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Charge transport rate at open-circuit potentid)) is proposed as a new characterization method for dye-
sensitized (DS) and other nanostructured solar cellsV/Atcharge density is flat and measurable, which
simplifies quantitative comparison of transport and charge density. Transport measiMgalab allows
meaningful comparison of charge transport rates between different treatments, temperatures, and types of
cells. However, in typical DS cells, charge transport rateg,abften cannot be measured by photocurrent
transients or modulation techniques due to RC limitations and/or recombination losses. To circumvent this
limitation, we show that charge transport\at can be determined directly from the transient photovoltage

rise time using a simple, zero-free-parameter model. This method is not sensitive to RC limitation or
recombination losses. In trap limited devices, such as DS cells, the comparison of transport rates between
different devices or conditions is only valid when the Fermi level in the limiting conductor is at the same
distance from the band edge. We show how to perform such comparisons, correcting for conduction band
shifts using the density of states (DOS) distribution determined from the same photovoltage transients. Last
we show that the relationship between measured transport rate and measured charge density is consistent
with the trap limited transport model.

Introduction interface between a transparent oxide electron conductor (usually
. . ) TiO,) and a transparent electrolyte or hole conductor. Sufficient
The search for inexpensive photovoltaic cells has assumed"ght absorption is achieved by using a thick layelQ um) of
new urgency as the global climate effects of fossil fuel based \,3n0sized oxide particles-@0 nm), wherein all the internal
energy sources have become hard to igho@ne way 10 grface is coated with the dye. After light absorption, the excited
decrease the cost of solar electricity is to develop cell designs gye molecule injects an electron into the electron conductor,
that can use lower purity materials than is presently required 54 the thus oxidized dye injects a hole into the electrolyte.
for silicon photovoltaic cells. Nanostructured interpenetrating agter electron and hole creation, efficient operation requires that
hete_rOj_unctlor_ls show_prom|se in this direction becau_se tht_ey aréaimost all photogenerated charges are able to escape from the
majority carrier” devices, where bulk defects and impurities 1o /electrolyte layer to their respective contacts, before
do not serve as recombination centers. Because of this, defeCt‘T‘ecombining. This must be true not only at “short circuit”
and impurities are tolerated at fairly high levels in majority  congitions, where it is commonly discussed, but also, more
carrier devices. Interpenetrating heterojunction technologies importantly, at voltages as near as possibl&/o This latter

(ak.a. “bulk heterojunctions” under investigation include congition is required for a high fill factor, which is required for
polymer blend cells, dye-sensitized cells of both liquid junction ¢ficient power conversion.

and solid-state varieties, and hybrid organic inorganic compos-
ites. For all these cells, a full theoretical description is still under
debate. In view of the large number of materials substitutions
that might be attempted in these kind of cells, such a theoretical
description is sorely needed to aide with further optimization

of efficiency and stability. This paper contributes to this

discussion with a new characterization method for charge

transport in interpenetrating heterojunctions and its application .- "\ heaN,, can be based on the transport rate measured

to dye-sensm.zed cells. ] " at short circuit. Thus, the study of transport at and négiis
The operating mechanisms of dye-sensitized (DS) cells have 5y jmportant contribution to further development of predictive
been previously described; relevant elements will be summarized,, o qels of cell behavior.

below?2:2 Light absorption occurs in a monolayer of dye at the

Transport in dye-sensitized cells has been studied using
various techniques but almost always under short circuit
conditions (e.g. refs 412 and many others). Likewise many
measurements of recombination have been made, almost always
under open circuit conditions:1° Since it is well-known that
the recombination and transport in these cells are strong
functions of the voltage, it is unlikely that a reasonable model

In this paper we show that the charge transport raté,at
- can be determined from the rise time associated with a small
e_;;ﬁ”ﬁ?ggg:}”éii‘fc‘%rkpho”e: 020 7594 1555; fax: 020 7594 5801, nartyrbation photovoltage transient taken at open circuit. This
tImperial College. new method for measuring transport is important for two

* Energy Research Centre Netherlands. reasons. First, photocurrent transient¥atare almost always
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RC limited in dye-sensitized electrolyte cells and thus cannot M propylmethylimidazolium iodide, 0.5 Mert-butylpyridine,
be used to measure transport (vide infra). The rise time of the 0.05 M iodine, and 0.1 M Lil. The electrolyte “GT” substituted
photovoltage is not limited by the RC discharge constant of 0.1 M guanadinethiocyanate for the Lil.

the cell and thus circumvents this limitation. Second, in some Photocurrent and photov0|tage transients were genera”y taken
dye'sensitized Ce"s, the transport ra.te/&,tis slower than the using a pump pulse generated by an array_ oV red LEDs
recombination rate, thus many charges are lost during photo-controlled by a fast solid-state switch, as previously descAbed.
current transients afoc. The charge transport rate can still be  white bias light was supplied by 10 W “Solarc” lamps
calculated from the difference between the photocurrent and (welchAllyn), which are of the metal halogen type. The bias
photovoltage decay, but the error can be large if the two are |ight was attenuated when needed by neutral density filters. The
similar. The photovoltage rise occurs on a shorter time scale py|se and bias light were incident on the Sre@dle of the cell,
and is thus less effected by recombination. We show below that except where mentioned. Pulse lengths of100us were used,
if the capacitance of the Tilelectrolyte film and the S yjth rise and fall times of<1 us. The pulse intensity was
electrolyte contact are both measured, the calculation of the controlled in order to keep the height of the photovoltage
charge transport time from the photovoltage rise time is exact transient below 10 mV. Transients were recorded on a poten-
and has no adjustable parameters. tiostat (Autolab, Ecochemie) with a resolution of 26, thus

In addition to being useful for modeling purposes, measure- with fitting we could measure transient phenomena with
ment of transport aVo. allows a much better comparison of  |ifetimes>10us. This system was used due to its superior noise
transport rates between different cells and conditions (e.g. rejection, and no signal averaging was required for transients
temperature}? Transport rates in materials with high trap |arger than 1 mV. For faster transients, pulses were supplied
densities are strongly dependent on the ratio of the number of py ejther the 660 nm output of a nitrogen pumped dye laser or
electrons in the traps and in the conduction band. Because ofthe 532 nm line of a YAG laser. Transients were recorded on
this, quantitative comparisons of transport in DS cells with an oscilloscope. In all cases, photovoltage decays were single
different treatments, or with materials substitutions, can only exponential, and the time constant was extracted by fitting. The
be done under conditions where this ratio is the same in both rise of the photovoltage was occasionally nonexponential at early
cells. For cells with similar trap state diStribUtionS, as used times but a|Ways Sing|e exponentia| for at least the last 50% of
herein, this condition is fulfilled when the position of the Fermi  the rise (Figure 1 inset).
level relative to the conduction ban¥H{ — V) is set to the
same value in both cells. This is very difficult, if not impossible,
to control when measuring transport at short circuit because
the Fermi level varies strongly across the film. The gradient of
the Fermi level depends inversely on the mobility of the charges,
which is the parameter one is attempting to measure. Compari-
son of transport across different cells is more robust using
transport times measured\af. because the Fermi level through
the TiG, film is approximately uniform and measurable. By
varying the bias light, and thus thé,., the correct choice of
Voc for each cell can be found that equaliaés— V¢, between
cells.

Photocurrent transients ®t. were measured by applying a
constant bias light to the cell, while also applying a constant
voltage using a voltage source. The voltage source was set to
apply exactly the same voltage that the bias light would generate
in the open circuit condition. The Fermi level profile inside the
cell is thus identical to that at open circuit, and no current flows.
A small pulse of additional light was applied as described in
the previous paragraph, while the applied voltage was not
changed. The pulse causes an increase in the Fermi level inside
the TiO, which then causes a small current to flow through the
external circuit. The pulse intensity was set to create2amV
shift in the Fermi level, thus the resulting current transients
measure the transport of electrons that occuxatonditions.
Methods The current transients were integrated to charge transients. The

Dye-sensitized Ti@ cells were made with standard tech- 1ast two-thirds of the charge transient were well it with single

niques! Transparent conductive Sa@lass, LOF Tec 8 or Tec ~ €xponentials (Figure S1, Supporting Information). For all cells
15, nominal resistance 8 or 1&/sq, was purchased from USed, the time constants for transport were more than 1 order

Pilkington. TiQ, particles were synthesized from Ti-isopro- of magnitude smaller (faster) than those for recombination, thus
poxide following the nitric acid/acetic acid route, followed by ~<10% of the electrons were lost to recombination. No adjust-

autoclaving??23 Layers of the TiQ particles 3 um) were ment of the transport time constants due to recombination was
deposited by screen printing or doctor blading. For Figures 1, Néeded.

2, and 4 the cell geometry was 2 1 cm. The layers were Itis generally accepted that in dye-sensitized electrolyte cells,
sintered at 450C for 30 min, cooled, placed at 10C into the at open circuit, the photovoltage (PV) measured at the external

dye solution, and stored at room temperature~d6 h. For contacts is a good measure of the Fermi level position
Figures 3 and 5 the cell geometry was<50.5 cm, on Tek 8 throughout the Ti@ film. The argument is as follows. First,
glass, which results in series resistance~02Q2 and a lower the Fermi level in the iodine/iodide electrolyte is pinned by the
RC time constant. The TiQlayers were heated by ramping large concentration of both species. Further it is generally
quickly to 570°C, holding for 10 min, and then allowing to  assumed that recombination occurs homogeneously across the
cool slowly. Some films were given an additional treatment in TiO/electrolyte film, although there is one interesting dissenting
a 50 mM TiCl, solution for 30 min at 70C, followed by an opinion18 This assumption, combined with the effective charge
identical heat treatmerit. The dye was applied in a special screening by the electrolyte, and the small size of the particles
apparatus as previously descridédlhe dye was N719 pur-  means that, &, the TiQ, Fermi level is at the same distance
chased from Solaronix under the name Ruthenium 535. For onefrom the conduction band in all parts of the TiQ’hus, a small

cell in Figure 4, a thin solid film of TiQ (~50 nm) was AV created by an additional light pulse measures the same shift
deposited on the Sny spray pyrolysis before the porous TiO  of the Fermi level at each point in the Tiecause we measure
was applied® For Figures 1, 2, and 4 the electrolyte was R-150 small photovoltage transients, typicalyp mV, the capacitance
(based on methoxyproprionitrile) purchased from Solaréhix. can be treated as constant during the transient. To calculate the
For Figures 3 and 5 the electrolyte “LI” was acetonitrile, 0.6 capacitance at eadl, we have use@ = AQyAVmay Where
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Figure 1. Transient photovoltage vs log(time) for a dye-sensitizech TiO L D UL I I
cell at varying bias light controlled/,c's. Pulse light: 660 nm dye 0 100 2190 300 400 500
Ime, psec

laser. Pulse intensity same for each transient. White bias light,3D1
mW/cn?. Cell area 1 crh Inset: transient photovoltage rise vs linear  Figure 2. Photovoltage rise times for pulse light incident on the $nO

time. Thick line is a single-exponential fit. side (trace A) and incident on the electrolyte side (B) of a dye-sensitized
cell. White bias light incident on the SaQ@ide. Pulse light 532 nm
AQ, is the number of electrons injected by the pulse, ANghax output of YAG laser.

is the peak height of the transient photovoltage. We i,

by integrating the short-circuit photocurrent transient caused by
an identical pulse. This will underestimate the actual injected
charge by the fraction of electrons that are lost to recombination
during transport at short circuit. This error is generally

contribution of the displacement effect to be minimal. Figure 2
shows the photovoltage rise measured using a 532 nm pulse
light incident on either the Snr electrolyte side of the cell.
Light (532 nm) is strongly absorbed by the dye, and thus the
insignificant for DS electrolyte cells but can become important more charges a_re_created on the side where the l'.ght 1S incident.
From Figure 2 it is clear that the photovoltage rise is slower

for some solid-state DS cel$.We note that this very simple when the char

. . . ges are created farther from the Scubtact.
capacitance measurement agrees vyell with both |mped§nc%)n the other hand, for red light pulses which are absorbed more
uniformly across the Ti@film, the photovoltage rise time is
In DS cells, the capacitance is a measure of the amount of almost 'n.dfpetndiﬂt of pr)]ultse |IIIE[Jm|nat1:1|otn .dlrecttlobrl!. ;hgse ::iata
charge that can be stored in traps in the JiThis is because ?hr: gg:;’:zne: a\;\rlilve b;tpth(()e OsvgﬁiﬂteactaFlIJSrtﬁZraevlijeencgrf]o}; as
the trap density is large enough, and the Fermi level far enoughthis is aiven below ’
from the conduction band, that conduction band electrons are a 9 S .

The exact relation between the photovoltage rise and charge

small percentage of the total. The capacitance at a gkiers transport can be found by comparing the photovoltage rise times
thus proportional to the density of traps states (DOS) at the P y paring P ge nse
to direct measurements of charge transportVat This is

TiO2 Fermi level corresponding to th¥.. This is true as long . - . .
o ble using the cells with low RC time constants (see
as the number of electrons per particle is not large enough toP°5>! .
Perp 9 9 methods) where the transient photocurrent\@t can be

create an electric field in the particle, which holds at all . .
potentials examined in this study. To calculate the DOS (in measureg across a .W'de fvoltager,-] rangl?.f_lilgéjre_ 3 slhow§”:he
electron states/cfvolt), we have used DOS 6.24 x 1018 x g1eta31:r(;:t éransi)r(]) rtt_t|mes ortsutc ?tﬁe . (tl € tt”ém% ets). et
C/(d(L ), whereC s the capacitance/ciydis the thickness 20 G0 "0 ™ 2520 i Cintne Methods section. Becatse
of the TiQ, film in cm, p is the porosity, and the conversion o o :

the measured transport lifetimes ar&é0x shorter than recom-

factor is the number of electrons per Coulomb. The total bination at the sam¥,. (circles) the photocurrent transient is a
capacitance of the cell also includes a parallel capacitance from ¢ P . .
good measure of transport. The transport times decrease with

the interface between the Sp@®ubstrate and the electrolyte. increasingVe. until the measurement is limited by the RC

i i i 28,29
This capacitance is known to bel5 uF/cr. constant of the cell fo¥/,.'s above 600 mV. Standard cells we
have measured are already RC limitedV¥@¢'s above 450 mV
(Figure S2, Supporting Information). Figure 3 also shows the

Figure 1 shows typical photovoltage transients for a dye- time constants for the photovoltage rise measured on the same
sensitized TiQelectrolyte cell measured at different open circuit  cell (filled squares). Comparing the PV rise times to the transport
potentials. The data are presented on a log time axis to showtimes, we observe that the PV rise is about 1 order of magnitude
both the photovoltage rise and fall behavior over a wide time faster, and the slope with respect to the voltage is slightly
scale. As the bias light inducéd. increases, the time constant steeper. A similar relationship is seen in all cells tested. (Note
of the photovoltage decay decreases from 300 to 14 ms. Thisthat the recombination lifetime shows the same trend with
effect is well-known and corresponds to an increasing recom- voltage as the transport, consistent with transport limited
bination rate constant as the Fermi level in the Ji@oves recombination.)
closer to the conduction band edge. Figure 1 also shows that By examination of more than 10 different DS cells, we have
the photovoltage rise becomes faster asvhigncreases. Over  found that there is a quantitative relationship between the PV
the voltage range shown, the time constant for the PV rise rise time and the transport time. This relationship can be
decreases from 11 ms to 244. understood by examination of the different circuit elements that

The observed photovoltage rise will be due to some combina- give rise to each effect. Figure 3b shows a simplified circuit
tion of the displacement of charges in the Fi€ectrolyte film diagram for a TiQ/dye/electrolyte cell. We replace the O
and the arrival of electrons at the Speéntact. Due to the high  electrolyte interface with a capacit@io,, Whose capacitance
concentration of mobile ions in the electrolyte, we expect the increases with voltage. Recombination is represented by a

S2, Supporting Information, also provides another check.)

Results and Discussion
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a P —10° Tirans = Rtrans x CTiO2 (2)
1 - o —
00ms Ez .“\‘PV decay e o} Tirans — Trise X CTiOZ/Can (3)
g e o \.‘ Transport 1 _g . . .
s e a o A slight rearrangement of egs 1 and 2 gives eq 3, showing
2 4 8
i il - 10 8 that the transport time through the Ti©an be easily derived
E, 1ms— PV rise B\ ve ® from the ph_otovoltage rise time €rio, anql CSn'c_& are k_no_wn.
g bt F10° 5 Although this model may seem overly simplified, it is in fact
= i g quite accurate. Figure 3a compares the measured times for

transport (filled triangles) to the transport times calculated using

100pus — \IL
M
Capacitance i)

Lo (Sha
i eq 3 (squares). The agreement is quantitative. We have used
10ps Crio, measured using the same photovoltage transients (see
LI I LIELELEL I LIELLEL I LELELEL I LI} l LI l L}
e R M e T Methods) and a constar(_ts,@ of 15 uF, taken from_ the
V. Volts ve. lodinallodide literature?2° The calculation does not have any adjustable
i parameters. We have found the same agreement fop TiO
b T electrolyte cells with several different electrolytes and different
Mt;;ﬁ:.fn;';;:iw TiO, sources. We note that the relation between the PV rise

time and the transport time does not involve any assumptions
about the physically correct model for transport.
[Count A further experiment supports the use of eq 3. If the
Hlect. photovoltage rise time is the result of charging of the nO
electrolyte capacitance, then changes in the capacitance of that
contact should change the PV rise time. Figure 4 shows the
photovoltage transient for two cells, one with and one without
Figure 3. (a) Summary of transient time constantsvas for a TiO,/ a dense Tl@underlayer onthe S@The dense layer is known
dyelelectrolyte cell: filled triangles are the time constant of the O reduce the capacitance of the interfacg5-fold to ~1 uF/
integrated photocurrent transient. Open squares are the transport timén.2 In agreement with eq 3, we observe that the photovoltage
calculated from the PV rise time using eq 3. Also shown is the cell rise is about 20 times faster for the cell containing the dense
capacitance (#) determined from the photovoltage peaks (see MethodsTiO, underlayer.
section). (b) Equivalent circuit for a dye-sensitized Te@ll (see text). As mentioned in the Introduction, care must be taken when
comparing transport rates measured for trap-dominated materi-
voltage dependent resist®,c however, on the time scale of  als. To remove the effects of differing trap densities, transport
the photovoltage rise virtually no recombination occurs. Trans- times should be compared for a given ratio of trapped to
port across the TiQwe represent as a resistdyans Whose conduction band electrons. Figure 5 illustrates this concept. In
resistance decreases with increasing voltage. There is a seconffigure 5a the transport time %, derived from PV rise times,
capacitanceCsno, for the interface between the Spénd the is shown for two identical cells containing different electrolytes.
electrolyte and a series resistariRg,o, which combines the ~ One electrolyte (LI) contained 0.1 M Lil, which was replaced
resistance of the electrolyte and the lateral resistance of the SnOin the other electrolyte (GT) by 0.1 M guanadine thiocyanate
glass. When the cell is at, under bias light, there is a static ~ (full composition, see Methods).
charge on the capacito@io, andCsng, and no current flowing For a givenVy. the cell with thg GT electroly_te shows much
through the resistors. A pulse of additional light causes some Slower transport (longer extraction times). This might lead one
additional electron injection into the TiOwhich is equivalent {0 conclude that the substitution of GT for LI has changed the
to adding some extra charge@sio,. This extra charge increases ~ €lectron transport properties of the piCHowever this is a
the voltage acros€rio,. A certain amount of this charge will ~ Misinterpretation created by usind.. as the independent
Move acrosfRans 0 Csno, Until the voltage drop across both ~ Variable. Figure Sb shows the measured DOS distributions of
capacitors is the same. Beca@g, is much larger thalsna,, the cells shown in Figure 5a. The data show that the DOS curve

the time constant for this process is that of charddago, The for the Li electrolyte cell has shifted 100 mV to the left. This
externally observed voltage measures this charging, which gives
a photovoltage rise time expressed by eq 1. With Underlayer

The photocurrent measurement\4% can be described as 3
follows. When the cell is held at a potential equalig, instead
of at “open circuit”, there is the same static charge on the ” No Underlayer

capacitors, and no current flowing. Again, a pulse of light
chargesCrip,, but in this case the excess charge will flow
through the external circuit since the applied potential is held
at the “prepulse” level. IRsng, is smaller tharRyans then the
transport across the TiJayer is the limiting factor in this
discharge. The time constant of the integrated current transient 0 _H
0

Photovoltage, mV

-
|

measures this transport, as given in eq 2. If, at a given voltage,

Rsng, is larger thanRyio,, then the cell is termed RC limited,

and the charge transient cannot be used to measure transport.
Figure 4. Transient photovoltage rise for a Sgor-TiO./dye/

_ electrolyte cell, compared to that of a @ TiO./por-TiO/dye/
Trise = Rirans X CS“Q @) electrolzte. P 7P g

! | ! I ! | ' I
4 8 12 16
Time, ms
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a 1oms o The data in Figure 5 can be used to test transport models
\ which link charge trapping and transport rates. A general model
for diffusive transport in defect rich materials such as Jli®es

an effective diffusion constant which is dependent on the degree
of trap filling (eq 4!

e \? *’\ D.= chncb(v) che(voc/ kT) ( 4)
N % T V) e(BVe)

\
% \EE > O d_z O (B—1KT)Voc 5
100ps — ) ! Dest € ®)

TTT I TTrTT I TTTT I TTrTT I TTrTT I TTTT
0.40 045 050 055 0.0 _ ) o
V., Volts whereDey is the effective diffusion constant (of all electrons),

Dy is the diffusion constant of electrons in the conduction band,
25 Neb IS the concentration of conduction band electragsjs the
total concentration of electron¥, (=Vg — V) is the Fermi
position level in the Ti@, § describes the curvature of the DOS
distribution, t is the transport (electron extraction) time, ahd
is the thickness of the TigXilm.

In the last term of eq 4 we have dropped all constants and
expressed the DOS distribution as an exponential of voltage
with a characteristic curvaturg. This is justified by the
exponential fit lines plotted in Figure 5b. Under the assumption
that charges move only by diffusion, the charge transport time
will be related toDef via €q 5. The proportionality constant of
T T 7 to De depends on the experimental details (e.g. light
00 04 02 03 04 05 06 absorp_tlon prof_lle) and is not important for the foIIowmg_

V,,, Volts analysis. Equations 4 and 5 predict that the charge extraction

Figure 5. (a) Transport time (charge extraction time)\t for two lifetime will be _exponentlally related to th¥,. and that the
otherwise identical Tigidye/electrolyte cells with differing electrolytes, ~ Slope of In¢) with respect toVoc should bes — (1KT). We
LI and GT (for composition see Methods section). Dashed lines have have plotted lines with this predicted slope through the transport
the slope predicted by eq 5 and the DOS data. (b) Measured capacitancglata on Figure 5a. For the LI cell, the theory fits the data very
(DOS) vsV, for the same two cells. Inset: transport timeS/@lpIot_ted well, thus further supporting the model. For the GT cell, the
vs (Ve = Vao) for the same two cells. Dotted lines are only guides.  yrangport does not increase as fast as expected with increasing
is almost certainly the result of a 100 mV shift of the 3iO  potential. For a few other cells tested, the agreement between
conduction band downward toward the iodine/iodide potential the data and eq 5 lies in the range shown in Figure 5a.
in the cell containing lithium. The change in the conduction .
band potential is not surprising as Li is known to bind to Zijo  Conclusions
increasing the positive charge and thus lowering the band®dge.  we have shown that electron transport in nanoporous TiO
To correct for this shift, the DOS data can be used to construct can be measured at open circuit by analyzing the rise time of
a plot of the transport times versi4 — Ve, the distance  photovoltage transients. We have demonstrated that measured
between the Ti@ Fermi level and the Ti@conduction band.  transport times at open circuit are useful for comparing transport
Since the DOS distribution curves have the same shape, a givenn different cells and for verification of proposed transport
Ve — Vo gives the same ratio of conduction band to trapped models. We are aware that the small data set presented here
electrons in both cells. To construct the plot, we can assume does not resolve the question of the correct model for transport.
that the conduction band was 0.9 V positive of theld However, we believe that further measurements of transport and
potential in the Li electrolyte and 1.0 V positive of/l5™ in DOS atV,. are more likely to enable progress in this direction
the GS electrolyteVe — Vg can thus be calculated for each  than the current practice of measuring transport at short circuit.
Vocin each cell. The results are shown in Figure 5b inset. Figure There is evidence that recombination between the electron and
5b inset ImplleS qUite different conclusions than Figure 5a. It the dye cation is transport limited in dye_sensitized 2Tf|m']s
is now clear transport in the GT electrolyte cell is actually |t is not yet clear that this paradigm can be extended to
slightly faster for large/r — Vep, changing to virtually identical  recombination between the electron and the electrolyte/hole
as the Fermi level moves toward the conduction band. Note conductor in all varieties of dye-sensitized cells. Since recom-
that the relative position of the transport times in Figure 5b pination is virtually always characterized\af, comparison of
inset is not dependent on the absolute values used for therecombination results to transport also measured,ashould
conduction band potentials, only the difference between them. pe a productive approach.

It is important to realize that the shift of the conduction band
cannotbe estimated by the shift of thé,; at constant light Acknowledgment. Funding for this work was provided by
intensity (e.g. 1 sun). For the cells in Figure 5, the one\é&n the CEC project “Molycell” (no. 502783).
of the GT cell was only 40 mV higher than that of the Li cell.
The difference between the shift in thg. and the shift in the Supporting Information Available: Integrated photocurrent
conduction band is due to changes in the recombination ratetransients aV,; showing the single-exponential fits (Figure S1),
constant. In this case, recombination is significantly faster in kinetic and capacitance data for two standard dye-sensitized cells
the GT cell (Figure S3, Supporting Information). showing the RC limitation on the photocurrent transien¥zat
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(Figure S2), and recombination lifetimes Vg, showing the

O’Regan et al.

(15) Kern, R.; Sastrawan, R.; Ferber, J.; Stangl, R.; Lutheg|ettro-

importance of correcting for the band edge position (Figure S3). chim- Acta2002 47, 4213-4225.
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