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A dye-sensitized solar cell based on interconnected SnO2 nanoparticle matrix covered with a thin outer
shell of ZnO, N719 dye, I−/I3

− in acetonitrile liquid electrolyte system and lightly platinized FTO counter
electrode shows significantly enhanced performance when compared to similar cells made with either
pristine SnO2 or pristine ZnO interconnected nanoparticles. Attempts have been made to investigate the
reasons for such an improvement using the information obtained from X-ray photoelectron spectroscopy
(XPS) and the electrochemical impedance spectroscopy (EIS). The XPS results reveal that the intercon-
ye-sensitized solar cell
nO2/ZnO
lectrochemical impedance spectroscopy
lectron traps

nected nanoparticluar SnO2 matrix surfaces are fully covered by a ∼1 nm thick outer shell of a ZnO layer.
EIS results disfavour the idea of direct injection of electrons from the excited dye molecules across the thin
outer shell of ZnO into the conduction band of SnO2 but supports the fact that electrons are first injected
to the CB of ZnO and subsequently to the CB of SnO2 particles both involving trapping and detrapping at
each stage. The electron transport along the interconnected SnO2 nanoparticles also involves anomalous

y a st ◦

is att

diffusion characterized b
This anomalous diffusion

. Introduction

The dye-sensitized nanocrystalline solar cell (DSSC) invented
y O’Reagan and Gratzel [1] is a device of tremendous potential
or practical applications which has already achieved solar con-
ersion efficiencies as high as 11.5% [2]. The DSSC is composed of
n interconnected nanocrystalline TiO2 particle matrix deposited
n a transparent conducting tin oxide glass surface (TCO, com-
only used TCO is fluorine-doped tin oxide, FTO) with a typical

hickness of less than 15 �m which functions as the active elec-
rode of the solar cell. The commonly used TiO2 particles known as
-25 are comprised of highly porous spheres of 15–20 nm diam-
ters such that a film of typical thickness of 10 �m to have a
oughness factor greater than 1000 which in turn to result in a
orosity of 50–70% for sufficient electrolyte film penetration [3].
he interconnected particle surfaces are fully covered with light-
bsorbing dye molecules [usually Ru(II) dyes with bipyridyl and

hiocyanate ligands] which are anchored to TiO2 surface by means
f dative coordination through two carboxylate groups. Lightly
latinized TCO plate acts as the counter electrode and the cell is
ompleted by sandwiching a non-aqueous electrolyte (acetonitrile)

∗ Corresponding author. Tel.: +94 81 239 4420; fax: +94 81 238 8018.
E-mail address: grakumara2000@yahoo.com (G.R.R.A. Kumara).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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raight line of inclination greater than 45 in the complex impedance plot.
ributed to the trap mediated electron transport.

© 2010 Elsevier B.V. All rights reserved.

containing a redox couple (I−/I3− in acetonitrile) between the two
electrodes.

While the Gratzel cell is performing so well giving such high
energy conversion efficiency, researchers have found that it is not
possible if TiO2 in the DSSC is replaced with other similar oxide
semiconductors such as SnO2 or ZnO [4–7]. The maximum effi-
ciencies recorded are of the order of 1% for the latter systems.
However, Tennakone and co-workers have demonstrated that if
interconnected SnO2 nanoparticles are covered with less than 1 nm
thin layer of ZnO or interconnected nanoparticles of ZnO are cov-
ered with less than 1 nm thin layer of SnO2, the performance of
such DSSCs are dramatically improved compared to those with
pristine semiconductor particles [8–10]. Similar results have been
obtained when an insulator material is used as the thin outer
layer [4,7,11,12]. They have concluded that the main character-
istics intrinsic to a semiconductor determining its suitability for
DSSCs are the effective electron mass (EEM) and the conduction
band position. TiO2 has a high EEM (10me and 50me according
to some reports) and hence is capable of suppressing the recom-
bination of electrons in the TiO2 matrix with the redox species

in the electrolyte (e.g., I3−) in contact with it [13]. The EEM val-
ues of SnO2 and ZnO are 0.17me and 0.19me respectively and
are more than an order of magnitude less than that of TiO2 [13].
Since the maximum obtainable charge carrier (electrons in this
case) mobility is inversely proportional to the effective mass (of

dx.doi.org/10.1016/j.jphotochem.2010.07.013
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:grakumara2000@yahoo.com
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lectrons), electrons injected into SnO2 or ZnO nanocrystalline
atrix are expected to have much lower transport time com-

ared to those in the TiO2. If this is the only reason, given the
ame number of injected electrons, the DSSCs based on SnO2
r ZnO should show much superior performance compared to
hose based on TiO2. The problem here seems to be that those
lectrons having much faster mobilities within SnO2 or ZnO par-
icles can quickly reach their surfaces and perhaps get trapped
ithin available surface states for recombination with the redox

pecies or with the oxidized dye molecules (D+) in contact with
hose surface traps. The trapping rate, Rt, and detrapping rate, Rdt,
re given by Rt = NtS(3kT/m*)1/2 and Rdt = ntω exp(−E/kT) respec-
ively, where Nt, nt, S, m*, E and ω are the density of trapping
ites, density of trapped electrons, electron-trap capture cross sec-
ion, effective electron mass, depth of trapping site below the
ottom of the CB and a characteristic frequency of attempting
o escape from the trap respectively [8]. The shallow traps are
ocated with E < kT and the trap electrons will, therefore, ther-

ally excite to the CB and thermal excitation and de-excitation are
ssociated with their diffusion along the interconnected nanopar-
icle matrix. The electrons fallen into deeper traps of E � kT will
ave Rdt � Rt and their thermal excitation into the CB is, there-

ore, not possible. These electrons will then undergo recombination
ith solution species or with the excited dye molecules. We have

ttempted to determine the energy depths of the trap levels using
-ray absorption spectroscopy (XAS) which could provide infor-
ation on the unfilled density of states and resonance inelastic
-ray scattering (RIXS) to provide information on the energy depth
f filled trap levels. However, this study seems to be difficult
nd require the development of further fundamental theories to
nalyze the data and to obtain the energies of trap levels. At
resent, we are not in a position to calculate the energy depths
f trap levels. As explained in Refs. [8–12] a thin outer shell
f an insulator or a wide band-gap semiconductor can effec-
ively protect this recombination to result in high conversion
fficiencies.

In order to explain the superiority of the SnO2/ZnO DSC and to
ccount for the effect of thin outer coating of ZnO, Tennakone et al.
ave proposed the following hypotheses [8].

(i) The excited dye molecules formed due to illumination, inject
electrons to the CB of interconnected SnO2 particles. Since dye
molecules are attached to the ZnO outer coating, which is of
∼1 nm thickness, the injection of electrons to SnO2 particles
could take place via tunnelling through this outer coat and
direct tunnelling is very likely as the thickness of ZnO coating
is ∼1 nm. The ZnO layer then acts only to block the electrons
injected into SnO2 reaching the electrolyte (assuming even and
complete surface coverage) so as to suppress recombination of
these electrons with the electrolyte species or oxidized dye
molecules.

(ii) The excited dye molecules formed due to illumination, inject
electrons to the CB of ZnO which subsequently undergo down-
hill transition to SnO2 CB (Fig. 1 shows potentials of the
bottoms of CB of ZnO and SnO2 which clearly show the pos-
sibility for the thermodynamically allowed down-hill electron
transport). It is quite likely that there are trap levels in both
semiconductors and trap mediated transfer is, therefore, very
likely. In this situation, the electrons in both SnO2 and ZnO
could undergo recombination with triiodide in solution and the
oxidized dye molecules if SnO2 particles are not fully covered

with the ZnO layer.

iii) The electron injection is same as that in (ii) above but if SnO2
particles are fully covered by the ZnO layer, the electrons that
are injected into SnO2 particles cannot reach the electrolyte
species or oxidized dye molecules for recombination, though
Fig. 1. Schematic energy level diagram showing relative potentials of SnO2 and
ZnO, the ground and excited state redox potentials of the Ru(II)/Ru(III) couple and
the I−/I3

−redox couple.

the recombination is quite possible for the electrons that exist
in the ZnO layer.

Possibilities of electron transfer without involving trapping and
detrapping could also be considered but interconnected nanopar-
ticles undoubtedly contain surface traps for electrons and hence
such other possibilities could be safely discarded.

In light of these observations and explanations, we have inves-
tigated the XPS analysis of SnO2 particles coated with ZnO outer
layer to study the extent of coverage of interconnected SnO2 parti-
cles by the ZnO layer. We have also investigated the EIS behaviour
of nanocrystalline SnO2 particles covered with a thin outer shell of
ZnO (SnO2/ZnO) DSSC. Based on these results we hope to find out
the correct mode, out of three possibilities outlined in preceding
paragraphs, of electron transfer and transport in the (SnO2/ZnO)
DSSC.

EIS is a powerful electrochemical technique that can be used to
study electrical behaviour of metals (corrosion), semiconductors,
dielectric materials, electronically conducting inorganic solids and
organic polymers, porous materials, ionically conducting materi-
als and many other such systems and also devices based on their
combinations and composites. Recently, the EIS analysis of the dye-
sensitized nanocrystalline TiO2 based solar cell (DSC) has attracted
a great deal of attention owing to its usefulness in elucidating
effective electron transport lifetime along the nanocrystalline TiO2
matrix, tt, lifetime of electrons, t�, electron transport resistance
Rt, interfacial charge recombination resistance, RctTiO2

, chemical
capacitance produced by the accumulation of electrons in the film,
C�, diffusion lifetime of triiodide ions in the electrolyte, tdiff, and
many other quantities important for understanding the perfor-
mance of the device [14–23]. Brisquert has derived theory for the
impedance of electron diffusion and recombination in a thin layer
configuration such as the DSC and identified four possible cases,
viz., (i) the impedance of finite diffusion with reflecting bound-
ary, (ii) the impedance of finite diffusion with absorbing boundary,
(iii) the impedance of diffusion-reaction in semi-infinite space
(Gerischer impedance) and (iv) the impedance that combines War-
berg response at high frequency and a reaction arc at low frequency

[14]. Brisquert and co-workers have also analyzed the impedance
characteristics of the dye-sensitized nanocrystalline TiO2 based
solar cell under various DC bias voltages in the dark as well as under
illumination. The effects of both composition and nature of elec-
trolyte, light intensity, semiconductor film thickness etc. on the
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erformance of the cell have been investigated simply with the
elp of EIS [15]. They have derived essential theories supported
y experimental evidence for analyzing the EIS spectra of many
dvanced solid state devices including the DSC [16–23]. EIS has
een recommended as a useful technique to investigate the long-
erm stability of the DSSC [24]. Several other reports appear in the
iterature for the use of EIS in investigating performance of the
ratzel cell and its modified versions [25–28]. In this work we aim
t the utilization of the XPS and EIS measurements of SnO2/ZnO
SSC to investigate the working principle of this solar cell and to
nderstand the reasons for its superiority over DSSCs made of either
ristine SnO2 or pristine ZnO.

. Materials and methods

.1. DSC fabrication

Flourine-doped tin oxide (FTO) coated glass plates
1.5 cm × 1.0 cm) were coated with SnO2/ZnO as described
lsewhere [8]. In brief, to a 1.4 cm3 of colloidal SnO2 with average
article size 15 nm, 5 drops of glacial acetic acid and 0.04 g of
nO colloid (average particle size = 3 nm) were added and diluted
ith 15 cm3 of ethanol. Mixture was well stirred, 5 drops of

riton-X-100 added and agitated ultrasonically for 10 min. The
uspension thus obtained was sprayed on to FTO glass plates
eated to 150 ◦C and sintered in air at 550 ◦C for 30 min. As in
he previous publication, cells with active area 0.25 cm2 were
repared by covering the FTO plate with a piece of aluminium foil
ontaining a circular aperture of area 0.25 cm2 and the method also
llowed us to control the geometric thickness of the semiconductor
ayer [8]. The SnO2/ZnO films thus obtained were coated with
he dye, cis-dithiocyanato(N-bis(2, 2′-bipyridyl-4,4′-dicarboxylic
cid)) Ru(II), by immersing the hot samples in a warm (∼80 ◦C)
lcoholic solution (3 × 10−3 M) of this dye for 4 h. The films were
hen removed, rinsed with pure acetonitrile and allowed to dry
n air. The cells were then prepared by clamping the plate with
he counter electrode (lightly platinized FTO glass) and filling the
apillary space with the electrolyte (0.6 M dimethylpropylimi-
azolium iodide + 0.1 M LiI + 0.05 M I2 + 0.5 M t-butylpyridine in
cetonitrile).

.2. Electrochemical impedance measurements

Electrochemical impedance spectra were performed for the two
SSCs at selected DC potentials superimposed with a 10 mV AC
otential in single sine wave mode using a potentiostat/galvanostat
AUTOLAB PGSTAT 12, ECOCHIMIE) in the frequency range from
.01 Hz to 10 MHz. The DC potential was applied using a 2-electrode
onfiguration (and not a 3-electrode configuration) and the poten-
ial referred to here is the difference in voltages of the FTO electrode
aring the dyed semiconductor particles and the lightly platinized
TO counter electrode. Cells were illuminated at 1000 W m−2 using
halogen lamp with a UV filter as described in Ref. [8]. To avoid
eating effects a water jacket was placed between the cell and the

ight source.

.3. X-ray photoelectron spectroscopic measurements

In order to determine the surface coverage of interconnected
nO2 particles by ZnO particles and to estimate the thickness of the
nO layer, X-ray photoelectron spectroscopic (XPS) studies were

erformed for samples preheated at 100 ◦C for 20 min to remove
ny adsorbed moisture. XPS measurements were performed using
SCA-LAB Mk II (VG) with an Al/Mg twin anode X-ray source. Al
� and Mg K� lines, respectively, were used to determine the film

hickness and the Auger parameter analysis.
d Photobiology A: Chemistry 215 (2010) 1–10 3

3. Results and discussion

3.1. Summary of previous results

As revealed in the previous publication, the morphology of
the SnO2/ZnO semiconductor particle matrix is such that large
(∼15 nm) interconnected SnO2 particles are expected to be coated
with ∼0.8 nm thin layer of ZnO and this DSSC has produced Isc of
16.9 mA cm−2, Voc of 665 mV, a fill factor of 0.65 giving an overall
efficiency of 7.3% under 1.5 AM 1000 W m−2 illumination [8]. How-
ever, the DSSC made of interconnected SnO2 without ZnO coating
layer gave much lower values (Isc of 12.5 mA, Voc of 330 mV, a fill
factor of 0.31 giving an overall efficiency of 1.3% under the same
conditions) [8]. The SEM or TEM pictures presented there, however,
did not provide conclusive evidence to the presence of ZnO outer
shell particularly when the expected thickness is of 1 nm order. EDX
showed the distribution of Sn and Zn but experimental evidence to
the presence of ZnO on the surface of SnO2 was provided only by
the dye desorption experiments [8]. In the method of preparation,
SnO2 colloidal particles (15 nm) are mixed with sufficient amount
of ZnO and 15% excess of acetic acid is added to dissolve all ZnO
particles. The spraying solution, therefore, has SnO2 particles and
Zn2+ ions with acetate as the anion. Of course, when the thin layer
sprayed onto FTO glass plate is dried Zn2+ ions are expected to be
adsorbed onto the SnO2 particles. The firing at 550 ◦C would burn
away the organic species present in the system and under ordinary
atmospheric conditions it is quite possible to form ZnO on the SnO2
particles.

3.2. X-ray photoelectron spectroscopic analysis

XPS offers precise thickness measurements for ultra thin films.
Fig. 2a shows survey spectrum for the surface of ZnO covered SnO2
particles. The spectrum mainly consists of Zn, Sn, and O peaks. In the
spectrum, no contamination related peaks are detected except for
the very weak C 1s and Cl 2p peaks, which may only have negligibly
small effect to the electronic properties of the material. Thickness
of the film can be estimated by using Eq. (1) given below [29].

t = � cos � ln

(
1 + Io/So

Is/Ss

)
(1)

The parameters in Eq. (1) are: t the thickness of the film, � is
the attenuation length of the photoelectrons in the film, � is the
emission angle which has been set to 0 in this experiment, Io and
Is are the measured peak intensities from the over-layer (Zn 2p3/2)
and the substrate (Sn 3d3/2) respectively, and So and Ss are their
sensitivity factors [30]. The attenuation length, �, is calculated by
averaging the inelastic mean free paths (IMFPs) of ZnO and SnO2
using TPP-2 M formula [31]. From Eq. (1), the thickness of the ZnO
film calculated using these experimental results is 1.2 ± 0.2 nm.
Since the ZnO film is coated on the spherical SnO2 particles, the real
thickness would be thinner than the calculated value of 1.2 nm as
the calculation makes the assumption of a flat film. This estimated
thickness of ZnO film is in good agreement with that reported pre-
viously [8].

Fig. 2b shows the Zn 2p3/2 peak of the SnO2/ZnO film. The spec-
trum can be fitted by single component of Voigt function. Though
the chemical environment is considered to be uniform for the whole
surface, the binding energy of 1021.7 eV is applicable not only to Zn
in its oxide but also for metallic Zn. To distinguish between metal-

lic Zn and Zn2+ in its oxide, Auger parameter analysis using the
Mg K� excitation source was performed. The kinetic energy of Zn
LMM Auger line obtained at 988.6 eV is in good agreement with
Zn2+ in ZnO [32]. Thus, it can be concluded that the surface of the
film is covered with a continuous film of ZnO layer with homoge-
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ig. 2. (a) XPS survey spectrum for the surface of the ZnO/SnO2 film. (b) Zn 2p3/2

PS peak of the ZnO/SnO2 film together with curve fitting results. The peak position
s at 1021.7 eV.

eous thickness of 1.2 ± 0.2 nm. This analysis is very useful because
he complete surface coverage will eliminate possibilities for the
ecombination of electrons in SnO2 particles with the triiodide ions
n the electrolyte as the ZnO layer now acts as a barrier between
he SnO2 particles and the electrolyte.

.3. Electrochemical impedance spectroscopic analysis

.3.1. EIS data of SnO2/ZnO DSC in the dark
The analysis becomes straightforward when we consider the

IS spectra recorded in the dark at different DC voltage bias val-
es. When the DC potential (all Dc potentials referred in here are
ith reference to the counter electrode) is well below the bottom

f CB of SnO2 particles, the electrons supplied to FTO cannot be
njected into SnO2 CB and hence interconnected semiconductor

atrix should behave as an insulator. As the potential is increased
n the negative direction, a situation is reached at which the applied
otential is close to the potential of the bottom of CB of SnO2 par-

icles, the Fermi Level of SnO2 is raised towards the CB and the

aterial then becomes conducting. Since the spectra are recorded
n the dark and electrons are injected from the FTO, complications
o not arise from the dye injecting electrons and recombination
ith oxidized dye cations. The Nyquist plots recorded in the dark
d Photobiology A: Chemistry 215 (2010) 1–10

are depicted in Fig. 3 and their corresponding Bode plots are shown
in the Supplementary Fig. S1.

First of all, we see that these EI spectra given in Fig. 3a–d resem-
ble, to a certain extent, to those reported by Fabregat-Santiago et
al. for the TiO2 DSC, and hence a suitable comparison is possible
between the two systems [15]. Another striking possibility is the
ability to adopt at least a modified version of the theory derived
by the same group on the EIS of dye-sensitized nanocrystalline
semiconductor solar cells under different DC applied potentials.
Although the Nyquist plots at different applied potentials look dif-
ferent at quick glance (Sets with similar appearance are grouped
together in Fig. 3a–d) careful investigation shows that even at low
applied potentials (Curve set in Fig. 3a) the plots have a small
semicircle at highest frequencies and another large semicircle at
low-frequency domain (Also a small straight line part inclined at
an angle greater than 45◦ after the first semicircle can be distin-
guished). The two semicircular arches could be attributed to the
serial connection of the parallel combination of RFTO and CFTO ele-
ments and the parallel combination of RPt and CPt elements. The
initial x-axis intercept tells us about the resistance of the FTO
surface and the straight line describes the transport resistance asso-
ciated with the diffusion of electrons along the interconnected SnO2
particle matrix (which is very large at low applied potentials in the
dark).

When the applied potential is close to the potential of the bot-
tom of the CB of SnO2, the straight line with gradient greater than
1 (angle of inclination greater than 45◦) becomes clearly visible
and another semicircle also appears at even lower frequencies as
in Fig. 3b (features of just one curve in the curve set of Fig. 3b are
enlarged in the inset). Presumably the frequency range allowed in
the instrument would be sufficient to record the fourth feature
when the system is conducting but the low-frequency regime is
insufficient to locate the fourth feature when the applied potential
is more positive than the potential of the bottom o the CB (in the
potential vertical axis the applied potential is well below the poten-
tial of the bottom of the CB of SnO2) so that the semiconductors are
behaving as insulators. At potentials more negative than the poten-
tial of the bottom of the CB of SnO2, only three semicircular arches
are observed.

3.3.2. Processes and equivalent circuits
Let us, therefore, begin by figuring out a schematic diagram of

key components of the SnO2/ZnO solar cell (Fig. 4a) and a suit-
able equivalent circuit diagram to describe the processes associated
with it (Fig. 4b and c). We notice here that some modifications to
the circuit elements proposed for the Grätzel cell may be required
to assemble an equivalent circuit for the present system. First of all,
we see that there is a resistance, RFTO, associated with the electron
transport through the FTO surface. There is an uncovered part of
FTO which is in contact with the redox species present in the elec-
trolyte as the electrolyte penetrates to the FTO surface via pores of
the semiconductor matrix (other sides of these pores are exposed to
the ZnO coating since SnO2 particles are fully covered by ZnO) and
hence electrons in the FTO surface can recombine with the solution
species. In terms of electrical elements, there is a charge-transfer
resistance RFTO in parallel combination with the capacitance of the
triple junction FTO/semiconductor/electrolyte, CFTO. The electrons
injected into the SnO2 particles are transported along the intercon-
nected SnO2 particle matrix leading to electrical elements of rt (=Rt

per unit length L) which are in series connection to create a rail
of so called transmission line. Diffusion of solution species creates

a semi-infinite Warberg impedance, Zd(sol) and the charge trans-
fer at the Pt/electrolyte interface creates a parallel combination of
charge-transfer resistance, RPt, and an interfacial capacitance, CPt,
at this interface. The three circuit elements, viz., the parallel combi-
nation of RFTO and CTCO, the Zd(sol) and the parallel combination of
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Fig. 3. The Nyquist plots for the EI spectra of SnO2/ZnO DDSC in the d

Pt and CPt in serial connection form the second rail of the dual rail
ransmission line. Contrary to the situation of the Grätzel cell, the
nO2 particles are not in contact with the electrolyte solution pro-
ided that all the exposed surfaces of interconnected particles are
overed with the ZnO layer. If this is the case, then only the outer
urface of the outer ZnO thin layer is exposed to the electrolyte. If

e assume that the photogenerated electrons tunnel straight into

he SnO2 particles crossing the ZnO boundary and their reversal
nto ZnO is not possible, then there will be no recombination with
he solution species (or with the oxidized dye molecules) until their
assage to the FTO surface. For this situation, however, we have to
t selected DC bias voltages. Insets are shown for some selected plots.

consider another capacitance term called the chemical capacitance,
C�. The origin of which has been clearly explained by Brisquert et al.
[18] in an excellent review on electrochemical determination of the
density of states of nanostructured metal-oxide semiconductors.
When a voltage variation dV is applied to the conductive substrate
holding the nanostructured semiconductor film, the Fermi level

of the semiconductor is homogeneously displaced by an amount
of dEFn which is given by dEFn = −q dV, where q is the elementary
charge, and as a consequence the electron density changes by an
amount of dn. The electrochemical capacitance (per unit volume,
volume capacitance density) created as a result of these changes is
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Fig. 4. (a) A schematic representation of the components of the SnO2/ZnO DSSC.
(b) The proposed equivalent circuit for the whole cell if the electrons injected from
the dye tunnels straight into the SnO2 particles and proceed to the FTO plate with-
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ut recombination during their path. (c) The proposed equivalent circuit for the
hole cell if the electrons injected from the dye are first injected to ZnO CB and

ubsequently transfer to SnO2 particles via trap mediated transport. (d) Simplified
quivalent circuit applicable to the situation close to Voc.

iven by

� = q
dn

dFFn
(2)

Since SnO2 particles are expected to be unexposed to the elec-
rolyte, the generation of Helmholtz capacitance or charge-transfer
apacitance is unlikely. However, the chemical capacitance gen-
rated by the change of chemical potential of electrons in SnO2
articles due to change in the number of electrons as a result of
otential perturbation is to be considered. There is also a possibility
or trap mediated diffusion of charge carriers within the intercon-
ected SnO2 particles as documented earlier for TiO2 [33,34] and
nO [35,36]. The electrons in the traps are in thermal equilibrium
ith those in the conduction band (CB) and the change in poten-

ial by dV can introduce a trap capacitance CT in addition to the CB
apacitance CCB but the two capacitances (CT and CCB) are additive
16] as they are connected in parallel to each other and the sum

ay be taken as C�. These capacitances will be in parallel connec-
ion between each of rt elements as depicted in the circuit diagram

n Fig. 4b. Since the SnO2 particles are not exposed to the electrolyte
r the oxidized dye cations the recombination of trap electrons in
t with the solution species or oxidized dye cations is not possi-
le and hence the assumption that trap electrons are in thermal
quilibrium with CB electrons is justifiable.
d Photobiology A: Chemistry 215 (2010) 1–10

For such an equivalent circuit given in Fig. 4b, at low negative
applied potentials in the dark, when the semiconductor matrix is
acting as an insulator and the Warberg impedance due to diffu-
sion of solution species also negligible, a semicircle displaced from
the origin by a value of Rs (=RFTO) can be expected if the parallel
RC circuit due to the Pt/electrolyte interface is also neglected. The
appearance of the small semicircle in the low-frequency region in
Fig. 3b could be assigned to the serial connection of the equivalent
circuit due to Pt/electrolyte interface. The large semicircle depicts
the parallel connection of RFTO and CFTO and the analysis of the EIS
spectra at potentials much lower than the potential of the bottom of
the CB of SnO2 would then give the magnitudes of these quantities
(Supplementary Table S1 gives related resistance and capacitance
data together with relevant frequency ranges and time constants).

When the applied potential is sufficiently negative and close
to the potential of the CB of SnO2 particles, the equivalent cir-
cuit depicted in Fig. 4b would reduce to a simpler version as the
resistance of the semiconductor matrix is negligible under these
circumstances. The equivalent circuit will then be a serial connec-
tion of four components: Rs, C�, Zd(sol) and the parallel combination
of RPt and CPt (see Fig. 4d). Under these circumstances, one cannot
expect to see three semicircles since there is no resistance in par-
allel to C�, one would expect only a totally capacitive vertical line
in place of a semicircle.

However, Fig. 3c clearly shows the presence of three semicir-
cles together with an additional line inclined at an angle greater
than 45◦ in the Nyquist plots recorded in the dark at potentials
close to the potential of the bottom of CB of SnO2. The Bode plots
depicted in Supplementary Fig. S1 under these conditions also show
three characteristic frequencies corresponding to three character-
istic local maxima. These results, therefore, rule out the simplest
equivalent circuit diagram proposed for the system and provide
the implication for the necessity of having electron transfer at
the SnO2/electrolyte or ZnO/electrolyte interface or both, i.e., the
necessity for the involvement of the recombination of electrons
with solution species.

3.3.3. Case for exposed SnO2 particles
If the SnO2 particle surfaces are not fully covered with ZnO thin

film, the electrolyte could then penetrate into those uncovered
areas. The possibility then exists for recombination of some of the
electrons, particularly those that are trapped in surface states for
a sufficiently lengthy time, with the triiodide ions in the solution
in contact with such uncovered surfaces. This then creates parallel
RC circuit elements to describe the charge-transfer resistance asso-
ciated with the recombination of electrons at the SnO2/electrolyte
interface, Rr (=Rr/L) and the chemical capacitance due to the change
of electron density as a function of the Fermi level. The overall result
is none other than the transmission line model proposed for the
EIS characteristics of the Grätzel cell. Indeed the EIS characteris-
tics shown in Fig. 3 and those given for the Grätzel cell are similar
in shapes at comparable potentials, i.e., lower range, middle range
and around the potential at the bottom of the CB of SnO2. However,
XPS studies revealed that the SnO2 particle surfaces are fully cov-
ered with the ZnO layer. This indicates tat the electrons injected to
the CB of SnO2 cannot undergo recombination with solution species
or with oxidized dye molecules at the SnO2 surface.

3.3.4. Recombination at the ZnO surface
These arguments then bring us to the suggestion that the pos-

sibility of direct tunnelling of electrons into the CB of SnO2 across

the thin layer of ZnO is very unlikely. We, therefore, propose that
the RC circuit elements required forming the parallel connections
between the rails of transmission lines should come from the ZnO
surface exposed to the electrolyte. This means that the excited dye
molecules should first inject electrons to the conduction band of the
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nO layer. Those electrons then have two possible paths, viz., (i) to
all into surface traps within the band gap of ZnO and (ii) to relax
nto the CB of SnO2 particles in contact with ZnO particles again via
own-hill process. Arguably, both these processes could take place
nd are required to explain the observed EIS characteristics of the
ystem. Those that are fallen into shallow traps of ZnO could ther-
ally re-excite into the CB and follow both paths (i) and (ii) and

hose electrons in trap levels and the CB of a semiconductor can be
ssumed to be in thermal equilibrium and those that are lived long
nough to recombine with the solution species would do so. Based
n these processes the theoretical analysis of the observed trends
he EI spectra of SnO2/ZnO cell in the dark at selected DC potentials
pplied wrt the counter electrode and under illumination are now
iven below.

The impedance spectra of the SnO2/ZnO cell around with applied
otentials close to the potential of the bottom of the CB of SnO2
lso consists of four characteristic features: the leftmost hori-
ontal straight line along the x-axis (the displacement) that can
e attributed to the serial connection of the Ohmic resistance of
he FTO surface (Rs), the leftmost semicircle arc (ωmax = ω1) cor-
esponding to the charge transfer at the Pt/electrolyte interface
the charge-transfer resistance RPt/electrolyte in parallel combination
ith the capacitance at the Pt/electrolyte interface CPt/electrolyte), a

traight line inclined at an angle greater than 45◦ corresponding to
he diffusion of electrons along the interconnected semiconductor
article network (at around frequency ω2, which is a small feature
idden inside the large semicircle, see insets in Fig. 3), middle semi-
ircular arc (ωmax = ω3) corresponding to the charge transfer at the
nO/solution interface by recombination and finally a third semi-
ircular arc at lowest frequencies corresponding to the diffusion of
riiodide ions in the electrolyte (ωmax = ω4). The last term is gener-
lly referred to as the Nernst impedance, ZN which is given by the
ollowing formula.

N = W√
iω

tanh

(√
iω

KN

)
(3)

here W is the Warberg parameter defined by W =
T/n2qcI−

3
A
√

DI−
3

and KN = DI−
3

/ı2.

The symbols have their usual meanings, k the Boltzmann con-
tant, T absolute temperature, A electrode area, c concentration, D
iffusion coefficient, n number of electrons transferred per reaction
vent and q the elementary charge. This under absorbing boundary
ondition gives rise to a deformed semicircle at low frequency [14].

When the applied potential (wrt the counter electrode) is close
o the potential of the bottom of the CB of SnO2, i.e., when the
ermi Level is raised close to the bottom of the CB, the intercon-
ected semiconductor particle matrix behaves as a full conductor
nd we notice that ω2 always appearing at a value higher than ω3
t each applied potential (Supplementary Table S1). This means
hat the transport time, tt, is always lower than the lifetime, t�,
ue to the recombination of electrons with the solution species
efore reaching the FTO surface. This is a clear indication of the
roper functioning of the solar cell as the electrons are now able
o reach the FTO surface before most of them being removed by
he recombination with the solution species. Thus the shielding of
nO2 particles by a thin layer of ZnO particles helps prevent the
ecombination of electrons injected into SnO2 particles.

.3.5. Comparison with the EIS results of the Grätzel cell

Of interest here is to compare the characteristic frequencies (or

ime constants) for the present system with those already pub-
ished for the Grätzel cell by (AQ) Hoshikawa et al. [27]. When
he same composition of the electrolyte [0.6 M dimethylpropy-
imidazolium iodide + 0.1 M LiI + 0.05 M I2 + 0.5 M t-butylpyridine
d Photobiology A: Chemistry 215 (2010) 1–10 7

in acetonitrile] is used for the Grätzel cell they have reported
that ω1 = 15 kHz, ω3 = 40 Hz and ω4 = 0.6 Hz at the Voc. The corre-
sponding values for the present system as depicted in Table S1
are ω1 = 17 kHz, ω2 = (45–218) Hz, ω3 = 9.6 Hz and ω4 = 0.42 Hz at
around Voc. We see clearly that both ω1 and ω4 are almost com-
parable in the two systems but ω3 differs significantly such that
ω3 is 4 times lower in SnO2/ZnO system in comparison to that
of TiO2 system. This means that the recombination of electrons
at the TiO2/electrolyte interface is 4 times slower than that at
the SnO2/ZnO/elctrolyte system. Although the effective electron
masses of ZnO or SnO2 are an order of magnitude lower than that
of TiO2 so that electrons in ZnO or SnO2 could travel 10 times faster
than those in TiO2, the electrons in SnO2 or ZnO undergo 4 times
faster recombination with electrolyte species compared to those in
TiO2. Implication brought about here is that there are much deeper
traps in both ZnO and SnO2 compared to those in TiO2 so that elec-
tron transport in the former systems is governed mainly by the trap
mediated diffusion along interconnected particles.

3.3.6. Straight line portion of the impedance spectra
Another important feature that is noticeable in the impedance

spectra of the SnO2/ZnO system when compared to that of TiO2 sys-
tem is the difference in the gradient of the straight line appearing
between the first and second semi-circular arches. These gradients
are much higher than 1 at each potential studied and hence the
angle of inclination is much greater than 45◦ (see Table S1). As
revealed by Fabregat-Santiago et al. [15] under the condition of
Rt < Rr (or ωk < ωd), the equation for the diffusion-reaction model
(Eq. (4))

Z =
(

RtRr

1 + iω/ωk

)1/2
coth

[(
ωk

ωd

)1/2(
1 + i

ω

ωk

)1/2
]

(4)

where ωd = Dn/L2 = 1/RtC� is the characteristic frequency of dif-
fusion in a finite layer, Dn is the chemical diffusion coefficient
of electrons, L is the path length of diffusion, ωk = 1/RrC� is the
characteristic frequency (rate constant) of recombination and ω
is the angular frequency, reduces to the conventional Warberg
impedance described by Eq. (5) giving rise to a straight line of slope
1.

Z = Rt

(
i

ω

ωd

)1/2
(5)

For the TiO2 based system they obtained this feature between
the first and second semicircular arches (as a small feature hidden
between the semicircles but clearly shown in insets). The gradient
of the straight line they observed was 1. However, for the present
system, the similar feature is almost hidden in between the first
and second semicircular arches (shown clearly in insets) though
the gradient is not exactly 1 and we find that it is always greater
than 1 at each DC bias (Supplementary Table S1). This suggests that
the ordinary diffusion of electrons along the interconnected TiO2
particles assumed for the Grätzel cell is not strictly applicable to the
SnO2/ZnO cell. As expected, there can be trap levels within the SnO2
particles and the electrons in the CB and the trap levels are in ther-
mal equilibrium. Transport of electrons along the interconnected
SnO2 particles is essentially dependent upon the rates of electron
trapping and detrapping. This means that the electron diffusion is
not an ordinary diffusion but a kind of anomalous one as observed
for impedance of porous electrodes in which transport is governed
by the drift in the electrical field [37]. Brisquert and Compte [21]

have also derived theory for the electrochemical impedance of
anomalous diffusion by modifying the normal Warberg impedance
by introducing a factor ˇ (0 < ˇ < 2) such that Z(iω) ∝ (iω)−ˇ/2. They
then obtained relationships for a system with anomalous diffu-
sion under usual conditions of reflecting boundary and absorbing
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Fig. 5. The Nyquist plots for SnO2/ZnO DSS

oundary. For the reflecting boundary the impedance is given by

(s) = RW

(
ωd

s

)�/2
coth

[(
s

ωd

)]�/2
(6)

here � < 1.
This function reduces to

(s) = RW

(
ωd

s

)�/2
(7)

t high frequency and is a straight line in the Nyquist plot inclined
t an angle less than 45◦.

On the other hand, for the absorbing boundary condition, the
mpedance is given by

(s) = RW

(
ωd

s

)�/2
tanh

[(
s

ωd

)]�/2
(8)

nd this also yields the above same expression at high frequency
iving rise to a straight line inclined at an angle of less than 45◦.
learly this type of anomalous diffusion is to be ruled out for our
ystem.

The second type of anomalous diffusion they have described
equires the following functions to explain the observed behaviour.

or this type of anomalous diffusion with reflecting boundary con-
ition gives rise to the impedance function

(s) = RWω1−�
d

(
ωd

s

)�/2
coth

(
s

ωd

)�/2
(9)
ifferent DC potentials under illumination.

The limiting behaviour of this function at high frequency is

Z(s) = RWω�−1
d

(
ωd

s

)1−�/2
(10)

which for � < 1 gives rise to a straight line inclined at an angle
greater than 45◦.

For the absorbing boundary condition, the impedance function
is given by,

Z(s) = RWω1−�
d

(
ωd

s

)�/2
tanh

(
s

ωd

)�/2
(11)

which again gives rise to the same reduced form at high frequency
with a straight line inclined at an angle greater than 45◦.

Our results clearly agree with this type of anomalous diffusion
and whether the electrons reached at the FTO surface are reflected
back or absorbed, the Nyquist plot yields a straight line inclined at
an angle greater than 45◦.

The reason for the observed anomalous diffusion is most likely
due to the trap mediated diffusion. The electrons in the CB of
the semiconductor particles are in thermal equilibrium with those
fallen into the trap levels. Hence the trapping and detrapping of
electrons are essential steps in their diffusion towards the FTO sur-

face. Since SnO2 particles are covered with ZnO particles and hence
their recombination with solution species is suppressed the slow
transport would not create a problem of losing the efficiency of the
cell. This may also explain why SnO2 or ZnO based DSCs are much
inferior to the TiO2 based DSC.



G.R.R.A. Kumara et al. / Journal of Photochemistry an

F
f

3

v
t
i
T
e
i
v
v
e
t
t
i
n
a

4

i
c
i
T
t
Z
p
Z
a
c
t
l
S
t
t
c
t
o
d

A

C

A

t

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

ig. 6. The variation R1, R2 and R3 values calculated from the Nyquist plots as a
unction of DC potential applied in the dark as well as under illumination.

.3.7. EIS data under illumination
Having analyzed the EIS of the SnO2/ZnO DSC at different DC

oltages in the dark, let us now consider the same under illumina-
ion. Fig. 5 depicts the Nyquist plots for the EIS of the same under
llumination and the data extracted are given in Supplementary
able S2. The variation of R1, R2 and R3 values in the dark at differ-
nt DC voltages as well as under illumination (labeled h�) are shown
n Fig. 6. It is clear from these graphs the corresponding resistance
alues are three to two orders of magnitude lower from their dark
alues when the cell is illuminated. This is an expected result as
ven without electron supply from the FTO the cell will function as
he light absorbed by the dye injects electrons to the semiconduc-
or matrix and all subsequent processes will take place. Another
mportant factor to be noticed is that under illumination there are
o significant changes in the resistance values with increasing neg-
tive DC bias.

. Conclusions

The performance of SnO2 based DSC can be dramatically
mproved if the recombination of electrons can be suppressed. This
ould be achieved conveniently by covering the outer surfaces of
nterconnected SnO2 particles by a thin outer shell of a ZnO layer.
he XPS investigation of the SnO2/ZnO DSC thus formed confirms
he complete and uniform surface coverage of SnO2 particles by
nO and estimates the thickness of the ZnO layer to be ∼1 nm. The
hoto-excited dye molecules inject electrons first into the CB of the
nO and subsequently to the CB of SnO2 both involving trapping
nd detrapping processes. The electron transport along the inter-
onnected SnO2 also involves anomalous diffusion characterized by
rapping and detrapping which is clearly indicated by the straight
ine of gradient greater than 1 in the complex impedance plots.
ince the SnO2 particles are covered the electrons in the SnO2 par-
icles do not undergo recombination during their passage towards
he FTO electrode resulting in improved performance of the solar
ell. Electrons injected to ∼1 nm thick ZnO outer layer are efficiently
ransferred to the CB of interconnected SnO2 but the recombination
f electrons in the ZnO layer with solution species and/or oxidized
ye molecules is possible.
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