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Abstract Reaction pathway for the formation of kesterite
Cu,ZnSn(S/Se), (CZTS/Se) from elemental precursors
(Cu, Zn, Sn, S/Se) has been investigated experimentally
and is being reported in the current paper. To identify the
various stages of reaction pathway and to identify the
formation and consumption of secondary phases, X-ray
diffraction and Raman spectroscopy tools were employed.
A series of experiments for different ballmilling durations
(5, 10, 15, 20, 25 and 30 h) were performed and the
presence of different phases was recorded for each exper-
iment. In addition to XRD and Raman studies, phase for-
mation has also been confirmed using detailed XPS, TEM
and SEM-EDS analysis. In addition, the effect of anneal-
ing temperature on composition and band gap of the CZTS/
Se material has been discussed. Optical band gap of various
samples of CZTS was observed in the range of
1.40-1.60 eV and that of CZTSe was observed in the range
of 1.08-1.18 eV. The relatively simple, low cost, easily
scalable mechanical alloying process along with under-
standing of reaction pathway will provide a future scope
for bulk production of CZTS/Se absorber material for thin
film solar cells.
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1 Introduction

The increasing perception of CZTS/Se materials as a
potential absorber material for next generation solar photo-
voltaic is reflected in the large variety of routes that have
been undertaken for thin-film deposition. These include the
various vacuum based approach such as sputtering [1-7],
evaporation [8-20], pulsed laser deposition [21-26] and
non-vacuum based synthesis techniques such as Electro
deposition [27-35], solution based approaches [36—49] and
other techniques such as ballmilling [42, 43, 50-53] etc. As
of now the best achieved efficiencies are 8.4 % [20] and
9.7 % [54] for CZTS and CZTSe respectively. In five
consecutive years from 2010 to 2014, IBM has reported
record efficiency of 9.6, 10.1, 11.1 and 12.6 % using
CZTSSe material by hydrazine processing [55-58]. Still,
the record efficiency of CZTSSe is far away from the best
silicon, CIGS, and CdTe solar cells, that have efficiencies
of 25.6, 21.7 and 21.5 % respectively [59]. Even if we
consider the process corresponding to highest reported
efficiency i.e. the Hydrazine based solution technique, the
use of hazardous materials makes its acceptability difficult
for bulk production. The other techniques such as sputter-
ing, evaporation, PLD etc. are promising but looking at the
current global interest on low cost material as well as
processing technique, the most promising option left is
environmental friendly solution based techniques. For each
of these synthesis approaches, one major barrier is very
limited understanding of CZTS as well as CZTSe phase
diagram and control on the required phases during material
synthesis [16, 60, 61], which makes it difficult to achieve
single phase material. Another major difficulty is in
achieving control in the material composition during pro-
cessing steps like heating, due to volatility of materials
such as Sn, Zn and S [62]. The above mentioned issues can
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be resolved by developing a deep understanding of the
formation of secondary phases and achieving control on
them. The desired phase purity of CZTS/Se which is one of
the key requirement in obtaining the better device perfor-
mance can be achieved by understanding the reaction
pathway during the material synthesis. Literature reports
reveals that even the commercially well developed and
easily scalable techniques such as ballmilling is also a
promising route for obtaining near phase pure material
[42, 50, 63]. Due to induction of the reaction by mechan-
ical energy (momentum exchange by impact of balls), the
reactive ballmilling process can introduce structural chan-
ges and can facilitate chemical reactions that in general
occur at medium to high temperature to take place at near
room temperature [64]. This makes the ballmilling process
more suitable option for exothermic reactions [50]. Mate-
rials such as complex alkali metal hydrides [65], battery
materials like LiFePO, [66] and solar PV materials like
CZTS [43, 50-53, 67], CIGS [64], CdTe [68], Cu,ZnSnTe,
[69] and CulnSe, [70], have been synthesized via reactive
ballmilling. In the current paper, experimentally observed
reaction pathways during synthesis of CZTS as well as
CZTSe via ball milling are being reported, which are so far
not reported by mechano-chemical process. A series of
ballmilling experiments using optimized experimental
parameters [50], were performed. The phases formed dur-
ing the various stages in the experiments of different
durations were examined using XRD and Raman spec-
troscopy. The effect of annealing on both the stoichiometry
and the band gap of CZTS/Se was also studied in the
temperature range of 300-700 °C. In addition to XRD and
Raman analysis a detailed TEM, XPS and SEM-EDS
analysis of the samples are being presented.

2 Experimental details
2.1 Raw materials

Elemental powders of Cu (5.0837 g), Zn (2.6152 g), Sn
(4.7484 g) and S (5.1304 g) (Sigma-Aldrich) with purity
>99.5 % were fed into the ballmill bowl of 80 ml capacity
for preparation of CZTS (Cu,ZnSnS,). Similarly, for
preparation of the CZTSe (Cu,ZnSnSe4) compound, ele-
mental powders of Cu (3.5586 g), Zn (1.8306 g), Sn
(3.3239 g) and Se (8.8435 g) (Sigma-Aldrich) with purity
>99.5 % were used. 1-butanol was added as a wet medium
during ballmilling.

2.2 Synthesis procedure

Materials were synthesized by the procedure as reported in
our earlier publication [50]. In short, the metal elements
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(Cu, Zn, Sn) and chalcogenide powders were ballmilled at
a speed of 450 RPM. A series of experiments for different
milling duration were carried out separately, to understand
the reaction pathway during synthesis of CZTS/Se. After
completion of the experiment, the initial grey colored
mixture transformed to a dark black colloidal solution.
Thin films of the CZTS as well as CZTSe samples dis-
persed inl-butanol were deposited onto glass substrate
using spin coater and dried at 60 °C on a hot plate. These
films were then subjected to various annealing treatments
in N, atmosphere at temperature ranging from 300 to
700 °C for 5 min. A heating rate of ~ 10 °C/min was used
and the samples were allowed to cool down to room tem-
perature, before removal from the furnace.

2.3 Material characterization

Thin films of as-synthesized and annealed sample of
CZTS/Se were characterized by X-ray diffraction patterns
using Panalytical X Pert-Pro (Cu K-o radiation, 1.5418 10\)
diffractometer. Jobvin—Yvon-Horiba (HR800UV) Raman
spectrometer at ambient conditions equipped with a laser
(514.5 nm) was used to obtain the Laser Raman Spectrum.
TEM diffraction patterns were obtained on a Philips CM
200, operating at 20-200 kV accelerating voltage and
having a resolution of ~2.4 A. Field Emission Gun-
Scanning Electron Microscope (FEG-SEM), JSM-7600F
model, operating at an accelerating voltage of 0.1-30 kV,
magnification range of 25-1,000,000x and having resolu-
tion 1.0-1.5 nm (15 kV) was used for energy dispersive
X-ray spectroscopy (EDS) analysis. Thickness of the films
were measured using Zeta Instruments make non-contact,
optical profiler (Model: Zeta-20). Perkin-Elmer Lambda-
950 spectrometer was used for optical characterization of
the thin films of as synthesized as well as annealed
samples.

3 Results and discussions

To understand the reaction pathway during CZTS and
CZTSe formation from elemental precursors using ball-
milling process, separate experiments were carried out for
various milling durations (5, 10, 15, 20, 25 and 30 h).
Figure la, b represents the XRD pattern of the various
samples obtained from various ballmilling experiments of
5-30 h duration. It can be seen in Fig. 1a that in the sample
corresponding to 5 h of ballmilling, peaks corresponding to
binary phases such as Cu,S (PDF card no: 01-072-1071),
SnS, (PDF card no: 0121-1231) and ZnS (PDF card no:
01-089-2423) are appearing which indicates the occurrence
of reaction among elemental precursors. Sample corre-
sponding to 10 h of ballmilling shows the reduction in the
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Fig. 1 XRD patterns of wet ballmilled precursors (Cu, Zn, Sn, Se and S) for synthesis of CZTS (a) and CZTSe (b) for various durations of
milling. Peak positions related to CZTS/Se, ZnS/Se and Cu,Sn(S/Se); are shown by arrows at the top of XRD spectra (a, b)

intensity of binary phases. For the samples obtained after
more than 10 h of ballmilling, all observed XRD peaks are
in good agreement with literature reports on CZTS. How-
ever, these peaks could also be indexed to ZnS and Cu,
SnS;, therefore further confirmation of phase was done
using Raman spectra of these samples, Fig. 2a. Sample that
has been prepared during 30 h ballmilling experiment
exhibited major XRD peaks at 26 = 28.71° [d = 3.107 A,
(112) plane], 47.61° [d = 1.908 A, (220) plane] and 56.35°
[d = 1.631 A, (312) plane].

The XRD patterns of the CZTSe samples synthesized
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durations are shown in Fig. 1b. Similar to CZTS, for
CZTSe sample prepared by 5 h ballmilling experiment,
peaks corresponding to binary phases such as Cu,Se (PDF
card nos: 01-088-2043 and 027-1131), SnSe, (023-0602)
and ZnSe (01-080-0008) are present. In case of sample
corresponding to 10 h duration experiment, the peaks of
binary phases start diminishing. The peaks of binary phases
are also appearing in the samples obtained after 15, 20 and
25 h duration experiments although the intensity is reduc-
ing with increasing ballmilling duration. The samples
prepared after 30 h experiment shows peaks corresponding
to either CZTSe or ZnSe and Cu,SnSe; with no indication
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Fig. 2 Raman spectra of sample prepared during various durations of ballmilling experiments for CZTS (a) and CZTSe (b) synthesis. Arrows
shown at the fop of Raman spectra (a, b) represents the Raman peak position corresponding to CZTS and CZTSe
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of presence of binary phases such as Cu,Se and SnSe,.
Although similar to CZTS compound, the phase confir-
mation was done after analysis of Raman spectra (Fig. 2b),
because of the existence of similar peaks positions for
CZTSe, Cu,SnSe; and ZnSe. The XRD patterns of CZTSe
sample corresponding to 30 h duration milling experiment
exhibited major peaks at 20 = 27.44° [d = 3.248 A, (112)
plane], 45.44° [d = 1.994 A, (220) plane] and 53.67°
[d = 1.706 A, (312) plane].

The Raman spectra of the ballmilled elemental precur-
sors as shown in Fig. 2a explain the reaction pathway of
the CZTS formation. It can be clearly seen that for sample
corresponding to 5 h milling duration the Raman peaks
corresponding to quaternary phase CZTS (331 cm™'),
ternary phase Cu,SnS; (267 cm™ ') and binary phases such
as Cu,S (472-474 cm™Y), ZnS (273-275, 350-353 cm™ ')
and SnS, (215 cm™') can be seen, which is similar to the
findings of XRD analysis as discussed in earlier part.
Further the samples obtained on 10 h milling shows no
clear indication of Cu,S and SnS, phases. For the same
sample, very low intensity peaks of binary phases were
present in the XRD pattern. The reason for this could be the
existence of very small amount of binary phases and the
less penetration depth of laser source in Raman spec-
trometer might not have detected the same. Samples pre-
pared with 15, 20 and 25 h of milling experiments show the
peaks corresponding to CZTS, ZnS and Cu,SnS3, which is
in good agreement to the XRD data of these samples
(Fig. 1a). Further, it can be inferred that the intensities of
the peaks other than CZTS are reducing by increasing the
ballmilling duration. The sample prepared after 30 h of
ballmilling shows the Raman peak corresponding to only
CZTS with no evidence of any other secondary phase.

Figure 2b explains the reaction pathway of the CZTSe
formation using elemental precursors. It can be clearly seen
that in addition to quaternary phase; binary and ternary
phases are also present in all the samples prepared with
experiment duration <15 h. The same is also evident from
XRD pattern as shown in Fig. 1b except presence of a less
intense peak of Cu,Se in sample prepared during 20 and
25 h of ballmilling. The same peak is not clearly visible in
Raman spectrum, which might be due to presence of very
less amount of Cu,Se in the analyzed sample. Further the
samples prepared after ballmilling operation for 30 h
duration shows no indication of Cu,Se (261-263 cm™)),
SnSe, (110 ecm™"), ZnSe (249-253 cm™") and Cu,SnSes
(179-186 cm™ ") phases.

It can be deduced that in case CZTSe synthesis, binary
phases such as Cu,Se and SnSe, were present for longer
duration (i.e. till 15 h) as compared to that in case of CZTS
(i.e. Cu,S and SnS, were present till <10 h experiments).
The presence of binary selenide for longer duration is due
to the fact that the reaction of formation of Cu,SnSej is less

@ Springer

exothermic as compared to that of Cu,SnS; [Hf(Cu,
SnSe;) = —2.116 eV/formula unit and H;Z(Cuzsnsg) =
—2.680 eV/formula unit [71]]. Considering the above dis-
cussion on XRD and Raman spectra of the various samples
of ballmilled elemental powders, a reaction pathway for
formation of quaternary phase Cu,ZnSnX, (X: S, Se) can
be determined, which is shown in the reaction sequence
below:

2Cu+7Zn + Sn +4X — Cup X 4+ SnX, + ZnX
— CupSnXj3 + ZnX — Cu,ZnSnXy

It is worth mentioning here that the reaction of binary
sulphide/selenide to form quaternary Cu,ZnSnXj is rever-
sible, in which the forward reaction is less favourable at
higher temperatures. The advantage of using ballmilling or
any similar near room temperature process in promoting
the reaction along forward direction is discussed elsewhere
[50, 72].

To further confirm the phase purity of the CZTS as well
as CZTSe samples prepared after 30 h of experiment,
oxidation states of the elements were determined using
high resolution (HR) XPS spectra. HR-XPS core level
spectra, as shown in Fig. 3 confirms the presence of Cu™',
Zn™2, Sn™, S72 ions in CZTS sample (Fig. 3a—d) and
CuH, Zn”, Sn+4, Se 2 ions in CZTSe sample (Fig. 3e—
h). The Cu 2p core level spectrum as shown in Fig. 3a
exhibits binding energies (BE) peaks for the Cu 2p;,;
(931.9 eV) and Cu 2p,,; (951.7 eV) with a peak splitting
of 19.8 eV, confirms the Cu™ oxidation state [73-75]. In
case of Zn (Fig. 3b), BE values of 1022.3 and 1045.4 eV
for Zn 2ps,, and Zn 2p,,, with peak splitting of 23.1 eV,
suggesting the presence of only Zn*" [42, 76]. The Sn
3ds;, and Sn 3ds,, peaks shown in Fig. 3c are present at
486.4 and 494.5 eV, respectively, with a separation of
8.1 eV, attributing to Sn (IV) [76, 77]. Figure 3d shows
the S 2p core level spectrum which exhibit two peaks 2p3/
2 and 2p1/2 with binding energy at 162.1 and 162.9 eV
and a peak splitting of 0.8 eV, which are consistent with
the 160-164 eV range expected for S in sulphide phases
[74, 76].

Figure 3e shows the HR-XPS spectrum of CZTSe where
two symmetric peaks at 931.9 and 951.6 eV with a peak
splitting of 19.7 eV, represent the characteristic of Cu (I).
In Fig. 3f zinc 2p peaks located at 1022.3 and 1045.2 eV
show a peak separation of 22.9 eV, corresponding to Zn
(II). The Sn 3d peaks located at 486.1 and 494.6 eV with a
peak splitting of 8.5 eV, indicates Sn (IV) (Fig. 3g). The Se
3d doublet separation of 0.8 eV as shown in Fig. 3h, can be
assigned to the formation of metal selenides (3ds, at
54.2 eV and 3ds,, at 53.4 eV), which is consistent with the
literature [78]. Since XPS peak corresponding to Cu™? is
absent in both the samples, therefore, the possibility of
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Fig. 3 High resolution XPS core level spectra of 30 h ballmilled elemental precursors used for synthesis of CZTS (a-d) and CZTSe (e-h)

formation of Cu3SnS,; and CuzSnSe, can be ruled out.
Further, the absence of peaks corresponding to elemental
constituent verifies the completion of reaction.

To further validate the quaternary phase formation,
TEM studies were carried out for both the CZTS as well as
CZTSe samples corresponding to 30 h of milling experi-
ment. The results obtained from these studies are shown in
Fig. 4. The HREM images for a CZTS particle shown in
Fig. 4a exhibits lattice fringes corresponding to the (112)
(d = 0.313 nm), (200) (d = 0.269 nm) lattice planes.
HREM image of a CZTSe particle shown in Fig. 4c exhi-
bits lattice fringes corresponding to the (112)
(d =0.327 nm) and (200) (d = 0.284 nm) planes of
CZTSe, implying that this crystallite distribution is pre-
dominant, consistent with the results of Fig. 1. Similarly,
various such particles were analyzed for both CZTS as well
as CZTSe; most of them exhibited lattice fringes corre-
sponding to (112), (220), (312), and (200) planes of CZTS
and CZTSe.

The three most intense reflections for the kesterite
structure are also present in the SAED patterns (Fig. 4b, d)
that exhibited a ring pattern, consistent with the polycrys-
talline nature of the samples. The planes corresponding to
each ring were assigned using diffraction ring profiler [79].
The simulated SAED ring pattern (left portion of Fig. 4b,
d) was obtained using the standard CIF files of CZTS
(ICSD code: 628891) and CZTSe (ICSD code: 189791). It
can be clearly seen that the obtained ring pattern (right
portion of Fig. 4c, d) matches perfectly with the simulated
pattern.

After confirmation of the phase purity, CZTS sample
corresponding to 30 h wet ball milling experiment was
subjected to annealing at various temperatures (i.e. 300,
400, 500, 600 and 700 °C). Figure 5 shows the XRD pat-
terns of as synthesized CZTS samples as well as the
samples annealed at various temperatures.

As already mentioned earlier (Fig. la), the as-synthe-
sized sample of CZTS shown in Fig. 5a exhibits major
peaks at 20 = 28.71°, 47.61° and 56.35°, corresponding to
d-spacings of 3.107, 1.908 and 1.631 A. XRD pattern
corresponding to the CZTS sample, annealed at 300 °C
(Fig. 5b), exhibits major peaks at 20 values of 28.56°,
47.53° and 56.33° corresponding to d-spacings of 3.122,
1.911 and 1.631 A respectively. The sample corresponding
to annealing at 400 °C (Fig. 5¢) exhibits major peaks at
20 = 28.51°, 47.46° and 56.26° corresponding to d-spac-
ings of 3.127, 1.913 and 1.633 A respectively. Similarly,
the sample corresponding to 500 °C annealing temperature
(Fig. 5d) exhibits peaks at 20 = 28.49°, 47.39° and
56.22° corresponding to d-spacings of 3.130, 1.917 and
1.635 A.

In case of samples annealed at 600 °C (Fig. Se), in
addition to the peaks corresponding to CZTS, peaks of
binary phases such as; Cu,S (ICDD card no: 00-003-1071),
CuS (ICDD card no: 01-078-2122) and SnS (ICDD card
no: 00-022-0953) are also present.

This indicates that the higher temperature favours the
occurrence of the backward movement in the following
reaction:

Cu,S + SnS; + ZnS < CuyZnSnS, (1)

Thermodynamic arguments provided by Baryshev and
Thimsen [72], supports our experimental findings, where
by calculation of Gibb’s free energy, it has been proved
that, at T > 550 °C, the reverse reaction is more favorable
in (1). Similarly, in case of sample annealed at 700 °C
(Fig. 5f), reflections corresponding to Cu,S (ICDD card
no: 00-003-1071), CuS (ICDD card no: 01-078-2122) and
SnS (ICDD card no: 00-022-0953), SnS, (00-031-1399),
ZnS (ICDD card no: 01-089-2196) are also present along
with the main phase (i.e. CZTS). In both cases (i.e. Fig. Se,
f), the occurrence of SnS and CuS is possibly due to
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Fig. 4 HREM images show the fringes corresponding to (112) and
(200) planes of CZTS (a) and CZTSe (c) respectively. SAED pattern
of CZTS (b) and CZTSe (d) represents the ring profile, where the

degradation of the Cu,S and SnS, due to evaporation of
Sulfur at higher temperature (i.e. T > 500 °C).

In all the cases shown in Fig. 5a—f, the major peaks
could correspond to the (112), (220) and (312) planes of
CZTS, in the kesterite structure according to ICDD card
nos: 026-0575 and 00-034-1246. The data in Fig. 5 are also
in good agreement with literature reports on the CZTS
[80-83]. Since the peaks of binary phases are evident in
Fig. 5e, f, it can be confirmed that the samples annealed at
600 and 700 °C were not phase pure CZTS. Further, in
such conditions, as per the reaction pathway (determined
by the XRD and Raman spectra (Figs. 1a, 2a) discussed
earlier, the presence of ZnS and Cu,SnS; cannot be ruled
out. Therefore, all the major peaks in Fig. Se, f are also
indexed to ZnS and Cu,SnSs;.

Assuming that the quaternary kesterite phase has been
synthesized, the lattice parameters for the CZTS sample
(annealed at 500 °C) were determined to be
a=b=>5423 A c=10859 A.
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clearly visible rings correspond to the (112), (220) and (312) planes
corroborating our XRD results shown in Fig. 1

Figure 6 shows the XRD pattern of the as synthesized
CZTSe sample as well as for the annealed at various
temperatures. As already mentioned in earlier (Fig. 1b), the
as-synthesized sample of CZTSe shown in Fig. 6a exhibits
major peaks at 20 = 27.44°, 45.44° and 53.67°, corre-
sponding to d-spacings of 3.248, 1.994 and 1.706 A.

XRD pattern corresponding to the CZTSe sample,
annealed at 300 °C (Fig. 6b), exhibits major peaks at 20
values of 27.30°, 45.27° and 53.54° corresponding to d-
spacings of 3.263, 2.001 and 1.710 A respectively. The
sample corresponding to annealing at 400 °C (Fig. 6¢)
exhibits major peaks at 20 = 27.28°, 45.14° and 53.52°
corresponding to d-spacings of 3.265, 2.006 and 1.710 A
respectively. Similarly, the sample corresponding to
500 °C annealing temperature (Fig. 6d) exhibits peaks at
20 = 27.17°, 45.11° and 53.44° corresponding to d-spac-
ings of 3.278, 2.008 and 1.713 A.

In case of samples annealed at 600 °C (Fig. 6e), in
addition to the peaks corresponding to CZTSe, peaks of
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binary phases such as; Cu,Se (ICDD card no: 00-027-
1131), CuSe (ICDD card no: 00-049-1457) and SnSe,
(ICDD card no: 00-023-0602) are also present. The reason
of occurrence of binary phases at higher temperature
(T > 580 °C) is well explained in literature [50]. Similarly,
in case of sample annealed at 700 °C (Fig. 6f), reflections
corresponding to Cu,Se (ICDD card no: 00-027-1131),
SnSe (ICDD card no: 00-032-1382), SnSe, (00-023-0602)
are also present along with the main phase (i.e. CZTSe).
The occurrence of SnSe and CuSe (Fig. 6e, f) is possibly
due to degradation of the Cu,Se and SnSe, due to evapo-
ration of Selenium at higher temperature (i.e. T > 500 °C).

Analogous to the case of CZTS, in all the cases shown in
Fig. 6a—f, the major peaks could correspond to the (112),
(220) and (312) planes of CZTSe, in the kesterite structure
according to ICDD card nos: 00-052-0868 and 01-080-
6853. The data shown in Fig. 6 are also in good agreement
with literature reports on the CZTSe [84, 85]. Since the

2 theta (degrees)

peaks of binary phases are evident in Fig. 6e, f, it can be
confirmed that the samples annealed at 600 and 700 °C
were not phase pure CZTSe. Further, in such conditions, as
per the reaction pathway (determined by the XRD and
Raman spectra (Figs. 1b, 2b) discussed earlier, the pres-
ence of ZnSe and Cu,SnSe; cannot be ruled out. Therefore,
all the major peaks in Fig. 6e, f are also indexed to ZnSe
and Cu,SnSe;.

The FWHM of the various peaks corresponding to
Figs. 5 and 6 was used to calculate the crystallite size using
the Scherrer’s equation [86], and the values obtained are
summarized in Table 1. XRD data analyzed in Table 1
only represents the near phase pure samples (i.e. samples
annealed up to 500 °C).

It can be inferred that the as-synthesized samples con-
sisted of crystallites that have hardly been subject to grain
growth; the subsequent lower temperature annealing step
(300 °C) assisted in stress relief in the lattice and the
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conversion of disordered kesterite to ordered kesterite. The
same is evident from the higher 20 shift in case of as
synthesized to annealed sample (@ 300 °C) as compared to
that in case of 300-400 and 400-500 °C. With more energy
(i.e. higher temperature), first the stress relief and conver-
sion of disordered kesterite to ordered kesterite takes places
and thereafter the grain grown takes place. The detail
discussion on the XRD and Raman peak shifting after
annealing can be found elsewhere [50, 87, 88].

To determine the band gap of CZTS/Se samples, as
synthesized nano crystalline CZTS and CZTSe powders
were spin coated on a glass substrate to form a film of
thickness ~2 pum. Optical transmission (T) and reflection
(R) measurements for as synthesized as well as annealed
films of CZTS and CZTSe were taken at room temperature.
The optical absorption coefficient (o) was determined
using the formula [89, 90]:

@ Springer
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t T

where 1 is the thickness of the film. The optical band gap of
the samples were obtained by extrapolating the linear
region of the plot (ohv)? versus photon energy (hv).
Figure 7a, b shows the absorption coefficient (x) v/s
wavelength (A) plot for as synthesized phase pure CZTS
and CZTSe respectively. Both the CZTS as well as CZTSe
samples exhibited high optical absorption from visible to
near IR region, which is in consistant with the literature
[91]. It can be seen that for both CZTS as well as CZTSe,
the absorption coefficient is in the order of ~ 10%cm in the
visible region, which is suitable for thin film PV applica-
tions. Since the thin films are as such not the sintered
reflecting films, these were the spread nano-particles.
Therefore, the reflectance was found negligible in all the
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Table 1 Calculated crystallite size of the as-synthesized and
annealed CZTS and CZTSe samples

(hkl) 20 (°) FWHM (°) D (nm)
CZTS
As Synthesized
(112) 28.71 0.8309 9.76
(220) 47.61 1.0081 8.52
(312) 56.35 1.0448 8.53
Annealed (300 °C)
(112) 28.56 0.2796 29.01
(220) 47.53 0.2840 30.24
(312) 56.33 0.3162 28.19
Annealed (400 °C)
(112) 28.51 0.2596 31.24
(220) 47.46 0.2676 32.08
(312) 56.26 0.3011 29.60
Annealed (500 °C)
(112) 28.49 0.1840 44.07
(220) 47.39 0.3289 26.10
(312) 56.22 0.2448 36.40
CZTSe
As Synthesized
(112) 27.44 1.0597 7.63
(220) 45.44 0.9750 8.74
(312) 53.67 1.0488 8.40
Annealed (300 °C)
(112) 27.30 0.8008 10.10
(220) 45.27 0.9655 8.82
(312) 53.54 1.0160 8.66
Annealed (400 °C)
(112) 27.28 0.4842 16.70
(220) 45.14 0.4080 20.86
(312) 53.52 0.6528 13.48
Annealed (500 °C)
(112) 27.17 0.1415 57.14
(220) 45.11 0.1800 47.28
(312) 53.44 0.2190 40.18

D denotes the calculated crystallite size for each sample

cases. Tauc plot shown in inset of Fig. 7 was used to cal-
culate the band gap of CZTS (a) and CZTSe (b) sample.
Table 2 shows the SEM-EDS analysis and band gap of
the CZTS as well as CZTSe samples annealed at various
temperatures (i.e. 300-700 °C). It can be seen that; up to
annealing temperature of 500 °C, the samples are very
close to the Cu,ZnSnX, (X: S, Se) stoichiometry, since the
deviation in the stoichiometry of the samples are within the
measurement accuracy of the SEM-EDS instrument.

1.40eV
05

0. X
%.5 1.0 1.5 20 25 3.0
hv (eV)

1.08 eV,

10 15 20|
hv (eV)

1.0
09r

400 600 800 1000 1200 1400
A (nm)

Fig. 7 Absorption coefficient v/s wavelength curve (inset obtained
band gap) for as synthesized CZTS (a) and CZTSe (b) samples

It can be seen that the band gap of CZTS as well as
CZTSe is increasing with annealing temperature up to
500 °C. The possible reason behind this is, co-existence
of various crystal structures such as kesterite, stannite and
PMCA (primitive mixed Cu—Au like structure) in the as
synthesized samples, as discussed in literature [92-94].
For the sample annealed at T > 600 °C, the composition
of both CZTS as well as CZTSe becomes slightly Sn and
S/Se poor. Under Sn deficiency, due to their lowest for-
mation energy, accepter defects such as; Cug, and Zng,
are probable candidates [95]. Due to slightly Cu rich
conditions, the most possible defect could be Cug,, which
has the ionization energy around 0.28 eV [96]. Therefore
the reduction in the observed band gap of CZTS as well as
CZTSe samples after annealing at T > 600 °C are pos-
sibly due to presence of Cug, defect. Similar findings for
Sn poor composition for CZTS have been discussed in
detail elsewhere [97]. Further under Cu rich conditions
analogous to present case, a reported PL study also con-
firms such observations [96]. The observed values of the
band gaps for both CZTS as well as CZTSe are in good
agreement with those reported in the literature
[12, 51, 98-104]. Above discussion suggests the suit-
able annealing temperature for CZTS as well as CZTSe
should be T < 500 °C. For all the samples of CZTS/Se,
the absorption coefficient o was found to be of the order
of 10* cm™" in the visible region of the solar spectrum
which suggests their utility as a light absorber material in
solar PV applications.
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Table 2 Effect of annealing Annealing temperature

Atomic percentage (%)

Band gap (eV)

temperature on composition and

band gap of CZTS and CZTSe Cu 7n Sn S
CZTS
300 °C 25.17 12.23 11.58 51.02 1.51
400 °C 25.29 12.56 11.41 50.74 1.53
500 °C 26.44 12.77 11.33 49.46 1.60
600 °C 28.36 13.11 10.72 47.81 1.46
700 °C 29.89 13.77 9.43 46.91 1.42
As synthesized 24.66 12.46 11.60 51.28 1.40

Annealing temperature

Atomic percentage (%)

Band gap (eV)

Cu Zn Sn Se
CZTSe
300 °C 25.21 13.04 11.71 50.04 1.10
400 °C 25.57 13.11 11.52 49.80 1.10
500 °C 26.61 13.15 11.28 48.96 1.18
600 °C 27.25 13.67 10.97 48.11 1.12
700 °C 28.89 13.82 9.91 47.38 1.09
As synthesized 24.73 12.72 11.92 50.63 1.08

4 Conclusion

The reaction pathway for CZTS/Se formation using
mechano-chemical synthesis via ballmilling of elemental
precursors has been determined experimentally. Series of
ballmilling experiments of 5-30 h duration and the sample
analysis using XRD and Raman tools has provided the
information on presence of binary and ternary phases in
samples prepared during each experiment. The phase
tracking in various experiments of 5-30 h duration sug-
gests the formation of binary sulphides/selenides at first
place and thereafter formation of ternary phase Cu,Sn(S/
Se); and ZnS/Se. The presence of binary phases for longer
duration in case of CZTSe as compared to CZTS is sup-
ported by the comparison of formation enthalpies of Cu,
SnSe; and Cu,SnS;. The final reaction of ternary phase and
ZnS/Se yields quaternary phase CZTS/Se. A very useful
finding of the reaction pathway is that the use of binary
sulphide/selenide will not help in reducing the reaction
duration due to the fact that the formation of binaries takes
least amount of time (i.e. less than 5 h ballmilling dura-
tion). The time consuming or more energy intensive part of
the entire reaction sequence is the conversion from binaries
to quaternary phase. The proposed process and obtained
reaction pathway can be useful in obtaining CZTS/Se
materials in single phase for bulk production using scalable
ballmilling technique. Further the crystallite growth from
9.76 to ~44 and 7.63 to ~57 nm has been achieved by

@ Springer

annealing of the samples. For phase confirmation, the
synthesized materials were well characterized using the
different characterization tools like XRD, Raman spec-
troscopy, XPS, SEM-EDS, TEM and UV-Vis. XRD and
Raman revealed the formation of phase pure kesterite for
both CZTS and CZTSe, absence of any secondary phase is
evident from these studies as well as by XPS. The simu-
lated ring patterns obtained using the diffraction ring pro-
filer were found to be in good agreement to the ring
patterns obtained using TEM-SAED for the different
planes [(112), (220) and (312)] of CZTS/Se. On annealing,
it has been observed that the T < 500 °C was the suit-
able condition for both the CZTS and CZTSe for appro-
priate grain growth. At higher temperature (i.e.
T > 600 °C), both the compounds (CZTS and CZTSe)
starts to deteriorate and forms secondary phases. The band
gap for CTZS was observed to be in the range of
1.40-1.60 eV and that of CZTSe was in the range of
1.08-1.18 eV. The high absorption coefficient of CZTS as
well as CZTSe, i.e. ~10* cm™! suggests their suitability as
absorber materials in thin film based solar photovoltaics.
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