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A chemical deposition method for fabrication of Cu,Se, and
CuSe thin films is presented. The films’ growth is based on the
decomposition of selenosulfate in alkaline solution containing
a copper(II) salt and a suitable complexing agent. The deposited
materials were identified by X-ray diffraction. In addition, op-
tical investigations were performed. The absorption onset in the
optical spectra of the annealed Cu,Se, films showed a slight red
shift (compared to the as-deposited ones), indicating a very slight
increase in the average crystal size. The optical (direct) band gap
energy of Cu,Se, thin films is 2.37 eV, while the CuSe thin films
are characterized with two direct band gap energies of 2.0 and
2.8 eV. The average crystal size values, calculated on the basis of
the recorded XRD patterns, are approximately 40 nm for both
Cu3Se2 and CuSe thin ﬁlms. © 2001 Academic Press

Key Words: Cu,Se, thin film; CuSe thin film; chemical bath
deposition method; semiconductors; band gap energy.

1. INTRODUCTION

Metal chalcogenide compounds, having a semiconductor
nature, are of considerable technical interest in the field of
electronics and electro-optical devices. Intensive research
has been performed in the past to study the fabrication and
characterization of these compounds in the form of thin
films. Thus, the interest for copper selenides semiconducting
thin films is motivated by their application in solar cell
technology (1-3). In the literature, a number of methods for
preparation of Cu,Se thin films (where x = 1, 2 or between
1 and 2) have been reported (4-11). However, thin films of
Cu;Se, are much less exploited materials. While this work
was near completion, a paper dealing with chemical bath
deposition of CuzSe, and CuSe films appeared (12).

In our laboratory we continue to develop various chem-
ical deposition methods for production and characteriza-
tion of semiconducting metal chalcogenide thin films
(13-19). Thus, the chemical deposition methodology for
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metal selenides (mercury(II) selenide (13), silver selenide (14),
and lead(II) selenide (15)) and mercury sulfide (16) is based
on the decomposition of selenosulfate as a selenide and
thiosulfate as a sulfide ion precursors in an alkaline medium
correspondingly and slow dissociation of complexed metal
ions. The fabrication of metal oxides thin films (Fe,O3 (17),
NiO (18), and CoO (19)) is based on thermal treatment of an
aqueous solution that contains metal(2 + ) ions and urea as
hydroxide ions precursors and subsequent thermal conver-
sion of the obtained hydroxide thin films to oxides.

In this paper, a chemical deposition method for prepara-
tion of CuzSe, and CuSe thin films on flexible substrates is
reported. The structure and composition of the obtained
films are discussed on the basis of X-ray diffraction data.
Some optical characteristics of the films are also reported.
The mechanical properties of the used substrates allow
various possibilities for application of the obtained thin
films.

2. EXPERIMENTAL PROCEDURE
2.1. Preparation of the Substrates

Thin films of Cu;Se, and CuSe were deposited onto
transparent, flexible polyester substrates with dimensions of
ca. standard microscope glass. Prior to deposition, the sub-
strates were treated with fresh 0.03% solution of SnCl, for
about 15 min. Then, they were rinsed with deionized water
and dried at room temperature before use. The treatment of
the substrates with the solution of SnCl, improves the
wetting of the surface of the substrate and improves the film
adhesion. Most probably, this could be attributed to the
formation of an ultra-thin film of tin(II) hydroxide chloride
on the surface of the substrate as a result of the hydrolysis of
tin(IT) chloride (20).

2.2. Thin Film Deposition

Formation of Cu;Se, and CuSe thin films is based on
chemical decomposition in alkaline media. The proposed
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methodology used trisodium citrate as a complexing agent
and aqueous solution of selenosulfate as a selenide anion
precursor. For thin film depositions, the following stock
aqueous solutions were prepared: 0.1 moldm 3 CuSOy,,
0.1 moldm~? trisodium citrate, 1 moldm~™3 Na,SeSO,,
and 1 moldm ™3 NaOH. The solution of sodium selenosul-
fate was synthesized by dissolving elemental Se in a sodium
sulfite solution and heating the obtained mixture for about
1 h at approximately 90°C. Sulfite ions, present in excess,
have an important role in stabilizing the selenosulfate solu-
tion due to their reducing properties. The decomposition of
selenosulfate solution and formation of red, colloidal sel-
enium is prevented by excess of sodium sulfite. Hence, sulfite
cannot only function as an oxidizing inhibitor, itself forming
sulfate, but can also react with the selenium that may be
initially present to form selenosulfate and thus preventing
the deposition of red, colloidal selenium (21).

2.2.1. CusSe, thin film deposition. For CusSe, film
growth, the deposition solution was prepared by mixing
equal volumes (6 cm?) of the stock solutions of copper(Il)
sulfate and sodium citrate and adding 3 cm® solution of
selenosulfate and deionized water to make a total volume of
100 cm?®. Upon the addition of the sodium citrate to cop-
per(I) sulfate solution, a clear blue solution is created as
a result of the formation of a complex between Cu?* and
Cit®>~. The pH of the deposition solution was 9.

Previously treated substrates were vertically introduced in
the deposition solution. The film deposition was carried out
at approximately 60°C. Upon heating for approximately
15 min, the deposition process starts and the color of the
solution turns to dark brown. After the deposition process,
the obtained thin films were rinsed with distilled water and
dried in air. It takes several hours to deposit Cu;Se, films
(depending on the required thickness). The terminal thick-
ness of deposited films, from one bath, is about 100 nm.

2.2.2. CuSe thin film deposition. For copper(Il) selenide
thin film growth, the deposition bath is composed of 4 cm?
0.1 moldm™* solution of copper sulfate, 4cm?
0.1 moldm ~? solution of sodium citrate, 3 cm?® solution of
selenosulfate, 1 cm® 1 moldm ™ * solution of sodium hydrox-
ide, and distilled water to a total volume of 100 cm?. The pH
of the deposition solution was 12.

The treated substrates were vertically introduced in the
deposition solutions. The film deposition was carried out at
approximately 60°C. After the deposition process, the ob-
tained thin films were rinsed with distilled water and dried
in air. The terminal thickness of deposited CuSe, from one
bath, is about 200 nm.

2.3. Characterization of the Obtained Thin Films

2.3.1. X-ray diffraction (XRD). X-ray diffraction pat-
terns of the fabricated thin films, deposited on transparent

polyester substrates, were recorded on a Philips PW 1710
diffractometer, using CuKa radiation. The technique of
XRD allowed the characterization of the crystal composi-
tion, structure, and the calculation of the average crystal size
using the Debye-Scherrer relationship.

2.3.2. Optical characterization. Optical spectra of ob-
tained thin films were recorded using a Varian UV-Vis-NIR
spectrophotometer with a polyester substrate as a reference.

2.3.3. Light scattering experiments. Light scattering ex-
periments were carried out on the deposition solution. Shin-
ing short wavelength laser light (400 nm) through the
solution allowed the presence or absence of a colloid in the
solution to be seen, by visual observation, due to scattering
of the laser beam by colloidal particles.

2.3.4. Film thickness determination. The thicknesses of
the films were determined by the gravimetric method using
the relation d = m/(p - S) where m and S are the mass and the
surface area of equally covered parts of the substrate, re-
spectively, while p is the density of the bulk material.

3. RESULTS AND DISCUSSION
3.1. Chemical Considerations

Chemical deposition of CuSe and Cu;Se, is based on
decomposition of selenosulfate in alkaline solution contain-
ing a copper(II) salt and a suitable complexing agent that
allows us to control the Cu?* ions concentration. The
precipitation process can take place either in the bulk of the
solution (homogeneous process) or at the substrate surface
(heterogeneous process), the second leading to film forma-
tion (22). The film solution growth can occur by two distinct
routes: ion-by-ion mechanism and cluster or colloidal mech-
anism (23).

In an alkaline medium, the selenosulfate anion hydrolyzes
to hydrogenselenide and selenide ions:

SeSO2™ + OH™ = HSe™ + SO2~ []

HSe™ + OH™ = H,0 + Se?". [2]

According to the ion-by-ion mechanism (i.e., growth by
successive anion and cation adsorption on the growing
crystal), the formation of copper(Il) selenide can be written
as follows:

[Cu(Cit)]” = Cu?* + Cit3~ [3]

Cu?* + Se*” = CuSe. [4]

Selenide anions are generated by the slow alkaline hy-
drolysis of selenosulfate, while Cu?* cations are released by
dissociation of the complexed ions. It is well known that, in
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an alkaline medium, copper(2 + ) ions in the presence of
organic compounds that contain hydroxyl groups (for
example, citric acid and tartaric acid) do not precipitate
copper(Il) hydroxide, but form a blue-colored complex. The
deposition of CuSe occurs when the concentrations of cop-
per(2 + ) and selenide(2 — ) ions are such as to exceed the
solubility product of the CuSe. In the case of Cu;Se, bath
deposition, the sulfite anion, having reducing properties, can
reduce Cu?* into Cu™ ions. The deposition of CusSe, can
occur when the ion concentration product of Cu?*, Cu®,
and Se?~ exceeds the solubility product of the CusSe,.

2Cu?* +8S0% +20H =2Cu* +S02” +H,0  [5]

Cu?* 4+ 2Cu™ + 2Se?” = CusSe,. [6]

According to the cluster mechanism, film growth is based
on absorption and coagulation of colloidal particles. The
colloidal particles are, probably, metal chalcogenide or
metal hydroxide species (22, 23). Chalcogenide (in our case
selenide) anions, generated by a slow hydrolysis of sele-
nosulfate, could replace hydroxyl groups and convert metal
hydroxide to metal chalcogenide. This ability of the selenide
anions is due to the lower solubility product of both CuSe
and CusSe, compared to that of copper hydroxide.

It is known that, if film growth occurs by an ion-by-ion
mechanism, no bulk precipitation should be observed in the
deposition solution (22). On the other hand, if the film
formation process occurs by a cluster mechanism, bulk
clusters are visible in the deposition solution. It has been
shown that even if no visible colloidal species are formed in
the solution, the cluster mechanism can still occur by ab-
sorption of colloidal particles (not visible to the naked eye)
on the substrate surface and coagulation (23).

In our case, light scattering experiment showed that the
cluster mechanism is dominant in the growth processes for
both film types. For the largest part of deposition processes,
bulk precipitation, accompanied by scattering of the laser
beam, is observed. However, at the end of the depositions,
bulk precipitation and light scattering reduce. This may be
due to the ion-by-ion growth. It can be concluded that both
mechanisms may interact, leading to the film formation at
the end of the deposition process.

3.2. X-ray Investigations

3.2.1. X-ray investigations of Cu3Se,. Identification of
the obtained thin films was carried out using the X-ray
diffraction method. The recorded XRD pattern of as-depos-
ited material is presented in Fig. 1a. All peaks of the diffrac-
togram were found to be characteristic of polycrystalline
Cu;Se,, modification known as umangite, with a tetragonal
structure and crystal parameters a = 6.402 A and
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FIG. 1. (a) XRD patterns of as-deposited Cu;Se, material and stan-

dard (the peaks marked with an asterisk (appearing at 20 values
of 38.35° and 44.59°) are from the Al sample carrier—see for example, Ref.
(28)). (b) XRD patterns of as-deposited CuSe material and standard (the
peaks marked with an asterisk (appearing at 26 values of 38.35°
and 44.59°) are from the Al sample carrier—see for example, Ref. (28)).

c=4276 A (24). According to the X-ray study, the obtained
films are pure Cu;Se, (i.e.,, the impurities, if present, are
below the detection limit of the X-ray diffractometer). They
are characterized with random orientation and show no
sign of texturing. The recorded XRD spectrum of annealed
material (at ca. 120°C in air) did not show significant im-
provement in crystallinity upon annealing.
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FIG. 2. Absorption spectra of as-deposited Cu;Se, thin films with
thicknesses of 22 (a), 65 (b), and 94 nm (c).

The average crystal size was estimated using the well-
known Debye-Scherrer relationship (25):

09-4

= 7

p-cos0 7]
were 0 is the Bragg angle, A is the X-ray wavelength, and is
the full width at half-maximum. It was found that the
average crystal size is 42 nm.

3.2.2. X-ray investigations of CuSe. The recorded XRD
pattern of as-deposited copper(Il) selenide is presented in
Fig. 1b. As can be seen, the comparison with the simulated
XRD pattern (26) confirms that the obtained material is
nontextured pure copper(Il) selenide, modification known
as klockmannite with hexagonal structure and crystal para-
meters a = 3.939 A and ¢ = 17.255 A. Using the previously
mentioned Debye—Scherrer relation, the average crystal size
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FIG. 3. Optical transmittance spectra of both Cu;Se, unannealed (a)
and annealed (b) films.
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FIG. 4. The dependence of (ahv)? on hv for as-deposited CusSe, film.
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was found to be about 42 nm. In this case also the annealing
process practically does not improve the film crystallinity.

3.3. Optical Measurements

3.3.1. Optical measurements of CusSe, thin films. For
optical characterization, UV-Vis-NIR spectra of as-depos-
ited and annealed Cu;Se, thin films were recorded using
polyester substrate as a reference. The absorption spectra of
as-deposited thin films of Cu;Se, with different thicknesses
(22, 65, and 94 nm) are presented in Fig. 2. It is seen that the
as-deposited thin films are highly transparent in the
Vis-NIR spectral region. At about 550 nm an absorption
onset is evident. In Fig. 3, optical transmittance spectra of
both unannealed and annealed CusSe, films with equal
thicknesses are shown. A slight red shift of the absorption
onset is observable upon annealing, indicating a rather
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FIG.5. Absorption spectra of as-deposited CuSe thin films with thick-
nesses 45 (a), 70 (b), 118 (c), and 168 nm (d).
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FIG. 6. The dependence of (ahv)? on hv for as-deposited CuSe film.

small increase in the average crystal size with heat treat-
ment. The red shift observed in the absorption onset upon
annealing may be due to an increase in grain size (27), and in
principle it would be expected to reflect in the decrease of
band gap energy as well. However, in the present case the
effect is very small and no measurable changes in the last
quantity have been observed. Also, no measurable changes
in the full widths at half-maximum intensity of XRD peaks
for the as-deposited and annealed films could be detected.
The optical band gap (E,) for as-deposited and annealed
films was calculated on the basis of the optical absorption
spectra, using the well-known relation
ahv = A(hv — E,)", [8]
where A is constant, hv is the photon energy, and « is the
absorption coefficient, while n depends on the nature of the
transition. For direct transitions n =% or 3, while for in-
direct ones n =2 or 3, depending on whether they are
allowed or forbidden, respectively. The best fit of the experi-
mental curve to a band gap semiconductor absorption func-
tion of both the as-deposited and annealed pattern was
obtained for n = 3. The calculated value of the direct energy
band gap is 2.37 eV for both as-deposited and annealed
Cu;Se, thin films. In Fig. 4, the dependence of («hv)* versus
hv is presented for as-deposited thin film of CusSe,. This
value is somewhat lower than the recently published one
(12), which may be due to the size quantization effect as well
as to differences due to various deposition mechanisms and
conditions involved. (It has been well recognized that the
value of the band gap energy is affected by the deposition
technique and deposition conditions.)

3.3.2. Optical measurements of CuSe thin films. The re-
corded optical spectra for as-deposited thin films of cop-
per(Il) selenide with different thicknesses (45, 70, 118, and
168 nm) in the UV-Vis-NIR spectral region are presented
in Fig. 5. The thin films are transparent in the spectral
region from approximately 650 to 1100 nm. Upon anneal-
ing, the shift of the absorption onset is not observed, indicat-
ing no changes in the average crystal size and in the band
gap energy of the annealed thin films. Using the recorded
optical spectra and the relation [8], optical band gap ener-
gies of both unannealed and annealed CuSe thin films were
calculated. Copper(Il) selenide thin films, as-deposited and
annealed, are direct semiconductors; i.e., the best fit of the
experimental curve to a band gap semiconductor absorp-
tion function was obtained for n = 4. The extrapolation of
the linear part of the curves gave two values for direct band
gap energy of 2.0 and 2.8 eV for both unannealed and
annealed films. The first value of the optical band gap agrees
with the previously reported one for copper(II) selenide thin
films by A. Mondal and P. Pramanik (4). On Fig. 6 the
dependence of (ahv)? versus hv for as-deposited copper(II)
selenide thin films is presented.
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