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a b s t r a c t

In2Se3 and CuInSe2 films have been prepared by potentiostatic electrodeposition from deareated aqueous
solutions. The substrate consisted of a duplex layer of dense and nanoporous TiO2 obtained by spray pyroly-
sis deposition (SPD) and doctor blading. In2Se3 thin films are electrodeposited in between the TiO2/CuInSe2

pn heterojunction to block the electron back flow and lower the interfacial recombination produced upon
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illumination. The films have been characterized using X-ray diffraction, Raman spectroscopy, scanning
electron microscopy, and optical transmission. Annealing the samples in Se atmosphere is essential to
improve the crystallinity of the In2Se3 and CuInSe2 films. The combination of TiO2/In2Se3/CuInSe2 shows
very good diode behavior with a rectification ratio higher than 100 at ±1 V.

© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

One of the main obstacles for photovoltaics to compete on the
nergy market is the price of electricity (cost per watt) produced
n a solar cell, which is considerable higher than that produced by
onventional methods. Cost reduction can be achieved by either
mproving the efficiency or by reducing the production costs of
hotovoltaic modules.

In order to reduce production costs, new cell concepts based
n nanostructured materials have been developed. Grätzel and
’Regan introduced an important advancement by using nanos-

ructured titanium dioxide in dye-sensitized solar cells [1]. Other
roups have used a similar concept to design new cells based on
D inorganic heterojunctions, achieving conversion efficiencies of
% by atomic layer deposition (ALD) and spray pyrolysis deposi-
ion (SPD) [2]. In our opinion, significant cost reduction can only
e accomplished when batch-wise production, including vacuum
r controlled gas conditions, is avoided. Both spray deposition and
lectrodeposition can be applied in an industrial bulk production

rocess and are therefore the deposition methods of choice.

Chalcopyrites, particularly CuInSe2 (copper indium diselenide,
ISe), are among the most promising absorbing materials for solar
ells. CISe-based solar cells are very stable, allowing long opera-

∗ Corresponding author. Tel.: +54 223 481 6600; fax: +54 223 481 0046.
E-mail address: mvazquez@fi.mdp.edu.ar (M. Vázquez).
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ional lifetimes. The favorable optical properties of these materials
direct band gap and high absorption coefficient) enable the use of
hin films (few micrometers) instead of thick slices of bulk silicon,
educing the consumption of expensive materials. CISe-based thin
lms can be prepared both from gas and liquid phases by a variety
f methods.

Electrodeposition is a liquid phase method that can be used for
he preparation of metal, semiconductor, and conducting oxide thin
lms. Its advantages include the feasibility of upscaling to large
ubstrate areas and production volumes. Moreover, the deposition
quipment is relatively simple and the deposition temperatures are
onsiderably lower than in many other methods. These features
ake electrodeposition an attractive, low-cost deposition method.
High conversion efficiencies have been achieved in solar cells

hat incorporate electrodeposited CISe [3]. In these studies, how-
ver, Mo-coated glass is used as substrate. Sputter deposition is
sed to obtain the substrate, which boosts the production costs of
hese cells.

Our previous work [4] shows that the electrodeposition of
uInSe2 inside a nanoporous matrix of TiO2 is possible. How-
ver, the conversion of sunlight into electricity is very low. In this
ork, the incorporation of In2Se3 acting as a, so-called, buffer

ayer is tested in an attempt to improve the conversion effi-

iency. Conversion enhancement can be achieved by blocking the
lectron back flow and by lowering the interfacial recombina-
ion. The present investigations focus on revealing the parameters
hat govern the electrodeposition of In2Se3 on TiO2 and of CISe
nto In2Se3.

http://www.sciencedirect.com/science/journal/00134686
mailto:mvazquez@fi.mdp.edu.ar
dx.doi.org/10.1016/j.electacta.2008.07.036
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. Experimental aspects

Glass coated with a transparent conducting tin oxide (TCO,
nO2:F, Libbey Owens Ford, TEC 8/3 mm) is used as substrate. It
s degreased in an ultrasonic bath with ethanol three times during
5 min prior to use.

On top of this, a dense-TiO2 layer (d-TiO2) is deposited by spray
yrolysis deposition (SPD). A precursor solution containing 2.4 ml
itanium IV isopropoxide (TTIP) as a titanium source, 3.6 ml acety-
acetone (AcAc) as a stabilizer and 54 ml ethanol as solvent is
repared. The solution is atomized by a pneumatic spray system
sing oxygen as the gas carrier. The films are deposited using a
ulsed solution feed at a substrate temperature of 350 ◦C. The pulse
onsisted of 1 min of continuous spray and 1 min of delay. The
esulting layer prevents direct contact between the highly doped
nO:F (TCO) and the electrodeposited In2Se3 or CuInSe2 avoiding
hort circuiting of the cell. Next, a nanocrystalline-TiO2 coating (nc-
iO2) is applied by doctor blading [5], using particles of 25 nm of
verage diameter. In doctor blade deposition, a sol (viscous paste)
s prepared using commercial TiO2 (P25, Degussa AG, Germany).
n order to break the aggregates into separate particles, the pow-
er (6 g) is ground in a porcelain mortar with a small amount of
ater (2 ml) containing acetylacetone (0.2 ml) to prevent reaggre-

ation of the particles. After the powder has been dispersed by the
igh shear forces in the viscous paste, it is diluted by slow addi-
ion of water (8 ml) under continuous grinding. Finally, a detergent
0.1 �l Triton X-100) is added to facilitate the spreading of the col-
oid on the substrate. The conducting TCO glass is covered on two
arallel edges with adhesive tape to control the thickness of the
iO2 film. The colloid is applied to one of the free edges of the sub-
trate and distributed with a glass rod sliding over the tape-covered
dges. After air drying, the sample is treated for 6 h at 450 ◦C in air.
his sintering process is necessary to obtain a highly crystalline
lectron-conducting matrix. The resulting film thickness is 2 �m
ut can be varied by changing the colloid concentration or the
dhesive tape thickness.

Following the duplex TiO2 layer, a thin film of In2Se3 is electrode-
osited potentiostatically, as described in the work of Massaccesi
t al. [6]. A precursor solution of 2 mM InCl3, 1 mM SeO2 is used
ith the addition of 0.3 M KCl as supporting electrolyte. The pH

s adjusted to 2.5 using concentrated HCl. The process is carried
ut at 80 ◦C in a stirred solution purged with nitrogen. A three-
lectrode configuration is used, with a saturated calomel electrode
sed as reference (SCE = +0.24 V vs. SHE) and a Pt mesh of large
rea as counter electrode. In2Se3 films were deposited at −0.7 and
0.8 V (vs. SCE) during different times (between 5 and 20 min) in
rder to achieve a variety of film thicknesses.

Finally, on top of the In2Se3 layer, a thin film of CuInSe2 (CISe)
s electrodeposited. The precursor solution contains 1 mM CuCl2,
mM InCl3 and 1.7 mM SeO2 with a pH of 2. The electrodeposition
as carried out at −0.8 V during different periods of time (between
and 60 min). Most of the results are presented for films deposited
uring 60 min. More experimental details of the electrodeposition
f CISe can be found in our previous work [4].

All the electrochemical measurements were carried out using a
rinceton Applied Research Potentiostat/Galvanostat model 273.

The thickness of the electrodeposited films (T) can be calculated
sing Eq. (1), based on Faraday’s law

= 1
(

i t M
)

(1)

n F A �

here n is the number of electrons transferred, F is Faraday’s num-
er, A is the electrode area, i is the current, t is the deposition time,

is the formula weight, and � is the density.

t

(
p
o
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In electrodepositing In2Se3, the number of electrons transferred
s 18 according to the total electrode reaction:

In3+ + 3SeO3
2− + 18H+ + 18e− → In2Se3 + 9H2O (2)

The molar mass and density values used are M = 466.52 g/mol
nd � = 5.74 g/cm3 [7].

In the case of CISe, 13 electrons are exchanged taking the fol-
owing reaction into account:

u2+ + In3+ + 2SeO3
2− + 12H+ + 13e− → CuInSe2 + 6H2O (3)

In this case, M = 336.28 g/mol and � = 5.77 g/cm3 [8].
These are approximations, since the formula weights and

ensities vary with the composition and the efficiency of electrode-
osition process is assumed to be 100%.

To improve the crystallinity and to adjust the chemical compo-
ition of the as-deposited CISe films, the samples are annealed in
selenium atmosphere using a home-built rapid thermal anneal

eactor. It consists of a tubular quartz tube placed inside a ceramic
ven with two independently controlled temperature zones. The
elenium atmosphere is established by heating elemental selenium
t 280 ◦C, while the substrate is annealed at 400 ◦C during 30 min.

The excess of Cu- and Se-rich phases is removed by etching the
lms in 0.5 M KCN aqueous solution for different periods of time
10 s to 5 min) as described in the literature [9].

The crystal structure of the samples is determined by X-ray
iffraction (Bruker D8 Advanced Diffractometer) using Cu K� radi-
tion and Ni–Cu slits filter. The operation voltage and current used
re 40 kV and 40 mA, respectively. The diffraction patterns are
ecorded from 2� = 10◦ to 70◦. The crystallographic data for each
hase are taken from the literature [10].

Raman spectra are obtained using a Spectra Physics Millenia
d:YVO4 with a wavelength of 532 nm in the backscattering mode,
set of notch filters to remove the Raleigh scatterings and a 340

pex monochromator equipped with an 1800 grooves/mm grating.
The absorption coefficient ˛ and the bandgap energy are calcu-

ated from the transmission spectra registered using an UV/Vis/NIR
pectrophotometer (�900, PerkinElmer) in the wavelength range
50–2000 nm at room temperature.

To investigate the electric response of the cells, current–voltage
urves of a representative device such as SnO2:F/TiO2(100 nm)/nc-
iO2/In2Se3/CISe/graphite are performed.

. Results and discussion

Fig. 1 shows an illustration of the spray pyrolysis process carried
ut to form dense TiO2 films on TCO substrates. An XRD pat-
ern typical of these films is presented in Fig. 2. Due to the fact
hat the film is very thin (∼150 nm) the signals of the anatase
eaks are small and the main peaks belong to the substrate
SnO2:F). However, the anatase structure is present, indicating
he good crystallinity of the sprayed TiO2 films. The Raman spec-
ra (Fig. 3) confirm this conclusion and show intense scattering
f the anatase TiO2 vibration modes. Similar results (not shown
ere) were found with the nc-TiO2 thick films prepared by doctor
lading [4].

In2Se3 is then electrodeposited potentiostatically on top of a
uplex layer of dense and nanocrystalline TiO2 supported on TCO
TCO/d-TiO2/nc-TiO2). To evaluate the effect of time and potential,
lms are prepared at −0.7 and −0.8 V during different periods of

ime. Average values for the film thickness are presented in Table 1.

Fig. 4 shows the diffraction pattern of electrodeposited In2Se3
as-deposited). The main peaks of the �-In2Se3 structure are
resent. This result is in agreement with other diffraction patterns
f electrodeposited In2Se3 reported in the literature [6,11]. A Raman
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Fig. 1. Schematic picture of the spray pyrolysis process for the preparation of dense
anatase TiO2 films. The precursor solution contains titanium acetylacetonate (TAA)
in ethanol and is atomized in pulses by a pneumatic spray system.

F

s
i
a
s

F

Table 1
Average thickness of as-deposited In2Se3 and CuInSe2 films supported on TCO/d-
TiO2/nc-TiO2, and obtained using various electrodeposition potentials and times

Time (min) Film thickness (�m)

In2Se3 CuInSe2

−0.7 (V) −0.8 (V) −0.8 (V)

5 0.08 0.12 0.37
10 0.15 0.29 –
15 0.31 –
20 0.55 0.49 –
25 – – 0.8
40 – – 1.21
60 – – 2.64

The calculations were carried out employing Eq. (1) and assuming 100% efficiency
in each electrochemical process.

F
T

Raman spectrum of In2Se3 film are attributed to Se8 rings and Sen

molecules [12].
SEM pictures of as-deposited In2Se3 and CISe are presented in
ig. 2. XRD pattern of d-TiO2, prepared by spray pyrolysis on a TCO substrate.
pectrum characteristic of electrodeposited In2Se3 films is shown
n Fig. 5. Most of the signals belong to the anatase TiO2 layers, but

broad peak at 253 cm−1 is distinctive of the In2Se3 phase. The
trongest feature at 253 cm−1 and a shoulder at 235 cm−1 in the

ig. 3. Raman spectra of d-TiO2, prepared by spray pyrolysis on a TCO substrate.

F

F
T
2

ig. 4. XRD pattern of as-deposited In2Se3. The film is supported on TCO/d-TiO2/nc-
iO2 and prepared at 80 ◦C, holding the potential at −0.8 V (vs. SCE) during 20 min.
ig. 6. The films are homogenous and, in the case of In2Se3, formed

ig. 5. Raman spectra of as-deposited In2Se3. The film is supported on TCO/d-
iO2/nc-TiO2, prepared at 80 ◦C, holding the potential at −0.8 V (vs. SCE) during
0 min. The inset shows the deconvoluted spectra of the In2Se3 peak.
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mainly consists of CuxSe as secondary phase while at longer times
of deposition (45 and 60 min) the A1 modes signal starts to grow
indicating the presence of CISe in the film. This can be related to the
reaction of In3+ ions with the CuSex previously deposited to form
ig. 6. SEM pictures of In2Se3 and CISe supported on TCO/d-TiO2/nc-TiO2. In2Se3

0 min—(a) In2Se3: the frontal view shows a homogeneous film with particle size in
c) CISe: frontal view; and (d) CISe: the cross-view shows an average thickness of 3.

y nanosized particles. Both films are supported on TCO/d-TiO2/nc-
iO2. A cross-section view of the deposits provides a more direct
easurement for the thickness of the layers. Average values result

n 0.47 �m for the thickness of In2Se3 deposited during 15 min a
0.8 V and 3.16 �m in the case of CISe deposited for 60 min. The
alues are in relatively good agreement with those presented in
able 1.

Fig. 7 shows XRD diffraction spectra before and after anneal-
ng in Se vapor. The improvement in the crystallinity of CISe films
fter a thermal treatment in Se atmosphere can be clearly seen.
urthermore, secondary phases are usually found in the film after
nnealing [13–17]. One of these secondary phases is also identi-
ed using Raman spectroscopy, as shown in Fig. 8. The spectrum
f the annealed film contains the A1 mode signal between 175 and
78 cm−1, generally observed in CuInSe2 and an additional peak at
58 cm−1. This last peak is related to the presence of a CuxSe sec-
ndary phase [18,19]. In particular, this phase can severely damage
he electronic properties of the CISe devices, so that it has to be
emoved from the film. Etching in concentrated KCN solution is a
ell-known method to achieve this goal, enabling a complete elim-

nation of the undesired CuxSe phase. In addition, some of the CISe
hase itself is removed. An indication of this is a small reduction in

he intensity of the A1 signal and the appearance of a TiO2 signal
hat is not present in the non-etched sample, as reported elsewhere
4].

Furthermore Raman spectroscopy is powerful technique to
nvestigate the deposition process of CISe on TiO2 substrates. In

F
e
4

trodeposited at −0.8 V during 20 min and CISe electrodeposited at −0.8 V during
anometer scale; (b) In2Se3: the cross-view shows an average thickness of 0.47 �m;
.

ig. 8, the spectra of as-deposited CISe films at different times indi-
ate that at short times of electrodeposition (5 and 15 min) the film
ig. 7. XRD pattern of a TCO/d-TiO2/nc-TiO2/In2Se3/CuInSe2 cell. The CISe film was
lectrodeposited at −0.8 V during 60 min (- - -) as-deposited, (—) annealed in Se at
00 ◦C for 30 min.
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ig. 8. The effect of the electrodeposition time in as-deposited CISe samples sup-
orted on TCO/d-TiO2/nc-TiO2/In2Se3. E = −0.8 V (vs. SCE). (�) 5 min; (�) 15 min; (�)
0 min and (�) 60 min.

uInSe2, in agreement with a deposition mechanism proposed by
ther authors who have electrodeposited CISe on different sub-
trates [20,21]. This is one of the reasons why most of the results
re shown for CISe films electrodeposited during 60 min. Typical
alues for the thickness of CISe films electrodeposited at various
imes are shown in Table 1.

The data extracted from the transmission spectra recorded in
ISe and In2Se3 films are converted into (˛h�)2 versus (h�) plots,

n order to determine the band gap values (Egap) of the films. The
esults for both films are shown in Fig. 9, leading to Egap values
f 1.04 and 1.66 eV, respectively. These values are in agreement
ith the literature for films electrodeposited on different substrates

6,22].
The quality of the TiO films has been assessed by I–V
2

easurements. The I–V response of d-TiO2/graphite and d-TiO2/nc-
iO2/graphite Shottky barriers (0.07 cm2 cell area) show almost
erfect diode I–V behavior, excluding the presence of pinholes.
hen compared to results reported earlier [4], these samples have

ig. 9. Egap determination for electrodeposited (©) In2Se3 and (�) CuInSe2. The
n2Se3 layer was prepared at −0.7 V (vs. SCE) during 20 min, while the CuInSe2 was
btained at −0.8 V (vs. SCE) during 60 min. Both films were electrodeposited on
-TiO2/nc-TiO2.
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ig. 10. I–V dark response of the TCO/d-TiO2/nc-TiO2/In2Se3/CuInSe2/graphite cell.
he complete cell was annealed in Se atmosphere at 400 ◦C for 30 min and etched
n KCN solution during 1 min.

xcellent rectification ratios, with values higher than 1000 for the
-TiO2 and higher than 400 for the d-TiO2/nc-TiO2 bilayer (not
hown).

Fig. 10 shows the I–V response of a TCO/d-TiO2/nc-
iO2/In2Se3/CuInSe2/graphite cell. The curve shows a rectification
atio higher than 100. This indicates that the current due to internal
horts is moderate.

. Conclusions

In this work, TiO2/In2Se3/CuInSe2 heterojunctions have been
repared using electrodeposition and chemical spray pyrolysis. The
orphology of both materials is very good, and also the physical

nd optical properties are in good agreement with those reported in
he literature. Electrodeposition of a duplex layer of semiconductor
ompounds, each from a single bath and on top of a nanostructured
aterial as substrate proved to be successful. Therefore, the qual-

ty of the materials seems promising for application in solar cells
evices. In the case of the electrodeposited CISe film, annealing in
elenium atmosphere and etching in KCN solution are essential to
btain a crystalline material and to remove secondary phases that
re detrimental for the electronic properties of the film, respec-
ively.

Raman spectroscopy proves to be a powerful technique to
dentify secondary phases on the films and for validation of the
lectrodeposition process as well.

The current–potential curves in the dark show a very good diode
ehavior. Present investigations focus on the photoconductivity
nd photovoltaic properties of these devices. Preliminary experi-
ents indicate that although photoconductivity is clearly present,

hotovoltaic energy conversion is almost completely absent. This
ay indicate that the conduction bands of TiO2 and CuInSe2 are

ot properly aligned. In a future publication we plan to elaborate
n this important issue.
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