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Preparation, electrochemical,
photoelectrochemical and solid-state
characteristics of indium-incorporated TiO,
thin films for solar cell fabrication
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13060 Kuwait

Titanium dioxide thin films were prepared by the spray-pyrolysis technique, which
permitted the convenient incorporation of foreign materials into the oxide matrix during its
formation. Pure and indium-incorporated films of different thickness were prepared. The
presence of indium in the TiO, film affected the characteristics of that material. The effect of
incorporation was reflected in the improvement of the properties of the n-Si/oxide
heterojunction. The prepared n-Si/TiO,-In solar cells exhibited better fill factor and solar
conversion efficiency than those with pure TiO,. The electrochemical properties of the
prepared oxide films revealed that the charge transfer step at the oxide/electrolyte interface
leads to the deterioration in quality of the photoanode. The improved characteristics of the
heterojunction n-SiO,/oxide in the presence of indium incorporation offset the limitation of
the photoelectrochemical cell due to the slow charge transfer step at the TiO,/electrolyte

junction.

1. Introduction

Titanium oxide is one of the most familiar and at-
tractive materials in solar cell fabrication. The excel-
lent properties of TiO, as an anti-reflector and very
stable material against corrosion damage make its
utilization in the fabrication of solar cells for terres-
trial and extra-terrestrial applications an important
subject worthy of intensive studies. Efficient, stable
and low-cost solar cells represent the aim of many
investigations [ 1]. The stability of TiO, against chem-
ical attack and corrosion extends its applications to
photoelectrolytic cells [2-6]. Incorporation of foreign
atoms into the oxide film is known to induce substan-
tial modifications in its semiconductor properties.
This phenomenon has been sporadically investigated
in connection with semiconductor electrodes for
photoelectrolysis devices [7-14]. The incorporation
was essentially aimed at extending the response of
some wide band-gap valve metal oxide layers like
TiO, or Nb,Os5 to the visible region of the spectrum.
Doping of TiO, with tungsten was found to shift the
absorption of the material towards the ultraviolet
region [15]. Addition of chromium or cadium extends
the photoactive range of the oxide into the visible part
of the spectrum [2, 4, 16, 17]. In one of our publica-
tions [14], the effect of indium incorporation into the
TiO, matrix on the solid-state characteristics of the
material was investigated. In this work, pure and
indium-incorporated TiO, thin films were used as
a heterojunction with n-Si. The photovoltaic and

0022-2461 © 1997 Chapman & Hall

photoelectrochemical properties of the prepared
heterojunctions were studied. The effect of indium-
incorporation on the characteristics of the prepared
devices has been discussed.

2. Experimental procedure

Pure and indium-incorporated thin films were
prepared on different substances conveniently and
reproducibly by using the spray/chemical vapour de-
position (CVD) technique described elsewhere
[18,19]. The pyrolysis reaction

TiCly + 2H,0—5 TiO,) + 4HCl,, (1)

produces glass-like, transparently clear films with
an interference colour depending on the thickness
of the prepared film. The spray solution consisted of
0.5 mol 17! TiCl, dissolved in ethanol (96%). Indium
incorporation was achieved by the addition of InCl;
which made the solution 0.03, 0.06, 0.09 and
0.12 mol 1~ ! with respect to indium chloride. The flow
rate of the deriving gas (nitrogen) was 5 1min~' and
the substances either glass, fused silica, glassy carbon
(GC) or silicon were kept at 723 K throughout the
spraying process.

For optical measurements, the glass specimens
(22cmx1.2cmx02cm) were employed. The
measurements were carried out using a double-beam
spectrophotometer (Perkin—Elmer Lambda 4B
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UV/VIS) over the 200-900 nm wavelength range. To
minimize reflection, a very thin film was taken as the
reference sample, while a thicker one was the test
sample [20]. For each concentration of indium in the
TiO, films, the band-gap energy, E,, refractive index,
n, extinction coefficient, K, and thickness, 8, were
estimated from the measured transmittance data. The
conductivity measurements were carried out using an
electrometer (Cary 401, vibrating reed electrometer).
The contacts were made by evaporating two rectangu-
lar gold contacts (0.15cm x 0.3 cm) on to the TiO,
film front [13].

For photovoltaic investigations, the films were
deposited on polished silicon wafers (Wacker-
Burghausen, Germany) typically 0.2 cm?, of orientation
{100, resistivity of 0.6-1.4 Qcm. They were pre-
treated with a standard solution of formic acid/H,O
and hydrofluoric acid [21]. The evaporated gold was
used as the forward contacts of the photovoltaic cell
and the back contacts were made by using In-Ga
alloy followed by silver paste. The investigation of the
electrochemical behaviour of the oxide films was car-
ried out by depositing the TiO, or TiO,—In on to
glassy carbon discs (Sigri, Meitingen, Germany, dia-
meter 0.8 cm, thickness 0.3 cm; polished with diamond
paste down to 1 um; washed in alcohol and acetone in
an ultrasonic bath). The discs were mounted in stain-
less steel holders of a rotating disc electrode system
and insulated with teflon tape so that the oxide-coated
circular area was exposed to the solution. In order to
minimize structure fluctuations, the same experi-
mental parameters for the preparation of TiO, or
TiO,—In films on glass, silicon or GC were always
chosen. A conventional potentiostatic set-up was used
to trace the current density—potential behaviour of the
cells. Illumination was carried out using a 150 W
xenon lamp coupled with an Oriel solar simulator and
filter, to simulate the solar spectrum. The photovoltaic
current density—potential characteristics were correc-
ted for R, (the series resistance) as described previously
[18]. Other experimental parameters were as reported
elsewhere [18,19].

3. Results

3.1. Resistivity measurements

The resistivity of the prepared films was found to
decrease as the film thickness increases. Fig. 1 presents
the variation of the resistance of pure and indium-
incorporated TiO, with the thickness of the film.
Specific conductance calculations showed that the
homogeneity of the prepared film depends on its
thickness. For relatively thick TiO, films
(6 > 100 nm), a value of 1x107*Q " *cm™! for the
specific conductance of films prepared from ethyl acet-
ate solutions was obtained [19]. Films prepared from
alcoholic solutions are relatively less conducting.
TiO, doped with indium is more conducting (cf.
Fig. 1). The presence of indium in the TiO, matrix
increases the specific conductivity of the films by
about three orders of magnitudes, even for very thin
oxide films (& < 50 nm).
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Figure 1 Effect of film thickness on the resistance of (—) pure TiO,
and (- — -) TiO,-In.

3.2. Optical characteristics of the films
3.2.1. Transmittance measurements

The structure of the prepared film depends on its
thickness. The presence of interference extrema in the
transmittance, % T, versus wavelength, A, curves indi-
cates the presence of crystalline structure. Films which
do not show extrema are amorphous [22]. Fig. 2 pres-
ents the % T as a function of A for pure TiO, of
different thickness (Fig. 2a) and for TiO,—In (Fig. 2b
and c). Irrespective of the concentration of indium, all
films of 6 < 70 nm are amorphous, i.e. no interference
extrema could be observed. For thicker films
(6 > 70 nm), interference extrema were recorded and
found to depend on both the thickness of the film and
the concentration of indium therein. Thus the crystal-
linity of the film increases as the concentration of
indium increases (compare Fig. 2b and c) and also as
the thickness of the film increases. Comparison of the
curves of Fig. 2 shows that at A~ 500 nm, the trans-
mittance of the film increases up to 96% in the pres-
ence of indium (0.09 mol1~ ). Further increase in the
indium concentration ( > 0.12 moll ™) led to the de-
terioration of the optical properties of the film. The
increased amount of incorporated foreign atoms in the
oxide matrix may lead to increased absorption of light
and hence to a decrease in the transmittance of the
samples [23]. The effect of the thickness on the trans-
mittance of the film is clearly reflected in the curves
presented in Fig. 2a, b or c. Considering Fig. 2a, the
%T of films of §~70 nm is in the range of 70% at
a wavelength of 550 nm. Doubling the film thickness,
i1e. for 6~ 140 nm, the transmittance increases to
about 90%. This is due to the increased crystallinity of
the film with the increase of the film thickness. The
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Figure 2 Transmittance (% T) of the prepared films with different
thicknesses: (....) 70 nm, (- - -) 110 nm, (- - - - - ) 140 nm, (—) 170 nm.
(a) Pure, TiO,, (b) TiO,-In (0.03 molInCly/litre solution), (c)
TiO,—In (0.09 mol InCl;/litre solution).

presence of amorphous characteristics is accompanied
by a decrease in the transmittance. Exceeding a certain
thickness (6 > 170 nm), the absorbance of the film
increases again and hence the transmittance decreases

[13].

3.2.2. Refractive index, n, extinction
coefficient, K and thickness, 6
The optical parameters n and K, as well as the thick-
ness, 9, of the prepared films can be obtained from the
% T versus A data. As can be seen in Fig. 2, the
% T versus A curves possess an envelope shape, pass-
ing interference extrema. From this envelope n, K
and o for TiO, films can be calculated [24]. Consider-
ing any envelope, T (L) and T~ (A) couples can be
used to calculate n(A) and K(A). The thickness, 9, can
be obtained from the values of T* and T~ corres-
ponding to the interference extrema in the very weak
absorption region [20,22,24]. Applying the calcu-
lations reported before [13] to the results presented in
Fig. 2, the refractive index, n, and extinction coeffic-
ient, K, of the prepared TiO, films at different thick-
nesses, either pure (Fig.2a) or containing different

concentrations of indium (Fig. 2b and c), can be cal-
culated. At a constant film thickness, the refractive
index decreases as the wavelength increases. The rela-
tion consists of two parts. The first corresponds to
long wavelength (A > 550 nm) and shows a non-dis-
persive, approximately steady part of a nearly con-
stant value of n. The value of the refractive index
decreases as the extent of indium incorporation in-
creases. The calculated steady values for A > 550 nm
range between 2.25 for pure TiO, layers and 2.10 for
TiO, containing approximately 1% In. In the second
part, ie. at shorter wavelength (A < 500 nm) fluctu-
ations, especially near the ultraviolet region were ob-
served and higher values for n were estimated. This
behaviour is similar to the behaviour of fluorine-in-
corporated SnQ, films [25]. The calculated values for
the extinction coefficient, K, of the same film
(6~ 100 nm) show that K decreases as the amount of
indium in the TiO, matrix increases. The relation
between K and A for the different films did not show
any fluctuations, and parallel curves for the different
concentrations of indium were obtained. The cal-
culated values for K for the different films range be-
tween 0.515 for pure TiO, and 0.380 for the 1%
indium-incorporated TiO,. The calculated values of
the refractive index, n, and extinction coefficient, K, for
indium-incorporated TiO, thin films (6~ 100 nm) at
A = 550 nm are presented in Table I.

3.2.3. Energy-gap calculations
The energy gap of the prepared films was calculated
using the transmittance ratio data according to

T\-y = e ¥ (2)

where T,_, is the transmittance ratio, Ad is the thick-
ness difference between 6, and 6, and o is the absorp-
tion coefficient. aAd can be determined accurately
without determining Ad [26]. The energy gap was
obtained by extrapolating the (aA8)* versus photon
energy, hv, plots. For direct allowed transition, the
variation of the absorption coefficient with photon
energy is given by

o = oo(hv — Ep'? (3)

where hv and E, are the photon and gap energies,
respectively. o, is a constant independent of the
photon energy [13,27]. Photons of energy hv > E,
can be absorbed by the oxide film. Fig. 3 represents
the relation between (aA8)* and hv at different film
thickness of pure TiO, (Fig. 3a) and TiO,-In (Fig. 3b).
The value of the band-gap energy was obtained by
extrapolating the straightest portion of the line to

TABLE 1 Values of the refractive index, n, and the extinction
coefficient, K, for TiO,—In thin films (5~ 100 nm) at A = 500 nm

In conc. (moll™ 1) n K

0.03 2.222 0.515
0.06 2.175 0.475
0.09 2.152 0.420
0.12 2.104 0.380
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Figure 3 Variation of the square of the absorption coefficient of the
prepared oxide films with different thicknesses: (....) 70 nm, (— — -)
110 nm, (- - -+ -) 110 nm, (—) 170 nm. (a) Pure TiO,, (b) TiO,-In
(0.12 mol InClj/litre solution).

(2A8)? = 0. As can be seen, the energy gap is indepen-
dent of the film thickness [13]. Indium incorporation
led to an increase in the band gap energy of about 5%.
The effect of the amount of indium on the band-gap
energy of TiO, is presented in Fig. 4. The increase of
the extrapolated value of the band-gap energy may be
attributed to structural changes in the polycrystalline
TiO, layers. The relatively large band-gap energy of
pure TiO, (~3.64¢V) is due to the polycrystalline
nature of the prepared films [28].

3.3. Photovoltaic characteristics of the
prepared cells

Pure and indium-incorporated TiO, films

(6~ 100 nm) were deposited on to n-Si as described

in Section 2. Typical power characteristics of both

n-Si/TiO, and n-Si/TiO,—In solar cells under
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Figure 4 Effect of the concentration of InCl; in the spraying solu-
tion on the band-gap energy of the prepared TiO, thin films
(& ~ 100 nm)
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Figure 5 Typical power characteristics of (- - - - - ) n-Si/TiO, and

(+--) n-Si/TiO,~In photovoltaic cells. Illumination intensity
100 mWcm ™2 (AM1).

a 100 mW cm ™~ ? simulated solar spectrum (AM1) are
presented in Fig. 5. The presence of indium in the
TiO, matrix had a significant effect on the power
characteristics of the prepared cells. In spite of the fact
that the extent of indium incorporation did not exceed
1% as determined by ESCA [29], the power charac-
teristics of the cells are significantly improved. The fill
factor (FF) was increased from ~ 0.6 (pure TiO,) to
0.82 (TiO,-In). The solar conversion efficiency reached
14.1% for the indium-containing solar cells, i.e. an
increase of about 40% could be achieved with indium
incorporation. The increased solar efficiency is solely
due to the improved open-circuit potential of the cell:
an increase over 100 mV was measured. The photo-
current was not significantly affected by indium
incorporation. A typical value of 28 mAcm ™2 was
obtained. The same effect was observed on using
antimony as dopant for the TiO, barrier layers [14].

3.4. Electrochemical behaviour of the
prepared oxide films

For the electrochemical investigations, the oxide films

were deposited on to GC substrates and mounted as

electrodes in the holders of the rotating disc system.

Fig. 6 presents the current density—potential behav-

iour of the pure and indium-incorporated TiO, films
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Figure 6 Current density—potential curves of (- - —) pure TiO, and
(+-+) TiO,—In thin films (3~ 100 nm) in 0.05 M K;3Fe(CN)¢/0.05
M K, Fe(CN)s/0.5 M KNOj. Scan rate 50 mVs~?, rotation speed
2500 r.p.m. at 298 K.

in a simple one-electron electrolyte system consisting
of 0.05M K;3Fe(CN)y/0.05 M K4Fe(CN)e/0.5 M KNOs.
Analysis of the results of Fig. 6 shows that the over-
potential near the equilibrium potential obeys the
linear approximation of the Butler—Volmer equation
[30] and the charge transfer resistance, Rcr, can be
calculated according to Equation 4

Rer = fer/j
(RT/F)(1/njo) 4

where 7¢r 1s the charge transfer overpotential, j is the
current density, j, is the exchange current density, n is
the number of electrons involved in the electrode
process, F, R, and T have their usual meanings. The
results reveal that the presence of indium in the oxide
film decreases the charge transfer resistance and hence
the rate of the charge transfer at the electrode/electro-
lyte interface increases by ~40% (cf. Fig. 7a). At over-
potentials more than 100 mV, i.e. || > 100 mV, Tafel
behaviour was observed. Analysis of the results ac-
cording to the Tafel approximation (Equation 5) is
presented in Fig. 7b

Jj = Jjoexp[(anF/RT)ncr] (5)

The plots of Fig. 6b have slopes ranging between
400 mV/decade (pure TiO, films) and 160 mV/decade
(TiO,—In films). The high values of the Tafel slopes are
due to change transfer limitations across the electrode
(n-type semiconductor)/electrolyte interface [14,31].

3.5. The photoelectrochemical behaviour of
the prepared cells
The improved electrochemical characteristics of the
indium-incorporated TiO, films are reflected in the
photoelectrochemical behaviour of these samples as
photoanodes. The photocurrent—potential character-
istics of n-Si/TiO,/electrolyte and n-Si/TiO,—In/elec-
trolyte photoanodes are presented in Fig. 8. As was
observed in the photovoltaic cells (Section 3.3), the
foreign-atom incorporation in the TiO, had negligible
effect on the saturation current and the measured
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Figure 7 (a) Current density—potential behaviour of (—) pure TiO,
and (- - -) TiO,—In rotating discs near the equilibrium potential in
the Fe(CN)2 /4~ redox system at 298 K. (b) Tafel plots of (—) pure
TiO, and (- - -) TiO,-In rotating discs in the Fe(CN)2 /4~ redox
system at 298 K.
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Figure 8 Typical power characteristics of the (—) n-Si/TiO, and
(- - -) n-Si/TiO,~In photoanodes in the Fe(CN)? ~/#~ redox electro-
lyte at 298 K. Scan rate 50 mV s~ !, rotation speed 2500 r.p.m. and
illumination 100 m W cm ™2 (AM1).

value for all tested samples (either pure TiO, or
TiO,-In) lies between 27 and 28 mAcm > under
AM1 illumination. The decrease in the charge transfer
resistance at the electrode/electrolyte interface in the
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presence of indium incorporation has led to an im-
provement of the fill factor of the photoelectrochemi-
cal cells. The fill factor was increased from 0.46 (pure
TiO,) to 0.58 (TiO,—In) ie. about 26% increase. A
better fill factor of a solar cell will lead to a better solar
conversion efficiency. The photoelectrochemical con-
version efficiency of the prepared cells was increased
from 6.8% (pure TiO,) to 8.6% (TiO,—In).

4. Discussion

The presence of foreign atoms in the TiO, matrix
improves its characteristics in a way that a relevant
practical application of this material in solar energy
converters could be achieved. The conductivity of the
material increases. The rate of the reactionless one-
electron transfer depends on a quantum mechanical
frequency factor related to the tunnel probability of
the electron and the density of electronic states in the
oxide layer energetically suitable for the redox system.
Increasing the concentration of charge carriers in
the semiconducting TiO, film is likely to increase the
tunnel probability by decreasing the thickness of the
space-charge layer of the semiconductor. This corres-
ponds to an increase of the electrochemical rate con-
stant of the redox reaction occurring at the electrode/
electrolyte interface. The electrochemical charge
transfer process then leads to a deterioration of the cell
quality. The slopes of the Tafel plots, which are related
to the charge transfer coefficient, o, and normally
used to characterize charge transfer processes involv-
ing absorption/chemisorption intermediates [32,33],
are given by

b = 0.059/an (6)

at 298 K, where b is the Tafel slope.

The values of b and o are improved due to the
incorporation of indium in the oxide film matrix. The
increase in the rate of charge transfer at the oxide/
electrolyte interface has led to a better fill factor and
improved solar conversion efficiency of the photo-
electrochemical cells containing indium. The analysis
of the electrochemical and photoelectrochemical results
demonstrate the usefulness of the concept used [26].
This concept is based on considering heterojunctions
like n-Si/TiO, as a combination of photovoltaic and
electrochemical characteristics, which can be treated
separately. The presence of indium in the TiO, films
was shown to improve the photovoltaic characteristics
and also to increase the rate of the charge transfer step
in the electrochemical system. The improved fill factor
and the increase in the solar conversion efficiency of
the prepared cells make TiO,—In thin films important
components in the solar cell fabrication.

5. Conclusion

Incorporation of TiO, with indium leads to an in-
crease in the conductivity of the oxide. The rate of the
charge transfer step at the oxide/electrolyte interface
increases and hence the catalytic properties of the
oxide improves. The improved oxide characteristics
have led to improved photovoltaic and photo-
electrochemical systems for practical use.
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