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CulnSe, thin films have been electrodeposited on conductive glass using cyclic pulse electrodeposition.
One cycle consists of consequtively applying potentials E; and E,, each during 10s and a total of 90
cycles are applied. E; is chosen between —0.7 and —0.9 Vscg while E; is fixed at —0.1 Vscg. The films are
annealed in argon and then etched in KCN solution to eliminate remnant secondary phases. The material
is characterized employing grazing incident X-rays diffraction, Raman spectroscopy, scanning electron
microscopy and energy dispersive scanning spectroscopy. The presence of secondary phases seems to be

Ilfz}l/svzzrgls;ctrodeposition reduced when compared to films prepared at fixed potentials. The films are crystalline and the overall
CulnSe, quality improves by annealing in Ar. Photoelectrochemical tests, Mott-Schottky plots and I-V curves
Annealing confirm p-type conduction. The diffusion regime imposed by the potential pulses could be responsi-
Etching ble for the different morphology and composition of samples prepared with pulsed and potentiostatic

electrodeposition.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Copper indium selenides are very attractive materials for pho-
tovoltaic applications due to their high absorption coefficient,
coupled to a band gap energy value matching the solar radiation.

Among the many techniques used to prepare CulnSe, (CISe)
as a thin film, electrodeposition presents advantages: it is cost-
effective, it does not require high vacuum, it can copy intricate
geometries and can be done even on top of flexible substrates
[1]. In particular, cyclic pulse electrodeposition is an attractive
method to infiltrate nanoporous structures or templates [2,3],
which constitutes a promising scenario when aiming at 3D solar cell
configurations. Highly efficient, 3-D solar cells have been recently
prepared infiltrating nanostructured TiO, with copper indium sul-
phides prepared using reactive pulses, like ALD or CVD [4,5]. There,
the basic components are delivered to the substrate in gaseous
reactive cycles. One important disadvantage of these techniques is
the high production costs, which complicate large scale production
of solar cells.

However, some problems associated to electrodeposition have
yet to be overcome. The instability of the electrodeposition bath
over long periods of time can be tackled using complexing agents
[6,7]. Also, the generation of secondary phases, such as Cu,Se, is
a well-known disadvantage, which is usually solved by etching
with KCN [1,8]. Finally, the crystallinity of the films needs to be
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improved by annealing. But due to the low vapor pressure of Se,
films annealed in vacuum, nitrogen or argon atmospheres usually
present high levels of Se vacancies. For this reason, selenization
may be necessary to replace the lost selenium and to adjust the final
stoichiometry of the CISe films [9,10]. However, the high toxicity of
gaseous Se can be a limitation for mass production of CISe-devices.
So, even when all these are efficient solutions, they impose serious
environmental issues and increase costs.

This investigation addresses the benefits of pulsed-
electrodeposition, as it may contribute in adjusting the composition
of the films [11-13], while producing crystalline layers. Thus, the
crystallographic, compositional, optical and morphological prop-
erties of CulnSe, are studied. In the near future, the viability of
infiltrating nanoestructures of TiO, with CISe electrodeposited by
pulsing the potential will be explored.

2. Experimental

CulnSe; (CISe) was deposited by cyclic pulse electrodeposition
from a single bath. Glass coated with fluorine-doped tin oxide is
used as substrate (Pilkington TEC Glass™, TEC 8, p ~ 8 Q/sq). The
substrate was cleaned and rinsed as described earlier [14]. The
geometrical area was 1.13 cm?.

A three-electrode cell, with a Pt mesh as counter electrode and
a saturated calomel electrode (SCE) as reference electrode, was
used. The electrodepositions were performed employing a PGP 201
Voltalab® potentiostat/galvanostat.

The precursor electrolyte was an aqueous solution containing
2.5mmolL~! CuCl,, 10mmolL~! InCl3 and 5mmolL-! SeO, with
0.2molL-! KCl as supporting electrolyte. The pH was adjusted
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Table 1
Average thicknesses calculated using Faraday’s law.

Electrodeposition Potential (V vs SCE) Thickness (jpm)

Pulsed -0.7 0.398
Pulsed -0.9 0.662
Potentiostatic -0.7 0.711
Potentiostatic -0.9 1.017
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Fig. 1. Potential-pulse profile imposed during the deposition of CISe films and the
corresponding current-time response.

between 2.0 and 2.5 with a few drops of a concentrated HCl stock
solution.

When using potentiostatic electrodeposition, two potential val-
ues were used: —0.7 and —0.9 Vscg. The deposition time is always
30min and the solution is purged with nitrogen to remove the
oxygen from the electrolyte before the electrodeposition. After
completing the electrodeposition, the samples are rinsed with dis-
tilled water and dried in air. The average thicknesses attained were
evaluated using Faraday’s law and are presented in Table 1.

When using cyclic pulsed electrodeposition, one pulse consisted
of applying E; for 10s and then E, for another 10s. Two E; values
were investigated, —0.7 and —0.9 Vscg and E; was fixed at —0.1 Vg,
initially following the potentials previously reported in the litera-
ture [11]. A typical response (i vs. t) is presented in Fig. 1. 90 cycles
were applied, which took 1800s. Average thicknesses are shown in
Table 1.

The films were annealed in argon at 500 °C during 30 min, using
a home-built reactor. When indicated, CISe films were chemically
etched by immersing the sample in 0.5 molL~1 KCN during 5 min.

The crystalline structure of the films was analyzed by X-ray
diffraction in grazing incidence configuration (GXRD) using a PAN-
alytical X'Pert PRO diffraction system employing Cu-Ka radiation
at 40kV and 40 mA. The samples were scanned between 15° and
75° with a step size of 0.01°, with a 3° incidence angle. The crys-
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Fig. 2. GXRD diffractogram of electrodeposited CISe films.

(a) Pulsed electrodeposition, 90 cycles at E; = —0.7 Vscg. (1) FTO substrate; (2) as
deposited; (3) annealed in argon at 500 °C for 30 min.

(b) Electrodeposition, at E/E; = —0.9 Vscg. (1) Pulsed electrodeposition, 90 cycles, as
deposited samples; (2) potentiostatic electrodeposition, 1800s, as deposited sam-
ples; (3) pulsed electrodeposition, 90 cycles, annealed samples.

tallographic data for each phase were taken from the literature
[15].

Raman spectroscopy measurements were performed using an
Invia Reflex confocal Raman microprobe using a 50x objective.
Excitation was provided with the 514 nm emission line of an Ar*
laser. To prevent damage by heating, the power of the laser was
reduced to 10% using neutral density filters. In this configuration
the laser power on the sample was 0.2 mW measured with a sil-
icon photodiode (Coherent Inc.). For these power conditions, no
observable thermal effects on the Raman spectra were found.

Table 2
Chemical composition of different as-deposited electrodeposited CISe films, determined by EDS.
Cycles Cu In Se Cu/In Se/(Cu+1In)
As deposited
—0,7 Vsce Yes 21,32 17,41 61,27 1,22 1,58
—0,9 Vsce Yes 20,74 21,04 58,22 0,99 1,39
—0,7 Vsce No 23,53 23,48 52,99 1 1,13
—0,9Vsce No 21,39 48,95 29,66 0,44 0,42
Annealed Ar (500°C-30 min)
—0,7 Vsce Yes 22,33 16,25 61,42 1,37 1,59
—0,9Vsce Yes 22,58 21,88 55,54 1,03 1,25
Annealed +KCN etching
—0,9Vsce Yes 23,31 21,78 54,90 1,07 1,22
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Fig. 3. SEM images of CISe electrodeposited films, prepared by pulsing the potential.

(1) As-deposited samples (a) E; = —0.7 Vscg; (b) E1 = —0.9 Vscg; (¢) E1 = —0.9 Vscg, cross view; (2) Samples annealed for 30 min at 500 °Cin Ar. (d) E; = —0.7 Vscg; (€) Ey = —0.9 Vscg.

Film morphology and composition was studied by SEM and EDS,
with a scanning electron microscope JEOL JSM-6460LV coupled
with an EDAX Genesis XM4 - Sys 60 Multichannel Analyzer for
X-ray Energy Dispersive Spectroscopy (EDS).

To calculate the thickness of the films (T), an equation based on
Faraday’s law has been used (Eq. (1)):

1 /itM
= (%) M
Here n is the number of electrons transferred, F is Faraday’s
number, A is the electrode geometrical area, i is the current, t is
the deposition time, M is the formula weight, and p is the density.

In the case of CISe, M=336.28 g/mol and p=5.77 g/cm3. Also, 13
electrons are exchanged, as described by reaction (2):

Cut +1In*3 +2Se0372 + 12H* + 13e~ — CulnSe, + 6H,0 (2)

A Shimadzu UV-160A spectrophotometer was employed to reg-
ister absorption spectra in the wavelength range 350-1100 nm at
room temperature.

Photocurrent, photopotential and potentiodynamic measure-
ments were carried out forming a semiconductor/electrolyte

junction by immersion of the FTO/CISe film in 0.5 mol L-1 KCI solu-
tions. The light source was a 150W Xe lamp, chopped using an
electronic shutter (UniblitzR model T132). The light beam entered
the cell through a quartz window and shinned on the film side
of the glass. A filter removes the ultraviolet radiation (Schott™,
A<350nm). An IVIUM® compact potentiostat/galvanostat was
employed to carry out these measurements.

In the same experimental configuration Mott-Schottky analysis
was undertaken by applying a 0.01 Vs sinusoidal excitation sig-
nal with a frequency of 1 kHz. The applied bias ranges from 0.0 to
—0.8V, at a sweeping rate of 0.01Vs~!, scanning the potential in
the negative direction.

3. Results and discussion

Fig. 2 presents GXRD diffractograms of samples electrode-
posited (ED) using pulsed and fixed potentials. Fig. 2a compares
as-deposited and annealed CISe films prepared at —0.7 Vscg. A
diffractogram of the FTO substrate is also superimposed for the
sake of comparison. As can be seen, the substrate spectrum presents
many peaks, most of them resulting from SnO, (identified with an
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Fig.4. EDS element mapping of CISe films. As-deposited samples, prepared by puls-
ing the potential. E; = —0.9 Vscg. (@), Cu map; (b) In map and (c) Se map.
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Fig. 5. SEM images of CISe electrodeposited films, prepared at constant potential.
As-deposited samples. (a) E=—0.7 Vscg; (b) E=—0.9 VscE.

asterisk, *). Unfortunately, the main (1 1 2) diffraction plane of CISe
appears at the same angle than one of the components of FTO. How-
ever, it is clear that only after annealing other diffraction planes
from the CISe phase like (204/220), (200/116) and (211) can
be seen in the diffractogram, confirming the improvement of the
film crystallinity. Also, it is worth noting that small reflections of
undesirable phases such as Cu,Se, and Se are now present. Fig. 2b
shows diffractograms of samples prepared at —0.9 Vscg, compar-
ing potentiostatic and pulsed electrodeposition (with and without
annealing). Again, the contribution of the main peak of CISe can-
not be distinguished from that of FTO. However, the as-deposited
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Fig. 6. Plots of (ahv)? vs. (hv), for CISe films comparing pulsed and potentiostatic
deposition at —0.7 and —0.9 Vscg, with and without annealing.
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sample prepared by pulsed electrodeposition shows a broad peak at
44.4° that could comprise the contribution of Cuq gSe (main diffrac-
tion at 44.48°) and CulnSe; (diffraction at 44.27°). In parallel, the
sample electrodeposited at fixed potential does not have this sig-
nal and shows peaks that can be attributed to In,Ses, Culn/Cuglnyq
alloys and metallic In, which are absent in the pulsed sample. The
excess of indium in the global composition of this sample was con-
firmed by EDS (see below). Finally, as was the case for Fig. 2a, other
diffraction planes from the CISe phase can be clearly identified after
annealing the films.

Table 2 presents the composition of as-deposited, annealed and
etched samples, as determined by EDS. When using pulsed elec-
trodeposition, as-deposited samples are highly rich in selenium,
in agreement with the XRD results. Others authors have found
that an excess in selenium promotes the formation of CuxSe com-
punds [16,17]. However, as selenium is readily vaporized when the
temperature increases, the annealing stage seems to improve the
stoichiometry of the CISe layer, particularly in the film deposited
at —0.9Vsce. In this case, etching seems to produce no further
improvement in the average composition of the film. When using
potentiostatic electrodeposition, the as-deposited sample prepared
at —0.9 Vg is highly rich in indium. This could be associated to the
composition of the electrolytic bath, to the excessively negative
potential, or both. XDR diffractograms confirm this result. In the
case of the sample electrodeposited at —0.7 Vscg, the global com-
position seems to be well-adjusted to that of CISe. Nevertheless,
it should be kept in mind that this analysis does not identify the
different phases and for this reason, EDS has been complemented
with X-ray diffractograms and Raman spectra.

Fig. 3 displays SEM micrographs of as-deposited samples, pre-
pared by pulsing the potential with E; = —0.7 and —0.9 Vscg. There
is no noticeable effect of the most negative potential of the pulse on
the morphology of the resulting film. All the images show spherical,
submicron-size grains, homogenously distributed and with a good
coverage of the whole surface. SEM cross-sections resulted in good
agreement with the thickness values given in Table 1. However, it
is worth noticing that Eq. (1) should be taken as an approximation,
since the formula weight and density vary with the composition,
the area is not corrected by the surface roughness and the effi-
ciency of electrodeposition rarely reaches 100%. Upon annealing,
the films seem to be more compact, particularly in the case of the
sample prepared with E = —0.7 Vcg.

Cu, In and Se EDS mapping are shown in Fig. 4 and illustrate
an even distribution of all the elements along the sample (only the
results for the annealed film deposited at E; = —0.7 Vg are shown).

Fig. 5 presents SEM micrographs of as-deposited samples elec-
trodeposited at fixed potentials (—0.7 and —0.9V). Comparing
Figs. 3 and 5, a remarkable change in morphology can be seen as a
result of pulsing or fixing the potential. The films grown potentio-
statically are porous and they present a cauliflower-like structure
frequently found in electrodeposited CISe films [16,17]. Meanwhile,
the films prepared by pulsed electrodeposition exhibit a more com-
pact and homogenous coverage, which improves after annealing.

The band gap values (Eg) of semiconductor films were deter-
mined from transmittance spectra by plotting and extrapolating
(—In(T)-hv)? versus (hv) after the annealing treatment, and are
shown in Fig. 6. Results from potentiostatic and pulsed electrode-
position are compared. Independently of the preparation mode, the
calculated Eg presents average values between 0.92 and 1.0eV, in
close agreement with values reported for CISe films obtained by
three-potential pulsed electrodeposition [13] and by fixed poten-
tial deposition in different conditions [14,18]. The sample prepared
pulsing the potential presents a band gap energy value closer to
1eV. It is worth pointing out that no significant difference in the
band gap energy value could be attributed to the use of various
potentials or to the annealing stage.

In order to check the compositional homogeneity of the samples,
Raman micro-mapping was performed by recording 29 spectra
along the diagonal of 20 x 20 wm regions, which are presented
in Fig. 7. Fig. 7a and b compare as-deposited CISe films prepared
by pulsed ED (E; = —0.9 Vscg) and potentiostatic ED (E=—0.9 Vgcg),
respectively. In every spectrum, the most intense signal corre-
sponds to the A; mode.

As discussed in the literature [19], the position of the peaks from
the A; mode may be slightly blueshifted compared to the chalcopy-
rite CulnSe, A1 mode (173 cm~1!), reflecting compressive residual
stress.

Additional vibration modes typical of chalcopyrite are also
present in the spectra [20]. At 128cm~! the B; mode assigned
to the vibration of Cu-In bonds and the low intensity band By, E
between 200-230cm™! are present. Similar results were reported
for CISe films prepared at fixed potentials deposited on dense TiO,
layers [14].1Itis clear from the comparison that the amount of binary
CuySe phases is greater in the sample prepared at fixed potential. In
contrast, in the sample deposited using potential pulses, there is a
signal at 240 cm~! that can be attributed to trigonal selenium [21].
This excess in Se could be related to the need of better adjusting the
composition of the precursor solution when cycling the potential,
which currently seems to favor the deposition of Se. Also, the com-
position of the sample prepared by pulsed ED is more homogenous.
The film prepared using potentiostatic ED shows a greater contri-
bution of the By signal. This signal is absent in most of the spectra
of films prepared by pulsed ED, and could be associated to the dif-
ferent morphology of the films and/or to the presence of In-rich
phases.

Fig. 7c and d present micro-mapping of CISe films prepared by
pulse ED. Both films were annealed in argon flux (500 °C - 30 min)
but only one (Fig. 7d) was etched in KCN solution. First, it is worth
noting that the composition of both films is clearly homogeneous.
By comparing Fig. 7a and c it can be seen that the peaks are sharper
after annealing, as expected for more crystalline samples. Also, it
is worth noting that the signal attributed to the trigonal Se is no
longer present in the annealed films. This confirms that Se is vapor-
ized during the annealing stage, in agreement with the EDS results
or incorporated to the structure of CISe. Both types of films present
sharp signals of the A; mode indicating that the film is mainly com-
posed by CulnSe,. However, small lumps appear in the annealed
samples in the region around 260 cm~! and these can be attributed
to disperse Cu,Se compounds that are still present in the film. In
the case of the etched film, the region close to 260cm™! is flat-
ter which confirms the partial dissolution of the CuySe secondary
phase.

Fig. 7e and f show Raman spectra of annealed samples where
the effect of the different preparation methods, potentials chosen
and etching treatments can easily compared. The spectra have been
normalized to the intensity of A; mode and displaced along the
Y-axis for visual purposes. Clearly, the B; mode is absent in the
samples prepared using pulsed potentials and etching effectively
dissolves CuxSe compounds.

Itis well known that the semiconducting properties of chalcopy-
rite depend on their non-stoichiometry and are governed by the
presence of intrinsic defects such vacancies and interstitials [22,23].
It has been shown that the p-type films involve a slight excess of
copper, whereas the n-type films involve excess of indium [24-26].
But even if the predominant type of conduction can depend on
preparation methods, examples of n-type CISe prepared by pulsed
electroplating have been reported before [25]. Photoelectrochem-
istry can be used to explore the nature of the carriers. When
semiconductor electrodes are exposed to periodic illumination, the
current driven is affected by the creation of electron-hole pairs,
which alters the concentration of minority carriers and thereby
promotes processes governed by these carriers. During photoex-
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(E1 =—0.9 VscE).

citation, both photopotential and photocurrent can be observed,
even at open circuit potential. The photoexcited electrons and holes
are separated in the space charge layer, and are driven by the elec-
tric field in opposite directions. This migration induces an inverse
potential in the electrode (photopotential), reducing the potential
difference across the space charge layer and retarding the migration
of the carriers. In the case of p-type semiconductors, the Fermi level
of the semiconductor decreases (the electrode potential increases)
when the band edge level bends downward in the space charge
layer. Moreover, a negative photocurrent is registered when pho-

toproduced electrons move across the space charge region towards
the electrode/electrolyte interface and increase the cathodic cur-
rent [27]. Fig. 8 shows the photocurrent registered at open circuit
potential and the photopotential developed across the junction. The
cathodic nature of the photocurrent and the positive value of the
photopotential confirm the p-type character of the film. As it can be
seen, the photocurrent of the films prepared at constant potential
is lower.

To evaluate semiconductor parameters such as the flat band
potential (Vgg) and the density of carriers, AC measurements can
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Fig. 8. Photocurrent (A) and photopotential (B) response of CISe films annealed in
argon, using chopped light (10s on/10s off). Hollow symbols for CISe films pre-
pared by pulsed electrodeposition, using E; = —0.9 Vscg. Solid symbols for CISe films
prepared by potentiostatic electrodeposition, using E=—0.9 Vscg.

be interpreted from a Mott-Schottky (MS) plot (Eq. (3)):

1 2 kT
= —= ) (V-Vi— — 3
c2 (esoerAZ) ( BB~ ) 3)

where C is the differential capacitance of the space-charge region,
&0, the permittivity of vacuum, &; the relative dielectric constant, N
the donor density for n-type semiconductor or the acceptor density
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Fig. 9. Mott-Schottky plot of CulnSe; film in contact with KCl solution (pH ~2).
The CISe film was prepared by pulsed electrodeposition, using E; = —0.9 Vscg, then

annealed in argon and etched 5 min in KCN solution. The frequency was 1kHz and
the sweep rate 10mVs~'.
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for a p-type semiconductor, A the surface area of the sample, V the
electrode potential, and Vg the flatband potential. The dielectric
constant ¢ is taken as 8.1 [26]. Fig. 9 shows a MS plot of an annealed
sample prepared by pulsed ED, where the negative slope confirms
p-type conductivity. The intercept on the applied potential axis
yields —0.6V for the flat band potential. The acceptor density (N),
calculated from the slope, resulted in 4 x 10'® cm—3. Even if this
value is higher than expected, it has to be taken into account that
most of the data in the literature apply to ingots [28] or monocrys-
talline CISe [29]. Instead, these samples are polycrystalline, where
due to the presence of grain borders and surface states, the number
of defects can increase noticeably. Also, roughness might increase
the active area. Other authors have found similarly high values of
carrier density in electrodeposited CISe films. This fact has been
related to a high density of defects present in the film [26] or
to remnant secondary phases of CuySe that are located deeper in
the material and are not effectively removed by KCN etching [30].
Other studies [18,31] report carrier density values obtained using
solid-state devices, in contrast with our measurements, which are
performed in solution, using a conventional three-electrode cell.
Lower donor densities calculated in air when compared to those
measured in electrolyte-filled TiO, electrodes have been reported
before by other authors and attributed to increased oxygen vacancy
passivation in air [32]. The potentiodynamic polarization curves,
recorded in the dark and under illumination after the annealing
treatment, are shown in Fig. 10. The dark current density (J4) is rel-
atively small (of about 0.1 A) indicating that CISe forms a blocking
contact with the electrolyte. Upon irradiation, the curve exhibits
a cathodic photocurrent J,, supporting the p-type character as
expected for the Cu-rich side in the ternary Cu-In-Se phase diagram
[25,28]. As anticipated, the onset of the photocurrent is in good
agreement with the flat band potential that can be derived from
the Mott-Schottky plot (Ery = —0.58 Vscg ) according to the relation
that J,, oc(Vgg — V) [27]. Other authors have found similar results in
electrodeposited p-type CISe films [28].

4. Conclusions

CulnSe, films were electrodeposited onto FTO glass from a sin-
gle bath, comparing two-step potential pulses with potentiostatic
electrodeposition. Two different potential values were investi-
gated.

There are slight differences in film morphology and coverage
when depositing at —0.7 or —0.9 Vscg, although the reasons that
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explain this effect are still unclear. However, they both improve
distinctly by pulsing the potential and even more by annealing.

EDS and micro-Raman maps demonstrate that the composition
is spatially homogeneous when the potential is pulsed. Also, the
presence of secondary phases is much lower than that on films
prepared at fixed potentials. The amount of residual elemental Se
is greatly decreased during the thermal treatment while CuySe can
only be efficiently removed by etching in KCN solution. Only after
annealing the samples are crystalline enough so as to show distinc-
tive peaks in the X-ray diffractograms. Overall, there seems to be no
noticeable quality differences between the films prepared by puls-
ing the potential at —0.7 or 0.9 V. Instead the global composition
seems to be better adjusted when pulsing the potential, in contrast
with fixing the potential.

Photoelectrochemical tests, polarization curves and Mott-
Schottky plots confirm p-type conduction. These, together with
absorption spectra enable the calculation of relevant semicon-
ductor parameters such as band gap energy, flat band potential
and carrier’s density. The properties obtained suggest that elec-
trodeposition is suitable to prepare photovoltaic devices, but the
photocurrent is higher when the potential is pulsed.

The diffusion regime imposed by the potential pulses could be
responsible for the differences in morphology and composition.
Further research will focus on using pulsed electrodeposition to
infiltrate nanoporous oxides and to prepare 3D-solar cells.
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