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Abstract CulnSe, thin films were electrodeposited on con-
ductive glass using potentiostatic (PoED) and pulsed electro-
deposition (PuED). One pulse consisted of a step between two
potential values: £,=-0.9 and £,=-0.1 Vgcg. Each potential
was applied during 10 s. Twenty to 180 pulses were applied.
In the case of POED, —0.9 Vgcg were applied during 400 to
3,600 s. The differences in crystallographic structure, mor-
phology, and chemical composition between as-deposited
PoED and PuED films were investigated by X-ray diffraction,
Raman spectroscopy, scanning electron microscopy, and en-
ergy dispersive scanning spectroscopy. The presence of sec-
ondary phases seemed to be reduced by using PuED. X-ray
diffraction showed no significant differences between films
prepared by PuED and PoED. Instead, micro-Raman spec-
troscopy revealed that the chemical composition and homo-
geneity were improved by pulsing the potential. The thickness
of the films increased, and the crystallinity improved as more
pulses were applied. For both types of electrodeposition,
longer times favored the formation of nearly stoichiometric
CulnSe,. For the electrical characterization, the films were
annealed in argon and then etched in a KCN solution. KCN
etching showed no effect in the film composition. Photoelec-
trochemical tests and I-V curves confirm p-type conduction.
The differences observed in composition, morphology, and
optoelectronic properties were attributed to the current profile
imposed on the electrode.
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Introduction

CulnSe, is one of the most extensively investigated materi-
als in the field of thin film solar cells. However, highly
efficient solar cells that employ CulnSe, or its related qua-
ternary alloy Cu(Ga,In)Se, involve expensive vacuum-
based processes. Cost-reduction can be achieved by careful-
ly choosing the deposition techniques used to prepare each
layer of the solar cell. Among them, electrodeposition
presents important advantages: It can produce large area
coatings; it can copy intricate geometries, and it can be used
even on top of flexible substrates [1, 2]. In particular, pulsed
electrodeposition is a promising method that could be used
to infiltrate nanostructured substrates [3, 4]. Structures that
are interpenetrated on the nanoscale could constitute an
interesting alternative to prepare solid 3D solar cells, with
extensive contact between the semiconductor materials [5].

It should also be taken into account that there are
some disadvantages associated to the electrodeposition
method. In the particular case of the Cu-In-Se ternary
system, a well-known drawback is the generation of
secondary phases, such as Cu,Se, which is usually
solved by etching with KCN solutions [6—8]. Recently,
other authors have demonstrated that a three-potential
pulse electrodeposition can be used to produce CulnSe,
films on ITO substrates with an improved morphology,
reducing the number of agglomerates and producing a
more uniform grain size [9]. It is also well known that
the crystallinity of the films needs to be improved by
carrying out thermal treatments. But given that Se
vaporizes at temperatures higher than 220 °C, the films
annealed in vacuum or inert atmospheres usually present
high levels of Se vacancies. For this reason, the replace-
ment of the lost selenium has to be taken into account
choosing an appropriated atmosphere for the thermal
treatments [1, 10]. Also, the high toxicity of most of
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the Se sources used during annealing can be a limitation
for mass production of CulnSe, devices. So, even when
there are well-known and efficient measures to compen-
sate for the drawbacks, most of them impose serious
environmental issues and increase costs.

In our previous work [11], we evaluate the influence of the
deposition potential when using potentiostatic (PoED) and
pulsed electrodeposition (PuED). This new investigation is
focused on the influence of the current profile imposed on the
electrode. In particular, the objective is to obtain CulnSe,
films free of secondary phases (such as Cu,Se) and to mini-
mize the need of the KCN etching to remove them. The
changes in structure, morphology, and composition produced
when the potential is pulsed are evidenced by comparison
with CulnSe; thin films electrodeposited at constant potential.
In the next stage of this investigation, the viability of infiltrat-
ing nanostructures of TiO, with CulnSe, produced by pulsed
electrodeposition will be explored.

Experimental section

CulnSe, was electrodeposited from a single bath. Glass
coated with fluorine-doped tin oxide was used as substrate
(FTO, Libbey Owens Ford, ~8 /sq). The substrate was
cleaned thoroughly and rinsed as described earlier [12].
The electroactive area was 1.13 cm?.

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

PoED was carried out holding the potential at —=0.9 Vgcg
during a given time, between 400 and 3,600 s. The solution
was purged with nitrogen to remove dissolved oxygen be-
fore starting the electrodeposition. After completing the
electrodeposition, the samples were rinsed with distilled
water and dried in air.

When using PuED, one pulse consisted of applying —0.9
Vgck for 10 s and then —0.1 Vgcg for the next 10 s [13]. To
produce CulnSe, films with different thicknesses, 20 to 180
pulses were applied, taking from 400 to 3,600 s.

Both in the case of POED and PuED, the precursor
electrolyte was an aqueous solution containing
2.5 mmol L' CuCl,, 10 mmol L™! InCls, and 5 mmol Lt
Se0, with 0.2 mol L' KCl as supporting electrolyte (Cu/In/
Se ratio results in 1:4:2). The pH was adjusted between 2
and 2.5 with a few drops of a concentrated HCI stock
solution.

CulnSe, films were annealed in argon at 500 °C during
30 min, using a home-built reactor. After annealing, some
films were chemically etched by a 5-min immersion in KCN
solution (0.5 mol L ™) to elucidate the effect of the chemical
attack on the composition of the films.
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The crystalline structure of the films was analyzed by X-
ray diffraction in grazing incidence configuration (GXRD,
3° incidence angle) using a PANalytical X Pert PRO dif-
fraction system employing CuKa radiation at 40 kV and
40 mA. The samples were scanned between 15° and 75°
with a step size of 0.01°. GXRD data were analyzed using
X’Pert PRO HighScore software, and the crystallographic
data for each phase were taken from the literature [14].

Raman spectroscopy measurements were performed us-
ing an Invia Reflex confocal Raman microprobe using a x50
objective. Excitation was provided with the 514 nm emis-
sion line of an Ar" laser. The Raman spot is circular (diam-
eter ~1 um). Using neutral density filters, the power of the
laser was reduced to 10 % to prevent damage by heating. In
this configuration, the laser power on the sample was
0.2 mW, as measured with a silicon photodiode (Coherent
Inc.). For this power level, no thermal damage was ob-
served. Raman micro-mapping was performed by recording
29 spectra along the diagonal of 20 % 20-pm squares. Raman
spectra were taken averaging three acquisitions of 20 s each.

A scanning electron microscope (JEOL JSM-6460LV)
coupled with an X-ray energy dispersive spectroscopy ana-
lyzer (EDAX Genesis XM4-Sys 60 Multichannel Analyzer)
was used to study the film morphology and composition.

A Shimadzu UV-160A spectrophotometer was employed
to register absorption spectra in the wavelength range 350—
1,100 nm at room temperature and to calculate the band gap
energy (Ey,p,) by extrapolation.

Photocurrent and current-voltage measurements were
carried out forming a semiconductor/electrolyte junction
by immersion of the FTO/CulnSe, film in 0.1 mol L'
Na,SO, solutions. The light beam entered into the cell
through a quartz window and shined on the film side of
the glass used as substrate. In the case of the photocurrent
evaluation, the light source was a solar simulator coupled
with an air-mass filter 1.5 G (Oriel-Newport 96000). The
light was chopped using an electronic shutter (Uniblitz
model T132). To register the -V curves, the light source
was a 150 W Xe lamp, coupled to a filter to remove the
ultraviolet radiation. An IVIUM compact potentiostat was
employed to carry out these measurements.

Results and discussion

The evolution of the potential in time and the corresponding
response in current density (J) for both types of electrode-
position (PoED and PuED) are compared in Fig. 1a and b,
respectively. From Fig. la, a noticeable current drop is
evident as soon as the potential is imposed. This is related
to a fast reduction of the ions that are near the electrode
surface. After the initial 100 s, a limiting current is recorded,
typical of a deposition process controlled by mass transport.
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Fig. 1 Potential-time profile imposed during the deposition of CulnSe, films and the corresponding current—time response. a POED; b PuED

PuED (Fig. 1b) presents a more complex current—time
response. It can be seen that, when the potential £; (or “neg-
ative potential”) is applied, the current increases sharply and
then decreases tending to a steady value, similar to what is
observed in POED. However, when potential £, (or “positive
potential”) is applied, the current drops even more. During this
period, ions migrate to depleted areas in the bath. When £ is
applied again, more evenly distributed ions are available for

20 cycles {400 s)

45 oycles (900 )

deposition onto the substrate [15]. Furthermore, starting from
the third cycle anodic currents are recorded right after impos-
ing E,. In addition to replenishing the diffusion layer, these
short periods when the current is anodic may contribute in
selectively dissolving impurities or secondary phases to pro-
duce a more uniform deposit. The differences observed be-
tween Fig. la and b may provide an explanation for
morphological heterogeneity to be illustrated in Fig. 2.

" \ ts-—---,—--- &
TI5H X 5000° 5B,
90 cycles (1800 s)

b

Fig. 2 Scanning electron microscopy (SEM) images of as-deposited samples prepared at —0.9 Vgcg, using various times and number of pulses, as
indicated. a PoED and b PuED. The scale bar denotes 5 um in every picture
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The current profiles shown in Fig. 1a and b can also be
used to calculate the thickness of the films (7), by means of
an equation based on Faraday’s law (Eq. 1):

)%

Here, n is the number of electrons transferred, F is Fara-
day’s number, J is the current density, ¢ is the deposition
time, M is the formula weight, and p is the density. The total
charge Q was calculated by the integration of the J(¢) curves
recorded in each deposition. In the case of CulnSe,, M=
336.28 g/mol and p=5.77 g/em® [16]. Also, 13 electrons are
exchanged, as described by reaction (2):

Cu™? + In™® +2Se0;2 + 12H' + 13e~ — CulnSe, + 6H,0
(2)

As it can be seen in Table 1, the thickness of the films
increased with the number of pulses applied. Average values
of over three individual experiments were calculated.

Figure 2 displays scanning electron microscopy (SEM)
images of as-deposited samples, where POED and PuED are
compared. The films grown at constant potential turned out
to be very porous, presenting a cauliflower-like structure
frequently found for electrodeposited CulnSe, films
[17—-19]. This type of morphology became more character-
istic at longer deposition times, which is most likely asso-
ciated to a deposition process controlled by mass transport.
The films prepared by pulsed electrodeposition are also
porous. However, these films exhibited a more compact
and homogenous coverage, with submicron-size grains.

For films grown with 90 or more pulses, the thickness
showed good agreement with the values determined from
SEM cross-section images. As these films are porous, this
demonstrates that the efficiency of electrodeposition is below
100 %. For this reason and since that the formula weight and
density vary with the sample composition, Eq. 1 should be
taken as an approximation. Applying fewer pulses, the films
were found to be so thin that thickness evaluation by SEM was
not possible. Furthermore, as expected, POED produced thicker
films for equivalent total times, since the negative potential is
effectively applied during the whole period of time.

Table 1 Average thicknesses of electrodeposited CulnSe, films cal-
culated using Faraday’s law (Eq. 1) and assuming 100 % efficiency in
the electrodeposition process

Number of pulses Thickness, pm Deposition time, s Thickness, pum

20 0.14 400 0.23
40 0.31 900 0.64
90 0.70 1,800 1.02
180 1.00 3,600 2.64
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Figure 3 presents GXRD diffractograms of CulnSe; films
supported on FTO substrates. The low-intensity peaks are
magnified in an inset in each figure. The films were electro-
deposited using constant and pulsed potentials (Fig. 3a and
b, respectively). The substrate diffraction pattern is included
in both figures for the sake of comparison, which also shows
some peaks that can be attributed to the CuK/ radiation
from the X-rays that cannot be filtered due to the incidence
angle. Unfortunately, the main diffraction plane of CulnSe,
(112) appears at almost the same angle than the most intense
peaks from SnO, (main component of FTO). This difference
is less than 0.1°.

As it can be seen in Fig. 3a, those films prepared
using PoED do not show any of the diffraction planes
typical of the CulnSe, chalcopyrite phase (PDF no. 40—
1487), independently of the deposition time. Most of
the peaks in the diffractogram are attributed to the
substrate (SnO,, PDF no. 77-0452). This can be taken
as an indication of the low degree of crystallinity, which
is usual in as-deposited samples of this material. At
400 s, low-intensity peaks related to metallic indium
(PDF no. 01-1042) and Culn (PDF no. 35-1150) alloys
can be identified. At longer times, additional diffraction
peaks corresponding to In,Se; (PDF no. 72-1469) and
CuyyIng (PDF no. 41-0883) are identified, revealing that
as-deposited PoED films contain an excess in indium.
This was further confirmed by energy dispersive spec-
troscopy (EDS) (see below). The presence of In,Se; and
Culn alloys in electrodeposited CulnSe, films has been
reported before by other authors [20, 21]. In the case of
the films obtained by PuED (see Fig. 3b), 20 pulses
most likely produce an extremely thin film where only
diffraction peaks from the substrate can be identified.
After more pulses were applied, particularly using 90
pulses, new diffraction peaks are present. Among them,
there is a broad signal around 44.5° that can be
assigned to the diffraction of the characteristic trigonal
plane splitting (204/220) of the CulnSe, phase. Alterna-
tively, it can be related to the diffraction of CujgSe
(PDF no. 71-0044).

After annealing at 500 °C during 30 min, the crystallinity
and phase composition of the films changed significantly. In
the case of PoEd films (Fig. 3c), the films electrodeposited
during 900 s present several peaks that can be attributed to
In,S; (PDF no. 12-0117). No diffraction peaks related to
CulnSe, tetragonal phase could be identified. As it was
observed in as-deposited PoED films, the high indium con-
tent obtained at this potential promotes the formation of
binary indium compounds. Using longer deposition times
(1,800 s), the results are similar, but, instead of indium
selenide, the films present peaks characteristic of In,O;
(PDF no. 74-1990). This could be the result of partial
oxidation during thermal treatment. Despite this, other peaks
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Fig. 3 GXRD diffractogram of CulnSe, films deposited using different number of pulses and times. a As-deposited PoED; b as-deposited PuED; ¢
annealed PoED, and d annealed PuED. The inset in each figure is provided to clarify the analysis

could be assigned to an indium-rich chalcopyrite phase such
as Cugzoln; 50Se, (PDF no. 42-0862). A zoom within 25°
to 28° provides more details regarding the difference in
phase composition between these films and the substrate.
The high indium content in as-deposited films (see EDS
results, Table 2) can explain these stoichiometry deviations
in these films and the presence of indium binary compounds
as In,S; and In,Os;.

Annealed PuEd films (Fig. 3d) show diffraction
peaks typical of tetragonal CulnSe, (PDF no. 40—
1487). Additional signals can be associated to Cu,Se
compounds (PDF no. 19-0401) that are frequently
formed in CulnSe, deposition [6, 22]. PuED films pre-
pared at different number of cycles do not show

significant difference in their crystal structure, in con-
trast with the case of PoED films (Fig. 3c). Again,
Fig. 3d includes a zoom between 25° and 28°. In this
case, it can be seen that, as the number of cycles
increases, the peak maximum gets closer to the position
of the (112) CulnSe, plane and can be easily identified
from the contribution of the FTO substrate.

Table 2 presents the composition of as-deposited samples
as a function of the number of pulses applied or the time
used, as determined by energy dispersive X-ray spectrosco-
py. Those samples prepared by PoED present a noticeable
excess in the content of indium, as was discussed above in
relation to XRD results. Only after 1 h of deposition is the
global composition close to that of the stoichiometric

Table 2 Chemical composition of as-deposited CulnSe, thin films determined by EDS

PuED PoED

Number of pulses Cu In Se Cu/In Se/(Cu+In) Time, s Cu In Se Cu/In Se/(Cu+In)
20 22.1 15.9 62.0 1.4 1.6 400 19.9 29.9 50.2 0.7 1

45 24.2 17.6 58.2 1.4 1.4 900 21.2 429 35,9 0.5 0.5

90 20.7 21.1 58.2 0.9 1.4 1800 21.4 48.9 29.7 0.4 0.4
180 27.1 25.2 47.7 1.1 0.9 3600 26.1 24.5 49.4 1.1 1.0

PuEd pulse electrodeposition, PuEd potentiostatic electrodeposition
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Fig. 4 Raman spectra of samples prepared by PuED with different
number of pulses (20 to 180)

formula (Cu, g7Ing 95Se; og). It has to be taken into account
that, when using PoED the applied potential might be too
negative, since the electrodeposition on metallic substrates
is generally done imposing potential from —0.4 to —0.8
Vsce-

When using PuED, the evolution in the indium and
selenium contents as the number of pulses increased (see
Table 2) is more regular. The amount of indium increases
and that of selenium decreases, while the content in copper
remains mostly constant as more cycles are applied. Low
indium contents for 20 and 45 pulses could be indicating
that, at short times, the film is mainly composed by Cu,Se.
It has been demonstrated that the formation of CulnSe,
proceeds via the initial deposition of Cu,Se which later
reacts with the indium present in the solution [22, 23]. In
contrast, EDS results show that after applying 180 pulses, a
film with a composition that is close to the stoichiometric
formula was obtained. These results will be complemented
with those from Raman spectroscopy, to be described below.

Figure 4 presents average Raman spectra of samples
prepared by PuED at —0.9 Vgcg with different number of
pulses (20 to 180). Table 3 presents the position of the peaks
together with FWMH values (full width at half maximum)
for the A; mode peaks shown in Fig. 4. All the spectra
contained the A; mode within 170-175 cm ™' related to the

Table 3 Position of the A; mode Raman peaks in Fig. 4 and full width
at half maximum values (FWMH)

Number of cycles A position, cm! FWHM, cm!
20 178.64 16.07
45 177.13 15.36
90 174.37 9.97
180 173.32 12.94

@ Springer

vibration of Se—Se bonds (anions), but this signal was
sharper and more intense in films grown with higher number
of pulses (90-180), typical of more crystalline films [24,
25].

The position of the peaks of CulnSe, films deposited
with fewer pulses (20-45) was blue-shifted with respect to
the position of the A; mode. This can be related to residual
stress or to a higher density of defects present in these films
[25]. The spectra of films deposited with 20 and 45 pulses
(see Fig. 4) shows a small shoulder at 259 cm ' that can be
attributed to Cu,Se produced during the first stages of
CulnSe, formation [26, 27]. Using more pulses, this signal
can no longer be seen, indicating reaction with In"> ions
when given enough time. Additional vibration modes typi-
cal of chalcopyrite are also present in the spectra of the films
deposited with 90 and 180 pulses [28]. At 128 cm ™, the B,
mode assigned to the vibration of Cu-In bonds and the low-
intensity band B,,E between 200 and 230 cm ! are present.

In order to check the compositional homogeneity of
the samples, Raman micro-mapping was performed by
recording 29 spectra along the diagonal of 20x20-um
regions. Figure 5 presents the optical image obtained
with the Raman microscope used for the micro-mapping
analysis.

Figure 6a displays Raman mapping of CulnSe, films
prepared by PuED using different numbers of pulses. All
the samples show good spatial homogeneity. It can also be
confirmed that the A; mode is the most intense signal in
every spectrum, even in the sample prepared with only 20
pulses. However, the film obtained using 20 pulses shows a
significant contribution of the Cu,Se binary phase, extended
all over the sample. When using more pulses, the bands due
to binary phases present lower intensities and are randomly
distributed throughout the mapped zone. This confirms that

-60 40  -20 0 20 40 60

Fig. 5 Optical image of a CulnSe, film showing details of the proce-
dure used for Raman micro-mapping analysis
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the indium incorporation by reaction with Cu,Se is the
mechanism that ultimately leads to the formation of
CulnSe,. With 90 pulses, the homogeneity of the film is
notorious, with the mode A; evenly distributed along the
whole mapped area. Remnant Cu,Se small signals are still
present. When the deposition time is duplicated (180
pulses), these signals seem to be absent, and CulnSe; is
the only phase in the film. In agreement with the results
presented in Table 4, this is an important result taking into
account the benefits of avoiding the use of toxic KCN as
etchant to eliminate residual Cu,Se.

Figure 6b presents an equivalent set of maps for CulnSe,
films obtained using potentiostatic electrodeposition (PoED)
at different times. As in Fig. 6a, the results show that
CulnSe, is the main phase present. In contrast, this signal
is not as evenly distributed as in those films obtained by
pulsing the potential (PuED films). At lower deposition
times (400 s), the indium in excess, previously seen, is also
evident in the Raman maps, with a signal at 144 cm ™' which
can be assigned to 7-In,Se; [29, 30]. Another vibration
mode present in these maps is the B, produced by Cu-In
bonds. This mode is not present in PUED films maps, which
suggests that it is related to an In-rich film. At longer
deposition times (900 and 1,800 s), the signals from ~-
In,Se; are absent in the spectra. As it was previously ob-
served by EDS analysis, the composition of the film depos-
ited during 3,600 s is close to stoichiometric CulnSe,.
However, the Raman map shows that, besides CulnSe,,
there are zones along the film where binary Cu,Se is the
predominant phase, as indicated by the intense signals
around 260 cm™ .

From the comparative analysis of Fig. 6a and b, it can be
deduced that pulsed electrodeposition produces films of
better structural and compositional homogeneity with a
lower participation of residual binary compounds.

Table 5 presents a comparative summary of the phase
and composition analysis performed using GXRD and
micro Raman spectroscopy. GXRD provides an interest-
ing contrast of phase composition between PoEd and
PuEd as deposited CulnSe, films, as was discussed
previously. Unfortunately, differences in the composition
of the films obtained at different times or cycles could
not be detected by GXRD. This is probably due to the

Table 4 Chemical composition of CulnSe, films determined by EDS
(effect of post-treatments)

PuED, 90 cycles Cu In Se Cu/In  Se/(CutIn)
As-deposited 20.7  21.0 582 1.0 1.4
Annealed 226 219 555 1.0 1.2
KCN etching/2 min 233 21.8 549 1.1 1.2
KCN etching/5 min 234 22.0 54.7 1.1 1.2
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low crystallinity of the films. It is well known that
Raman spectroscopy has a higher level of sensitivity
for surface material analysis. So, the differences in
phase composition for the various experimental condi-
tions being tested are more easily detected by Raman
spectroscopy.

The influence of annealing is analyzed in Fig. 7,
where Fig. 7a shows spectra recorded at random spots
on as-deposited samples prepared by PuED (E,=-0,9
Vsce and 90 pulses). These are compared with other
group of spectra in Fig. 7b, recorded on samples
annealed at 500 °C in argon. It can be seen that as-
deposited CulnSe, films (Fig. 7a) show broad and low-
intensity signals, characteristic of the CulnSe, vibration
modes. Additional Raman signals, at 240 and 260 cm !,
can be attributed to trigonal selenium and Cu,Se com-
pounds, respectively [31]. The formation of this Se in
excess (also evidenced by EDS analysis) could be re-
lated to the higher current densities reached when puls-
ing the potential, which favor the deposition of the
element with the most noble electrochemical reduction
potential. Some authors argue that the presence of Se in
excess can also enhance the formation of Cu,Se in the
film [17, 32].

After annealing, a clear increment in the intensity and
sharpness of the CulnSe, A; Raman mode can be
observed, showing the well-known beneficial effect of
the thermal treatment, which improves crystallinity and
composition. Moreover, the relative intensities of the
various signals in each spectrum are in agreement with
Raman analysis performed on CulnSe, obtained by oth-
er authors using high-vacuum and high-temperature
techniques [33, 34]. The band attributed to trigonal Se
is less intense when the annealed films are analyzed.
This confirms that the remnant Se is partially vaporized
during the annealing stage. It is also possible that,
during the thermal treatment, the reaction between sec-
ondary phases is enhanced, and more CulnSe, is
formed, with the consequent decrease in the amount of
trigonal Se.

The effect of annealing and KCN etching were also
analyzed by EDS and are shown in Table 4. In agreement
with previous results, the annealing stage seems to improve
the stoichiometry of the CulnSe, layer by reducing the
amount of Se, even though the annealed samples are still
rich in Se. Reducing the Se concentration in the precursor
electrolyte or annealing over longer times could be suitable
strategies to adjust the Se content in the case of films
prepared by pulsed electrodeposition. Instead, etching
shows no further improvement in the average composition
of the film.

The band gap energy values (Eg,,) of semiconductor
films were determined from transmittance spectra by
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Table 5 GXRD and Raman

spectroscopy-phase analysis Deposition Time GXRD Raman spectroscopy

summary for as-deposited POED

and PuEd CulnSe, films PoEd 400 s In, Culn In-Cu (modes), In,Sesz, CulnSe,
900 s In, In,Ses, Culn, Cu;;Ing In-Cu (modes), In,Sez, CulnSe,
1,800 s In, In,Ses, Culn, Cu;;Ing In-Cu (modes), In,Ses, CulnSe,
3,600 s - CulnSe,, Cu,Se

PuEd 20 cycles (only FTO) Se, Cu,Se, CulnSe,

45 cycles (only FTO) Se, Cu,Se, CulnSe,
90 cycles Cu, gSe, CulnSe, Cu,Se, CulnSe,
180 cycles - CulnSe;

plotting (-In(7)Av)? versus (hv) and are shown in Fig. 8 for
samples prepared using 20 to 180 pulses, after the annealing
treatment. The calculated Eg,, values vary between 0.9 and
1 eV, in close agreement with values reported for CulnSe,
films obtained by three-potential pulsed electrodeposition
[9] and by fixed potential deposition [35, 36]. The differ-
ences in the bang gap energy values may be attributed to
variations in the chemical composition between both types
of films. Other authors have found a similar behavior in
CulnSe, films having different Cu/In ratios which were
prepared by spray pyrolysis [37].

Given that n-type and p-type CulnSe, have been
prepared by electrodeposition before [38], photoelectro-
chemistry was used to explore the nature of the car-
riers. A negative photocurrent is registered when
photoproduced electrons move across the space charge
region toward the electrode/electrolyte interface and
increase the cathodic current [39]. Figure 9 shows the
photocurrent registered at open circuit potential, com-
paring films prepared at constant and pulsed potential.
In both cases, the p-type character of the film could be
confirmed by recording negative photocurrent. The
photocurrent attains more than two times higher values

40000 -

30000 —

20000 +

Intensity / a. u.

10000 -

T T T T T
100 150 200 250 300 350 400
Raman shift / cm”

when the CulnSe, is prepared using pulsed electrode-
position. Furthermore, the thickness of the PuED film
is lower than the PoEd layer (see Table 1), which
means that the light absorption is reduced and so too
the carrier generation This can be taken as an evidence
of the superior quality of the CulnSe, film obtained
using pulsed electrodeposition.

The potentiodynamic I-V curves, in the dark and
under illumination, are shown in Fig. 10. The dark
current density Jy is relatively small, but upon irradia-
tion, the curve exhibits a cathodic photocurrent J,,
supporting the p-type conduction. The onset of the
photocurrent can be correlated to the flat band potential
(En) according to the relation J,, « (Va,—V) [39]. So,
the flat band potential can be estimated, and for
CulnSe, films in contact with Na,SO,4 solution, it
results that Fp=—0.58 V.

Conclusions

CulnSe, films were electrodeposited onto FTO glass from a
single bath and using two-step potential pulses. 20 to 180

30000 1 1 1 1 1

20000+

100004

Intensity / a. u.

T T T L) T
100 150 200 250 300 350 400
Raman shift / cm”

Fig. 7 Raman spectra of samples prepared by PuED with 90 pulses a as-deposited; b annealed at 500 °C in argon for 30 min

@ Springer
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Fig. 8 Plots of (chv)® vs. (hv) for annealed CulnSe, films. The films
have been deposited using 20, 45, 60, 90, and 180 pulses

cycles were applied. The deposits were compared with
others which were prepared applying a constant poten-
tial, during 400 to 3,600 s. Those films prepared using
constant potential do not show any of the diffraction
planes typical of the CulnSe, chalcopyrite phase, and
they are mostly formed by binary compounds with
indium and copper. After annealing, these films still
present indium-rich phases like In,Se; at short deposi-
tion times (900 s). At longer times (1,800 s), a ternary
In-rich compound could be identified (Cug3oln;»0Se;)
together with In,O; These are probably formed during

0.25 4
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-0.25 4

-0.50 +
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= —o— 180 cycles
3600 s
] I I
0 50 100 150 200 250
time/s
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Fig. 9 Photocurrent response of annealed CulnSe, films immersed in
0.1 mol L™ Na,SO, solution, using chopped light (10 s on/10 s off).
CulnSe, films were prepared by PuED with 180 pulses (hollow
squares) and constant potential deposition during 3600 s (hollow
circles)

@ Springer

Fig. 10 -V curve of CulnSe, film in contact with in 0.1 mol L™
Na,SO, solution in the dark (solid curve) and under simulated solar
light (dashed curve). CulnSe, films were prepared by PuED and then
annealed in argon

annealing due to the high concentration in indium that
was revealed using EDS and Raman spectroscopy. Thus,
—0.9 Vgcg does not seem to be a proper potential to
obtain stoichiometric films in constant potential mode
even after annealing the film.

In contrast, by pulsing the potential, and particularly after
applying 90 or more pulses, broad signals of copper sele-
nides and CulnSe, are present in the X-ray diffractogram.
Diffraction peaks typical of the tetragonal CulnSe, structure
are clearly seen after annealing with small residual signals of
cupric selenide.

The composition of the sample is homogeneous, as dem-
onstrated by Raman micromapping. Films prepared using a
low number of cycles show blue-shifted vibration modes
that can be attributed to residual stress or to a higher density
of defects present in these films.

Using potential pulses, the presence of secondary phases
in as-deposited samples can be greatly reduced. The pres-
ence of binary phases decreases when more pulses are
applied, so that KCN etching can be minimized. The film
morphology, homogeneity, and the degree of substrate cov-
erage also improve when the potential is pulsed, particularly
using 90 or 180 cycles.

Photoelectrochemical tests and current—voltage curves
confirm p-type conduction and show higher photocur-
rents for samples prepared with pulsed potential. The
high currents registered at the beginning of each step
and the differences in the diffusion regime imposed by
the two potential regimes could be responsible for the
distinctive behavior of samples electrodeposited with
pulsed or constant potential.
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