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Thin films of Cu,ZnSnS, for solar cells:
optical and structural properties
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The structure of Cu,ZnSnS, films was investigated by Raman spectroscopy, scanning
electron microscopy, energy dispersive X-ray spectrometry, optical reflectance and pho-
toluminescence. The films were formed by thermal annealing layers of copper, zinc and tin
sulfides on glass substrates at different substrate temperature and ambient atmosphere. It
was revealed that the films have the dominant structure of kesterite with possible inclu-
sions of stannite Cu,ZnSnS, structure. Under certain growth conditions, however, segre-
gation of Cu,_S occurs, as proved by registering the characteristic peak in Raman
spectra. No traces of secondary phases of zinc or tin sulphides are found.

MerogamMu paMaHOBCKOHN CIEKTPOCKOININ, CKAHUPYIOIIEH 3JeKTPOHHOW MUKPOCKOINH,
SHEPreTUUYECKU-AUCIEPCUOHHON PEHTIEeHOBCKON CIEKTPOMETPHUM, ONTHYECKOr0 OTPANKEHHS U
(bOTOJIOMUHECIIEHIIY HCCAEL0BAHBI CTPYKTYPHL IteHOK CU,ZnSnS,, chopMUpOBaHHBIX Tep-
MUAYECKUM OTKUIOM IIPEeIBAPHUTEIbHO OCAMKIECHHBIX CJI0EB MeIU M CyJAb(UI0B IIMHKA U 0JIOBA
HA CTEKJAHHBIE MOAJOMKKY IPH PASJIMYHBIX TEMIIEPATYPaX IOIJIONKEK M OKPYKAIOIIel aTMo-
cepbl. YCTAHOBIEHO, UTO ILNIEHKU UMEIOT CTPYKTYDPY KECTePHUTA C BOSMOMKHBIMU BKJIIOUEHM-
MU CTPYKTYPBI cTaHHUTA. IIOKasaHo, UTO IPH OIPELEJEHHBIX TEXHOJOTHUECKUX PEeRUMAX
(bOopPMUPOBAHMS MJIEHOK B HUX MOXKET UMeTh MecTo cerperanusa ¢assr Cu,  S. B cmexTpax He
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IIPOABUJIUCE BO3MOMHBIE BKJIIOUEHUA (pas CyJII)q)I/IHOB IIUHKa W 0JIOBAa.

Introduction

Photovoltaic devices provide today nearly
20 GW of electrical power worldwide. Al-
most 90 % of such power is produced by
silicon solar cells, the efficiency of which
has almost reached the theoretical limit.
Due to constant annual growth of photovol-
taic energy production by 80-40 %, the
area of solar panels and the amount of ma-
terial required for their manufacture in-
creases significantly. An optimal solution of
this problem is using of thin-film technol-
ogy in manufacturing of solar cells. How-
ever, in this aspect silicon is not efficient
material because of its indirect-gap and,
consequently, low efficiency of absorption
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of solar radiation in visible and near infra-
red (1-2 eV). A transition to direct-gap ma-
terials can significantly reduce a thickness
of the absorber layer needed for full absorp-
tion of an incident light.

For implementation of this perspective a
number of binary and ternary chalcogenide
semiconductors, which can be promising ma-
terials for second generation solar cells due
to an appropriate band gap (1-1.5 eV), were
intensively investigated in past years [1].
The efficiency of thin film solar converters
based on CdTe, CulnS, (CIS) and
Cu(In,Ga)Se, (CIGSe) has rapidly — during
several years — reached values above 20 %
[2]. However, the resources of In and Ga in
the crust are little and the cost of these
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materials is relatively high [3], while the
large-scale use of toxic Cd and Te in solar
cells is undesirable from the viewpoint of
ecology.

Therefore, in the last few years, as a
promising alternative for the development
of the novel solar cells quaternary chalco-
genides like Cuy,ZnSnS, (CZTS), Cu,ZnSnSe,
(CZTSe), and Cu,ZnSn(S,Se), are consid-
ered. In these compounds, the relatively ex-
pensive chemical elements of the third
group, In and Ga, are replaced by cheap
elements of second (Zn) and fourth (Sn)
groups. After a rather short time of inves-
tigations, the efficiency exceeding 10 % has
already been reported for CZTS-based solar
cells [4]. However, the transition from
atomic (Si) or binary (CdTe) compounds to
ternary (CIS) or quaternary (CZTS) com-
pounds generates a number of technological
and fundamental physical problems. They
are related to close values of formation en-
ergies for various crystallographic forms of
these materials (e.g. kesterite and stannite
for CZTS), an influence of possible signifi-
cant non-stoichiometry (excess or deficiency
of Cu and groups II and IV elements), and
very high concentration of different struc-
tural defects [5—7].

Therefore, the main task of the re-
searchers working on CZTS is obtaining ho-
mogeneous stoichiometric structures with-
out inherent defects and inclusions of secon-
dary phases of binary (ZnS, SnS, Cu,_,S)
and ternary (Cu,SnS;, CusSnS,) com-
pounds. The presence of structural or phase
inhomogeneities in CZTS dramatically dete-
riorates the solar cells characteristics [8—
10].

The aim of this work was to determine
the type of structure, composition homoge-
neity and identification of possible secon-
dary phases in Cu,ZnSnS, films formed by
thermal annealing of preliminary deposited
layers of copper, zinc and tin sulfides on
glass substrates.

Experimental details

The films CuyZnSnS, studied in this
work were obtained by thermal annealing of
layers of copper, zinc sulphide and tin sul-
phide deposited on a glass substrate caped
by a layer of molybdenum. Annealing was
carried out at 370 or 390°C in atmosphere
of air or nitrogen. Utilizing relatively low
temperatures of annealing was conditioned
by potential possibility of usage of flexible
organic polymer films in the technology of
such structures formation.
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Fig. 1. Schematic of kesterite (a) and stannite
(b) structures [9].

Optical reflection spectra of CZTS films
under study were recorded by Shimadzu
UV-3600 spectrometer, surface morphology
was investigated by scanning electron mi-
croscope (SEM) Tescan Mira 38 LMU. Chemi-
cal composition was determined using en-
ergy dispersive spectroscopy (EDS) included
in SEM. Structural properties of the films
were investigated by micro-Raman spectros-
copy. For excitation of Raman spectra the
514.5 nm wavelength of Art-laser was used.
The laser power was adjusted for the power
density on the sample surface not exceeding
0.1 mW/um?2, in order to avoid affecting
the structure of the film in the process of
measuring Raman spectra. All measure-
ments were performed at room temperature.
Photoluminescence (PL) spectra were re-
corded at temperature of liquid nitrogen
and excited with a second harmonic
(532 nm) of Nd:YAG laser.

Results and discussion

CZTS crystals can be found in nature
[11] in the form of mineral that can crystal-
lize in structures of kesterite (space group
I44) and stannite (space group I42m)
(Fig. 1).

As can be seen from Fig. 1, these crystal-
line structures are very similar and differ
only by distribution of cations in tetrahe-
dral sites [12]. Type of the cation arrange-
ment in CuyZnSnS,, and thus its crystal-
lographic structure, strongly depends on
technological conditions [13]. Identification
of the crystallographic structure of CZTS by
conventional X-ray diffractometry is hardly
possible since kesterite and stannite reflec-
tions almost coincide. The reason is a tiny
difference in their X-ray scattering due to
similarity of energy spectra and atomic
masses of Cu and Zn. For the same reasons
the X-ray methods are not informative
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Fig. 2. SEM images of the films formed at 370°C (a, b) and 390°C (c, d) under nitrogen atmosphere
(a, ¢) and air (b, d).

enough for an identification of the secon-
dary phases of ZnS or Cu,SnS3 in CZTS.
As can be seen from Fig. 2, the surface
morphology of the films strongly depends
on technological conditions, such as anneal-
ing temperature and atmosphere in which
the annealing was carried out. An increase
of the synthesis temperature by only 20°C
from 370 to 390°C causes the considerable
increase of the surface density of some sec-
ondary phase. The local EDS analysis was
carried out in different areas of the films
(marked in Fig. 2, a) in order to determine
the chemical composition of the flat areas
(markers 1 and 4) and of the morphological
inhomogeneities (markers 2 and 3). The
EDS method does not allow to obtain the
data on the composition of just thin surface
layer, because the probing electrons pene-
trate the whole film. The large energy of
the probing electron was required for
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achieving high enough spectral resolution in
the EDS measurements.

Therefore, the composition obtained by
EDS in every spot is averaged over the
whole film thickness. Nevertheless, even in
this case, one can obtain some information
about component composition of the inho-
mogeneities, which are located at the film
surface. It is seen from Table that the areas
with morphological inhomogeneities (2 and
3) are Cu-rich. At the same time, for the
flat and homogeneous areas (1 and 4) the
ratio of the components Cu:Zn:Sn:S is very
close to the stoichiometric one — 2:1:1:4.
However, some excess of Cu content and
deficiency of Sn is measured even for the
apparently homogeneous areas. The enrich-
ment by Cu in areas 2 and 3 can be an
evidence of Cu,_,S formation. This assump-
tion has to be checked, however, by other
method(s), which are sensitive to the par-
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Fig. 3. Raman spectra of Cu,ZnSnS, crystal
(1) and films formed at 370°C in nitrogen
atmosphere. The film spectra were obtained
in dark (2) and light (3) areas of the surface,
as indicated optical microscope image (x100)
in the inset.

ticular compound rather than overall con-
tent of certain chemical elements. One of
the most efficient tools for this purpose was
proved to be Raman spectroscopy [14].

Before studying the thin film samples by
Raman spectroscopy, we obtained Raman
spectrum of a reference Cu,ZnSnS, crystal
(Fig. 8, curve I). It reveals intense peaks at
251 em™1, 286 cm™!l, and 837 ecm™1 related
with kesterite structure [15—22]. The fre-
quency of the most intensive band of the
Raman spectrum of Cu,ZnSnS, correlates
well with theoretically calculated mode for
the kesterite structure (3385.2 cm™1), while
for stannite it is expected at 382.7 cm™l
[16]. One can see from the spectrum shown
in Fig. 8 that the Raman spectrum of the
crystal CZTS sample also possesses weaker
bands at 1438, 166, 271, 347, and 353 cm™1,
which can be also assigned to the kesterite
modes [19-22].

From the fitting of experimental Raman
spectrum of the reference Cu,ZnSnS, crys-
tal by a set of Lorentzian components we
can conclude that at the low-frequency side
of the most intense band (387 ecm™l) a
weaker component at about 330 cm™1 is ob-
served (Fig. 3, curve I). Most probably this
Raman band is related with disorder of Zn
and Cu atoms in Cu,ZnSnS, lattice, as was
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Fig. 4. Raman spectra of dark (a) and light
(b) areas of the films synthesized under air
(1, 3) and nitrogen (2, 4).

supposed in [22]. This disorder is often
caused by so-called anti-sites defects, such
as Zn atoms on the place of Cu(Cuz,) and
vise versa (Zngy). The assignement made in
[22] was based on the fact that disorder in
cation sublattice leads to the change of lat-
tice symmetry and thus can induce new
band(s) in the Raman spectrum [8, 9]. An-
other possible origin of this extra band can
be related with inclusions of stannite struc-
ture, because the calculated frequency of
the strongest Raman-active (4;) mode of
stannite, 382.7 em ! [16] is very close to
the frequency of the additional experimen-
tal mode of 830 cm™L.

Fig. 3 shows the Raman spectra of films
formed at 370°C in nitrogen atmosphere.
The measurement was performed in the

Table. Peak frequency, w, and width, Q, of the main Raman band, obtained from fitting

Sample 370°C, air 370°C, N, 390°C, air 890°C, N,
Frequency |half-width| @, em™ | Q, em™? | 0, em™? | @, em™? | 0, em™ | @, em™ | o, em™!
Light areas 336 18 335 31 336 20 335 24
Dark areas 337 14 337 13 337 13 337 18
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light (curve 2) and dark (curve 3) areas on
the film surface, as marked in the inset to
Fig. 8. We can see that both spectra are
qualitatively similar to the spectrum of the
reference Cu,ZnSnS, crystal which has the
structure of kesterite. At the same time, in the
spectrum obtained from the dark area (2) an
additional strong band is observed at 473 ecm™1
which is related with Cu,_S [17-19]. This
result is in a good agreement with the dis-
cussed above EDS data which shows excess
of Cu content in the dark areas. Therefore,
at these technological conditions the CZTS
film homogeneity is deteriorated by inclu-
sions of Cu,_,S.

In Fig. 4 Raman spectra of films formed
at various technological conditions are
shown for the dark (a) and light (b) areas of
the surface (as they appear under the light
microscope). The spectra of films synthe-
sized under air atmosphere differ from
those formed under nitrogen atmosphere by
more sharp peaks for both the dark and
light areas. The peak frequency and width
of the most intense CZTS mode (4;) were
obtained by multi-Lorenzian fitting of the
spectra (as in Fig. 2) and are summarized in
Table. It is seen from Table 1 that the peak
width is smaller for the dark area of the
films, despite Cu,_,S being observed in the
same areas (curve 2 in Fig. 4a). Therefore,
we may assume that the reason of the large
Raman peak width for light areas (Fig. 4b)
is not the inclusions of Cu,_,S but the dis-
order in the cation sublattice of CZTS lat-
tice itself. The peak at 410 cm™! in the
spectrum of the dark areas of the film ob-
tained at 8390°C under N, corresponds to
MoS, [18] which is obviously formed at
Mo/CZTS interface.

The optical reflectance measurements
and based on them calculation of the ab-
sorption spectra allowed to estimate the
bandgap of the films. The value obtained of
about 1.3 eV is smaller than values ex-
pected for purely kesterite structure [23].
This deviation can be due to the inclusions
of defects and secondary phases. This as-
sumption was confirmed by results of
Raman spectroscopy (Fig. 3) which deter-
mined formation of Cu,_, in certain sam-
ples, as well as inclusions of stannite modi-
fication of CZTS.

The PL spectra of the films almost coin-
cide for all the samples and have a similar
asymmetric broad band with a maximum at
1.2610.01 eV (Fig. 5). PL of CuyZnSnS, is
known to be usually dominated by recombi-
nation of donor-acceptor pairs [24] or tran-
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Fig. 5. Photoluminescence spectra of CZTS
films at T = 80 K, synthesized in air (1, 2)
and nitrogen (3, 4).

sition from conduction band to acceptors
states [25]. Note that in the PL measure-
ments both dark and light areas of the films
contributed to the spectra, because they
were excited not under microscope with a
laser but in macro-configuration with less
focused diode light source.

Conclusions

Structural properties of Cu,ZnSnS, films
formed by thermal annealing of layers of
copper, zinc, and tin sulfides on glass sub-
strates have been studied. Raman spectros-
copy proves that the films are of kesterite
structure with possible inclusions of disor-
dered areas of stannite. Raman spectroscopy
also identified segregation of Cu,_,S phase
at the certain technological conditions. The
influence of the annealing temperature and
atmosphere in which the formation of struc-
tures occurs on the film composition was
established. The interpretation of reflec-
tance spectra is significantly complicated by
the formation of Cu,_S clusters, which
contribute to the optical spectra.
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Tonki nmiaiskn Cu,ZNSNS, Aaa COHAYHUX eJIeMEeHTiB:
ONTHYHI Ta CTPYKTYPHI BJIACTHUBOCTI

I1.C.Bab6iuwykx, B.O.lOxumuyx, B.M./[xwcazan, M.A1.Banax,
M.Jleon, I.B.Anuwyx, €.I''I'yne, O.M.I'pewyx

MeTogamMu pamMaHiBCBKOI CIEKTPOCKOIIil, CKaHYIOUYOl e€JeKTPOHHOI MiKpockoIrii, exnepre-
TUYHO-IUCIIePCiliHol peHTreHiBCbKOI criekTpomerpii, onTuuHoro BigbuBanuA Ta GOTONIOMiHE-
cueHnii gocaimxeHo crpykrypy mwiisBok Cu,ZnSnS,, cdopmoBaHrx TepMiduHEMM Bignansom Io-
epegHbO OCAMKEHMX IapiB Mmigi Ta cyapdinis mumHKY Ta 0Ji0BA HA CKJASHI MiAKJIAZKKU IPU
pPisHEHX TeMmepaTrypax IIiIKJIamoK Ta oTOuyuoi armocdepr. BeranosieHo, 110 IIiBKU MaiOTh
CTPYKTYPY KecTepiTy 3 MOMKJIMBHUMU BKJIOUYEHHAMM’ CTPYKTypHu cramiTy. IlokasaHo, 1o mpu
IeBHUX TEXHOJOTIUHMX pexrumMax (POpMyBaHHSA ILIIBOK B HMX MOJXe MATH Miclie cerperaris
dasu Cu,_,S. B cmekTpax He NPOABMINCA MOMKJINBI BKIIOUeHHA (as cynbdigie muEKY Ta

OJIOBa.
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