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The structure, phase and chemical composition
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Cuy,ZnSnSe, thin films obtained by co-evaporation of components using an electron
beam evaporation system were investigated by scanning electron microscopy, X-ray analy-
sis, PIXI and RBS methods. The analysis of the diffraction patterns showed that the films
are almost single-phased and contain mainly CZTSe compound, which has a tetragonal
kesterite lattice type. The samples have textural growth of [211]. The lattice parameters
of the material varied in the range of a = (0.56640-0.56867) nm, ¢ = (1.13466-1.13776) nm,
¢/2a = 0.9983-1.0017 which correlate well with the reference data in a stable phase CZTSe
compounds. From our PIXE analyses we assessed the influence of the growth conditions on the
samples’ chemical composition and mapped the surface distribution.

MeTogaMu CKaHUPYIOIIEH 2JEeKTPOHHOU MUKPOCKOIINM, PEHTreHOCTPYKTYPHOI'O aHaJIM3a,
PIXI u RBS npoBejeHO uccillef0BaHUe TOHKOILJIEHOYHBIX obpasuoB Cu,ZnSnSe,, moayuen-
HBIX COHCIIapeHHEeM KOMIIOHEHTOB C HCIIOJb30BAHUEM JJEKTPOHHO-IYy4YeBON IYyIIKW. AHAJIU3
IudparTorpaMM IIOKas3aJ, YTO IJEeHKW ABJIAIOTCA IPAKTUYEeCKU OZHOMASHBEIMU U COLEPIKAT B
ocuouoM coeannenne CZTSe, umernlee TeTPATOHANLHYI0 KPUCTAIINUECCKYIO PEIIETKY THUIA
KuctepuT. B 00pasmax obHapy:KeHa TeKcTypa pocta [211]. IlapaMeTpsl pelieTKU MaTepUaia
usMeHaAancyL B Auanasome a = (0,566640-0,56867) um, ¢ = (1,13466-1,13776) um, c¢/2a =
0,9983-1,0017, uTo XOPOIIO KOPPEIUPYET CO CIPABOUYHBIMM AAHHBIMU 1O cTabuinHOH (dase
coequuenusa CZTSe. Ananus pesynbraros PIXE mMo3BOIMM ONEHUTHL BAUSHHUE YCAOBUHM pocTa
HA XUMUUECKUl cocTaB ob6pasIiioB, MOCTPOeHA KapTa PACIIPeeSIeHUs HJeMeHTOB IO TOBEPX-
HOCTU 00pasIoB.

Crpyxrypa, dasosuit i ximiuamit cknanx Trorknx mwiisox CZTSe. A.C.Onanacwk, I1.B.Kosanv,
D.Nam, H.Cheong, A.RJeong, W.Jo, A.I'.Ilonomapwvos.

MerogaMu cKauyouol eJeKTPOHHOI MiKpocCKoIi, peHTreHocTpyKTypHOro amaaisy, PIXI rta
RBS mpoBefeHo SOCTiAKeHHA TOHKOIIIBKOBUX 3paskiB Cu,ZnSnSe,, oTpuMaHUX CIHiBRUIAPORY-
BAHHAM KOMITOHEHTIB 3 BUKODHCTAHHAM €JIEKTPOHHO-TIPOMEHEBOI rapMaTu. AHai3 audpaKTo-
rpaM TOKAas3aB, 10 TIBKYU € MPAaKTUYHO OAHOMDASHUMY i MicTATL B ocHoBHOMY crionyky CZTSe,
KA Ma€ TeTPATOHAJLHY KPUCTANIUHY TPaATKy TUMY KicTepuT. Y 3pasKaxX BUSABJIEHO TEKCTYPY
pocty [211]. IlapamMeTpu TpaTKu MaTepiany sMmiHwoBasuca y giamaszoui a = (0,66640—
0,56867) um, ¢ = (1,13466-1,13776) um, c/2a = 0,9983-1,0017, mio mobpe Kopemaioe 3 JIO-
BigxkoBuMU manuMu 3a crabinbHo (asor cunonyku CZTSe. Amauais pesyaprarie PIXE mosso-
JUB OIIHUTY BILJIMB YMOB POCTY Ha XimiuHMU cKJazx 3paskis, moOyaoBaHO KapTy POBIONLiIY
eJleMeHTiB I10B3 IIOBEPXHi 3paskis.
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1. Introduction

Nowadays, the quadruple compounds
Cu,ZnSnS, (CZTS) and Cuy,ZnSnSe, (CZTSe)
are considered as an alternative to the tra-
ditional highly absorbent layers of thin-film
solar cells such as CulnSe, (CIS),
Culn,_,Ga,Se, (CIGS), and CdTe. Its advan-
tages include the band-gap energy of E, =
(1.0-1.5) eV, which is optimal for solar con-
version, along with its high absorption coef-
ficient (~ 10% ecm™1), p-type conductivity, a
long charge-carrier lifetime, and also a very
high carrier mobility [1,2]. Unlike other
semiconductors used today as an absorbing
layer in thin-film solar cells, this compound
does not contain rare components or envi-
ronmentally dangerous ones; all its elements
are common, and the cost of its production
is low compared with that of other such
compounds [3,4]. However, certain difficul-
ties are encountered in depositing CZTS(Se)
films because the components have very dif-
ferent vapor pressures, and furthermore,
the homogeneity of the compound is quite
narrow [1]. Consequently, the films often
contain several phases with different band-
gaps [6—7], which negatively affects the
solar cell efficiency by increasing the series
and shunt resistances of the devices [8]. The
situation is complicated by the fact that the
compounds may condense in two phases:
kesterite (space group I4) and stannite
(space group I42m), and the difference in
the formation energies of these phases is
small. In this regard, the samples often
have two phases. Along with this, the
kesterite phase has the optimal parameters
as the base layer for solar cells [9].

In recent years, the efficiency of solar
cells with CZTS(Se) absorbing layers has
significantly increased and reached 12.6 %
[10]. The structure of sodium
glass/Mo/CZTSSe/CdS/ZnO/1TO/ Ni—Al
typically gives the maximum efficiency
[11]. At the same time it was found that the
efficiency of converters is determined by
the composition of four-component com-
pounds. The maximum efficiency of solar
cells was obtained with enriched zinc
(C2,/Cgn ~ 1.1-1.2) and depleted copper
(Ccu/C Zn+Sn) = 0.80-0.85) absorbing layers
[8]. owever, the deviation from the
stoichiometry of the film contributes to the
formation of secondary phases, which, ad-
versely affects the solar cells performances.

The influence of physical and technologi-
cal conditions of obtaining on the phase
composition, structural, optical and electrical
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characteristics of CZTS compound has been
studied [8-12]. On the other hand, the
CZTSe compound has been studied much less.

There are several methods of obtaining
CZTSe thin films, including magnetron
sputtering [12], electro-deposition of pre-
cursors Cu, Zn, Sn and annealing in an at-
mosphere of Se [7, 14], spray pyrolysis
[15], and thermal co-evaporation of the
components [2, 6, 16,17]. We consider that
one of the most suitable methods is the
thermal co-evaporation of the compound
components, because it allows the control of
the composition of the films so obtained.
However, the physical and technological-
conditions for obtaining the needed compo-
sition of the films using this method have
been insufficiently explored. This caused
the goal of investigations.

2. Experimental

We prepared CZTSe films by co-evapo-
rating the components (Cu, Zn, Sn, and Se)
using an electron beam evaporation system,
where Se were thermally evaporated for
high deposition rate. The main e-beam
chamber was pumped below 2:1076 Torr be-
fore the deposition using an oil-free
cryopump, while an ordinary rotary pump
was used during the roughing process. The
pressure was maintained under 107® Torr
during the growth of the films. The chemi-
cal composition of the samples was regu-
lated by the deposition rate and the deposi-
tion time of the sources, which is monitored
by the SQC310C thickness monitor (Inficon
Inc. U.S.A) using gold-coated quartz crys-
tals. The films were deposited on cleaned
glass substrate with a 1 pm thick conduc-
tive Mo layer. The substrate was maintained
at a temperature of 400°C to minimize the
loss of Sn and the formation of secondary
phases during the deposition. For homogeni-
zation of the films during the deposition
the substrate is rotated. The condensation
time was 2 h. The calculated concentrations
of the components of the obtained films are
shown in Table 1. As the table shows the
samples had different stoichiometry, includ-
ing optimal composition for highly efficient
solar cells. Our method of obtaining these
data are detailed in [16,17].

The surface morphology was investigated
by scanning microscopy. Our structural
analysis of the thin films was carried out
with a DRON 4-07 X-ray diffractometer
using a Ni-filtered Cu-K, radiation source
in the range of diffraction angles 20 from
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Table 1. Thickness and rated composition of the films

Sample No.| Thickness, um CCu/C(Zn+Sn) C2./Cqn Notes
1152 1.75 0.84 0.51 poor Cu, rich Zn
1156 1.90 0.47 1.69 poor Cu, rich Zn
1157 2.25 1.22 1.28 rich Cu, rich Zn
1161 1.25 0.80 1.20 The optimal composition for solar cell

10° to 90°, where 20 is the Bragg angle. The
resulting diffraction pattern was normal-
ized on the (112) peak intensity. The phase
analysis was undertaken by comparing the
inter-plane distances and relative intensities
of the films, and the JCPDS reference data
[18].

The inter-plane distances of the tetrago-
nal phase compounds were defined by the
positions of the K ; component of the most
intense lines in the diffractograms. We cal-
culated the lattice constants, a and ¢, of the
material using the formulas [19,20]:

a= . Vh2+k2+12£] ()
2sinf [C ’
. L 2)
_REe R 2sir0 )’
e

where A is the X-ray wavelength, and &, k&,
! are the Miller indices.

The a/c ratio was considered equal to the
value defined in the directory for CZTSe
[18]. Furthermore, to obtain precise values
of the constants, we used the extrapolation
method of Nelson-Riley [20,21]. The values
of the tetragonal phase constants a and ¢
were obtained by a graphical method of suc-
cessive approximations [20]. We calculated
the values in equations (1) and (2) for each
diffraction line and for those selected crys-
tallographic planes for which the contribu-
tion to the sum with an unknown quantity
(a/c, ¢/a) was minimal. The analysis showed
that in determining the constant ¢, the most
appropriate lines are (316), (112), and
(204), whereas for determining a, they were
lines (316) and (211). Thereafter, the lattice
parameters a and ¢ were obtained from this
graph, and their ratio was calculated. This
procedure was repeated until the values a,
¢, and ¢/a no longer changed.

We estimated the quality of the films’
textures by the Harris method. To calculate
the tetragonal lattice angle between the axis
perpendicular to the textures and different
crystallographic planes, we employed the

166

expressions given in [20,21]. The average
size of the coherent scattering regions L
(CSRs), were assessed by the radiographic
method using the Debye-Scherrer equation
[14-16].

The samples’ elemental composition was
obtained via micro-analytical range accel-
eration from a compact electrostatic accel-
erator "Sokol” with a beam of protons with
energies up to 2 MeV (IAP Academy of Sci-
ences of Ukraine, Sumy). For analyzing the
films, we evaluated the characteristic X-rays
induced by exposing them to a proton beam
[22]. The total spectra were taken from sev-
eral areas of the samples’ surfaces; after
this, we scanned them stepwise with a
micro-beam (u-PIXE).

The size of the
200x200 um?2, the probe’s transverse size
was 4x4 um2, the charge @ = 4.10710 C/pixel,
the grid 50x50 pixels, the scan step 4 um,
and the proton energy Ep = 1.5 MeV. Here,
a pixel denotes the stationary position of
the probe at discrete scan steps. The fea-
tures of focusing and scanning of the micro-
analytical accelerator complex are described
in [23].

We obtained elemental distribution maps
on the samples’ surfaces from which we de-
termined the elemental composition of the
condensates in several areas. For process-
ing the PIXE spectra, we employed the
GUPIX program. To translate data on mass
concentration to nuclear (C;), the expression
given in [24] was employed. The elemental
composition of the films was obtained by
the RBS method [22, 25]. The primary beam
of protons impinged on the target at a nor-
mal angle. There was an angle of 135 be-
tween the direction of the primary beam
and the direction of scattering. As the de-
tecting system, we used a magnetic spec-
trometer and a silicon detector for charged
particles. The RBS spectra were processed
using programs SIMNRA and DVBS.

scan area was
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a) The optimal composition for
solar cell

Fig. 1. SEM images of four CZTSe thin films.

3. Results and discussion

Fig. 1 shows the electron-microscopic im-
ages of the surface of CZTSe films, ob-
tained at different pressures of components.
The films had a polycrystalline structure
with a grain size of 0.1-1 pm.

The diffraction patterns are shown in
Fig. 2. To simplify the phase analysis, we
removed the diffraction peaks from the Mo
substrate. X-ray diffraction and Raman
spectroscopy [16] showed that the films are
almost exclusively single-phased and con-
tained mainly the CZTSe compound, which
had a tetragonal lattice. The content of
other phases did not exceed a few percent.
Typically, the X-ray structure of non-
stoichiometric samples exhibited 1-2 lines
of low intensity (2-3 %) that did not be-
long to CZTSe. We interpreted them as
being lines of the phases CuSe, CuZn, or
Se.

It is known that the intensity ratio of
the diffraction reflections from ecrystal-
lographic planes for the phases of stannite
and kesterite is different [2]. That is why
we calculated the relationships for experi-

mental diffraction patterns data. It was
found that the intensity ratio of reflections

Table 2. The results of determination structural

b) Cu - rich; Zn - Rich
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Fig. 2. XRD patterns of the CZTSe films.

from the crystal faces (112) and (204),
1(112)/1(204) of the Samples is 3.16_4.28,
whereas the ratio I(jy9)/I(319) is 7.53—7.78.
These values are closer to those obtained for
kesterite [2]. Thus, the films investigated
are likely to have the kesterite structure.

To confirm this conclusion we identified the
lattice parameters of this films and their ratio,
as it is well known that for the kesterite struc-
ture, the ratio c¢/a is close to 1 [8].

Table 2 shows the results of determining
the lattice parameters of the material after

parameters of the CZTSe films

Sam- 1 iteration 4 iteration L, nm f
ple a, nm | ¢, nm | ¢/2a | a, nm | ¢, nm c/2a | (112) | (211) | (204) | (312) | (316)

1152 |0.57260(1.13530(0.9914|0.56640| 1.1347 |1.0017| 40.8 | 22.2 | 28.5 | 26.7 | 16.1 | 6.16
1156 |0.57260(1.13810(0.9938|0.56831|1.13776|1.0010| 48.4 | 28.9 | 32.7 | 26.2 | 20.1 | 1.56
1157 |0.57260(1.13230|0.9887|0.56741|1.13466|0.9999 | 44.4 | 20.0 | 32.4 | 26.1 | 17.2 | 1.58
1161 |0.57260(1.13230|0.9887|0.56867/1.13537|0.9983 | 41.5 | 34.9 | 29.4 | 29.8 | 17.7 | 2.17
Direc- a = 0.56930 nm, ¢ =1.13330 nm,

tory c¢/2a = 0.9954 [18]

Functional materials, 21, 2, 2014
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Fig. 3. Total PIXE spectra from the CZTSe films induced by exposure to a proton beam.

the first and fourth iterations; the latter
yielded the most accurate values.

We found that the CZTSe lattice parame-
ters are in the ranges of a = (0.56640-
0.56867) nm, c¢ =(1.13466-1.13776) nm,
¢/2a = 0.9983-1.0017, and V = (0.3640-
0.83675) nm3. These values agreed reason-
ably well with the reference data (a =
0.56930 nm, ¢=1.13330 nm, c¢/2a=
0.9954, V =0.3673 nm3) [18], and those
presented in [26] for single-crystal material
(a = 0.56882 nm, ¢=1.13379 nm, c¢/2a =
0.9966, V = 0.3668 nm3).

The films showed some textured growth
along [211], the existence of which was con-
firmed by our calculations of the inverse
pole figures. The pole density P; has the
largest value for the crystallographic plane
(211) of the tetragonal phase.

The analysis of the values for the orien-
tation factor f (Table 2) suggests that the
most textured samples are 1152 (f = 6.16)
and 1161 (f = 2.17). Samples 1156 and 1157
have almost the same quality of textures.

Table 2 shows the results of our determi-
nation of the CSR size by reflections from
the crystallographic planes (112) (211),
(204), (312), and (316). They are in the
ranges of L(llZ) = (40.8-48.4) nm, L 211) =
(20.0-34.9) nm, L204) = (28.5-32.7) nm.

The maximum value in sample 1156 indi-
cates depletion of Cu and Zn.

The typical PIXE spectra depicted in
Fig. 3 (on the logarithmic scale) were ob-
tained from random areas of the CZTSe
film’s surface after proton beam irradia-
tion. As is evident, the spectra contain only
the lines from the component compounds
(Cu, Zn, Sn, and Se) and the sub-layer Mo.

Processing the experimental spectra re-
vealed the mass concentration of the con-
stituent elements of the CZTSe films.
Table 3 contains the corresponding results
for a series of samples obtained under dif-
ferent physical conditions of deposition.
From these results, we calculated the
atomic concentrations of the components in
the samples and the ratio Cg,/Czpygn)- The
Cz,/Cgpy ratio is used for determining the
stoichiometry of the compounds. This table
gives the mean values for calculating these
ratios. As noted earlier, we collected meas-
urements at several points on the sample’s
surface. We note that the accuracy of the
method of assessing changes in the solid
solution in the area of the films was veri-
fied.

Table 8 shows that the physical condi-
tions of deposition determined the composi-

Table 3. The results of analysis elemental composition by the PIXE method

Sample Ce, at. % C,, at. % Cq, at. % Cqe at. % CCu/C(Zn+Sn) C2./Cqp
1161 19.45 12.41 54.24 13.91 0.74 0.89
1156 16.81 17.57 52.52 13.11 0.55 1.34
1152 22.11 7.44 51.66 18.79 0.84 0.40
1157 18.03 17.70 47.91 16.36 0.53 1.08
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Fig. 4. Elemental distribution maps in samples sized 200 x 200 um?2 (grid 50 x 50 pixels, scanning

step 4 um).
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Fig. 5. RBS energy spectra of protons from the CZTSe samples. The dotted line — simulation

spectrum.

tion which differ from the estimated values
in Table 1.

Figure 4 shows maps of the elements’
distribution on the samples’ surfaces. Here,
the scale in each pixel indicates the quan-
tum characteristic X-ray intensities induced
by the focused proton beam’s energy corre-
sponding to the K, -peak elements in the
spectrum (Fig. 3). We found that the differ-
ence of X-ray radiation in each pixel is at
an acceptable level of statistical variation.
So we can say that the components of the
compound divided by the area of the sam-
ples is fairly uniform.

To improve the reliability of the results,
we used the method of RBS. The typical
scattering spectra of the condensates are
shown in Fig. 5.

Fig. 5 shows that the peaks of copper,
tin, zinc, and selenium in the RBS spectra
overlap with those in [2] one on one. It was
not possible to determine the elemental com-
position of the thin films with the accuracy
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required by this method and build a distri-
bution of elements through the thickness of
layers, as was done earlier for films of ZnS
[25]. However, the analysis of the RBS
spectra allowed us to determine the films’
thickness. The corresponding results are
given in Table 1.

4. Conclusions

CuyZnSnSe, thin films were obtained by
co-evaporating the components (Cu, Zn, Sn,
and Se) using an electron beam evaporation
system, where Se were thermally evapo-
rated for high deposition rate. The samples
were investigated by scanning electron mi-
croscopy, X-ray, PIXI and RBS analyses.
X-ray analyses showed that the all films are
practically single-phased and contain the
CZTSe compound, which has a tetragonal
lattice with the kesterite structure. The
samples have textural growth of [211]. The
lattice parameters of the material varied in
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the range of a = (0.56640-0.56867) nm, ¢ =
(1.13466-1.13776) nm, and c¢/2a = 0.9983—
1.0017, which correspond to the reference
data for CZTSe compound. The values of
the CSD size in the films varied in the
range of L(119) = (41-48) nm. The distribu-
tion maps of elements on the surface were
obtained, and it was determined that the
elemental composition of the films depend
on the deposition conditions. It is found
that it differs from the expected calcula-
tion. The W-PIXE method shows that the
distribution of components on the films sur-
face is homogeneous.
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