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Characteristics of High Efficiency Dye-Sensitized Solar Cells

1. Introduction

After more than one decade of development, the photosen-
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Impedance spectroscopy was applied to investigate the characteristics of dye-sensitized nanostrugtured TiO
solar cells (DSC) with high efficiencies of light to electricity conversion of 11.1% and 10.2%. The different
parameters, that is, chemical capacitance, steady-state transport resistance, transient diffusion coefficient, and
charge-transfer (recombination) resistance, have been interpreted in a unified and consistent framework, in
which an exponential distribution of the localized states in the,Th@nd gap plays a central role. The
temperature variation of the chemical diffusion coefficient dependence on the Fermi-level position has been
observed consistently with the standard multiple trapping model of electron transport in disordered
semiconductors. A Tafel dependence of the recombination resistance dependence on bias potential has been
rationalized in terms of the charge transfer from a distribution of surface states using the Marcus model of
electron transfer. The currenpotential curve of the solar cells has been independently constructed from the
impedance parameters, allowing a separate analysis of the contribution of different resistive processes to the
overall conversion efficiency.

400 to 800 nm, corresponding to almost unity quantum yield
(electrons per absorbed photon) when light losses are taken into
accoung®’

sitization of wide-band gap nanocrystalline semiconductors by ) ) . )
adsorbed dyes has become a realistic option for solar cell Pursuing high efficiency is always the core task for photo-

applications, and dye-sensitized solar cells (DSC) currently Voltaic devices. For DSC, an overall energy conversion ef-
present the most promising alternative to the conventional solar ficiency (7) of 11.0% has been achieved at AM #5-owever,
cellsi~5 The fundamental component of the DSC is a photo- it is stl_II a big challenge approac_hlng higher eff|C|e_ncy. E)_((_:ept
anode consisting of a monolayer of sensitizer (dye) adsorbedfor judicious mc_;lecular engineering of panc_hromatlc sensitizers
onto a mesoporous semiconductor oxide (typically 7)i0n for .enhan.ce.d Ilght harvesting (e;pemally in the'near-mfrared
contrast to conventional solar cell systems, where the semicon-r€gion)?® it is believed that optimized mesoscopic Tiims

ductor assumes both the task of light absorption and chargea”d dye-sensitized Tio-electrolyte interfacgs fgr fast electron
carrier, in dye-sensitized solar cells light is absorbed by the Propagation and slow electron recombination are equally
anchored dye and charge separation takes place at the interfacknportant for achieving higher efficiency. This is apparent from
via photoinduced electron injection from the dye into the the quctugted efficiencies of the same dye-sensitized cells with
conduction band of the solid. In a porous film consisting of different films and electrolytes.

nanometer-sized TiPparticles, the effective surface area for Impedance spectroscopy is a useful technique to investigate
dye adsorption can be greatly enhanced and efficient light the kinetic processes of DSC'8 At the proper conditions,
absorption is achieved from dye monolayers. During the electron transport in the mesoscopic 7i@ilm, electron
illumination of the cell, electrons are injected into the conduction recombination at the Ti@-electrolyte interface, charge transfer
band of TiQ by photoexcited dye molecules adsorbed on the at the counter electrode, and diffusion of the redox species in a
nanoparticle surface, which is in contact with an electrolyte. electrolyte can be well distinguished according to the spectral
Redox species in the electrolyte transport holes from the shapes of the impedance response as a function of frequency.
oxidized dye molecules to the counter electrode. Ruthenium A series of recent papers has explored extensively the properties
polypyridyl complexes have proved to be the most efficient;TiO  of DSC using impedance spectroscopy under different conditions
sensitizers, with theissRuLy(SCN), (L = 2,2-bipyridyl-4,4- of illumination, bias potential, electrolyte composition, and
dicarboxylic acid) dye (N3 dye) demonstrating incident photon- nanocrystalline Ti@ preparation route.1516.18These works
to-electron conversion efficiencies (IPCEs) of up to 85% from employ the diffusior-recombination modé! for the electronic
processes in the metal oxide and additional elements for the

T Part of the special issue “Arthur J. Nozik Festschrift”. electrolyte and contact processes. Therefore, this model has been
+ To whom correspondence should be addressed. well established and can be considered a major tool for the
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8 Universitat Jaume . practical character_lzatlon of Fhe DSC. However, several impor-

I Shibaura Institute of Technology. tant aspects of the interpretation of this model and the application
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for determining the solar cell performance require further work, rinsed with water and ethanol and then sintered at D@or
and this is the aim of the present paper. 30 min. After cooling to 80°C, the TiQ electrodes were
Here, two highly efficient DSC with 10.2% and 11.1% power immersed into the N-719 dye solution (0.5 mM in a mixture of
efficiency at AM 1.5 are characterized by this technique. The acetonitrile andert-butyl alcohol, 1:1 volume ratio) and then
factors that influence the photovoltaic performance are discussedkept at room temperature for 2@4 h.
in light of the parameters derived from the impedance spectra. For the counter electrodes, the FTO plates (TECCAB],
In addition, because of the ideal electron transport and recom-2.2 mm thickness, Libbey-Owens-Ford Industries) were drilled
bination behaviors, these high efficiency cells provide a good by sand blasting, washed with,@& and 0.1 M HCI in ethanol,
platform to demonstrate the transperecombination model. and then subsequently cleaned in an ultrasonic bath with acetone
Compared with other techniques, such as photocurrent/photo-for 10 min. After surface organic contamination was removed
voltage transieA??® and intensity modulated photocurrent by heating at 400C for 15 min, the counter electrodes were
spectroscopy (IMPS)/intensity modulated photovoltage spec- prepared by coating with a drop of,PtCk solution (2 mg of
troscopy (IMVS)?1-23the advantage of impedance spectroscopy Ptin 1 mL of ethanol) on the FTO and then heating at 400
is that we can obtain all of the parameters at the same time, sofor 15 min.

we can test models by the correlation between parameters. The dye-stained TigXilms and the Pt counter electrodes were
assembled into sealed sandwich-type cells by heating with a
2. Experimental Section hot-melt of ionomer films (Surlyn 1702, 2&m thickness, Du-

. - . Pont) used as spacers between the electrodes. A drop of
2.1. Materials. 4-tert-Butylpyridine (Fluka), acetonitrile  gjactroiyte solution (0.60 M BMII, 0.03 M) 0.10 M guani-
(Fluka), and valeronitrile (Fluka) were purified by vacuum  giniym thiocyanate, and 0.50 Mtért-butylpyridine in a mixture
distillation. Guanidinium t.hlocyanate (AI_d_rlch) ar!dz_IPt(?k; of acetonitrile and valeronitrile (85:15 volume ratio)) was put
(Fluka) were used as received;®iwas purified by distillation o 640k of the drilled holes in the counter electrodes of the
and filtration (Milli-Q). TiCls (Fluka) was diluted with water  ,qqembled cells. Subsequently, the cells were put into a small

to 2 M at 0°C to make a_stock solution, Wh_iCh was kept in a chamber and the air in the chamber and inside the cells was
refrigerator and freshly diluted to 40 mM with water for each pumped out for 510 s until the bubbling of the electrolyte

TiCl, treatment of the FTO-coated glass plates. lodine (Aldrich) 55 finished. Opening the chamber to air caused the electrolyte
was purified by sublimation. The synthesesci-di(thiocy- to be driven into the cell via vacuum backfilling. Finally, the
anato)N,N-bis(2,2-bipyridyl-4-carboxylic acid-4tetrabutylam-  }\5je5 were sealed using hot-melt ionomer films (Bynel 4702,
monium carboxylate) ruthenium (Il) (N-719) and butylmeth- 55 um thickness, Du-Pont) and cover glasses (0.1 mm thick-

yIimida}‘zzc;Iium iodide (BMII) were reported in our previous peqq) T remove the thin Tidayer on the FTO and to have
pap(_arz.v The ch_romatograph|c purification of N-719 was a good electrical contact for the connections to the measurement
carried out three times on a column of Sephadex LH-20, using setup, the edge of the FTO outside of the cells was scraped

water as an eluant. Two kinds of TiCpaste containing ih sandpaper or a file. A solder (Cerasolza, Asahi Glass) was
nanocrystalline Ti@(20 nm, paste A) and submicroparticle BiO 5 jied on each side of the FTO electrodes. To prevent the

(400 nm, Easte B) were prepared by a previously reported collection of scattered light, masks made of black plastic tape
proceduré_ . N were attached to the ARKTOP filter.

2.2. Fabrication of Dye-Sensitized Solar Cellszor the DSC 2.3.i—V Measurements.Photovoltaic measurements of the
working electrodes, the FTO glass plates (solar 4 mm thickness,pgc employed an AM 1.5 solar simulator (100 mW @
10 Q/0O0, Nippon Sheet Glass) were first cleaned in a detergent equipped with a Schott 113 filter between the sample and a
solution using an ultrasonic bath for 15 min and then rinsed 350 \w xenon lamp. The power of the simulated light was
with water and ethanol. After treatment in a B0; system  c4jiprated by using a reference Si photodiode equipped with an
(model no. 256-220, Jelight Company, Inc.) for 18 min, the |r_cytoff filter (KG-3, Schott) to reduce the mismatch in the
. glass plates were immersed into 40 mM F{@4) at 70 region of 356-750 nm between the simulated light and the AM
C for 30 min and then washed with water and ethanol. The 1 55 |ess than 20%27 The photovoltaic characteristics of DSC
FTO glass plates were coated with a layer of paste A by screenyere ohtained by applying an external potential bias to the cell
printing (90T, Estal Mono, Schweiz. Seidengazefabrik AG anq measuring the generated photocurrent with a Keithley model

Thal), kept in a clean box for 3 min so that the paste could 5400 digital source meter. The voltage step and delay time of
relax to reduce surface irregularity, and then dried for 6 min at {4 photocurrent were 10 mV and 40 ms, respectively, in
125 °C. The screen characteristics are as follows: material, 5ccordance with the report by Koide anél HANLt was,

polyester; mesh count, 90T cm (or 230T inch/mesh); mesh ¢,nfirmed that thé—V curve of the DSC showed no hysteresis
opening, 6Qum; thread diameter, 50m; open surface, 29.8%; | |nder these conditions.

fabric thickness, 8am; the92reticql paste vqur’r;e, 24'5%"]_2; 2.4. Electrochemical Impedance Measurementtmpedance
K/.KS. volume, 17.0 c.rﬁm ; weight, 4.8 gm '.Th's screen- measurements of cell A were performed with a computer-
printing procedur_e with paste A (coatmg,_ storing, and drylng)_ controlled AutoLab PSTA30 with a frequency range of 0805
was repeated 4 times to get an appropriate tt_nckness, that 'S10P Hz. Cell B was measured with a potentiostat (EG&G, M273)
12_014”"1‘ for the worklng electr_ode. After dry'ng paste A at equipped with a frequency response analyzer (EG&G, M1025),
.125.’ C, paste E}was.deposned tW'.Ce. by screen prmtmg, resulting with the frequency range being 0:080° Hz. The magnitude

in light-scattering TiQ films containing 400-nm-sized anatase of the alternative signal was 10 mV. The impedance measure-

ggortlcles of 2-5 um th('jCknlfsﬁ' Thzelegtrodes (_:of?ted Wc',;géhe ments were carried out under different voltage biases in the dark
iO, pastes were gradually heated under an air flow at and under AM 1.5 solar radiation.

for 5 min, at 375°C for 5 min, at 450°C for 15 min, and then
at 500°C for 15 min. The surface images of the Ti€@ectrodes
were obtained by an optical computing system and then
integrated over the resulting image to analyze the surface area. 3.1. Photovoltaic Performance.The photocurrentvoltage
After further treatment with 40 mM TiGJ the TiG films were characteristics of the two efficient DSC are shown in Figure 1.

3. Results and Discussion



25212 J. Phys. Chem. B, Vol. 110, No. 50, 2006 Wang et al.

20 TiO, film is R (= riL), while the interfacial charge recombina-
tion resistance iR (= refl).

Clearly, the spectra of cell B show the ideal characteristics
of the diffusion-recombination model withRy > R.10.15
Inspection of the spectra reveals that the fraciiR; is so
large that the efficiency is not affected by the diffusion at such
high bias.

The bias potential relates to the electrochemical potential of
the electronsEgn, asV = (Ern — Erredoy/€, Wheree is the

5 . . . elementary charge anBr redox is the redox potential in the

00 02 04 06 08 10 electrolyte, that equals the electron Fermi leveVat 0, Ero.
Potential / VV SinceEr, is practically homogeneous under the measurement
Figure 1. Photocurrentvoltage characteristics of two DSC. The conditions used In_ this work, it will be denoted, h(_areafter, as
sensitizer used was N-719. The electrolyte consisted of 0.60 M BMII, (he electron Fermi level. It should be noted that, in the dark,
0.03 M b, 0.10 M guanidinium thiocyanate, and 0.50 Mtett- the infrared (IR) drop across the resistances contributing in series
butylpyridine in a mixture of acetonitrile and valeronitrile (85:15 volume ~ during the impedance measurement is negligible as the current
ratio). The film thickness consists of a ki transparent layer plus a  passing through the cell is very smat@.03 mA) at the applied
2 pm (cell A)ﬂqr_a 4um (‘;;e” ﬁ) 2catt§r|i;g Iayl‘glz-g/he ;Jggral\llgjnergy bias potentials. Thus, these potentials were taken directly without
igh}gﬁfﬂ:;; #j%ﬁggg)%n%eli.l;o\zc, 85%?71\/;:]509{(7.05 nTA/c = further correction. Similarly, it can be calculated that, in the
ff, 0.759), respectively. A light source simulating global AM 1.5 solar dark, the Fermi leV_eI through the mesoswp'c Ain remains
radiation was employed. almost flat at various forward biases, because of the small
potential drop KyarkRy)-

With the Ru complex N-719 as the photosensitizer, the overall ~ The chemical capacitaneg (= c,L) reflects the change of
energy conversion efficiencies of cells A and B were measured €lectron density on a small variation of the chemical potential.

15 -+

10 -

5 -

i/ mA cm2

0

under AM 1.5 solar radiation to be 10.2%,f, 795 mV; Js, For a given Fermi level, it has the fof#?
17.48 mA/cnd; ff, 0.733) and 11.1%\Moe, 856 mV;Js, 17.05 5 €
mA/cr?; ff, 0.759), respectively, where the electrolyte consisted C,=€¢€— [C'F(E-E)J[E)XdE~egE) (1)

of 0.60 M BMII, 0.03 M I, 0.10 M guanidinium thiocyanate R IR

and 0.50 M 4tert-butylpyridine in a mixture of acetonitrile and
valeronitrile (85:15 volume ratio). These values are close to the
highest efficiencies reported for the DSC so%&t3°Compared
with other less efficient cells, the outstanding parameter is the
high open circuit photovoltage, exceeding 850 mV for cell B.
At the same time, the reasonable value for the short circuit

whereF(E — Eg,) is the occupation factor given by the Fermi
Dirac distribution function and(E) is the density of states. A
common finding in nanostructured TiCGs an exponential
distribution of the localized states in the band §&ff as
described by the expression

photocurrent and the excellent fill factor render these cells highly N,
efficient. In the following discussion, impedance spectroscopy o(E) = T exp[E — E)/kgT,] (2)
will be employed to discover the origins of this superb ke To

photovoltaic performance. Here,N_ is the total density of the localized states dnds a

3.2. Impedance ResultsCells A and B were characterized 3 rameter with temperature units that determines the depth of
by impedance spectroscopy in the dark at different temperaturesyg gistribution below the lower edge of the conduction band,

and forward biases. As shown in Figure 2, the impedance Spectrig=_ The precise location of the exponential distribution of the
of cell B present the characteristic kinetic processes of DSC in traps (eq 2) in nanostructured TiBas not been established to
differept frequency domains. With a decrease in the bias yate. There are few traps, typically offewithin an isolated
potential from 0.70 V to 0.60 V, electron transport in the Tio, nanoparticle. When they are made into a nanocrystalline
mesoscopic Ti@film appears as a distinguished Warburg-like - fjm "the necking between the particles affects their electronic
diffusion behavior in the high-frequency region and the inter- g cture. Hence, it is very plausible that these traps are mainly
faC|aI charge recomb|nat!on process grows to a large semicircle|gcated at the particleparticle contact. In addition, Ti(IV)
in the low-frequency region. surface states could act as electron traps. However, the energy
In the dark, the DSC behave as a leaking capaéitbipon of the latter states depends on surface protonation and may be
forward bias, the electrons are injected from the FTO substrateraised into the conduction band by dye adsorption or proton
into the TiG, and the film is charged by electron propagation removal. Hence, their role as an electron trap is questionable.
through the mesoscopic TiOhetwork. Meanwhile, a fraction The density of states in nanostructured 7fms has been
of the injected conduction band electrons are lost by the measured by several methods, such as cyclic voltammetry (CV),
reduction of §~ ions present in the electrolyte. These electronic and the results are consistently described by eq 2 with a good
processes in the DSC are well described by a transmission lineapproximatior£® 38 However, the measurements of the capaci-
model, as shown in Figure 3, where the model developed in tance from impedance spectroscopy, or CV and similar methods,
previous work&1°has been completed with recent results from only probe the Fermi level at the substrate, which is determined
Hosikawal’ In the transmission line, there are two channels in by an average of the electronic states in the whole film. It is,
parallel, representing electron transport through;faéd redox therefore, not possible to obtain a spatial resolution of the
species transport in the electrolyte in the pores, respectively. position of the traps in the nanoparticles by these methods, nor
The charge-transfer process related to the reaction of theis it possible to determine their origin. A theoretical explanation
electrons with thedl™ ions at the TiQ—electrolyte interface of eq 2 has been presented in terms of the effects of impurities
connects these two channels. Uf is the thickness of the  and dielectric mismatch at the boundary between the semicon-
mesoscopic Ti@film, the electron transport resistance in the ductor nanoparticle and the surrounding meditithover the
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Figure 2. Impedance spectra of cell B at forward biases of 0.60, 0.65, and 0.70 V in the dark. The enlarged spectra of (a) are shown in (b) and
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Figure 3. General transmission line model of DSIG.is the charge-transfer resistance of the charge recombination process between electrons in
the mesoscopic Tigfilm and I3~ in the electrolyteC, is the chemical capacitance of the Tifdm; r; is the transport resistance of the electrons

in the TiG; film; Z4 is the Warburg element showing the Nernst diffusionsofih the electrolyteRe: andCp; are the charge-transfer resistance and
double-layer capacitance at the counter electrode (platinized TCO glass), respe&jvslgnd Crco are the charge-transfer resistance and the
corresponding double-layer capacitance at the exposed-E&0trolyte interface, respectivelRzo andCco are the resistance and the capacitance

at the TCG-TiO, contact, respectivel\Rs is the series resistance, including the sheet resistance of the TCO glass and the contact resistance of the
cell. L is the thickness of the mesoscopic Fifdm.

electron wave functions. Some recent papleishave also additional processes in the DSC: the charge-transfer resistance
emphasized the role of impurities in the nanoparticles and Rpiand the interfacial capacitan@. at the platinized counter
indicated that traps are located predominantly at the particle electrode-electrolyte interface, the charge-transfer resistance
interface. It appears that the most salient manifestation of the Rrco for electron recombination from the uncovered layer of
traps in nanostructured Tids their effect on the dynamics of the conducting glass (TCO) to the electrolyte, the sheet
electrons, such as electron transport and interfacial chargeresistanceRs of the TCO, the capacitandg at the exposed
transfer. Therefore, in the following, eq 2 will be adopted to FTO-—electrolyte interface, the resistanReo and the capaci-
develop detailed models for electron transport and recombinationtanceCco at the TCG-TiO, contact, and, finally, the impedance
that explain the experimental results, which support the as- Zyo), with the direct current (dc) resistan& showing the
sumption of the exponential distribution; however, we note that diffusion of redox species in the electrolyfeAll impedance
microscopic information about electron traps cannot be obtainedspectra in this study were fitted with this transmission line
by these methods. model. For better fitting, all capacitor elements were replaced
The capacitance measured by impedance spectroscopy is, iy constant phase elements that, in any case, keep the constant
fact, the sum of the capacitance contributed by the electronic phase element (CPE) exponent quite close to the perfect
states C,) and the space chargé«) on the semiconductor side  capacitor valuey, ~ 1. From the fitted data, we could calculate
and by the Helmholtz layeQy) and the surface adsorbed ionic  the evolution of parameters such as the electron diffusion
species Cag on the electrolyte side, whef@, andCs., Cy and coefficient D, = (RC,)%, the lifetime 7, = RiC,, and the
Cagare in parallel C,/ICs<CHlICyg), respectively. Since there is effective diffusion lengthL, = (Dnr)Y2 At the potentials
no space charge region for nanocrystalline JiOs. can be measuredRrco and Crco Were negligible and, at only 1 sun
neglected within the entire potential region. The double-layer illumination, a small effect of diffusion in the electrolyte
capacitance@ulICag has only a small contribution to the total appeared.
capacitance at the higher bias potentials. Figure 4 presents the fitting results of the parameters of the
In addition to the elements in the transmission line, there are capacitance and transport of the two cells measured in the dark
other elements in the equivalent circuit model that describe at different forward biases and temperatures.
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10° slope that changes with the temperature. This dependence

(a) ° indicates the presence of a transport level that, hereafter, will
@ ° be identified with the lower edge of the conduction bagd If

107 4 B the temperature dependence of the mobility is neglected, then

the transport resistance is inversely proportional to the density

0°CIA) of carriers at the transport level, which is governed by the

15°CIA) Boltzmann distribution, provided th&: < E.. Therefore'®

30°C{A)
45°C(A) .
EF,redox Ec)

e

e R=Roen] & {v+
. In Figure 4a and b, the data from sample B are shifted from
Potential / V those of sample A. This shift-70 mV in both cases, may be
explained by eqgs 2 and 4 as a shift in the conduction band edge
of TiO,, E., toward higher values in cell B, and it is in quite
good agreement with the higher open circuit photovoltalg@l(
mV) found for this sample.
10¢ | On the other hand, at a fixed conduction band edge, the
dependence of the transport resistance on the bias potential is
10° - b given by the thermal energsgT. In terms of the fitted slopé
\ log R/dV, Figure 4c compares the experimental slope&fof
102 - \ obtained from Figure 4b at various temperatures with the
(b) o theoretical values£e/2.303gT). For cell A, the experimental
10 1 . . slope values are very close to those predicted by eq 4. In Figure
03 04 05 06 07 08 4c, the average ratio is 1.06, suggesting that the motion of
Potential / V electrons is limited by the rate of thermal excitations to a well-
defined transport level, a question that is further discussed
below. The slope oR; for cell B is 58.4 mV/dec at 20C,
which is almost identical to the theoretical value of 58.2 mV/
dec. Since the measured transport resistance is an averaged value
of the local contributions over the whole semiconductor,
obtaining the ideal statistics indicates that the Fermi level is
practically homogeneous, as assumed in the impedance model.
This indicates excellent potentiostatic control of the Fermi level
in the semiconductor film from the substréfe.
. e From the point of intersection of all the tendency linesRpf
50 T T r : in cell A (Figure 4b), the position of the conduction band edge
50 55 60 65 70 75 is obtained a¥q, ~ 0.75 V. This value is below the open circuit
2.3k,T/e / mV Dec” potential found at 1 sun illumination (0.80 V), indicating that
some shift of the conduction band edge occurs at high applied

Figure 4. (a) Chemical capacitanc€, and (b) electron transport ; - it
resistanceR; obtained from impedance in the dark. (c) Comparison sv?ttﬁrgl?llé (djue to the contribution by the surface polarization
HIlCad

between the experimental and theoretical valueslo§ R/dV of cells . . .
A and B. The results on chemical capacitance and transport resistance

are consistent with a classical multiple trapping (MT) model
According to egs 1 and 2, an exponential distribution of the for electron transpott which is indicated schematically in
localized states in the band gap of BjQvith a characteristic ~ Figure 5a. In this approach, the total electron density is

IF
o
-
o

10 4 a

o rOoO B ae

(4)

106

03 04 05 06 07 08

100

10°

R/Q

dV/dR, / mV Dec’'

temperaturely, gives the chemical capacitance composed of electron densities in a conduction ban@vith
an effective density of states (DOR)) and in localized states
_ ae, | _ € n.. Transport through extended states is slowed by trapping
C,=Cyexgi—=V|=C,exg—=V 3 L
" 0 ke T ) 0 p(kBT0 ) 3) detrapping events to localized states, while direct hopping

between localized states is neglected. Figure 5b quantitatively
where the coefficient = T/To. Accordingly, C,(V) should be shows the equilibrium carrier distribution in the band gap. It is
independent of temperature and the slép C,/0V should observed that the overall distribution is not significantly affected
have a constant value efkgTo. This is fairly consistent with by the temperature variation from 300 to 400 K, provided that
the experiment results. As shown in Figure 4a, the obtained the Fermi level is fixed. In both cases, the majority of the carrier
chemical capacitance of cell A barely changes with the density lies in the energy region around the Fermi level, which
temperature within the potential range. In terms of the slope of explains the stationary values of the chemical capacitance in
C,, o is calculated to be 0.360.40, ande/kgTo is ~166 mV/ Figure 4a. However, the density of electronsEgtincreases
dec, which is much larger than that obtained by Frank &t al. markedly with an increase in temperature. It should be noted
When the bias potential is higher than 0.55 V, the slope that the transport resistance in the MT framework relates to the

decreases slightly, because of a small contributiofCyCaq. dc transport and is not affected by trappiragtrapping events

In addition, from the larger slope at a lower potential, cell B HenceR: indicates the density of carriers at the conduction band,

has a largen. compared to that of cell A. which does increase with the temperature as noted before.
As shown in Figure 4b, the transport resistan&g, is Activation energies of the transport resistance are reported in

characterized by an exponential dependence with bias with athe Supporting Information.
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Figure 5. (a) Schematic energy diagram of the electronic processes governing electron transport jmand@article in DSCEg, shows the
position of the Fermi level in the dark, which is equilibrated with the redox potetfiiald,) of the iodide-triodide coupleEg, is the Fermi level

of the electrons accumulated in the nanoparticles,Enid the conduction band energy. The shaded region indicates the band gap states that are
occupied by electrons below the Fermi level (zero-temperature approximation of the-fBarad distribution). The arrows show the transport of

the electrons at the transport level and at a trappa®frapping event. (b) Quantitative representation of the thermal occupatr=a200 K

(thick line) of an exponential DOS in the band gap (thin line) wiigh= 800 K andN, = 10?° cm™3, as determined by the FermDirac distribution
function (dashed line). The dotted line indicates the distribution of the carriefs=at400 K. (c) Quantitative representation of the chemical
diffusion coefficient of the electrons in the multiple trapping model, assuming the density of the transpoftistatésc 10?°°cm=3 andD, = 0.01

cn? s The thin lines indicate the exponential dependence on the Fermi level.

The chemical diffusion coefficientD,, is the diffusion the chemical diffusion coefficient, with respect to the free
coefficient that is measured in transient meth&ddsing the electron diffusion coefficient, by the trapping and detrapping
guasi-static approximatios,it can be shown that the chemical process3 The calculation of the chemical diffusion coefficient
diffusion coefficient in the MT framework contains, in addition in eq 6 for an exponential distribution gives an exponential
to the diffusion coefficient at the transport lev&ly, another dependence on the Fermi-level position as folldtvs:
factor related to the local equilibration of charge in the energy NT,

C

- 1 1
axis: = — - =
Dn NLT eX%(EFn Ec)(kBT kBTO)] DO (7)
1 . . :
D,= an Dy ) The functional dependence in eq 7 is a consequence of the
14—+ exponential variation of the time constant for detrapping when
ane the Fermi level scans the band gap in Figure 5a. On another

) ) _ _ hand, the MT model (eq 5) also predicts that, wham/pn,)
The termand/on. in eq 5 is the relationship of the free to trapped > 1 atEq, ~ E; — kgT, D, &~ Dy; that is, the chemical diffusion
number of electrons for a small variation of the Fermi level. If ¢oefficient should coincide with the constant diffusion coef-

this term is small, which occurs whefy, < Ec — kgT, €95 ficient of the free electrons at the transport level. This is due to
reduces to the expression trap saturation that removes the variatiorDpfwith the Fermi
level. The complete dependence of the chemical diffusion
D = (%)D (6) coefficient on the Fermi level position in this model, at different
n\an ) ° temperatures, is illustrated in Figure 5c.

Measurements of the electron (chemical) diffusion coefficient
The prefactoroan/on_ describes the delay of the response of in DSC have been realized by small perturbations over different
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102 to the Fermi level reaching the transport level, has not been
° determined by any of the measurements of this type. There are
104 several possible reasons for this: It is well-kn&hthat when
" the electron density in the Tighanoparticles becomes large,
e the corresponding ionic charge in the surface produces a
S 10%4 displacement of the semiconductor energy levels with respect
- o o°CH) p gyl p
o’ v 15°C(A) to the electrolyte energy levels. Therefore, increastpglso
10% 4 " 3rCH) produces a displacement &f, which is known as the band
o 45°C(A) L . e er
s BOC(A) unpinning effect. Because of this effect, it is difficult to approach
107 . : _°_eE the semiconductor conduction band with the Fermi level, since
03 04 05 06 07 08 the former starts to move when the latter becomes close.
Potential / \V In addition, in impedance spectroscopy measurement, the

Warburg feature associated with electron transport becomes
ummeasurably small at very negative potentials. Measurements
of the electron conductivity, using an electrochemical transistor
configuration, show the saturation of the conductivity when the
Fermi level approaches the conduction b&tut a detailed
interpretation of this effect in terms of the transport mechanism
has not been provided. Therefore, direct proof of the existence
of a transport level for electron transport in nanostructurec TiO
permeated with a conductive medium, and the valueDgf

Figure 6. Chemical diffusion coefficients obtained froRaandC, at
different bias potentials and temperatures.

steady states using a variety of techniques: IMP3 time-
resolved photocurrent§,and impedance spectroscofsy'’ All

of these results have found an exponential dependen&g, of
either on bias voltage or on steady-state illumination, which
has been generally rationalized in terms of the MT model with
an exponential density of stat&sThe highest values measured . .
barely exceed X 104 cn? s 12246 Additional experimental thereof, remains elusive. I .
confirmation of the MT theory exposed above was reported by . By observing the_ features of the MT model in Figure 5c, it
van de Lagemaat et & However, the validity of the MT model IS noted that the_ "”?S lo@”(E.F) at (_jn‘fer_ent_ temperatures
has, thus far, not been established by a temperature dependen tercept at an activationless point. This pointis close but below
of the slope of logDn(Ex), which is given by [1— a(T))/keT, begause of the T-prgfactor in eq 7. With referencg to the
according to eq 7. Recent results by Kopidakis é0 &iled to experimental data in Figure 6, we observe that the intercept

. laces an upper constraint on the free electron diffusion
find any temperature dependence of IBg(Eg). It should be places RN 1 .
noted that the linearity of. with the temperature is a classical coeff|C|e.nt,D.o =102cmPs, We note again that the transport
landmark of the MT model in amorphous semiconduc?rs. mechanlsr_n in the energy region whérgshould be separately_ .
Our experimental results dBn(Ex), shown in Figure 6, are observed is not accessed in our measurements; however, it is
n 1 1

in very good agreement with the MT model. This is, to our not reasonable to expect a substantial increaBg of the region

knowledge, the first confirmation of MT electron transport in whereEe, ~ Ec, with respect to the MT prediction. Thergforg,
DSC by the temperature dependence of the slope [(T))/ the e_xperlmental Qata |n_d|cate that the fretj electr_cin diffusion
ksT. We should point out that the determination Df by coefficient stands in a window where>4 10°# cn?* s™* < Do

2 —1 ; ;
impedance spectroscopy is supported by the spectral shape of lQ‘ cn? s~ These V?"“esgge In agreement with the results
the impedance shown in Figure 2, which, moreover, warrants of high-frequency techniqués, *® summarized in Table 1, that

that the steady-state distribution of the electrons in the,TiO probe th_e ultrafast relaxatlon_ of the electrons into TiO
film is fairly homogeneous, as already mentioned, so Byat nanoparticles. It should be noticed that the suggested values

(Ef) is univocally determined. Furthermore, the maximal values for trap-free electron diffusion in nanoporous pi@re, in
measured foby (4 x 10-4 c? s-%) at room temperature exceed general, much lower than those of single-crystal or compact-

4 e .
those reported before, which is another distinctive feature of f||rr(1:k‘]|'|02, ‘ as sfhown .'rl Tablzl. d tential and t
the high-efficiency solar cells described here. arge-transter resistance dependence on potential and tem-

In common with all previously reported measurements by perature is presented in Figure 7(a). It follows an exponential
: . . behavior similar to the Tafel law
small perturbations over steady-state technigues, the data in

Figure 6 show the variation dDn(Er) corresponding to the _ ep

region of trapping-detrapping in MT transport (eq 5) but not Ree= Aex;{— Er ] (8)
to the region of free-electron transport with a constBqt

implicit in the model, as shown in Figure 5c Bt ~ E.. It with A andg being constants. The transfer coefficignncreases

appears that the electron diffusion coeffici€at corresponding with an increase in temperature, as shown in Figure 7b.

TABLE 1: Electron Mobilities in TiO 2

mobility Do

TiO2 type (cmPV—isY (cm?s™) technique
large single crystal 20 0.5 four-probe dc resistivity
n-type anatase
1.5um film 4 0.1 Hall mobility*
n-type anatase
Degussa 25 nm 15 4x 1072 terahertz spectroscopy
diameter particle
Degussa 25 nm 0.01 3x 10 terahertz spectroscoply
diameter particle
anatase 9 nm 0.034 9x 1074 microwave conductivity/

diameter particle
aT = 300 K.
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Figure 7. (a) Electron recombination resistané®) of cells A and B

at different forward biases and temperatures. These parameters weré?rec(EFn) = Ro eXF{
obtained by fitting the impedance spectra of the cells measured in the

dark. (b) Charge-transfer coefficient) (of cells A and B obtained
from (a).

The interpretation of the value ¢f ~ 0.6 found in Figure
7b is not immediately clear in terms of the models that describe

the charge transfer between semiconductor nanoparticles and

redox acceptor®60 The direct transfer of electrons from the

conduction band to the redox couple, which has been suggested

in previous works at potentials close to the conduction band
level 3260 demands a value ¢f ~ 1.

Another suggested mechanism is the electron transfer from

a distribution of surface statggE) toward the electrolyté? 5960

The probability of isoenergetic transfer from a surface state at

the energy levek to an acceptor species in the electrolyte with
concentratiorte is given by the expression of the Marcus model

2¢, ks T r{
ex

Ak T
where ko is a time constant for tunneling and is the

(E - EF,redox_ 1)2
B Ak T ] ©)

1/eI(E) = kO

J. Phys. Chem. B, Vol. 110, No. 50, 20086217
Note that

dF(EE:)  dF(EE)
dE.,, dE

(13)

Equation 13 is introduced in eq 12, and the latter can be
integrated by parts. Applying the zero temperature limit of the
Fermi—Dirac distribution, the following result is obtained:

Rct(EFn) = [ezl-gs(EFn)VeI(EFn)]_1

Assuming thatgg(E) has the exponential form of eq 2 with
parameterdNs and Ty, the resistance in eq 14 takes the form

(14)

(EFn - Eredox_ j')2 _ Ern — Ec

RedEm) =Ry eXF{

A7k, T T,
ke keTo (15)
where
Ton/TAKS T
€°LKyCo N T
Equation 15 can also be expressed as
(EFn - EF,redox_ Eu)z
47k T
E.— EF,redox_ AL+ ) 17)
ksTo
where
E.= AL+ 20) = A1+ 2T/Ty) (18)

According to eq 17, the resistance dependence on voltage,
e(Ern — Erredoy, CONsists of a Gaussian function centered at
the energyE, indicated in eq 18. (A similar result was first
given in ref 60.) The centet, of the Gaussian is shifted to a
negative potential, with respect to the point of maximum
(activationless) charge transferi = Er, — Erredox= 4, by

the amount 2a,; in other wordsE, = Eoy + 240.. The behavior

of RedErn) in this model is illustrated In Figure 8. When the
Fermi level is sufficiently below the minimurk,, eq 17 can
be approximated as an exponential dependence,

(19)

Er,— E
Rfec(EFn) = R'() eXF{ —ﬁl(':”kB—TFlme))]

reorganization energy. The current per unit macroscopic area

of an electrode of thicknedsis
. Ec
Jrec(EFn) = ele‘EF.redoxgs(E)F(E - EFn)VeI(E) dE (10)

The equilibrium occupancy of the surface states in the semi-
conductor is described by the Ferabirac distribution function:

1

F(E—E;) = (11)
1+ explE — Er)lksT]
The recombination resistance is
1 OiedEr) dF(E,Eg,)
=gy = €L [eBr(®) —FE

Fn

(12)

where

pr=5+ oM (20)
Therefore, this model satisfactorily explains the Tafel de-
pendence indicated in eq 8. In additigh is predicted to
increase linearly with the temperature, and this is, in fact, found
in Figure 7b. However, the model simulations in Figure 8a
indicate thatR.; must show some bending as the Fermi level
approachesE,, which is not appreciated in Figure 7b. To
investigate in more detail the application of this model, a series
of impedance measurements were taken over a broader potential
window at different aging treatments of cell A, and the
experimental data are shown as points in Figure 9. The data
displayed a modest bending at very high potentials and were
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Figure 8. Model simulations of (a) the electron recombination
resistanceR) normalized to the minimum value, as a function of the
Fermi level position, for the model of charge transfer in an exponential
distribution of the surface states with the paraméier= 800 K and

(b) the charge-transfer probability normalized to the maximum value,
as a function of the Fermi level position. Results are shown for the
different values of the reorganization energyat T = 300 K and at
different temperatures in the case whére= 0.8 eV. The position of
the conduction bands,, is indicated.

1.2

* before soaking

v  after soaking
10°
10*
o 10°
—
5
o 102 4
10" 4
100 T T T
0.6 0.7 0.8 09 1.0
Potential / V

Figure 9. Charge-transfer resistance of sample A as a function of the
bias potential (corrected from tlile drop due to series resistance) before

and after aging treatment. The lines are fitted to the surface states

charge-transfer model described in the main text. A slight displacement
of Ry determines the loweY, found for the aged sample.

TABLE 2: Data Obtained from the Fits of the
Charge-Transfer Resistance Assuming Electron
Recombination through a Distribution of Surface States

sample a B A (eV)
0 °C before light soaking 0.20 0.70 21.2
0 °C after light soaking 0.19 0.69 101.2

fitted to eq 17, taking thet values from the capacitance. The
results of the fit are shown as lines in Figure 9, and the
parameters are given in Table 2. We note that the Tafel
parameters = 0.71, obtained from a linear fit at the low
potentials of Figure 9, takes much larger values in Figure 9
than in Figure 7, mainly due to the effect of the correction of

Wang et al.
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E ";0.‘“
..'0 I
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Figure 10. Ratios of the effective diffusion length to the film
thickness (/L) of cells A and B at different forward biases and
temperatures in the dark.

series resistance in the voltage scale in Figure 9. Excellent
agreement is found between the linear approximation of eq 20
and thea-values shown in Table 2.

On another hand, the values obtained from the data fitting
for the reorganization energy are in the range of 2 eV, which is
much higher than those found in previous works<{ 0.5 eV),
where the direct transfer from the conduction band states was
obtained at high voltage:50 However, this is probably an
artifact because of the slight curvature obtained at the higher
potentials, and the absence of a minimum Ry yields, as
shown in Table 2, a very inaccurate determination of the value
of 4. A more systematic investigation of DSC in different
conditions of electrolyte and surface treatments is required to
clarify the role of the different charge-transfer mechanisms, and
this work is in progress.

The competition between the collection and the recombination
of electrons can be expressed in terms of the electron diffusion
length. The effective diffusion length.{) can be expressed as

L= D=L %‘=L' ex;{%ﬁ)ev (21)

As shown in Figure 10, the obtainég increases by about 1
order of magnitude with the bias potential and it becomes larger
at lower temperatures, as predicted by eq 21. It is shown that,
in the dark and at room temperature, the effective diffusion
length of the electrons at 0.65 V is even longer than 260
indicating the excellent transport properties of the mesoscopic
TiO, film. In comparison, cell B has a shorter diffusion length
at a similar temperature and bias potential, concordant with the
higher position of the conduction band.

It should be noted that the potential dependence.pfs
dramatically different from that obtained under illumination,
where the effective diffusion length barely changes with the
incident light intensity. The reason lies in the fact that, under
illumination, the evolution oR; is very similar to that ofR,
keeping the validity of eq 8 and, thus, leavirig nearly
independent of bias light. This behavior is characteristic of DSC
as first reported by Peter and co-workétg:-65

3.3. Correlations between the Impedance Parameters and
the Photovoltaic Performance.The following discussions will
be focused on the relationship of the impedance parameters to
the photovoltaic performance of the céftsThe overall conver-
sion efficiencyn of the DSC is calculated from the integral
photocurrent densityjd), the open-circuit photovoltagd/{),
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the fill factor of the cell {f), and the intensity of the incident
light (I,n), namely,
n= jscvoc(ffllph) (22)

Consequently, the high efficiency of the cell at full sun
illumination is given by factors affecting these parameters.

TheV, values of DSC are obtained as the difference between
the Fermi level of the electrons in T;On the light and the
redox level in the electrolyte, which is almost constant under
illumination at open-circuit conditions. Consequently, the
establishment of a high Fermi level from the balance between
the charge injection in Ti@and the recombination tg1 in
the electrolyte is the central factor for a high photovoltage. In
this sense, the relatively high values R§ and C, that yield
the excellent value of lifetime, (> 100 ms at high bias potential)
contribute to keepind,. at a high level by avoiding electron
loss in the semiconductor. Furthermore, the high recombination
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Figure 11. Photocurrentvoltage curve of cell A obtained at AM 1.5
solar radiation. The dots show the calculated values based on the
impedance measurements carried out at different voltage biases of the
cell with the same illumination. The dashed line represents the simulated
curve after subtraction of the series resistance. A 10% increase in the
fill factor is obtained.

1.0

resistance, even at the highest potentials studied, is reduced only

moderately under illumination. For example, tRg of cell B
is reduced by only 25% under 0.1 sun illumination (0.768 V)
and this decrease R also seems to occur at 1 sun illumination,
by ~45%.

An additional contribution to the higll,. of cell B is given
by the higher position of the Ti©&conduction band that, at the
same time, maintains excellent electron injection from the
excited dye molecules. This is a key reason for these highly
efficient DSC. It is generally accepted that the potential-
determining ions in the electrolyte have a major impact on the
conduction band position of Tg323.6770 Here, the presence
of guanidinium cation in the electrolyte and its interaction with
TiO, or other potential-determining ions are believed to be

value found for the first on& Moreover, the fill factor is also
limited by the transfer coefficient of electron transfer from
TiO, to the electrolyte. It has been shown in another work that,
at a givenV,, the larger the8 value, the better the fill facto
According to the model outlined above, in eq 20, the lafger
value is associated with a small& value, which means a
shallower distribution of the surface states. Thus, the higher
fill factor of cell B in comparison with cell A is partly due to
the relatively higher transfer coefficient. The influence of the
transfer coefficient on the fill factor implies that the preparation
of a TiO, film with an optimum surface state distribution is
critical for obtaining high-performance DSC.

Finally, thei—V curve of the cell can be reproduced with

responsible for this. However, the detailed mechanism needsthe parameters obtained by impedance measurements under

further study.

The short-circuit photocurrent is another parameter that is
fundamental to the efficiency of DSC. First of all, a good charge-
injection efficiency from the excited dye to TiOs basic for

illumination. Taking into account that the total resistance is the
sum of all the contributions,

Rt = Rstor T Ret (24)

this. For the Ru-complex used here, it has been proved in many

paperg!—78 that the injection from the excited molecule to the

we can obtain the current flowing through the cell at a certain

conduction band of the semiconductor is fast enough to competePotentialV by using the short circuit photocurrelat throug®

with other processes (almost unity IPCE). So, the charge
collection/extraction efficiency of the injected electron is critical
to the photocurrent of the cell. The effective diffusion length
of the charge in a Ti@film is widely accepted to be a good
indicator for charge extraction. As shown in Figure 19,is
much longer than the film thickness, especially at a high bias

potential. The excellent charge-transport property and the large

recombination resistance, in conjunction with the large rate of
injection from the dye, provide the good photocurrents of these
cells even though the conduction band on Fi{@nd thus the
photovoltage) is rather high. The difference between the
positions of the conduction band is believed to be the main
reason to explain the difference between jhaealues of cells
A and B_15,23,68r70

In addition, the good fill factor is an important reason for
the high efficiency. A low total series resistance of these cells
contributes to the goolf value. The series resistance can be
expressed as a sum of the different contributions:

1
Rstor= Rs T Ret T Roo T 3R T Rp (23)
It was found that these cells presented smédfigs; values than

other small-size solar cells with lower efficiencies and that cell
B had half of theRsot Of cell A. This fact explains the bettéir

(25)

By taking thelsc of cell A under 1 sun illumination, Figure
11 reveals thé—V data of the cell deduced from the impedance
measurements and the comparison with the curve obtained from
the voltammetric measurements. It shows that the impedance
data fit very well to the voltammetric curve, suggesting, on the
other hand, the validity and reliability of the impedance
measurements.

A major contribution to series resistance is given by the sheet
resistance of TCO, and it could be diminished with a better
design of the sample. Als&s; may be lowered by increasing
the porosity of the deposit at the counter electrodeRsnchay
be lowered by increasing the conductivity of the electrolyte and
moving the counter electrode closer to the Tifdim. The
potential effect of such improvements is shown by the dashed
line in Figure 11 that simulates the-V curve after complete
subtraction ifRsi:ff increases by 10%.

4. Conclusions

Impedance spectroscopy has been demonstrated to be a very
helpful technique to investigate the electron transport and
recombination mechanisms of DSC in this study. The measure-
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efficiency of the cells.
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also maintains excellent electron injection from the excited dye
molecules is the key reason for these highly efficient DSC. The
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this. In addition, the low series resistance and an optimum

distribution of the surface states in Ti@esult in an excellent
fill factor.
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