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Photophysics and electron dynamics in dye-sensitized semiconductor film were studied by transient mid-IR
spectroscopy, in particular on the nano- to millisecond time scale. As sensitizers, a Ru complex and 9-phynol
xanthane derivatives were used. We simultaneously observed electrons injected into the conduction band of
a semiconductor and the change of vibration bands due to formation of a cation of a dye molecule. The
transient absorption components derived from these two species decayed differently. From this observation,
we found that injected electrons decay through two paths; one was back electron transfer, and the other was
decay to deep trap sites that cannot be detected by mid-IR light. We could also estimate the amount of
electron injection for different dye-sensitized TiGur transient mid-IR spectroscopy in long time scale
introduces a semi-new approach to the slow dynamics in dye-sensitized semiconductors including back electron
transfer.

1. Introduction transfer can contribute to high photon-to-current conversion
efficiency. Therefore, it is essential to understand the factors
that determine the rate of back electron transfer. However, these
factors have not yet been clarified, and even more importantly,
interest is mainly due to the potential use of these systems in the processes an electron experiences in the semiconductor after

solar energy conversidit It is important to elucidate electronic ~ INi€ction are not yet completely understood.
processes in these systems, not only for scientific interest but Time-resolved mid-infrared absorption spectroscopy is a
also to obtain information for the design of efficient molecular powerful technique for investigating electron dynamics because
sensitizers. it can directly detect injected electrons. There are several studies
In these systems, wide-band gap semiconductors can beon dye-sensitized semiconductors by time-resolved mid-IR
sensitized to visible light by the adsorption of dyes on their absorption,® and these studies have revealed the electron
surface. If the electronic excited state of the sensitizing dye lies, injection rate from the excited state of dye to the semiconductor
in terms of energy, above the conduction band edge of the conduction band. These studies also revealed transient vibra-
semiconductor, electron injection to the conduction band occurs. tional absorption of adsorbates, which means we can simulta-
It is known that the injection of photogenerated electrons into pnegusly monitor substrates and adsorbates by mid-IR light. As
t_he semiconduct_or c_onduction band occurs on the_femtosecon%emioned above, relatively slow electron dynamics after
time scaléf,‘9 which is much faster than the deactlvau_on rate injection are also important, but hardly any of these studies
of the excited state to the ground state of the dye. This results ;pseryed the postinjection process because the measurement
in high photon-to-cur_re_nt conversion efficiency. . range was of subpicosecond to a few nanoseconds’ duration.
Fur_thelrlmore, postinjection processlis (e.9., d_|ffué?0h?, The usual method for observing these slow electron dynamics
]Erapplng, and back electron transfér’s) can be. Important has been by measuring bleach recovery of sensitizing dyes with
actors that determine photon-to-current conversion efficiency. . oy absorption in the visible light rantfé*16Although
For example, in a solar cell device the injected electrons diffuse these studies have revealed the back electron transfer rate to
to the collecting back contact, which competes with back . .
dyes or redoxes, there are other electron processes in semicon-

electron transfer (recombination) to a dye or redox species in e
the electrolyte solution. This means that slow back electron ductors, apart from back electron transfer, such as diffusion or
relaxation to shallow and deep traps. Direct observation of

* To whom correspondence should be addressed. E-mail: 5503103@Cc_mjected electrons is absolutely necessary to clarify these electron
m-kagaku.co.jp. Phone+81-45-963—-3155. Fax: +81-45—-963-4261. processes.

There has been considerable interest in studying the kinetics
and mechanism of photoinduced electron transfer for molecules
adsorbed on the surface of semiconductor particl@sThis
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Rhodamin B SD-1243 normalized at 2200 cnt. The ground-state spectrum of N3-sensitized
Figure 1. The molecular structures of sensitizing dyes used in this TiOz is also shown (thin line).

study.

monochromator of 50 cm focal length and the monochromatic

Recently, some authors have developed the systems that cawmutput was detected by an MCT (merctigadmium-telluride)

detect transient absorbance changes as smal-&®%6r a wide detector. The MCT output was amplified in AC-coupled
wavenumber range (96000 cnt!) and also over a wide  amplifiers and accumulated in a digital sampling oscilloscope
range of delay times (50 ns to 1%€)!8These sensitive systems (Lecroy, LT342L) as a function of delay time at a fixed
enabled us to detect injected electrons over a long time scalewavelength. The temporal profiles were reconstructed to
Here we report the transient mid-IR absorption study for dye- transient IR absorption spectra at different delay times. The time-
sensitized semiconductor film on a time scale from tens of resolution was about 50 ns, which was determined by the
nanoseconds to a millisecond. We succeeded in the simultaneousesponse of the detector.
observation of the electrons injected into the conduction band
and a vibration band change of a sensitizing dye in a long-time 3. Results and Discussion

scale. 3.1. N3-Sensitized TiQ Film. Since the Grtel group

invented a high performance solar cell using N3-sensitized TiO

film,419this system has become one “standard” for the various
2.1 Sample PreparationThe samples used in this study were studies in this field. In this study, we first applied our time-

dye-sensitized nanocrystalline TiQr Si0; as reference) films. resolved IR technique to N3-sensitized 3iO

These films were prepared by the procedure reported previ- Figure 2 shows the transient IR absorption spectra of N3-

ously®We used method B described in that literature. Briefly, sensitized Ti@ and naked Ti@ after photoexcitation at 532

a TiO, colloid solution was made from Ti(P25 Degussa),  nm (for N3-sensitized Tig) or 355 nm (for naked Tig). There

water, and small amounts of acetylacetone and detergent (Tritonwas broad and unstructured absorption over the range measured.

2. Experimental Section

X-100). The colloid solution was spread on a Ggblate This broad absorption is ascribed to photogenerated electrons
substrate with a glass rod. After the sample was air-dried, the in TiO.18 In naked TiQ, the electrons are directly excited from
plate was fired for 30 min at 400°Gn air. Coating of the TiQ valence band to conduction band, while the electrons are injected

surface with dye was carried out by soaking the film fer3L from the LUMO of the sensitizing dyes to the conduction band
h in a butanol/acetonitrile dye solution. The reference dye- of the semiconductor in the case of N3-sensitized ,TilD
sensitized SIQ(AEROSIL 300) films were prepared in the same addition to this broad absorption, we can also see a peak and a
way as TiQ films. The sensitizing dyes used in this study were dip around 2100 cmt in the spectrum of N3-sensitized TiO
ruthenium complex N3; Ru(dcbpyNCS) [dcbpy = (4,4- We can ascribe this peak and dip to vibration band change of
dicarboxy-2,2bipyridine)]. We also used 9-phynol xanthane C—N in the NCS ligand. (When an electron of N3 transfers to
derivatives listed in Figure 1. It is known that, among organic a semiconductor particle, N3 forms a cation, which means that
dyes, 9-phynol xanthane derivatives show a relatively high the Ru(ll) metal center becomes Ru(lll). Because the Ru(lll)
photon-to-current efficiency but that they are not comparable metal center has a small electron charge density, it favors the
to ruthenium complexes such as K31 Therefore, a comparison  more negatively charged N atom of the NCS ligand. This leads
between N3 and these organic dyes is expected to give usefulto weakened €N bond strength and €N stretch band is
information on the electron dynamics in this system. For the shifted to lower energ§) Therefore, this transient absorption
comparison of photon-to-current efficiencies among different spectrum of N3-sensitized TiOncludes information on elec-
dyes, each film sample was prepared as it had roughly the samdrons inboth semiconductors and dyasone spectrum.
absorbance at the excitation wavelength. Figure 3 depicts the temporal profile of transient absorption
2.2. Time-Resolved IR Absorption. The detail of the probed at 1950 cm of N3-sensitized Ti@ and SiQ. We
experimental setup for time-resolved infrared absorption is observed strong absorption in N3-sensitized ;1b0t observed
shown elsewher¥.1® We used the second harmonic of Q- no signal, except a small one originating from photothermal
switched Nd:YAG laser as an excitation pulse (532 nm, 10 ns effect in N3-sensitized Sig¥® This observation also supports
pulse). The excitation pulse energy was below-a.5nJ/cn?, our assignment of the transient absorption to photogenerated
and the repetition rate was 5 Hz. A probe light (emitted from electrons in TiQ. The electrons excited to the LUMO of dye
the MoSp source) was focused on the sample plate with an by visible pulse are injected to the conduction band of the
ellipsoidal mirror. The transmitted light was dispersed in a semiconductor in TiQ but electron injection cannot occur in
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Figure 3. The transient absorption probed at 1950 &nof N3-
sensitized TiQ and SiQ after the excitation by 532 nm laser pulse;
solid line TiO,, dotted line SiQ.
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Figure 4. (a) The time evolution of the IR absorption spectrum of
N3-sensitized Ti@ (b) The comparison of the spectra between 500 ns

(solid line; the intensity is indicated in the left axis) and 130(dotted
line; the intensity is indicated in the right axis) after the pulse excitation.

SiO, because the edge of the conduction band ob&@Mcated
at higher than the LUMO of N3* We also show the time
evolution of the IR absorption spectrum in Figure 4. The shape

of spectrum did not change with the passage of time except the

peak and the dip around 2100 tinThis observation indicates
that the transient absorption due to photogenerated electrons i

TiO2 decays in almost the same manner in this wavenumber

region.

From the detailed analysis of the temporal change of the N3-

sensitized Ti@ spectrum shown in Figure 2, we found that the
decay profile at the peak top wavenumber (2025 Hnwas

n
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Figure 5. The comparison of the decay profile of the transient
absorption at 2025 cm (A) with that at 1950 cm! (B). The inset
shows the transient absorption spectrum around 2000' é¢mthe
expanded scale. These two decay profiles are slightly different because
the absorption at 2025 crhis ascribed to the sum of injected electrons
and G-N stretch band of N3 cation, while the absorption at 1950%cm

is ascribed only to injected electrons. Eliminating the injected electron
component from line A, we obtain line C, which shows the absorption
decay of N3 cation €N band.

try to separate the transient absorption at 2025cimto two
components: “injected electrons” and “N3 catior i@ band”.

We can estimate the former component from the drawing shown
in the inset of Figure 5. We can calculate the “injected electrons”
component at 2025 cm from the weighted average of the
transient absorption at 1950 cin(B) and 2150 cm! (D). By
subtracting the “injected electron” component from the total
transient absorption at 2025 cfy we obtain the “N3 cation
C—N band” component, which is shown as line C in Figure 5.

The slope of line C is slightly gentler than that of line B. We
interpret this fact as follows. The absorption of the N3 cation
C—N band disappears only when the injected electrons go back
to N3, but the absorption of injected electrons also disappears
through the relaxation to the other sites in the semiconductor
that cannot be detected by mid-IR light. That is, the injected
electrons have two decay paths leading to the disappearance of
absorption (back electron transférdecay to the other sites in
semiconductor), while the N3 cation has only one decay path
(back electron transfer).

Electrons injected into semiconductors initially exist in the
conduction band. Then they decay to trap sites or go back to
N3 dye. If electrons stay in the conduction band or shallow
trap sites, they give absorption in the mid-IR regi®klowever,
once electrons decay into trap sites that are deep in terms of
energy, they give smaller or no absorption in the mid-IR region
even though they still exist in the semiconductor. Of course,
we cannot eliminate the possibility that some trap sites whose
energy levels are not so far from the conduction band edge do
not have absorption. However, in our experiment, we call the
trap sites that cannot be detected by mid-IR light “deep traps”
hereafter, even if they are not deep in terms of energy.

With regard to the mid-IR absorption of electron in deep traps,

slightly different from that seen at the other wavenumbers where We have to consider the following two possibilities. One
we observed no peak or dip. Figure 5 shows the decay profile possibility is that electrons in deep traps haegneabsorption

of the transient absorption at 2025 th(A) and 1950 cm?
(B) (Here 1950 cm! means a wavenumber for which we

in the mid-IR, and this absorption becomes smaller when
electrons decay to deeper trap. Another possibility is that

observed no peak or dip.) This decay difference can be explainedelectrons in deep traps have absorption in the mid-IR. In

by the fact that the absorption at 2025 Tmincludes the
contribution from both the injected electrons and theNC
stretch band of the N3 cation, while the absorption at 1950'cm
has the contribution only from the injected electrons. Here we

the former case, the absorption spectrum due to electrons in
deep traps must show a different shape in 220000 cnt?

from due to electrons in shallow traps. If that is true, the shape
of absorption spectrum in this region will change with the time
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Figure 7. The temporal profile of electron transitioei(t), ex(t), and
. . e(t) are the functions of timewhich represent normalized population
TiO, Sensitizing Dye (occupation ratio) in each state shown in Figure 6.

Figure 6. The three states model we use to represent the dynamics of . .
electrons in this system. Each state means conduction band or shallow If these deep traps cannot be detected by mid-IR light for

traps of semiconductor (1), deep traps of semiconductor which cannot EN€rgy reasons, the energy levels are lower than the conduction
be detected by IR light under 2200 ti(2), and HOMO of dye band by more than 0.25 eV. This is because they do not absorb
molecules (electron which are back to dye molecules) (3). The arrows light with a wavelength of less than 2200 tin(= 0.27 eV).
show the electron flows. This 0.25 eV gap significantly affects the efficiency of the cell
delay. As shown in Figure 4, however, there were no substantial because the maximum voltage we can extract from N3-sensitized
changes in the shape of the transient absorption spectrum inTiO, type cells is only about 0.7 ¥2225Furthermore, there is
this region. This observation indicates the latter possibility may a possibility that the electrons that fall into deep traps never
explain our results better. Therefore, we now assume that deepmove out to an external circuit and that the only path after falling
traps (or a series of deep traps) are energetically separated fronis back electron transfer to dyes or redox species. These facts
the shallow traps and do not give absorption in the region of mean that the photon-to-current efficiency is hampered by the
2200-1000 cnt, existence of deep traps in the semiconductor, and that reduction
Here, we propose a simple model to consider the electron of these traps may improve photon-to-current efficiency. In fact,
dynamics in this system. In this model, we assume that electronsparticle synthesis methods and annealing temperature are
in the conduction band and shallow traps have the constantexpected to change the trap site distribution and def%ity;
absorption cross section for the 2200000 cnt? IR light, and therefore, we are now conducting an experiment to examine
that electrons have zero absorption cross section once they decathe annealing temperature effect on the IR spectrum. In any
to deep traps. Under this model, each electron exists in one ofcase, the investigation of electrons falling into deep traps can
the following three states after injection to the conduction band give indispensable information for the development of this type

of the semiconductor. (See Figure 6.) of cell.
(i) Conduction band or shallow traps of the semiconductor,  3.2. 9-Phynol Xanthane Derivatives-Sensitized Ti©Film.
which can be detected by mid-IR light In the previous section, we showed the time-resolved mid-IR
(i) Deep traps of the semiconductor, which cannot be detected absorption technique was powerful to investigate the slow
by IR light longer than 2200 cni electron dynamics including back electron transfer. In this
(i) HOMO of dye molecules (electrons that have reverted section, we show this technique is also useful to evaluate the
to dye molecules) amount of electrons that are injected to the semiconductor, and

Although this model is a rough approximation, we can that this amount is strongly related to the photon-to-current
calculate the population ratio of electrons in each state as aconversion efficiency.
function of time based on this model. We defiegt), ex(t), It is known that, as well as metal complexes such as N3,
and es(t) as normalized population (occupation ratio) in each some organic dyes can sensitize semiconductors with relatively
state at timd, respectively & (t) + ex(t) + es(t) = 1). We also high photon-to-current conversion efficiency. In particular,
assume all electrons exist in state 1 at time 0, egQ) = 1. 9-phynol xanthane derivatives show high conversion effi-
The temporal magnitude of line C in Figure 5 should be ciency?>2! However, conversion efficiency is considerably
proportional to 1— ex(t), that is,es(t) + ex(t). Also, line B should different among these sensitizing dyes. Time-resolved IR
be proportional te(t). Therefore, by normalizing lines B and  spectroscopy can be very helpful in elucidating the reasons for
C att = 0 and subtracting line B from line C, we can obtain these differences because it can evaluate the quantity of electrons

ex(t). es(t) is also calculated froms(t) = 1 — e(t) — ex(t). Now that are injected to the semiconductor and can also investigate
we have the population of all three states as functions of time. slow dynamics including back electron transfer.
Figure 7 showsey(t), ex(t), andes(t) — the time profile of We measured transient absorption of T&@nsitized by dyes

electron transition. Just after photoexcitation, almost all electrons listed in Figure 1 at 1950 cm (Figure 8). The excitation pulse
exist in the conduction band or shallow traps, and then theseenergy and other experimental conditions were the same in the
electrons decay nonexponentially to deep traps or HOMO of different samples. The decay of the transient absorption was
dyes. The electrons that fall into deep traps gradually decay to slightly different among the different dyes, but the difference
HOMO of dye. Quantitative analysis ef(t) is difficult because was too small to explain the pretty large difference in photon-
the growth and decay of the population of deep traps are to-current conversion efficiency. It was rather surprising that
complicated processes; decay from the upper state and decayru complex N3 and organic dyes showed roughly similar decay
to the lower state. Although we cannot show the quantitative regardless of their major differences in photon-to-current
time constant, we conclude that the population of deep traps conversion efficiency. The signal decay contains the information
reaches its maximum at 1®-10"* second after photoexcita-  about the postinjection process as pointed out in the previous
tion. section. In our case, therefore, the postinjection process (back
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107 = - in the amount of injected electrons may be explained by the
] N3 “ratio of inactive dyes”. The existence ahactive dye was
/ SD-1243 reported previously®2°It is partly explained by the formation
of dye aggregate on the semiconductor surféd¢ecan be also
explained by site heterogeneity of semiconductor particles on
which dyes adsorf3! To be exact, each dye has its own
injection rate depending on the circumstance. Therefore, it is
impossible to assume that there exist only two types of dye;
one isactive (has constant injection rate) and the othené&ctive
(never gives injection). However, in the case of 9-phynol
Eosin Y xanthane derivative there must be many dyes that show almost
i B A S B no injection, which we can regard asactive. To increase the

Rose Bengal

A(Absorbance)
=
|

10° 4 Rhodamin B

10° 10’ 10° 10° 10° ratio of active dyes, that is, to decreag®ctive dyes, is one of
time / sec the most important factors in improving efficiency as a solar
Figure 8. The decay of transient absorption probed at 1950%cof cell.
N3, eosin Y, EN121, rhodamin B, and rose bengal-sensitizeg!flifs. It was unfortunate that back electron-transfer rate or nature

of deep traps did not seem to have a strong relation to solar

TABLE 1: Absorption Maxima, Fluorescence Lifetimes, and cell efficiency in our study, but our study does not in the least

Transient Absorption Intensities for the Sensitizing Dyes

Used in This Study deny the possibility that these factors have a relation to solar
Rose rhodamin SD- ce]l efficiency in other systems. Our'Iong time scale Fransgnt
N3  EosinY Bengal B 1243 mid-IR system should be applied to different systems, including
PCEanforTO, 75 18 55 & 2t qiael BETETE B e expect the diferent distbution
absorptionimax(nm) 538 525 585 560 535 at difterent temperatures. Ve expect the diiferent distributions
fluorescence lifetime 50 3.2ns 800ps 15ns 6.0ns Of trap sites for different substrates or different annealing
initial transient 6.2 035 041 0.30 0.82 temperatures. We may be able to obtain useful information by
absorption the comparison between solar cell efficiency and electron
intensity at dynamics in these systems which have the different distributions
1950 cm of trap sites.
(AABS/1073)

2The IPCE (incident photon to current efficiency) values are also 4. Summary
shown as a referené@.Some of the values in this table were taken

from the literatures, the others were measured by our own experiments. Using the time-resolved mid-IR technique for N3-sensitized
TiO,, we observed electrons injected into the conduction band
electron transfer and decay to deep traps) does not contribute?f TiO2 and the change of vibration bands due to formation of
to overall efficiency very much. On the other hand, the initial @ radical cation of a dye molecule at .the same time. The injected
intensity of the transient absorption had a rather good relation electrons slowly reverted to dye-cation or decayed to deep trap
to the efficiency. The initial intensity of the signal is shown in  Sites that could not be detected by mid-IR light. These deep
Table 1 with other features of dyes. N3 gave by far the strongesttraps have a strong relation to electronic processes in semicon-
absorption, and 9-phynol xanthane derivatives gave the transienductor and photon-t_o-curr_ent conversion EffICIGH_CY- _
absorption in the following order: SD-1243 Rose Bengab We could also investigate electron dynamics for FiO
EosinY > Rhodamin B. This order and the relative intensity sensitized by 9-phynol xanthane derivatives. We found that the
agree with those of photon-to-conversion efficiency except Rose conversion efficiency was mostly determined by the initial
Bengal. Since the initial intensity of transient absorption reflects injection. The considerably large difference in the amount of
the quantity of electron injection, we can say that the conversion the initial injection may be attributed mostly to the ratio of active
efficiency is mostly determined by the initial injection in this dyes which are effective for electron injection.
case.

As shown in Table 1, all dyes used in this study have strong
absorption around excitation wavelength (532 nm). We prepared (1) Gerischer, H.; Michel-Beyerle, M. E.; Rebentrost, F.; Tributsch,
i i i i H. Electrochim. Actal968 13, 1509.
g:e Samplebfllmz with dltﬁse?tgnt dy.?ﬁ asftheytf}]]ad appro;(ITa}t,]elgl (2) Gerischer, HPhotochem. Photobioll972 16, 243.
e same absorbance a nm. Therefore, the amount of photon 3} Hagteldt, A.; Giazel, M. Chem. Re. 1995 95, 49.
absorbed by dyes is adequate and almost the same, which means (4) 0'Regan, B.; Gitzel, M. Nature 1991, 353 737.
that this factor does not influence solar cell efficiency very much = J(SF))hTacféi?larrl{al,g\gé l\lllggezrbgsg-; Geel, M.; Klug, D. R.; Durrant, J.
et [r .J. Phys. Che .
at this time. All dyes used have much longer S1 lifetime ™= To° (5 ro i 5’ Hartland, \0. Chem. PhysL997, 107, 8064.
.cc.)mp.ared with the rates of glectron injection, because electron  (7) (a) Ellingson, R. J.: Asbury, J. B.; Ferrere, S.; Ghosh, H. N.:
injection usually occurs the in subpico- to picosecond ra&nfe.  Sprague, J. R.; Lian, T.; Nozik, A. J. Phys. Chem. B99§ 102, 6455.

These facts suggest that the electron injection to semiconductoﬁé)} ﬁ;?\“f%/- JJ'F?H;ysng]r?esr?]n'3%93;1%20??&:' (CN)-?A';EVJEJ% SB-? .N,j);(i,k’ EA; J.
should be the dominant path with regard to the decay of excited\yang. v : Ghosh, H. N; R.; Lian, T. Phys. Chem. B001, 105, 4545,

state of sensitizing dye. (8) Heimer, T. A.; Heilweil, E. JJ. Phys. Chem. B997, 101, 10990.
From the discussion above, it seems that there are no factors (9) Heimer, T. A; Heilweil, E. JProceedings for Ultrafast Phenomena
that explain the difference in the amount of injected electrons Xl; Springer-Verlag: Berlin, 1998; pp 56%07.
at exp imot | * (10) Schwarzburg, K.; Willing, FJ. Phys. Chem. B999 103 5743.
However, we have to take one thing into account; does every (11) Schwarzburg, K.; Willing, FAppl. Phys. Lett1991, 58, 2520.
dye adsorbed on the plate contribute to injection? There is a (12) Nelson, JPhys. Re. B 1999 59, 15374.
possibility that some dyes are attached to the surface of TiO 195232)40;‘32%3”' B.; Moser, J. E.; Anderson, B.Gei, M.J. Phys. Chem.
and absorb the light, but never give rise to injection. Here we "~ (14 Tachibana, Y.; Haque, S. A.; Mercer, I. P.; Durrant, J. R.; Klug,

call this type of dye ihactive dye”. In this case, the difference  D. R.J. Phys. Chem. R00Q 104, 1198.
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