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Abstract The electrodeposition of thin selenium (Se) films
from 1-ethyl-3-methyl-imidazolium trifluromethylsulfonate
at room and elevated temperatures on gold and on copper
substrates was studied under open-air conditions. The effect
of bath temperature on the composition and structure of the
deposited films was examined using cyclic voltammetry,
chemical analysis and X-ray diffraction analysis. The
obtained results showed that on gold substrate and at room
temperature, a reddish Se film grows mainly in amorphous,
monoclinic, rhombohedral and hexagonal structure, while at
temperatures ≥90 °C, a grayish film of hexagonal and
rhombohedral structure is deposited. Photoelectron spec-
troscopy shows that both films consist of pure Se with only
slight surface contaminations by remnants from the electro-
deposition. Due to the differences in phase structure and the
presence of the monoclinic phase, the reddish films showed
higher light absorbance. The band gap of the reddish film is
close to that of pure amorphous Se reported in literature.
Deposition on copper substrate leads to formation of CuSe
and CuSe2 at room temperature and at 70 °C, respectively.
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Introduction

The deposition of thin Se films has attracted considerable
interest for several potential applications like, e.g. in electronic
and optoelectronic devices [1, 2]. The deposition of thin Se
films is usually done using vacuum techniques, which are
slow, discontinuous and lacks some versatility in the case of
multi-element layers on substrates of complex shape [3–5].
During the last 20 years, there have been several attempts to
develop low-cost methods for the electrodeposition of Se
films in aqueous solutions on different substrates [6–9].
Cabral et al. successfully deposited thin Se films on gold in
an acidic solution of SeO2. Lai et al. studied the nucleation and
growth of Se electrodeposition on a tin oxide electrode [10,
11]. However, the deposition process is quite complicated due
to underpotential deposition and compound formation [10].

Recently, ionic liquids were suggested as solvents for Se
deposition. They have usually wide electrochemical windows
and extremely low vapour pressures allowing to use them at
temperatures above 100 °C [12–14]. Comparing to aqueous
solutions, ionic liquids also have sufficiently high specific ionic
conductivities and many organic and inorganic compounds
can easily be dissolved in them [12–14]. In 1-butyl-1-methyl-
pyrrolidinium bis(trifluoromethylsulfonyl) amide, crystalline
grey Se could be deposited from SeCl4 at 150 °C [15].
Furthermore, amorphous Se was deposited from SeCl4 in 1-
ethyl-3-methylimidazolium tetrafluoroborate/chloride at tem-
peratures >100 °C, whereas high aspect ratio single-crystalline
trigonal Se nanorods were made from SeO2 [16]. Recently, we
demonstrated that Se films deposited at room temperature
from 1-butyl-1-methylpyrrolidinium trifluromethylsulfonate
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in an open-air cell are reddish and amorphous, hexagonal and
rhombohedral phases of the element could be observed. On
the other hand, grayish films of hexagonal and rhombohedral
phases were made in the same liquid at T ≥ 70 °C [17].

Hence, the phase structure and morphology of the depos-
ited Se films depend on different parameters such as the Se
precursor, the ionic liquid and the operating conditions,
which makes the process of Se deposition rather complicat-
ed. The present study aims to better understand the influence
of the ionic liquid cation on the properties of the Se films,
and we compare the results with these from a previous study
with 1-butyl-1-methyl pyrrolidinium trifluromethylsulfonate
[17]. Furthermore, the electrochemical behavior of H2SeO3

in 1-ethyl-3-methyl-imidazolium trifluromethylsulfonate
([EMIm][CF3SO3]) at room and elevated temperatures
(70–110 °C) on gold substrates is presented. In addition,
we discuss the surface properties and the morphological
features of the deposited Se films at different temperatures.
We also report on the electrodeposition of Se on copper
electrodes at different temperatures.

Experimental

H2SeO3 powder (Sigma-Aldrich, 99.99 %) was used as Se
source. 1-Ethyl-3-methyl-imidazolium trifluromethylsulfo-
nate (Merck, 99.99 %) was employed as electrolyte. As in
[17], H2SeO3 cannot be dissolved in the pure ionic liquid used
here, even at higher temperature (>100 °C). Thus, water (1–
5 vol.%) was added to the liquid and a H2SeO3 concentration
of 0.16 M could be obtained after addition of 5 vol.% H2O.

Cyclic voltammetry (CV) and electrodeposition experi-
ments were carried out under open-air conditions, using a
three-electrode cell setup. Platinum was used as the counter
and quasi-reference electrode, respectively. Although Pt is
not the best choice as quasi-reference electrode, it has the
advantage to not react with the Se precursor. Thus, although
there can be a potential shift of up to 200 mV, a Pt quasi-
reference electrode is a good compromise. Gold substrates
from Arrandee (200–300-nm-thick gold films deposited on
chromium-covered borosilicate glass) and Cu (99.99 %)
sheets were used as working electrodes, respectively. Di-
rectly before use, the gold substrates were carefully heated
in a hydrogen flame to red glow, the copper sheet electrodes
were polished by etching in 5 % HNO3 and sonicated in
isopropanol for 10 min. An electrochemical cell made of
polytetrafluoroethylene (Teflon) was clamped over a Teflon-
covered Viton o-ring onto the substrate, thus yielding a
surface area of 0.6 cm2. Prior to use, all parts in contact
with the solution were thoroughly cleaned in a mixture of
50/50 vol.% H2SO4/H2O2 followed by refluxing in bi-
distilled water. All electrochemical measurements were per-
formed using a VersaStat 263A Potentiostat/Galvanostat

(Princeton Applied Research) controlled by PowerCV and
PowerStep software. All experiments were performed in a
hood under environmental conditions. After deposition, the
samples were rinsed copiously with isopropanol to ensure
removal of the ionic liquid and subsequently dried under
vacuum at room temperature for 120 min.

A high-resolution field emission scanning electron mi-
croscope (Carl Zeiss DSM 982 Gemini) was used to inves-
tigate the surface morphology of the electrolysis product. X-
ray diffractograms of the deposited Se were acquired using a
Siemens D-5000 diffractometer with CoKα radiation. The
reflectivity of the films was measured using a Cary 5000
Spectrophotometer with external reflectance accessories
DRA 2500 Integrating Sphere at room temperature.

X-ray photoelectron spectroscopy (XPS) was performed in
an ultrahigh vacuum (UHV) device with a base pressure of 1×
10−10 hPa using a hemispherical analyzer (Omicron EA 125)
in combination with a non-monochromatic X-ray source (Om-
icron DAR 400). Mg Kα line (photon energy of 1,253.6 eV)
was used for all measurements. The photon source and the
analyzer are mounted at an angle of 45 ° to the surface normal
of the sample. Electrons were recorded by the hemispherical
analyzer (entrance diaphragm, 1.5 mm) with a calculated
resolution of 0.83 eV for detail and 2.07 eV for survey spectra,
respectively. All XPS spectra are displayed as a function of
electron binding energy with respect to the Fermi level.

For quantitative XPS analysis, a Shirley background sub-
traction was performed [18]. Photoelectron peak areas are
calculated via mathematical fitting with Gauss-type profiles
using OriginPro 7 G including the PFM fitting module, which
applies the Levenberg–Marquardt algorithms to achieve the
best possible fit to the experimental data. Photoelectric on
cross-sections were calculated according to Scofield [19],
inelastic mean free paths were calculated according to Seah
and Dench [20], asymmetry parameters according Reilman
[21]. The transmission function of our hemispherical analyzer
has been considered for the determination of stoichiometry.

For all XPS experiments, the sample was mounted on a
molybdenum holder and introduced into the UHV by means
of a sample transfer system. No additional pretreatment was
performed unless stated otherwise. If not otherwise stated,
the samples were cleaned by sputtering with Ar+ ions using
an Omicron ISE 5 ion source (2 keV, 10 μA for 60 s).

Results and discussion

Electrodeposition on gold

Electrodeposition at room temperature

Figure 1a represents the electrochemical behavior of 0.16 M
H2SeO3 in [EMIm][CF3SO3]/5 vol.% H2O on gold at room
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temperature. The cyclic voltammogram shows two cathodic
peaks C1 and C2 similar to those ones obtained in an
aqueous solution by Lai et al. [11]. They attributed the first
cathodic peak to the electroreduction of H2SeO3 to Se0

through a four-electron step (Eq. 1), while the second ca-
thodic peak C2 might be related to the six-electron reduction
of H2SeO3 to H2Se (Eq. 2). According to their investigation,
H2Se is subsequently subject to a conproportionation reac-
tion with H2SeO3 giving Se0 (Eq. 3).

H2SeO3 þ 4Hþ þ 4e�! Seþ 3H2O

E
� ¼ 0:50Vvs: SCE

ð1Þ

H2SeO3 þ 6Hþ þ 6e�! H2Seþ 3H2O

E
� ¼ 0:12Vvs:SCE

ð2Þ

H2SeO3 þ 2H2Se! 2Seþ 3H2O ð3Þ

However, the charge involved in peak C1 is much higher
than that involved in peak C2, which does not support the
above assignments proposed by Lei et al. for aqueous

solutions. The Se deposition mechanism in the ionic liquid
might therefore be different from that proposed for the
aqueous solution. Possible reasons are the influence of sol-
vation layers on the electrochemical reactions and the dif-
ferent chemical nature of ionic liquids [22, 23].

On the other hand, the reduction current observed with
the imidazolium ionic liquid is weaker than the previously
observed one in the pyrrolidinium liquid [17], but this can
be explained on the basis of viscosity differences. Accord-
ingly, the deposition kinetics is different in these ionic
liquids which might affect the deposition and growth mech-
anism of the Se films. This is supported by the observation
of Cojocaru and Sima [22]. We have to say clearly that the
reduction mechanism of Se in ionic liquids is still not fully
understood, thus further investigations are needed.

The X-ray diffraction pattern of the reddish film deposit-
ed at C1 is shown in Fig. 2a. The pattern reveals several
peaks indicating a crystalline structure of the reddish depos-
it. These peaks can be assigned to hexagonal (JCPDS 42-
1425), monoclinic (JCPDS 24-1202) and rhombohedral
(JCPDS 32-0992) Se phases. On the other hand, the reddish
color of the deposit attributed to the formation of amorphous
red Se cannot be seen in the XRD pattern. It is obvious that
the deposit made at room temperature is a mixture of hex-
agonal, monoclinic and rhombohedral phases, and this
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Fig. 1 Cyclic voltammograms of [EMIm][CF3SO3]/5 vol.% H2O with 0.16 M H2SeO3 on gold at (a) room temperature, (b) 70 °C, (c) 90 °C and (d)
110 °C; scan rate, 10 mV/s vs. Pt-quasi reference electrode
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deposit is polycrystalline in nature. The results clearly indi-
cate that there is no clear distinction between amorphous
and vitreous phases of Se. This is in good agreement with
Minaev’s results who stated that there is no a clear distinc-
tion between amorphous and vitreous phases [24]. Our
previous results indicated that Se films deposited under
similar conditions from an ionic liquid with the pyrrolidi-
nium cation are composed of amorphous, hexagonal and
rhombohedral phases [17]. This can be regarded as a hint

that the Se phase structure or the growth mechanism
depends on the ionic liquid composition.

Figure 3 shows the surface morphology of Se films (with
2-μm thickness) deposited at C1. It was observed that the
obtained films are homogeneous, adherent and crack free.
The film is likely to grow in different structures as hexago-
nal platelets (Fig. 3a, b), monoclinic (Fig. 3c) and rhombo-
hedral crystals (Fig. 3d). Obviously, several growth
mechanisms occur at the same time.
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Fig. 2 XRD pattern of a Se
film deposited at −1.2 Von gold
from [EMIm][CF3SO3]/5 vol.%
H2O with 0.16 M H2SeO3 at (a)
room temperature, (b) 70 °C,
(c) 90 °C and (d) 110 °C
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Fig. 3 SEM images of different
phases observed in the Se film
deposited at −1.2 V on gold
from [EMIm][CF3SO3]/5 vol.%
H2O with 0.16 M H2SeO3 at
room temperature
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Electrodeposition at elevated temperatures

Figure 1b–d presents the CV recorded on the gold substrate
in [EMIm][CF3SO3]/5 vol.% H2O containing 0.16 M
H2SeO3 at 70, 90 and 110 °C. For the cathodic peak C1
and the small wave at C2, a potential shift compared to the
CV recorded at room temperature was observed. At more
negative potentials, a third cathodic peak C3 was observed
at which the deposited Se is dissolved into the liquid
through the reduction of Se0 to Se−2. In addition, a small
shoulder at −0.5 Vemerges at 90 °C getting broader at 110 °C.
However, noSe deposit was detected at this potential indicating
that the reduction product there is a soluble species. An anodic
peak in the reverse scanmight be related to thedissolution of the
deposited Se film, indicating that the Se reduction process is
reversible at higher temperatures. It is obvious that the cathodic
peaksare shiftedwith a temperature increase though thevoltam-
mogram is still characterized by three cathodic peaks. There is
no clear reason for such a behavior, but it might be due
to the electrolyte nature and the different stability of the
species formed at elevated temperature. The presence of
water might also complicate the process. Compared with
the previous study of H2SeO3 behavior in an ionic
liquid with pyrrolidinium cation, the clear differences
in the cathodic peak intensity and the potential shifts
indicate to a different mechanism of Se deposition in
both liquids at elevated temperature [17].

In the following, Se films were deposited at 70, 90 and
110 °C, and the phase structure of the obtained grayish films
was analyzed by XRD. The pattern in Fig. 2b illustrates that
the deposit at 70 °C is a mixture of monoclinic phase
(JCPDS 24-1202) and hexagonal phase (JCPDS 06-0362)
with lattice parameters of a04.37 Å and c04.95 Å. Besides
the diffraction peaks of these two phases, a new strong peak
was detected at 2θ 0 39.3 ° indicating the formation of a
hardly investigated Se (JSPDS-27-0602). Based on the
XRD database reported by McCann and Cartz, this phase
could not be indexed as cubic or hexagonal, neither did it fit
tetragonal and orthorhombic ones [25]. The authors con-
cluded that the diffraction pattern of this phase could not be
assigned to a distinct structure. The XRD patterns of the
deposited films at temperatures of 90 and 110 °C reveal that
a hexagonal phase grows together with a rhombohedral one
for both films (Fig. 2c, d). These two phases were also
observed for the Se films deposited under similar conditions
from an ionic liquid with pyrrolidinium cation [17].

Additionally, the surface morphology of the Se films
(with 5-μm thickness) deposited at 70, 90 and 110 °C were
investigated as shown in Fig. 4. For all temperatures, the
deposited films were found to be adhering, homogeneous
and crack free. The SEM micrograph in Fig. 4a shows that
the film deposited at 70 °C consists of spherical particles,
crystalline flower-like plates with hexagonal sharp edges

and colloidal Se which might be related to the questioned
Se phase (JSPDS-27-0602). On the other hand, better crys-
talline films can be observed for the films deposited at 90
and110 °C as shown in Fig. 4b, c.

Characterization of Se deposits

The optical properties of the reddish and grayish Se films
deposited at room temperature and at 110 °C were studied
through reflectivity measurements. Figure 7 shows the dif-
fuse reflectance (R) spectra in the visible and near infrared
regions. The reddish Se film showed less reflectance (higher
absorbance) than the grayish one. This behavior is probably
attributed to differences in the phase structure of both films.
It is well-known that the monoclinic phase has a higher
absorbance than other Se phases, and its presence in the
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Fig. 4 SEM images of Se films deposited at −1.2 V on gold from
[EMIm][CF3SO3]/5 vol.% H2O with 0.16 M H2SeO3 at temperatures
of (a) 70 °C, (b) 90 °C and (c) 110 °C
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reddish films might increase the total absorbance of the film
[26].

The absorption coefficient and the optical band gap en-
ergy were calculated on the basis of the recorded optical
spectra as explained in [17, 27–29]. The optical band gap of
the deposited reddish film from the inset shown in Fig. 5 is
~2.0 eV, which is in agreement with results reported for a
pure amorphous Se (2.0 eV) [30, 31], while the observed
band gap of the grayish film is 1.43 eV which is lower than
the one reported in literature (1.8 eV) for the pure hexagonal
gray Se [32, 33]. This is probably related to the presence of
the rhombohedral phase besides the hexagonal one.

XPS results from the reddish Se sample as introduced
into the UHV chamber are shown in Fig. 6a. Emissions from
the deposited Se layer and from several remnants from the
deposition process can be detected. Contributions from ox-
ygen (10 at% of the deposited layer), nitrogen (3 at%) and
fluorine (3 at%) can be removed almost completely by a
sputter cleaning process as described in the experimental
section, during which the carbon fraction in the layer
decreases from 48 to 18 at% (Fig. 6c). The small Au 4f
emission is due to contributions from the substrate. At
784 eV, a small contribution from impurities can be seen
which is not removed by sputtering, though featuring a very
small count rate. Another impurity can be detected around
530 eV. These impurities contribute less than 1.5 at% each
to the total composition of the layer.

Figure 6b shows results from grayish Se obtained in the
same manner as in Fig. 6a. Like on reddish Se, remnants
from the deposition process can be detected. The fraction of
oxygen (11 at% of the deposited layer) can be removed
mainly by sputtering. The carbon contribution is reduced

from 46 to 7 at% during sputtering (Fig. 6d). The impurities
already mentioned (see Fig. 6a) are detectable here, too, and
they contribute less than 1.5 at% each to the composition of
the layer and cannot be allocated without doubt.

Figure 7 shows a chemical shift analysis performed on
detailed spectra from the Se 3d region for the reddish and
the grayish Se films. For this analysis, results from the
sputter-cleaned samples are used. The experimental data
are shown as black dots while the Gaussians used for the
fitting procedure are presented as blue and green lines. The
sum of all Gaussians is represented by the bold red line. The
function used for Shirley background subtraction is shown
as the solid black line at the bottom.

The main double peak is due to emission from the me-
tallic Se 3d5/2 and Se 3d3/2 orbitals (blue Gaussians). In
addition to these contributions, additional intensity can be
detected on the high binding energy side (green Gaussians).
This is due to emission from Se 3d orbitals in a different
chemical environment (core level shift). The shift amounts
to 2.4 eV for the reddish Se and 2.6 eV for the grayish Se,
which is too small to originate from a SeO2 that exhibits a
chemical shift of 4.4 eV [34]. It may be due to a surface
layer of oxidized Seδ+ with 0 < δ < 4. The comparison of the
peak areas reveals that 97 % of the red Se in this sample is in
the elemental Se0, while only 3 % is in the oxidized state
Seδ+. This is valid for both the reddish and the grayish Se
samples, respectively. It can be noted that the Se layers
formed in the present work show an almost complete ele-
mental composition, while the layers deposited previously
[17] from an ionic liquid with pyrrolidinium cations have a
higher amount of oxidized Se, especially for the reddish
layer.
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Electrodeposition of Se on copper

Due to applications of Se films for CuInSe2 solar cells, we
investigated the Se deposition on copper substrate, too.
Firstly, CV measurements were carried out at room temper-
ature. Figure 8a shows the CV curve of a copper electrode in
[EMIm][CF3SO3]/5 vol.%H2O containing 0.16 M H2SeO3

at room temperature. One cathodic peak (C1) is detected, at
which a black layer is formed. In order to get further infor-
mation on the layer composition, an XRD analysis of the

layer was performed. The pattern in Fig. 9 indicates that the
layer is composed of CuSe (JCPDS 20-1020). The pattern
also shows a strong Cu peak at 2θ of 50.7 ° corresponding to
the substrate. The formation of CuSe is not surprising as the
hexagonal α-CuSe is the stable form at room temperature in
the phase diagram of the Cu–Se binary system [35]. Fur-
thermore, our results are in a good agreement with literature
data confirming the reaction between the copper electrode
and Se in aqueous solutions leading to copper–selenides
[36–39]. The surface morphology of the deposited layer at
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−1.2 V (with 2-μm thickness) was investigated by SEM.
The image shows that the black CuSe film has a regular
plate-like structure (Fig. 10a). A copper–selenide layer with
the same composition was made in an ionic liquid with
pyrrolidinium ions [17].

For comparison, a CV measurement was carried out at a
temperature of 70 °C, and the recorded voltammogram is
presented in Fig. 8b. In contrast to the curve acquired at
room temperature, three cathodic peaks are observed. The
peaks (C2, C3) are in agreement with the four-electron and
six-electron reduction of Se(IV) as shown above for the gold
substrate. However, the XRD pattern in Fig. 9 for the film
deposited at C2 (−1.2 V) confirmed the formation of CuSe2

(JCPDS 12-0115) and CuSe (JCPDS 20-1020). The crystal-
line hexagonal Se phase was also identified by comparing
the obtained peak at 2θ 0 34.3 ° with standard data (JCPDS
42-1425). According to the Cu–Se binary phase diagram,
CuSe2+Se are formed at a temperature of >65 °C [34].
However, these results are not in agreement with those
obtained from pyrrolidinium-based ionic liquid where a
copper–selenide layer with Cu1.8Se composition was made
[17]. These results lead us to suppose a somewhat different
behavior of H2SeO3 in the ionic liquid with imidazolium
cations compared to a liquid with pyrrolidinium cations.

The deposits of copper–selenide (with 5-μm thickness)
were studied by SEM and EDX. As shown in Fig. 10b, the
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deposited film morphology consists of large needlelike rods
with a few micrometers in length. The EDX analysis illus-
trated that the deposited film consists of Cu and Se. It was
also observed that the deposited layer was loosely adhering
to copper changing its color to blackish. This copper–sele-
nide probably forms a barrier between the copper and the
electrolyte [40, 41]. The origin of the film peeling appears to
be related to the deposition of the film simultaneously with
the diffusion of copper ions.

Conclusions

In this paper, we have presented the electrodeposition
of Se thin films from H2SeO3 in 1-ethyl-3-methyl-imi-
dazolium trifluromethylsulfonate at room and elevated
temperatures on gold and copper substrates. The results
indicate the deposition of a reddish Se film with amor-
phous, monoclinic, rhombohedral and hexagonal phases
on gold at room temperature, while hexagonal and
rhombohedral phases grow at temperatures of 90–
110 °C. The presence of the monoclinic phase with a
high absorbance in the reddish deposit might improve
the total absorption of the film. The formation of the
rhombohedral phase together with the hexagonal one
reduces the band gap of the grayish film compared to
that one reported in literature for the pure hexagonal
gray film. Unlike to aqueous solutions, applying ionic
liquids enables Se deposition at higher temperatures
(>100 °C) under open-air conditions and leads to the
formation of crystalline grayish Se films without any
need for post-deposition treatment such as annealing or
chemical etching. The reactivity of copper electrodes
causes the formation of a CuSe film at room tempera-
ture and a CuSe2 film at a temperature of 70 °C during
the Se deposition. It should be mentioned that the
results are different from our previous study with 1-
butyl-1-methylpyrrolidinium trifluoromethylsulfonate
showing that the cation might have a certain influence
on Se deposition.
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