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The origins of the performance of dye-sensitized solar cells based on ZnO:Ga nanostructured photoelec-
trodes, compared to analogous ZnO solar cells, were studied by means of impedance spectroscopy under
illumination as a function of forward bias voltage. The film capacitance is governed by Ga doping. It
can be assumed that the higher donor density of states of ZnO materials and, principally, ZnO:Ga-doped
materials pin the Fermi level at a certain shallow energy level so that there is no photovoltage variation
as a function of doping level. On the other hand, short circuit current is determined by the increasing

g‘;ycwords" roughness factor obtained at the higher doping levels while the lower fill factor values of DSCs based
7n0 on Zn0:Ga, compared to analogous ZnO, were attributed to the higher ohmic resistive losses associated

with the increasing photocurrent densities. In any case, the microstructure and morphological aspects
were also considered as a possible origin of the low fill factor values. The estimated donor density level
exceeds 10%! cm~3, indicating a high doping level in the semiconductor. As a consequence of the synthesis
process of ZnO:Ga nanoparticles its size diminishes with the higher Ga contents producing an increase
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in the overall roughness factor of the films, and then a larger dye upload and short circuit current.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Since Grdtzel’s group introduction in 1991 [1] dye-sensitized
solar cells (DSCs) have been the focus of many investigations
worldwide [2-5]. Basically, DSCs are built upon nanocrystalline
semiconductor electrodes sensitized by a dye that absorbs the light
and injects electrons into the conduction band of the semiconduct-
ing oxide (usually TiO,) from which they reach the external circuit
and a liquid redox system that regenerates the oxidized absorber.
This type of solar cell offers low manufacturing costs without the
necessity of high temperatures and vacuum during fabrication [6].
The best energy conversion efficiency reached so far is around
11-12% [7-9]. The main limitations to DSC efficiency are the large
number of electrons that recombine with oxidized species from the
redox system, energy mismatches between the HOMO of the dye
and the redox species, and the trapping-limited diffusion of elec-
trons as they are transported throughout the semiconductor porous
nanostructure [10-13].
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Among the semiconducting oxides used as photoanode, zinc
oxide (ZnO) has been the object of much research for solar cell
applications as an alternative to TiO,. ZnO has a higher electronic
mobility, similar electron affinity and energy level of the conduc-
tion band (3.4 and 3.2eV, respectively) and can be doped both
n-type and p-type [14,15]. Furthermore, ZnO photoanodes may be
easily nanoarchitectured in a wide range of shapes (wires, tubes,
stars, etc.) which should be able to improve light harvesting, elec-
tron transport and recombination properties leading to higher
overall efficiencies [16-18]. Due to these favorable physicochemi-
cal properties several efforts have been made to prepare different
nanostructured films. However, up to now the overall conversion
efficiencies of ZnO-based DSCs are lower compared to those based
on TiO, [19]. One of the reasons for the low efficiency of ZnO-based
DSCs is attributed to excessive dye aggregation on the ZnO sur-
face [20], which in turn causes slower electron injection from the
dye to ZnO [21]. In addition to these, the conventional liquid elec-
trolyte and the standard dyes are also known to be the causes of
degradation in ZnO-based DSCs. Therefore optimization of these
components is needed in order to obtain stable devices.

To enhance the electron transport properties in the ZnO nanos-
tructured photoelectrode, Ga3* was used in this work as a doping
impurity. In gallium-doped zinc oxide (Zn0:Ga), Ga3* is expected
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to cause just a small lattice distortion due to the similar tetrahedral
radii of Zn%* and Ga3* [22]. Ga*3 introduction into the ZnO matrix
can introduce donor defects by means of Ga3* substituting Zn2*,
increasing the charge carrier concentration and thus the electrical
conductivity up to one order of magnitude [23]. We present here
evidence of improved transport properties.

The study of recombination or charge transfer processes and
the capacitive charging of ZnO photoelectrodes during operational
conditions are crucial to correct possible malfunctions and for
increasing the efficiencies of ZnO-based DSCs. The charge lifetime
and/or recombination resistance are capable to be followed by
transient techniques [24,25]. One example of a technique that can
be used to calculate the charge lifetime is Stepped Light-Induced
Transient Measurements of Photocurrent and Voltage (SLIM-PCV)
[24]. However, transient techniques are not able to separate the
contributions of recombination resistance and capacitance to the
charge lifetime [26]. Impedance Spectroscopy (IS) has proven to be
a powerful technique to investigate and determine charge trans-
fer processes and electrochemical or chemical capacitance in DSCs
[27-30]. Electron recombination at the semiconductor-electrolyte
interface and the diffusion of the redox species in an electrolyte can
be well distinguished in the spectral shapes of IS analysis [27-30].

In this paper, we study the effect of Ga doping on the capaci-
tance and charge transfer resistance of ZnO-based DSCs by means
of IS. We found that, upon doping, the capacitance follows a
Mott-Schottky behavior that is indicative of the high donor den-
sity (>1021 cm~3) attained by ZnO:Ga. The increase of the density
of states induced by creation of shallow donor states due to Ga
doping, causing saturation on the film capacitance was analyzed. It
was found that from certain Ga concentration, donor density does
not change proportionally to Ga contents, indicating that the ZnO
structure saturates of Ga. We also found a nearly constant photopo-
tential for all the samples and an increase of current associated to
the increase of samples roughness at the higher dopant content.

2. Experimental

The ZnO films were prepared according to a previous work [31].
ZnO and ZnO:Ga with 1, 3, and 5 atomic % nanoparticles were syn-
thesized by adapting a procedure described in the literature [32].
A zinc nitrate aqueous solution (0.1 molL~! at pH 5) was mixed
with 0.1 mol L~ triethanolamine. Gallium nitrate was used as the
source of Ga3*. The slurry was prepared by mixing ZnO or ZnO:Ga
powder, deionized water, acetylacetone and a non-ionic surfactant
(Triton X-100). The resulting mixture was ground in a mortar for
ca. 1h. The paste was used for the deposition of films onto con-
ducting FTO-glass substrates by the doctor blade technique using
adhesive tape (Scotch®) in order to control the photoelectrode film
thickness. The semiconductor films were then heated at 450 °C for
30 minto provide adequate electrical contact between the particles.
The resulting film thickness was 6 um, measured by using a pro-
filer (Sloan Technology, Dektak 3). The ZnO electrodes, while still
warm (ca. 80°C), were immersed for 3 h at room temperature in a
0.5 mmol L~ solution of cis-bis(isothiocyanato)bis(2,2’-bipyridyl-
4,4'-dicarboxylato)-ruthenium(Il) bis-tetrabutylammonium (also
known as N-719, used as received from Solaronix) in absolute
ethanol. Then, the sensitized films were rinsed with absolute
ethanol to remove non-adsorbed N-719 species and allowed
to dry in air. The liquid electrolyte for DSCs was composed
of 0.1molL-1 Lil, 0.05molL-! I,, 0.8 molL~! tetrabutylammo-
nium iodide, 0.5molL-! 4-tertbutylpyridine in acetonitrile and
3-methoxypropionitrile (50:50 in volume). A Pt-coated FTO-glass
was used as the counter electrode. The Pt counter electrode and
the working electrode were assembled in a sealed sandwich-type
solar cell by heating with a hot-melt of the ionomer film Himilan

Table 1

General data for DSCs based on ZnO, ZnO:Ga at 1, 3 and 5 atomic % nanostructured
photoanodes under one sun illumination. Voc is the open-circuit potential, jsc the
photocurrent, FF the fill factor, n the efficiency and § is the transfer factor calculated
from Eq. (2).

Sample ZnO Zn0:Ga 1% ZnO:Ga3% Zn0O:Ga5%
Particle diameter (nm) 120 70 60 40
Porosity (%) 15 39 55 58
Specific area (m?g~1) 9.6 17.6 25.4 33.8

DSC area (cm?) 0.15 0.15 0.15 0.15
ZnO film thickness (um) 6 6 6 6
Roughness factor 270 360 385 470

Voc (V) 0.785 0.790 0.794 0.797
Jjsc (mAcm~2) 2.07 532 5.56 6.49

FF 0.46 0.33 0.38 0.37

n (%) 0.75 1.39 1.68 1.91

B 0.23 0.26 0.28 0.27
Donor density (cm~3) - 1.4 x 1021 2.5 x 1021 2.9 x 102

(Mitsui-Dupont Polychemicals) as a spacer between the electrodes.
The cell area was 0.15 cm?.

The roughness factor was calculated according to the IUPAC def-
inition [33], from the [UPAC compendium of Chemical Terminology
where roughness factor is defined as r¢=A;/Ag, where A; is the real
(true, actual) surface (interface) area and A is the geometric sur-
face (interface) area. The specific surface area (m?g~!) obtained
from BET analysis was used to estimate A; after the calculation of
the real amount of ZnO (in grams) in the volume of the photoan-
odes (geometrical area of the electrode multiplied by its thickness)
corrected by the porosity values and considering the ZnO theoreti-
cal density of 5.6 gcm—3. Table 1 summarizes the results obtained.
It is important to emphasize that some authors [34] define rough-
ness factor as the ratio between A; and film thickness. Considering
this definition one can obtain different values but herein we will be
only concerned with the tendency of these values as a function of
Ga doping and we are not concerned with the absolute value of ry.

The impedance spectroscopy measurements were carried out
by using a Solartron potentiostat (model SI1287) coupled to a fre-
quency response analyzer (FRA module). The impedance spectra
from the sealed DSCs were measured in a two-electrode config-
uration under illumination (AM1.5, 100mW cm~2 by using the
Yamashita Denso, YSS-80 solar simulator) at different bias voltages
(including open-circuit voltage) with 10 mV AC perturbation over
a frequency range of 100 kHz to 10 mHz. Data were fitted using the
equivalent circuit model described in Fig. 4 [35].

3. Results and discussion
3.1. j-V characteristics

The j-V curves and the parameters of dye solar cells based on
6 wm thick pristine and Ga doped ZnO films are presented in Fig. 1
and Table 1.

From these results we observe as general trends that all the cells
present very close values of the open circuit potential and very
low values of the FF, while short circuit current increases, almost
linearly with the Ga content.

The rise in jsc with Ga content may be explained by the larger
surface of semiconductor available for dye loading: the increas-
ing concentration of Ga yields a decrease in the nanoparticles final
size, providing an increase in the specific area of DSCs photoan-
odes. Fig. 2 illustrates the quasi-linear relationship between current
density and roughness factor.

We will use impedance spectroscopy data to elucidate the origin
of the low fill factor and the common Vg in the solar cells.
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Fig. 1. (a) j-V curves obtained from the potentiostat (lines) and simulated from
impedance values (dots). Parameters related to the performance of ZnO and ZnO:Ga-
based DSCs: (b) short-circuit photocurrent density, (c) fill factor (empty symbols)
and efficiency (full symbols).

3.2. Impedance analysis

The impedance spectra of the DSCs based on ZnO and ZnO:Ga
photoelectrodes measured under one sun light intensity at forward
bias voltages of 0.20, 0.40 and 0.60V are shown in Fig. 3.
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Fig. 2. Representation the roughness factor vs. current density in pure and increas-
ingly Ga doped ZnO.

In general, a transmission line equivalent circuit model is used
to model DSC response which consist of a series of distributed ele-
ments along the thickness, L, of the semiconductor nanostructure
as shown in Fig. 4(a) [27-30]. We have used this equivalent circuit
to fit data of pristine ZnO. For the ZnO:Ga samples and due to their
high electronic conductivity, the electron transport resistance in
the ZnO becomes negligible and the model of Fig. 4(a) is simplified
to the one presented in Fig. 4(b).

The more relevant aspects of the impedance spectra of Fig. 3
are: (i) The high frequency semicircle (relaxation process), which
is assigned to the charge transfer taking place at the elec-
trolyte/counter electrode interface, i.e. to the injection of electrons
in the electrolyte by means of the reduction of I ionic species
into I~. This kinetic process is associated to a charge transfer resis-
tance, Rp;, connected in parallel to the interfacial capacitance of
the counter electrode, Cpy, as illustrated in Fig. 4. (ii) The low fre-
quency semicircle of the Nyquist impedance diagram of Fig. 3 which
is attributed to the charge transfer resistance associated with the
electron recombination process at the semiconductor/electrolyte
interface that is in parallel with the film capacitance of electrons in
the nanostructured photoelectrode, as sketched in Fig. 4(b).

The effect of Ga doping on Rec and Cg were studied separately
by means of the evaluation of the low frequency semicircle of the
spectra given in Fig. 3.

3.3. Recombination analysis

The charge transfer resistance arising at the porous nanostruc-
tured electrode in contact with liquid electrolyte may be described
by using a recombination resistance, Rrec, that depends on the
potential as:

(1)

Rrec = Ro exp |:IBEredox - EFnj|

kgT

where Ry is a constant indicating the onset of recombination, § is
the transfer factor governing the recombination, kg is the Boltz-
mann constant, T the temperature, Eg, the Fermi level of electrons
in the semiconductor and Eq4ox the redox potential (i.e., the Fermi
level of holes in the electrolyte) which are related with the potential
drop at the semiconductor film through Vg = (E;edox — Ern)/q, With g
the electron charge. In general, to obtain V¢ it is needed to correct
the applied potential from the series resistance drop [27-30].
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Fig. 3. Nyquist impedance diagrams of sealed DSCs based on ZnO and ZnO:Ga photoelectrodes (6-pm thick) at 1 sun (AM1.5) light intensity and different applied bias: (a)
0.20V, (c) 0.40V and (e) 0.6V (d) forward bias. Two semicircles dominate the impedance: The smaller arc at high frequency is ascribed to the combination of the charge
transfer resistance and the interfacial capacitance at the counter electrode/electrolyte interface. The larger arc appearing at low frequency is attributed to the charge transfer
resistance associated with electron recombination at the interface, combined with the capacitance of electrons in the ZnO. The figures (b), (d) and (f) represent enlargement

of the area at high frequency.

Fig. 5(a) shows that the recombination resistance is lower in
doped samples than in undoped nanostructured ZnO photoan-
odes with respect to the Fermi level energy. For the pristine and
Zn0:Ga up to a 3% doping, these differences may be related to
the change in roughness of the surface obtained from BET mea-
surements as described in Section 2, that lowers Ry in Eq. (1).
In the case of the ZnO prepared with a 5% of Ga, however, Rrec

is nearly the same as the sample with 3% and this similarity
also occurs in the capacitance shown in Fig. 5(b), even though
according to BET measurements, the specific area of the 5% sam-
ple is 25% higher than the 3% doped one. As it will be described
in more detail later, this effect is attributed to a saturation of
Ga doping in ZnO. The spare Ga segregates at the surface of the
ZnO grains of polycrystalline films, creating a barrier that blocks
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Fig. 4. (a) Transmission line model used for the description of low-doped nanos-
tructured films. (b) Simplification of the previous model for samples presenting a
high conductivity. ri; is the transport resistance in the semiconductor, e and cg
(Rrec =Trec/L and Cg=CgL) are respectively the charge transfer resistance and film
capacitance, Z4 is the Warburg element showing the Nernst diffusion of I in the
liquid electrolyte. Rps and Cp; are the charge transfer resistance and double-layer
capacitance at the counter electrode (platinum chemically coated on TCO glass, indi-
cated in the figure as TCO + Pt). Rrco and Crco are the charge transfer resistance and
the corresponding capacitance at the exposed TCO/electrolyte interface.

both recombination and also the increase of capacitance [36].
Indeed, phase segregation in ZnO:Ga powder samples, especially
those with a higher Ga content, has been observed previously
[22].

From the slope of these Ry curves in Fig. 5(a), the transfer fac-
tor (B) is easily determined, see Table 1 [30]. It is important to
notice that the values obtained for 8 are very low in comparison to
those found for TiO,, which use to be larger than 0.5 [30]. The slight
increase of B for doped samples suggests a change in the recombi-
nation mechanism associated with the introduction of Ga ions in
the semiconductor structure and eventually with the segregation
of Ga excess.

A priori, the value of Rec could be affected by the contribution
for the recombination from the uncovered FTO in contact with the
electrolyte, since no compact ZnO or TiO, underlayer (also known
as blocking layer) was employed in the present work. However, we
expect that this contribution becomes negligible even at low poten-
tials, due both to the relatively small charge transfer rate from FTO
to triiodide and the much larger area available for recombination
from the nanostructured film.

3.4. Capacitance analysis

In semiconductors immersed in electrolytes containing a sup-
porting salt, the charge carriers present in the solid phase can
be compensated by the ionic charges in the electrolyte. If the
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Fig. 5. (a) Recombination resistance (Rrc), (b) film capacitance (Cg) and (c)
Mott-Schottky pattern of the film capacitance represented vs. the potential cor-
rected from ohmic drop. The parameters were achieved by fitting the impedance
data from DSCs based on ZnO and ZnO:Ga photoelectrodes.
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semiconductor is nanostructured and poorly doped (pure or not
intentionally doped), the variation of the applied potential pro-
duces an equivalent Fermi level shift, Eg,, that sweeps the density
of electronic states (DOS) modifying the capacitance, that in these
conditions is termed chemical capacitance [37].

Thus, the chemical capacitance is a useful parameter to infer
information on the DOS of the nanostructured photoanode with
respect to Eg,. For a potential such that Eg, <<E., where E. is the
conduction band energy, the chemical capacitance is related to the
exponential density of bandgap sates [37,38]:

_ Neg? {7 o(Ec - EFn)}
w= ](BT kBT

with a =TTy a factor that describes the depth of trap states below
the conduction band. N¢ is the total density.

For highly doped semiconductor films, the capacitance is a
combination of different contributions: in the semiconductor, the
conduction band may bend even for very small nanoparticles. In the
semiconductor the capacitance is then dominated by the depletion
layer, Cy;, which follows a Mott-Schottky behavior [36,39]. In the
electrolyte, the capacitance is dominated by the Helmholtz capaci-
tance Cy which may be considered constant. Therefore the total film
capacitance is the series combination of both: Cg=(1/Cq;+1/Cy)~"
with the smaller of them dominating Cg behavior [36]. From the
analysis of capacitance as a function of potential it is possible to
know the nature of the capacitance that domains the response.

Data shown in Fig. 5(b) suggest that, in the case of the pristine
ZnO electrode the capacitance is dominated by the chemical capac-
itance contribution of ZnO, until it saturates at 0.6-0.8 V, while in
the case of doped samples, the capacitance is dominated by the
depletion layer inside the semiconductor nanoparticles.

In the case of pristine ZnO, we obtain a value of o =0.20. This
value yields To = 1365 K, which is large in comparison to common
values of Ty observed for TiO, nanostructured photoanodes which
are comprised between 800 and 1200 K[26,28]. This result suggests
a distribution of trap states extending to deeper levels below the
conduction band in ZnO films. Very similar « values (ca. 0.2) were
also found from the dependence, previously observed by SLIM-PCV,
between the diffusion coefficient and electron density for DSCs
based on pristine ZnO and ZnO:Ga photoanodes [24].

Confirmation of the behavior as depletion layer capacitance in
doped samples is obtained when drawing a Mott-Schottky plot
with data from the capacitance, Fig. 5(c). Estimating the roughness
factor (r, see Section 2) of the film, it is possible to calculate the
donor density through

2
S 2
qereorf

(2)

Ng = (3)
where s is the slope of the Mott-Schottky plot, ;=10 is the dielec-
tric constant of ZnO and &g the permittivity of free space.

Despite limitations in the accuracy of the calculation of r¢, the
values obtained for samples ZnO:Ga 1% and 3% were used as refer-
ence to have an estimation of Ny, providing donor density values of
the order of 1021, as presented in Table 1. The value of N4 obtained at
3% doping nearly doubles that for the 1% sample. As indicated above,
data from recombination indicate that for the sample ZnO:Ga 5% a
relevant part of the contact area between the semiconductor and
the electrolyte is blocked. Therefore, for the calculation of the value
of Ny in this sample, the value of ry was corrected taking into account
the unblocked area for recombination provided by the difference
in Rrec shown in Fig. 5(a) (a 70%). With this approximation, a donor
density of 2.9 x 1021 cm~3 was estimated, Table 1.

Even at lower Ga concentration, doping is very high and nearly
constant (within the errors arising from the estimation), a result
which is in good agreement with high values of conductivity and
thus the observation of negligible transport resistance in the semi-

conductor. It is remarkable that the rise of the estimated donor
density does not follow linearly the Ga addition during the synthe-
sis of the nanoparticles. This result suggests that the substitution
of Zn?* ions in the ZnO lattice with Ga3* ions effectively acting as
donors in ZnO [22,40], saturates at levels around 3 x 1021, As indi-
cated above, the excess Ga is segregated to the surface and these
data suggest that the segregation starts even at levels below 3% Ga
addition.

Note that the point at 0.4V for ZnO:Ga 1% and the points at 0.2V
for ZnO:Ga 3% and 5% were not considered for Mott-Schottky fits
of the film capacitance. The first was discarded as it had a strong
influence from surface traps capacitance [41,42] as explained below
with more detail. The others were discarded because at these
potentials, data depart from the Mott-Schottky behavior.

3.5. Interpretation of j-V curves from impedance data

Impedance data allow a better understanding of the results
obtained for the j-V curves shown in Fig. 5(a) and summarized in
Table 1. Once the short-circuit current is determined, the use of
both series and recombination resistance data, provides a calcu-
lation of the j-V characteristics from the impedance data through
[27].

Rtotal

Y
J=lJsc */ dv, (4)
0

with Rigta) = Rseries + Rrec, Where the series resistance is given by
Rseries =Rrro + Rpr as the other contributions are negligible, see
Fig. 5(a).

According to previous publications [27,43,44], the parameters
that influence FF are current, series resistance and . Thus, the
low value of the photocurrent in pure ZnO explains the highest
FF obtained for this sample, may be explained in part as the ohmic
resistive losses that influence negatively the FF values are mini-
mized. With respect to the doped samples, the general low values
observed herein have to be attributed both to the low f given by
the DSCs and to the S shaped pattern of the j—V curves. This par-
ticular shape of the curves has been presented in previous papers
[41,42,45,46]. In the case of the ZnO:Ga 1%, the additional drop in
FF is attributable to the relatively high series resistance found for
this sample, and the remarkable S-pattern of this sample, also noted
in the values of capacitance and recombination resistance at 0.4V
shown in Fig. 5. Thus at this potential, ZnO:Ga 1% Cg presents a
value slightly larger than the tendency line, while R presents a
value lower than the tendency line effect that has been previously
attributed to the presence of surface trap states producing an extra
recombination path [41,42].

With respect to the open-circuit voltage, all the values obtained
are around 0.79V, see Table 1. This coincidence seems related to
the fact that all the capacitances saturate to a certain value that
is a function of the roughness factor. The high electronic density
appearing in these conditions does not allow the Vg rising higher
than the level of impurities in the semiconductor (pining of the
Fermi level). As consequence there is no effect of Ga addition level
on V¢ since it is defined as the difference between the Fermi level
of the electrons in the semiconductor nanostructure and the redox
states in the electrolyte. The coincidence of the apparent flat band
potential in all the Mott-Schottky plots reinforces this possibility.
To what extent Ep, pinning at shallow doping levels determines
Voc in this system is not clear from the available data and requires
further investigation.
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4. Conclusions

Differences in the efficiency of ZnO:Ga doped DSC samples is
mostly related to the increase of jsc associated with morphological
changes: arise in the roughness factor due to smaller particles size
with increasing Ga contents that yielded to a larger dye upload.

One important conclusion of this work is that the capacitance
in the doped samples does not correspond to a chemical capac-
itance but to the depletion of the doped semiconductor surface.
From Mott-Schottky plots a doping level >102! was estimated for
all doped samples.

Here it has been shown that Ga doping, saturates at levels
around 3 x 102! cm3, with segregation of the Ga excess which acts
as a barrier for recombination. The Ga doping increases the film
capacitance until a limit given by the Ga barrier. Finally, the poor
fill factor values reported were associated to the low § obtained in
the ZnO-based DSCs.
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