4256 J. Phys. Chem. R000,104,4256-4262

Electron Injection, Recombination, and Halide Oxidation Dynamics at Dye-Sensitized Metal
Oxide Interfaces

Todd A. Heimer and Edwin J. Heilweil*
National Institute of Standards and Technology, 100 Bureawd)rstop 8441, Gaithersburg, Maryland 20899

Carlo A. Bignozzi
Department of Chemistry, Usérsity of Ferrara, Via L. Borsari 46, 44100 Ferrara, Italy

Gerald J. Meyer
Department of Chemistry, Johns Hopkins kérsity, 3400 North Charles Street, Baltimore, Maryland 21218

Receied: September 27, 1999; In Final Form: Member 17, 1999

Time-resolved infrared measurements indicate ultrafa3§0 fs, electron injection from (4dcbyRu(NCS)

(1) and (5,5dcb)Ru(NCS} (2) to nanostructured TiDelectrodes (where 4dcb = 4,4-(COOH)-2,2-
bipyridine). Although rapid, the injection fror@ apparently occurs with a lower quantum vyield than that
from 1, explaining a lower overall photon-to-current efficiency #TiO, solar cells. Transient visible
spectroscopy reveals similar rates of both halide oxidation and injected electron-oxidized dye recombination
for the two sensitizers. Substituting Spfor TiO; increases the electron injection yield fréhin the case of
transparent metal oxide films and improves the photon-to-current efficiency. Results indicate a wavelength-
dependent electron injection yield.

Introduction was concluded that the lower IPCE f@was due, at least in
part, to a lower quantum yield for electron injection from the
sensitizer excited state to the TiGas nonradiative decay
competes with electron injection.

Scheme 1 displays the relative energeticsifand?2 at the
sensitizer-semiconductor interfaceForward reactions which
result in the production of photocurrent are electron injection
(with rate constank;) and reduction of the oxidized sensitizer
by a solution electron donok4). Competing loss mechanisms
include excited-state decaly) and recombination of injected
electrons with the oxidized sensitizeks), The excited-state

Recent transient infrared measurements indicate that inter-
facial electron injection from the excited state of ruthenium
polypyridyl sensitizers to Ti@electrodes occurs on the ultrafast
(<1 ps) time scalé. This suggests electron injection can
effectively compete with excited-state decay of the sensitizer;
however, this does not always vyield efficient photocurrent
productior? A second competition exists between recombination
of injected electrons with the oxidized Rwenter and halide
oxidation by RUl'. This competition has been directly monitored

in this work by measuring the rate of Ruecovery in the . . ; . . .
presence and absence ofusing transient visible absorbance reduction potential _0_12 (measured in sol_ut|o_n) I|e_s approxi-
mately 200 mV positive of that fot, resulting in a significant

spectroscopy. Studies of two related sensitizers with significantly = '
different excited-state reduction potentials and photovoltaic red shift in the absorbance spectrum. The conduction band of

fficienci a4 HV-2 2-bipvridinebRU(N 1 single-crystal Sn@lies approximately 300 mV lower in energy
((35 Ig'?ggeosHiz éc—:t()?poyrizjzin é)zp?ﬂ,%rgégeé) uéuggse)sg arﬁ::g than that of TiQ,> which may result in enhanced orbital overlap

tions and possible methods to improve the performance of dye_be_trvxeen LheheXCHed stgte Blfand acce]E)tors in the Sl?lﬁ?m
sensitized TiQ regenerative solar cells. rough the recent development of transparent, S

Photocurrent measurements for (B@)Ru(X), (where dcb and use of time-re_solved infrared (TRIR) spectroscopy, we are
= (COOH)-2,2-bipyridine and X= NCS-, CN", or CI") on now able to quantify the electron-transfer rates at the semicon-

opaque TiQ nanostructured electrodes were part of a previous ductor—_sensmzer interface f0_|1_ and 2 and make dlrect_
study? These sensitizers were designed to enhance the spectraﬁ:ondus'OnS about_ the competitions betv_veen loss m_echanlsms
sensitivity of molecular solar cells toward longer wavelengths and forward reactions. These resglts relnforcg the flr]dlngs of
of light. Sensitizers utilizing the 5@cb ligands have signifi- the previous work and also PFOV'de further_ |ns_|ght into the
cantly lower excited-state reduction potentials compared to those @scinating nature of the sensitized metal oxide interface.

of the corresponding 4dcb analogues, which manifest in red-
shifted absorbance spectra. This in turn improves the overlap
of the absorbance spectra with the solar spectrum. The sensitiz- Materials. Transparent TiQ films consisting of~16-nm-
ers in this series were compared with thédchh analogues and  diameter TiQ particles were prepared by hydrolysis of Ti-
in general displayed maximum incident photon-to-current (i-OPr), as described previously in the literat$rénsulating
conversion efficiencies (IPCEs) approximately one-half those ZrO; films were prepared from Zr(i-OPy)n a similar fashior.

of the 4,4dcb sensitizers. Specifically, fdrand2 the maximum Transparent SngXilms were prepared using a slight modifica-
monochromatic IPCEs were 67.1 and 36.6%, respectively. It tion of a published procedufeOne drop of Triton X-100
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surfactant was added to 1 mL of 15% w/v Sn€blloidal —_ 0.010 1016
aqueous solution (Alfa).This mixture was deposited on the _QN [ 10.12 i
substrate and spread with a glass rod over an area masked withZ, 0.005 | 10.08 3
transparent tape. Two to five applications with 1-h room- & ™ A 1 wm
temperature drying intervals were required to prepare,Sims : 10.04 <
approaching «m thick. Final sintering was performed at 400 0.000 © / _ 1000
°C for 1 h in air for allmetal oxide films. Indium-doped tin ' mv ]
oxide conductive glass substrates (Hartford Glas®)8&vere f 1-0.04
used for transient visible experiments and photocurrent mea- 0005 J 20,08
surements. Unpolished CaBubstrates were used to prepare ) 0 2 4
samples for mid-IR measuremenfSensitize2 was available Delay Time (ps)

from previous studie$Purified 1 was obtained from Solldeas. Figure 1. Rise time of the Ti@electron absorbance at 5 for (a)

Both sensitizers exhibited a single-exponential photolumines- 1 ang (b)2 sensitized Ti@ films in dichloromethane. Open circles
cence decay in MeOH upon laser excitation at 532 nm. indicate pump-probe cross-correlation measured in a Si wafer. Closed
Attachment of the sensitizers to the Ti€urface was achieved circles indicate absorbance by the injected electrons for sensitizers on
by soaking the Ti@ films in MeOH solutions containing=5 TiO>.
mmol/L concentration of the sensitizer for 16 h. . .
Transient Spectroscopy TRIR experiments were performed ~Producing 30-ps fwhm, 532-nm pulses was used to excite the
under the following conditions: The sample was excited at 20 SamP'e- A fraction of the 532-nm beam pumped a dye laser to
Hz with 8 .J of 590-nm, 150-fs fwhm synch-pumped dye laser provide 20-ps fwhm. probe pulsgs. The dye laser was tuned to
output. The probe pulse consisted of a 250-fs broadband pulseN€ Wavelength of interest, typically 730 or 820 nm, and a
spanning the range of 1850950 cnt! generated by difference monochroma_tor/CCD was usepl for det(_ectlon. The probe was
frequency mixing of two visible pulses in LiKDThe pump and delayed relative to the pump via an optical delay stage.
probe beams were focused to approximately 260diameter Photoelectrochemlstry. Photocurr.e.nt measurements were
at the sample. Broadband detection of the probe was achieved?€'formed by assembling the sensitized metal oxide electrode
directly using a 42 groove/mm single-grating spectrograph against a Pt-coated counter electrod(_a, with a thin layer of 0.5
coupled to a 256x 256 element MCT detector array. The mol/L Nal and 0.05 mol/L{ electrolyte in propylene.carbonatt.e
pump-—probe cross-correlation function, measured by a Si wafer, PEween the electrodes. A 150-W Xe lamp and single-grating
indicates an~350-fs instrument response function. Sample monochrorr_lator served as the excitation source._Lamp output
mounting was achieved by using the sensitized;Ts@mples as a functhn of ngelength was measured with a NIST-
on CaF as windows in a standard demountable IR cell. The Calibrated Si photodiod®:
cell was filled with dichloromethane such that the active area
of the sample was bathed in the liquid. Samples24fiO,
typically had an optical density at 590 nm, which was roughly =~ Time-Resolved Infrared (TRIR) Experiments. It has
half that of thel/TiO, samples. Therefore, TRIR experiments recently been established that transient near-IR to mid-IR
with 2/TiO, were performed with both cell windows replaced spectroscopy is an effective technique to measure the injection
by samples, such that approximately equal numbers of photonsdynamics of electrons in sensitized semiconducté?sFor
were absorbed in all cases. Further details of the TRIR apparatussensitized TiQ samples following visible excitation, the ab-
can be found elsewheté. sorbance by electrons in the Ti@ uniform across the entire
Transient visible absorbance experiments were performedprobed region (18561950 cnt?), and the average value as a
using a Xe flashpack to produce white light broadband (350 function of time is shown in Figure 1. In Figures-6, the
900 nm) probe pulses o£3-us duration. A Q-switched Nd:  uncertainty of the intensity value is indicated by the scatter in
YAG laser was used to provide 5-ns fwhm excitation pulses at the data points. The 1850950 cnT! spectral region was
532 nm, with energies of 0.69.25 mJ and a beam diameter chosen because it is free from sensitizer ground- and excited-
of 2 mm. A double monochromator and photomultiplier tube state absorbances, namely t{f€=0) band® near 1730 cm!
were used for probe wavelength selection and detection. Theand thev(C=N) band near 2100 cm. For both 1 and 2
system has a temporal instrument response of 14 ns. anchored to TiQ the absorption rise tracks the single-sided
An alternate apparatus was used in some cases to measureross-correlation with no further increase in intensity, indicating
decay times on a shorter timescale. A Quantel Nd:YAG that electron injection is complete within the excitation laser

Results
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0.020 - Figure 3. Oxidized dye— injected electron recombination kinetics
measured at 590 nm fdranchored to Ti@ as a function of excitation
irradiance at 532 nm. The data are fit to the sum of a first-order and a
0.000 [ second-order decay as described in the text.

[ tions to this absorbance include both the ligand-to-metal charge
= -0.005 [ transfer (LMCT) transitioff of 1+ and absorbance by electrons
S i injected into TiQ.1a15
‘:‘D 0.010 [ Rgcomblnatlon of mpctgd electrons with the oxidized dye
o™ [ (ks) is measured by monitoring the recovery of theé' Ruound-

state absorbance at 590 nm. At this wavelength, there is no
-0.015 L contribution by the excited state f as shown by the transient
i spectra on Zr@ Figure 3 displays the observed recovery kinetics
r as a function of excitation irradiance. As the irradiance is
-0.020 |- increased beyond 5@J, a fast component becomes apparent.

300 400 500 600 700 800 900 Such behavior has been previously observed in this and similar
Wavelength (nm) RU' systems5 The recovery kinetics are modeled as the sum
Figure 2. Transient difference spectra in the visible region of (a) ZrO of a first-order and second-order decay and fit to the following

and (b) TiQ films sensitized withL under 532 nm, 0.1 mJ excitation. ~ €guation:

lo and | are the transmitted probe intensity with the 5-ns excitation .
pulse bIocke_d and unblocked, respectivz_ely. Spectra are not c_orrected I(t) = o, exp(- kat) + i + kbt
for photoluminescence dfZrO, observed in the 756900 nm region. Qa,

pulse duration. This allows us to place a lower limit fgrof Here ky and k, are the first- and second-order rate constants,
2.9 x 102 s71. A TRIR instrument-limited rise time fot on respectively, and, anday are the corresponding amplitudes.
TiO, has previously been observed by other research groups, The observed second-order rate constkgtjs a function of
with responses as fast as 25'4s. both the extinction coefficient chang&q) and the optical path

The coincidence of the cross-correlation and the electron- length () such that ky(observed) = ky(actual)/Ael). The
absorbance rise time caused us to suspect that two-photorobserved rates are summarized in Table 1. The actual second-
excitation of the TiQ could give rise to the observed signal. order rate can be calculatedAfe and| are known. We have
Substitution of nonsensitized TiJor the sample revealed a  estimatedA¢(590 nm)~ 1270 M1 cm™! from a recent report
small absorbance change contributiakAps = +0.005 at 8 of visible absorbance spectra dfin aqueous solution before
«J pump energy) by this effect, indicated by the arrow in Figure and after oxidation by pulse radiolysis in the presence of KBr.

1. However, the absorbance signal fbranchored to TiQ The optical path length can be approximated as the Tii®
exceeds this value by a factor of 4, and displays a linear thickness obtained from profilometry, 1om. The observed
dependence on pump power in the range-ei3uJ. The two- second-order rate of 1.& 10° s~ for 1/TiO, yields by this
photon signal for nonsensitized Ti@ undetectable at 3J. analysis an actual second-order rate constant o&k2108 M1

No measurable transient absorbance was observed in the-1850 s™1.
1950 cnt?! region for the dye molecules anchored to insulating ~ RuU' recovery was also measured in the presence of iodide
Zr0Oy, indicating that the observed transient absorbance in TiO electron donors in solution. When Nal is added in increasing
is not a thermal effect. amounts, recovery is faster as shown by the kinetic traces in
Transient Visible Spectroscopy(4,4dcbyRu(NCS). For the Figure 4a. Addition of both Nal and ks a redox pair allows
sensitizers anchored to transparent Jé©ZrO, films, transient formation of k™. This has a dramatic effect on the'Recovery
visible spectra are readily obtained. Figure 2 displays the spectrain that at 0.25 mol/L Nal and 0.025 mol/l;,190% of the time
of 1 on ZrG; at various times following the excitation pulse. zero amplitude is quenched (Figure 4b). This indicates a static
The spectra are not corrected for photoluminescence. Keyquenching mechanism, possibly by an adsorbed iodide species
features are the metal-to-ligand charge transfer (MLCT) bleach such as4~. The degree of quenching at time zero is not linear
centered at 520 nm, a ligand-based absorbance band at 650 nnmin Nal and b concentration, nor presumably insTl. In fact,
and photoluminescence (PL) centered near 760 nm. Thesethe quenching vs donor concentration fits the Langmuir adsorp-
features are all typical of the excited stateld® The spectra tion isotherm model (Figure 4 inset), with two assumptions:
obtained forl on TiO;, are significantly different, particularly (1) the degree of quenching is proportional to the number of
in the near-IR. There is no measurable PL; instead a long-lived moles of adsorbegt, and (2) the number of moles of adsorbed
(tens of microseconds) positive absorbance persists. Contribu-species is much smaller than the number of moles of solution
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TABLE 1: Electron-Transfer Rates at the Sensitizer—Semiconductor Interface
system k3@ x 10°st kP x 102st  powefmJ ks, first-ordef x 10°s™t  ksp, Second-ordex 108st  ojap ke x 107s?

1UTiO; 42404 >2.9 0.05 0.4+ 0.3 1.3+ 04 0.15 >7.1
0.11 1.2+ 0.3 1.64+0.2 0.48
0.25 1.3+ 0.3 1.8+ 0.1 0.62
2/TiO, 400+ 36 >29 0.20 0.4-0.3 1.6+ 0.6 0.36 >7.1
2/SnG, 400+ 36 not meas’d 0.20 140.2 3.2+0.3 1.13 >7.1

2 |nverse excited-state lifetime of the sensitizer dissolved in MeOH. An expanded uncertaintysah@icated throughout Table ? Electron-
injection rate constant measured by time-resolved infrared absortaixeitation energy at 532 nm. The beam diametexZ&mm. ¢ Observed
injected electron-oxidized dye recombination rate analyzed according to the two-component model described ifkdi{elisgtved)= kspn(actual)/
(Ael). See Results section for calculation of actual second-order fdby® reduction rate measured in a two-electrode cell with 0.5 mol/L Nal and
0.05 mol/L b.
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Ti Figure 5. Transient visible absorbance spectra2dh MeOH or on
ime (US) ZrO; (a) and on TiQ or SnQ films (b). Spectra shown were taken at
Figure 4. Quenching of oxidized as a function of addedx] Nal or 5 ns following 532 nm, 0.1 mJ excitation for films or 570 nm excitation

(b) Nal and b in a 10:1 molar ratio, measured at 590 nm under 0.2 in MeOH.

mJ, 532 nm excitation. The molarity of Nal is indicated. The inset . . . .
shows a fit to the Langmuir adsorption isotherm model in terms of fimes>20 ns, where a microsecond-lived positive absorbance

[157] as described in the text. persists in the near-IR. Whehis attached to Sngfilms, the

resulting transient spectra are significantly altered. Thed&%-
species prior to adsorption, such thag Tkq = [I37]o. These absorbance at 400 nm is absent, and the MLCT bleach and near-
assumptions are necessary, as we are unable to quantify théR absorbance are both greatly enhanced. The lifetime of these
concentration of adsorbed species. features is several microseconds.

(5,5dcb)Ru(NCS). For 2 in solution or anchored to metal In the absence of a strong bleach signal foon TiO,,
oxide films, transient visible spectra are shown in Figure 5. The recombination of injected electrons with the oxidized dye was
most prominent feature of the sensitizer in MeOH or on ZrO measured by monitoring the decay of the electron absorbance
(Figure 5a) is a positive absorbance at 400 nm, assigned toat 820 nm. At this wavelength, the contribution from the
(5,5dcb). This absorbance somewhat overwhelms the MLCT sensitizer excited state (Figure 5a) is minimal. At excitation
bleach near 540 nm. A second ligand-based absorbance appeaenergies of 5QuJ, a second-order decay is observed which
in the 600-700 nm region. The decay of all features occurs on persists for tens of microseconds. The results are shown in
the time scale of the instrument responsel4 ns). This is Figure 6 and compared with the analogous electron decay

expected, since the excited-state lifetime2oh MeOH is 250 measured fod on TiO, at 730 nm. The initial recombination
ps+ 11 ps (data not shown; the expanded uncertainty {2 kinetics measured on the picosecond time scale are also similar
indicated). The spectra f@anchored to semiconducting metal for the two dyes (Figure 6 inset).

oxide films are shown in Figure 5b. For Tid@llms sensitized The absence of a bleach fafTiO, also required quenching

with 2, the spectrum is very similar to that of Zs@xcept at by iodide species to be monitored at a different wavelength. At
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Figure 6. Oxidized dye— injected electron recombination kinetics 0.01 ]
measured at 730 nm fdrand 820 nm for2 anchored to Ti@ Probe TE E
wavelengths were chosen to eliminate or minimize contributions from F
the sensitizer excited state. Excitation irradiance was 0.1 mD déod 0t — ;
0.2 mJ for2 such that an approximately equal number of electrons 05 L _5,5NCS on SnO, E
were injected in each case. Kinetics measured on a picosecond time 04 3
scale are shown in the inset fdr (closed symbols) an@ (open 03 3
symbols). 02 E E
01§ 3
. _li 0 E N L L L
4§7 ng"l, in the presenceh(_)fr?.dZS or0.5 moI/LbNaI,l_a Iotr:gf lived w0 500 v 700 800
absorbance appears, which doed return to baseline before Wavelength (nm)

the next laser pulse arrives 50 ms later. The intensity of this _. ) . .

absorbance increases as the monitoring wavelength is Shifted:'gure 7. Photon-_to-current conversion efﬁmency for sensitized metal
; . “oxide electrodes in a two-electrode solar cell with Nadlectrolyte.

towa_rd_ 400_nm. These_ features are attributed to the formation Efficiencies are corrected for the fraction of incident photons absorbed

of oxidized iodide specie®. The appearance of the absorbance by the sensitizer at each wavelength, see text for details.

is complete within the 14-ns instrument response. This implies

a lower limit for the rate of T oxidation by2™ of 7 x 10" s1 counter electrode revealed no significant difference for wave-

at 0.5 mol/L Nal concentration (1.4 108 mol™* L s™%). We lengths greater than 500 nm.

note that a rate of1oxidation by RU'(dcb)(bpy} anchored to

SnG of 1.2 x 101° mol~t L s has recently been reportéd. Discussion

An identical instrum_ent-response-limited absorbance _in the As shown in the energy level diagram (Scheme 1), the

400-440 nm range s qbserved f@ anchored to Snin . ground-state RU" oxidation potentials fod and2 measured

electrolyte. No transient is detected upon 532 nm photolysis of in solution are identical within experimental erfoAttempts

the electrolyte only, with no electrode present. Table 1 sum- using cyclic voltammetry to estimate the 84 potential for

marizes the rates of electron injection, recombination, and halidethe compounds anchored to Fi®ubstrates have been unsuc-

ox;:()jr?tlon Ifor thehsysyems gndecri study. h cessful. However, any shift upon surface attachment is expected
otoelectrochemistry. Steady-state photocurrents were , e gimijar for these two closely related sensitizers. If the

measured for sensitized metal oxide electrodes in atwo-electrodereducﬁon potentials of surface-anchordand 2" are in fact

arrangement with 0.5 moI/L_ Nal and 0.05 moI/;i_dIectr(_)Iyte . similar, one would expect similar rates of recombinati&s) (

in propylene carbonate. Incident photon-to-current efficiencies and halide oxidation k). We have used a model which

(IPCEs) are calculated using the following equation: incorporates both first-order and second-order recombination
) ) processes to describe the observed recombination kinetics. The
(1240 eVnm)(photocurrent densigyA/cm®) justification of this model is as follows:

(wavelength nm)(irradianqe\N/cn?) Visible and electron paramagnetic resonance (EPR) spec-
troscopy of electrochemically reduced Rifims suggests that

Dividing the IPCE by the fraction of incident photons absorbed a.ﬁllglr;mcant number Of, wyected electrons reslld(? iH ites as

at each wavelength (termed light harvesting efficiency, see T F_or SOme photomjecte(_j_electrons, théBites may be
Discussion section) gives the absorbed photon-to-current ef-those directly bound to sensitizer molecules. In this case the
ficiency (APCE), shown in Figure 7 fot and2 on TiO, or charge-sepafated state and recombination reaction are depicted
SnG. The indicated uncertainty reflects the combined expanded &5 the following:

uncertainty of the absorbance, photocurrent, wavelength, and K

detector responsivity. The latter dominates at short wavelength. Ti"-—RU" — TiV-|—RU'

The APCE for2 improves significantly when the sensitizer is

bound to Sn@ and a value 0&40% independent of wavelength  No diffusion of the reactants is required, and the charge
from 350 to 760 nm is achieved. Photocurrent measurementsrecombination should follow first-order kinetics. The fast initial
were performed primarily with illumination through the substrate exponential component of the decay in Figure 3 is attributed to
side of the sensitized metal oxide electrodes. However, APCE this “geminate” recombination. A second possibility is that the
spectra measured with “backside illumination” through the Pt electron diffuses from a remote'Tisite before recombination

IPCE=
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occurs. This idea is consistent with the electron-hopping lower energy-acceptor states. It is unclear at this point whether
mechanisms proposed for the conduction mechanism in colloidalthe acceptor states fall within the Sp@onduction band, are
anatase TiQ@films.1® Under these conditions the recombination SnV traps, are surface states, or a combination of all these
would resemble a bimolecular process where the electron mustpossibilities.

diffuse toward the oxidized sensitizer: If recombination k3) is not a significant loss mechanism in
the working solar cell, and the dye-absorbance characteristics
are known, then the electron-injection yield can be estimated
through careful photocurrent measurements. The incident photon-
to-current efficiency (IPCE) is a product of three terms:

For this process, second-order kinetics would be expected. The

k.
e (TiO,bulk) + |-RU" = |-RU'

best evidence for a second-order kinetic model comes from IPCE= LHE (¢inj)(;7)
second-order equal-concentration (of'Rand electrons in Tig)
kinetic rate constants that are independent of thé' Rnd Here, LHE is the light harvesting efficiency or absorptance,

TiOz(e7) concentration. In previous work we have shown that defined as LHE= 1—10"A whereA is the sample absorbance;
when the initial concentration of Ruand TiQ(e‘) was vari.ed. ¢inj is the quantum yield for electron injection; amdis the

by a factor of greater than 20 by changing the excitation efficiency of transporting injected electrons to the external
irradiance or ionic strength, the abstracted second-order equal<ircuit. It is well known that LHE is wavelength dependent,
concentration kinetic rate constant was unchariged.similar being related to the sensitizer absorbance spectra. The wave-
result is obtained in this study: valueslaf for /TiO, in Table |ength dependences ¢fnj andn are less certain. Di\/iding the

1 are identical within experimental error for excitation energies |PCE by the LHE gives the absorbed photon-to-current ef-
of 50—-250uJ. This is typically not true for the commonly used ficiency (APCE), shown in Figure 7 fat and 2 anchored to
stretched exponential models (i.e., Kohlrau&&Wyilliams and TiO, or SnQ:

Watts99).
The kinetics shown in Figure 6 and the recovered rates listed APCE = IPCE _
in Table 1 indicate similar recombination kinetids)(for 1 and “LHE _ (i) (1)
2 anchored to Ti@ It is concluded that botii*t and 2t can
effectively oxidize the iodide donors, primarily &nd k~, within Thus, the APCE should reflect the wavelength dependence
the several-microsecond window of recombination. Quenching of ¢i,j andy. For 1 on TiO, the APCE clearly drops off in the
of the oxidized dye fod/TiO; in the presence of botir land b 600—-700 nm range. When the same sensitizer is anchored to

(Figure 4b and inset) indicates that dye reduction in working SnQ,, the APCE in the 408600 nm range improves to 40%

solar cells involves a mechanism which is static during the 14- (vs 20% on TiQ) and actuallyincreasesfor wavelengths of

ns resolution of our instrument. 600—-700 nm. For2/TiO, the decrease in APCE at low energy
We now turn to the competition between electron injection is even more dramatic and begins at 500 nm. #&8nG;, the

(ko) and excited-state decak ). The TRIR results in Figure  APCE response is uniform within experimental error, indicating

1 indicate that it is possible to lower the sensitizer excited- efficient injection at all energies. With the exceptior2d6nG;,

state potentidlby 200 mV and still have electron injection occur the shapes of the APCE spectra indicate a wavelength depen-

faster than 350 fs . Two possible explanations for this behavior dence forgiy; or 1 or possibly both. Transport efficiency;)

are (1) the acceptors in the Ti@rm a broad continuous energy  could be wavelength dependent if electrons injected at a greater

band, overlapping well with both sensitizer excited states, and distance from the conductive substrate (i.e., low-energy photons

(2) ultrafast electron transfer at these interfaces differs com- with illumination through the indium-doped tin oxide substrate)

pletely from the MarcusGerischer “weak electronic interac- experienced greater loss during migration through the film.

tion” electron transfer and does not involve redistribution of However, when the cell is illuminated from the backafdé

vibrational excitation energy. In this case electron injection (through the Pt counter electrode) the APCE spectra are

precedes excited-state vibrational relaxation. The latter conceptunchanged at > 500 nm. Thus, we conclude that the APCE

has been suggested by Willig and co-workers, who observedspectra reflect the wavelength dependencepigf A simple

<25 fs electron transfer fromd to TiO, using an 1100-nm explanation for the wavelength dependencepgfis that the

probel2The smaller electron-absorbance signal observed in the excited state o? is not sufficiently energetic to inject into TiO

case o2 (0.01 vs 0.02 fod, Figure 1) suggests aa50% lower However, the lower energy acceptor states of Se@able

electron-injection yield. From a kinetic argument, this is efficient injection from2 at all visible wavelengths.

surprising. Even if the injection rate is as slow as 29012 The reason for the reproducibiacreasein injection ef-

s1, itis still 3 orders of magnitude faster than the excited-state ficiency for /SnG, between 600 and 700 nm is not obvious.

decay of2, which is 4.0x 10° s™t measured in MeOH (Table  Perhaps a low-energy surface state exists in Smfich has

1). enhanced orbital overlap with the excited stateloét this
A reduced injection yield foR/TiO, is also indicated by the  energy.
transient visible spectroscopy. SpectraXan Figure 2 indicate Moser and GizeP® have shown that fol/TiO,, ¢inj is

significant absorbance changes when the sensitizer is bound tavavelength independent in the range 4580 nm but does
TiO, vs ZrO,, attributed tol in the oxidized state and injected decrease at > 550 nm forl/Nb,Os where the conduction band
electrons in TiQ. For 2, the spectra on Tigand ZrQ, as well lies 0.2-0.3 eV higher in energy vs. Tilt is possible that

as in solution, are similar (Figure 5). This suggests that the our film preparation and other experimental conditions differ
majority of dye molecules are in the excited state, rather than in such a way as to yield Ti©materials with acceptor states
in the oxidized form. However, whea is anchored to Sn§) which are higher in energy than those studied by Moser. This
the excited-state ligand absorbance at 400 nm disappears, arould explain our observed wavelength dependenc#&/T00..
MLCT bleach is present, and near-IR absorbance by injected The reproducible order of magnitude decrease in APCE for
electrons is evident. Thus, it is possible to achieve efficient 2/TiO, relative to 1/TiO, is surprising. Our previous work
injection from 2 by using an alternative semiconductor with comparing the efficiency of these two sensitizers on opaque
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