modification of the interphase leading to a smaller 1€ Presence of an electrolyte solution and a permutable,
barrier height. |mper.fect T|Q particle. One or both of these possibilities may
To understand the nature of the barrier at theR®interface explain the independence Wh from Bsup — Gredox
(taken as the most extreme, and therefore most instructive, The junction model postulates the need for an interfacial
example), it is necessary to consider the complex geometry of potential to separate the screened electron from its image charge
these cells and the corresponding spatial variations in thein solution before the electron can move into the substrate
interfacial potential. We do not attempt to provide anything more electrode’? Our experiments show that no such potential is
than a qualitative description of these complicated interfaces required for this process and, in fact, that charge separation
(Figure 3). Some detailed calculations on a model system haveoccurs even in the presence of an interfacial potential of the
recently been performed by Bisquert e€&ilhe TiO; film is wrong polarity. The fact that the TiOparticles at the Tig/
made up of particles approximately 15 nm in diameter sintered substrate interface are surrounded (approximately) by electrolyte
together on a substrate electrode, leaving-80% of the film solution has two important consequences that seem to invalidate
volume open. The electrolyte solution permeates the entirg TiO the assumptions of the junction model: (1) it limits the spatial
film through these voids, making direct contact with the extent of the interfacial electric field to nanoscopic dimensions,
substrate electrode over a substantial area. We suggest thaand thereby may also limit its magnitude, as discussed above;
the presence of electrolyte solution right up to the substrate and (2) the photoinjected electrons will be electrostatically
electrode invalidates critical assumptions implicit in the junction screened right up to the substrate electrode, so their transfer

electron transfer in the case of electropositive substrates such
as Pt and Au, and correspondingly, provide little significant
assistance to electron transfer in the case of electronegative
substrates such as ITO and SnO

A related possibility is that the free energy contained in the
high electric field at the Tig/Pt interface £10° V/cm) would
drive a chemical modification (reconstruction) of the interphase.
For example, reduction of the TiMear the Pt and intercalation

model. into the substrate will not result in the creation of a significant
A small section of the Ti@electrolyte/Pt substrate interface  image charge field that would oppose charge transfer. Both the
is shown schematically in Figure 3. Since@hould be well electron and thest ion are electrostatically screened by cations

positive of @eqox the Pt substrate will charge negative upon such as LT in solution; but this screening, per se, presents no
equilibration with the solution. This will attract positive ions significant barrier to discharge at the electrodes.
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The junction model may be important for understanding a Energy Sciences, Chemical Sciences Division (BG) and Office
possible variation of the dye cell. As discussed earlier, when of Utility Technologies, Division of Photovoltaics (F.P.) for
the distance between the two layers of opposite charge (Figuresupporting this research.
3a) is substantially smaller than the diameter of the ;TiO
particles, as it is in the normal dye cell, the electric field resulting , _
from @b — Bregox May be smaller than expected due to 19981294055(92%"1%’7%6; Moser, J.; Anderson, M. @zel, M. J. Phys. Chem.
interphase reconstruction and/or may drop over such a small™™"2) o'Regan, B.: Gitzel, M. Nature 1991, 353 737-740.
distance that it does not influence electron transfer across the (3) Kalyanasundaram, K.; Geel, M. Coord. Chem. Re 1998 77,
interface. However, when the distance between the two charge347z$1‘,tjazeeruddin M. K Kay, A; Rodicio, 1; Humphry-Baker, R.
layers becomes substantlally greater, that is, when solvent. ISpgller, E.; Liska, P.. Viachopoulos, N.; Geel, M. J. Am. Chem. Soc.
excluded from contact with the substrate electrode, the quantity 1993 115, 6382-6390.

Dsub — Dredox Should begin to influence the functioning of the 948(5) Parkinson, B. A.; Spitler, M. TElectrochim. Actal992 37, 943—

So'.ar C.e"' One. way to achieve this is to deposit .a pl.nhOIG'free’ k6) Sadergren, A.; Hagfeldt, A.; Olsson, J.; Lindquist, S.<E.Phys.

solid film of.T|02.on the subs.tra.te bgf_ore appllc_atlon of the chem.1994 98, 5552-5556.

nanocrystalline Ti@ layer. (This is difficult, but it may be (7) Hagfeldt, A.; Lindquist, S.-E.; Gtael, M. Sol. Energy Mater. Sol.
i i inati ; ells 1994 32, 245-257.

ad;antageo;:s n ;uppresglng the Tecomblrk].atlo.n rltlaa?tlo.ln art] thé” (8) Cao, F.; Oskam, G.; Meyer, G. J.; Searson, PJ.GRhys. Chem.

substrate when using a redox couple more kinetically facile than ;99¢ 100, 1702117027,

I=/137.)%5 One consequence of a solid layer of Tidterposed (9) Zaban, A.; Meier, A.; Gregg, B. Al. Phys. Chem. B997, 101,

between the substrate and the nanocrystalling Til@ would 79857%90- o . celberahaoeh o

be the generation of an electric field (image force) between the 27%9)272‘?0”9 P E;; Vanmaekelbergh, JoPhys. Chem. 8997, 101,

electrons injected into the solid film and the screening ions left (1) Solbrand, A.; Lindstim, H.; Rensmo, H.; Hagfeldt, A.; Lindquist,

behind in solutior.?222 This field would oppose charge S.-E.; Sadergren, SJ. Phys. Chem. B997 101, 2514-2518.

separation. Therefore, an electrical potential gradient (band __(12) Schwarzburg, K.; Willig, FJ. Phys. Chem. B999 103 5743~

bending) that promoted charge separation would be required" (13) Hodes, G.; Howell, I. D. J.; Peter, L. M. Electrochem. S04992

for efficient electron conduction through the solid part of the 139 3136-3140.

TiO, film. (Such a favorable potential gradient may exist with Chglé)lggicrzké&zgsg-? Goossens, A.; Schoonman,).JElectroanal.

_ITO (_)r SnQ sub;trates, but not with Au or Pt SUbSFrateS') The (15j Ferber, J.; Stangil, R.; Luther,Sbl. Energy Mater. Sol. Cell998

junction model, in fact, seems to apply more to this case than 53 29-54.

to the existing dye cells. However, even in this case, we believe  (16) Enright, B.; Fitzmaurice, Ol. Phys. Chenll996 100 1027-103S.

that @ — Dredox doeS not set an upper limit tdo. because Ch(eln?lggersnigqphgdo%igjgéI" Hotchandani, S.; Patterson, L.Kehys.

this qotion de_nies the fac; that a photoinduced chemical potential ~ (18) zaban, A.; Ferrere, S.; Gregg, B. A.Phys. Chem. B998 102,

gradient, by itself, is sufficient to generate a photovoltage. The 452-460.

imi i i i (19) Schlichthio, G.; Huang, S. Y.; Sprague, J.; Frank, A.JJ.Phys.
upper limit toVy is set by the photoinduced difference between Chem, B1997 101 81418155,

the quasi Fermi levels of electrons and holes, not by the ™ 30) Franco, G.: Gehring, J.; Peter, L. M.; Ponomarev, E. A.; Uhlendorf,
equilibrium electric field alone. I. J. Phys. Chem. B999 103 692-698.

In summary, we have shown that the photovoltage in a dye- (2:.L) Dloczik, L.; Ilgperuma, O.; I._auermann, I.; Peter, L. M.; Ponomarev,
sensitized solar cell is not controlled by the dark interfacial Ebf'iogzcir—nlogzdége" Shaw, N. J.; Uhlendorf,JL. Phys. Chem. B.997

electrical potential difference, in contrast to the prediction of  (22) Charle K.-P.; Willig, F. Chem. Phys. Lettl97§ 57, 253-258.
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