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Abstract—Cu,ZnSnSe, thin films are produced by selenizing electrochemically layer-by-layer deposited and
preliminarily annealed Cu—Zn—Sn precursors. For flexible metal substrates, Mo and Ta foils are used. The
morphology, elemental and phase compositions, and crystal structure of Cu,ZnSnSe, films are studied by
scanning electron microscopy, X-ray spectral microanalysis, X-ray phase analysis, and Raman spectroscopy.
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1. INTRODUCTION

The quaternary compound Cu,ZnSnSe, (CZTSe)
is a promising direct-gap semiconductor material for
use as light-absorbing layers in thin-film solar cells
[1-3]. The CZTSe material exhibits a band gap of
1 eV, a high absorption coefficient for visible radiation
(>10* cm™), p-type conductivity, and a maximum
attainable efficiency of light-to-electricity conversion
of 32.2% [4—6]. The traditional Culn,_,Ga Se,
(CIGS) and CdTe materials contain expensive In, Ga,
Te, and toxic Cd components [7, 8]. In contrast, the
CZTSe material consists of abundant and nontoxic
components, which makes it possible to reduce the
recoupment period and to solve the problem of the
recycling of used solar cells based on these compo-
nents [4].

The idea of producing thin-film solar cells on flex-
ible metal substrates has attracted more and more
attention in recent years [9—11]. The advantages of
light, flexible, and reliable (unbreakable) solar mod-
ules are obvious, especially for such fields of applica-
tion as satellites, aviation, automotive equipment, and
textile goods [10—13]. The possibility of using the roll-
to-roll technology is as a rule the main argument in
organizing the profit-making production of solar cells.
If the technology is used in combination with nonvac-
uum methods of the deposition of CZTSe films (if
possible), the production costs can be additionally
reduced. However, at present, CZTSe thin films are
most often synthesized by vacuum methods that call

for complex and expensive equipment [4]. Compared
to vacuum methods, the technique of the electro-
chemical deposition of precursors with their subse-
quent selenizing seems to be more attractive. This
technique is distinguished by a low prime cost, sim-
plicity of use, operation with nontoxic solvents and
reagents, and possible mass manufacturing.

The purpose of this study is to analyze the influ-
ence of the substrate type (molybdenum or tantalum
foils) on the microstructure of CZTSe thin films,
including their morphology, elemental and phase
compositions, and crystal structure. To refine the
phase composition of CZTSe films, we here use
Raman spectroscopy traditionally used for studies and
the characterization of nanostructured materials with-
out destruction or changes in their structure [14].

2. EXPERIMENTAL

The CZTSe thin films to be studied were produced
by selenizing Cu—Zn—Sn (CZT) precursors electro-
chemically layer-by-layer deposited in the galvano-
static mode of operation in a two-electrode cell. The
CZT precursors were deposited in layers in the
sequence of Cu/Sn/Cu/Zn layers. For the anodes for
deposition of the corresponding metal layers, we used
industrial anodic copper, high-purity (99.999%) tin,
and zinc wafers. The electrolytic solutions were pre-
pared on the basis of solutions of the corresponding
metal sulfates. Preliminary annealing of the deposited
CZT precursors was conducted in 95% Ar + 5% H,
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Table 1. Elemental composition of CZTSe thin films on Mo and Ta substrates

Elemental composition, at % Ratio between elements
Substrate
Cu Zn Sn Se Cu/(Zn+Sn) Zn/Sn
Mo foil 25.07 15.39 10.14 49.40 0.98 1.51
Ta foil 22.09 18.53 10.83 48.54 0.75 1.71

atmosphere at a temperature of 350°C for 30 min, after
which the precursors were cooled to room tempera-
ture. The annealed CZT precursors were selenized in
a quartz container (with a volume of 12.5 cm?®) with
5 mg of powdery Se at an Ar gas pressure of 1 bar and
a temperature of 580°C for 30 min.

The elemental composition of the films was deter-
mined by X-ray spectral (XRS) microanalysis, using a
CAMECA SX-100 setup. The surface morphology of
the CZTSe films was studied by scanning electron
microscopy (SEM), using a Helios Nanolab (FEI
company) electron microscope. The phase composi-
tion of the materials was studied using a Rigaku
Ultima IV diffractometer operating with CuK,, radia-
tion (at the wavelength A = 1.5406 A). Analysis of the
phase composition was performed with the use of the
database of the Joint Committee on the Powder Dif-
fraction Standard (JCPDS) and the Crystallography
Open Database (COD). The Raman spectra were
recorded at room temperature, with a spectral resolu-
tion of no worse than 3 cm~!. For Raman measure-
ments, we used a Nanofinder HE (LOTIS TII) confo-
cal Raman spectrometer. The Raman spectra were
excited with a continuous solid laser emitting at a
wavelength of 532 nm with an optical power of 0.2,
0.6, 1.6, and 2.0 mW. The diameter of the laser beam
at the sample surface was ~0.6—0.7 pm.

3. RESULTS AND DISCUSSION

From the results given in Table 1, it follows that the
composition of CZTSe films on Mo and Ta substrates
slightly deviates from the stoichiometric relation (2 : 1 :
1:4). The atomic relations calculated for the CZTSe
films on both of the substrates suggest that the compo-
sition is depleted of Cu and enriched with Zn, which
corresponds to the criterion of high-efficiency thin-
film solar cells based on CZTSe [4]. However, the
value of the Zn/Sn ratio is larger than the value 1.2
indicated in [4], whereas the values of Cu/(Zn + Sn)
for the film on Mo and Ta substrates are, correspond-
ingly, somewhat smaller and larger than the optimal
value 0.8 reported in [4].

It is known that the kesterite/stannite structure
does not allow large deviations from the stoichiomet-
ric composition, which causes the formation of addi-
tional phases in the material [15, 16]. From the SEM
images of CZTSe films (Fig. 1), it can be seen that dif-
ferent morphologies are formed depending on the ele-

mental composition [17—19]. It is found that, at the
surface of the CZTSe film on Mo substrate, small-
sized and solitary large-sized crystallites are formed
(Fig. 1a). In contrast, at the surface of the CZTSe film
on Ta substrate, we observe a porous crystalline sur-
face with large-sized crystallites (Fig. 1b). The bright
regions observed at the surface of the CZTSe films are
enriched with Zn and apparently correspond to the
ZnSe phase [16]. The inference about the formation of
the ZnSe phase at the surface of the films is consistent
with the model suggested in [18] for the growth of
CZTSe films enriched with Zn. According to this
model, CZTSe crystals grow large and form a compact
layer, leaving an excess of zinc at the surface. This
effect results in the formation of the supplementary
ZnSe phase.

In the SEM images of the cross sections of CZTSe
films (Fig. 1), we can see MoSe,/TaSe, layers at the
interface between the Mo/Ta substrate and the CZTSe
layer. The formation of MoSe,/TaSe, layers appar-
ently is a consequence of the high Se vapor pressure in
the chamber during annealing of the film. This high
pressure is favorable for the diffusion of Se through the
layer of CZT precursors and for the reaction of Se with
the substrate material [19].

The X-ray diffraction (XRD) patterns for CZTSe
films (Fig. 2a, 2b) on both of the substrates exhibit
high-intensity peaks characteristic of the tetragonal
Cu,ZnSnSe, phase (JCPDS 00-52-0868). Despite
the fact that the peaks at 20 = 28.36°/28.42°,
35.34°/35.44°, 38.70°/38.58°, and 42.86°/42.90° cor-
responding to the (103), (202), (114), and (213) planes
of the Cu,ZnSnSe, phase are lacking in the JCPDS
00-52-0868 database, these peaks are observed and
confirmed in [20—23]. In the XRD patterns, there are
also reflections from the Mo/Ta substrates and from
the MoSe, (JCPDS 01-077-1715)/TaSe, (JCPDS
00-024-1257) phases formed upon selenizing the CZT
precursors (Fig. 1a, 1b). The compositions of CZTSe
films on both of the substrates can involve also the
ZnSe phase (JCPDS 00-037-1463), whose principal
reflections coincide with or are very close to the peaks
of the Cu,ZnSnSe, phase at 20 = 27.14°/27.22°,
45.16°/45.06°, 53.46°/53.43°, and 65.74°/65.68°. In
addition, in the XRD pattern of CZTSe film on Ta
foil, there are low-intensity reflections of the CuSe
phase (JCPDS 00-034-0171).

The lattice parameters calculated from the data of
XRD analysis of CZTSe films (Table 2) are larger than
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Fig. 2. XRD patterns of CZTSe films on (a) Mo and (b) Ta substrates.
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Table 2. The lattice parameters of CZTSe thin films on Mo
and Ta substrates

Substrate a, A c, A n
Mo foil |5.707 £0.004 |11.394 £ 0.002  |0.998
Tafoil |5.705 £ 0.002 |11.370 £ 0.008 0.996

the corresponding parameters reported in other stud-
ies [24, 25], which is in agreement with the data of
[23].

From the results of XRD analysis, it is impossible
to reliably determine which of the two structures, kes-
terite or stannite, has been formed. In [25], the XRD
analysis of the Cu,ZnSnSe, single crystal showed that
the stannite structure exhibits the following lattice
parameters: a = 5.6882 A, ¢ = 11.3378 A, and n-=
1.0034. According to [26], the CZTSe compound can
crystallize with the formation of both of the above-
mentioned structures, but in the case of kesterite, the
lattice parameter a is bound to be somewhat larger and
the trigonal distortion n somewhat smaller compared
to the corresponding parameters of the stannite struc-
ture. In addition, one more structure that can be
formed by the CZTSe alloy is partially disordered kes-
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terite [27]. The disorder of the Cu + Zn layer induces
a volumetric expansion of up to 0.3% [27]. Taking into
consideration the above-listed structural features of
kesterite and stannite and the results of this study, we
can conclude that the electrochemically deposited
CZT precursors are crystallized with the formation of
the kesterite or partially disordered Kkesterite structure.

Figure 3 shows the typical Raman spectra of
CZTSe films produced on Mo and Ta substrates. The
spectra observed for CZTSe films on both of the sub-
strates are very similar. The Raman bands observed at
about 67, 80/81, 172, 196, 235/233, 243, and 386 cm™!
(Figs. 3a, 3b) are typical of the kesterite-structured
CZTSe compound [23, 28—36].

As shown in [31], the broad Raman band at about
172 cm~! can be formed by two Raman-active mode of
A symmetry in CZTSe kesterite. In this study, the
~172 cm~! Raman band is formed by a single mode.
The full width at half-maximum (FWHM) of this
band is ~9.94 cm~!. The 191/196 cm~! principal peak
in the Raman spectra of CZTSe films on both of the
substrates is asymmetrically broadened [23, 31, 32].
Such broadening of the 191/196 cm~! peak can be
attributed to the phonon confinement effect, as shown
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Fig. 3. Raman spectra of CZTSe films on (a) Mo and (b) Ta substrates in the range of wave numbers from 50 to 450 cm~ ! at dif-

ferent laser excitation powers (532 nm).
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in [31]. The low-intensity 247/249 cm~! bands corre-
spond to the energy of longitudinal optical (LO) pho-
nons in the cubic ZnSe modification [23]. The exper-
imentally observed shift of this band to lower photon
energies with respect to the energies known for bulk
ZnSe (252—256 cm™!) corresponds to ZnSe nanopar-
ticles [23]. In the Raman spectra obtained here for
CZTSe films on Mo and Ta substrates, no character-
istic lines of the MoSe, and TaSe, phases [18, 23, 30,
32—34] are observed. This is indicative of the lack of
these phases in CZTSe layer and is consistent with the
transverse SEM images (Fig. 1) which suggest the for-
mation of the MoSe,/TaSe, phases only at the inter-
face between the CZTSe film and Mo/Ta substrate.
The 91 and 260—270 cm™~! bands characteristic of the
CuSe phase detected by XRD analysis of the compo-
sition of CZTSe films on the Ta substrate are not
observed in the Raman spectra [23, 32, 35]. One of the
possible causes of such a result is the very low effi-
ciency of Raman scattering in this phase [32, 33].

The wave number of the most intense characteristic
band of A symmetry for CZTSe decreases from 196 to
191 cm™!, as the laser power is increased from 0.2 to
2.0 mW (Figs. 3a, 3b). In addition, the FWHM of this
band increases from 5.6 to 8.3 cm~! and from 6.9 to
9.6 cm™! for the films on the Mo and Ta substrates,
respectively. It should be noted that the frequency of
the band with a lower intensity, 172 cm™', also
becomes lower at a higher excitation level. The
decrease in the phonon frequency of the A mode in the
kesterite structure with increasing temperature (laser
power) can be explained in the context of the pertur-
bation model, in which the frequency shifts due to the
combined effect of such factors as thermal expansion
and anharmonic phonon—phonon interaction [36].

4. CONCLUSIONS

Thin CZTSe films are produced by selenizing CZT
precursors electrochemically deposited in layers onto
flexible Mo and Ta metal foils. It is found that the
morphology and phase composition of the CZTSe
films depend on the relation between the constituent
elements in the film. X-ray phase analysis of the
CZTSe films on Mo and Ta substrates shows the pres-
ence of Cu,ZnSnSe, basic phase and MoSe,/TaSe,
and ZnSe phases. The CZTSe films on the Ta sub-
strate show reflections of the CuSe phase as well.
From the data of XRD analysis, the lattice parameters
of CZTSe are determined. These are a = 5.707 £
0.004 A, ¢ = 11.394 + 0.002 A, and n = ¢(2a)~' =
0.998 for films on the Mo substrate and a = 5.705 £
0.002 A, ¢ = 11.370 = 0.008 A, and | = c¢(2a)~' =
0.996 for films on the Ta substrate. The Raman data
for CZTSe films on the Mo and Ta substrates supports
the inference about the formation of Cu,ZnSnSe, and
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ZnSe phases. Analysis of the XRD and Raman data
obtained in the study shows that the CZTSe films on
both of the substrates are kesterite-structured. The
formation of the MoSe, and TaSe, phases at the inter-
face between the CZTSe layer and the substrate is
confirmed by XRD analysis, Raman data, and SEM
images of the cross section of CZTSe films.

The results of this study can be used for further
development of the technology for production of
CZTSe thin films to be used in a new generation of
thin-film elements.
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