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Effect of Na, S, O, - SH, O concentration

on the properties of Cu, ZnSn(S, Se), thin films
fabricated by selenization of
co-electroplated Cu-Zn-Sn-S precursors
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Abstract: Cu,ZnSn(S, Se), films were fabricated through post-selenization of Cu-Zn-Sn-S precursors co-electroplated by
varied Na,S,0, + 5SH, O concentrations. The property of obtained films before and after selenization shows a close depend-
ence on the concentration of Na,S,0, + SH,0. Only the film grown by 5 mM of Na,S,0; + 5H,0 shows a uniform surface
with faceted grains, a Zn-poor composition, a single phased Cu,ZnSn(S, Se), structure and a 1. 11 eV band gap eviden-
cing by SEM, EDS, XRD, Raman and transmittance spectra. More than 5 mM of Na,S,0, - 5H,0 additive to the electro-
lyte yielded the films with rougher morphology and the presence of SnSe . Less than 5 mM of Na,S,0; - 5H,0 additive to
the electrolyte resulted in the films with highly Zn-poor content and the primary formation of Cu,SnSe,.
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Introduction

Cu,ZnSnS, (CZTS), a p-type semiconductor for

solar cell applications, is made entirely of abundant
materials and has a high absorption coefficient. The
advantages merit the possible replacement for Cu(In,
Ga)Se, (CIGS) thin film solar cells. Due to the possi-
bility to tune the band gap by the introduction of
isovalent atoms with different size, the band gap of
CZTS can be decreased by substituting Se atoms for
smaller S atoms by post-deposition selenization. The a-
bility to tailor the band gap therefore enables tuning the
absorption characteristics over the spectral range of in-
terest for the solar spectrum. Changes in the band gap
can also yield higher short current density per cell -
advantageous for large-area modules because of re-
duced series resistance losses. Until recently, 10. 1%
power conversion efficiency has been achieved for the

Cu,ZnSn(S,Se),(CZTSSe, [S/Se]=~0.4) solar de-

vice using a hydrazine-based solution via spin coat-
ingt!
g .

Since these compounds were proposed by

Friedlmeier et al®’. in 1997, by far various synthesis
approaches have been implemented, including thermal

(3] sputtering*’ , ink-based approach'™!

evaporation
etc. Among these approaches, electroplating is a prom-
ising non-vacuum chemical method for the large-area
production pilot of thin film solar cells, since electro-
plating of copper, zinc, tin and their alloys are very
common and mature for the commercial application in
printed circuit boards, semiconductor chips, decorative

The elemental layers Zn/Sn/Cu/Mo

were sequentially electroplated one-by-one to form a

coatings, etc.

stacked precursor, leading to a 3.2% efficient CZTS

6 . .
(6] Via a selenization or

solar cell after sulfurization
sulfurization of co-electroplated Cu-Zn-Sn alloy route,
solar devices with 1. 7% efficiency for pure CZTSe and
3.16% for pure CZTS have been achieved'”® | and
the electrolytes involved CuSO,, ZnSO,, and SnSO, as
well as Na;C4H;O, as complexing agent. Kim et al ad-
ditionally added Na,S,0, ( sulfur source ) into the
aforementioned electrolytic bath and consequently the
metals as well as adequate sulfur were co-electropla-

ted’®). No post-sulfurization was required, with the

precursors being annealed in argon. They additionally
studied the effect of complexing agent Na,C,H, 0,
none the less no solar cell device results has yet been
reported using this method. On the other hand, it is
seldom reported the fabrication of CZTSSe alloy films
via selenization of electroplated precursors.

In this study, we fabricated several CZTSSe films
on ITO glasses, for the bifacial device ""'!, by post-se-
lenization of co-electroplated Cu-Zn-Sn-S precursors
under varied Na,S,0; concentrations, and the role of

Na,S,0; during the co-electroplating was discussed.
1 Experiment

Co-electroplating of Cu-Zn-Sn-S precursors was
performed in a potentiostatic condition with a CHI
1 140 A electrochemical workstation ( CH Instrument,
USA) in a three-electrode system. The reference elec-
trode was Ag/AgCl and a platinum foil served as the
counter electrode. The working electrodes were ITO
glass substrates (2 cm x3 cm) which had been cleaned
ultrasonically in acetone, ethanol and deionized water
and dried under flowing nitrogen. The aqueous electro-
lyte contained CuSO,-5H,0, ZnSO,-7H,0, SnSO, and
Na,S,0,-5H,0 as well as Na;C4H;0, and C,H,K,O,
as complexing agents. All the chemicals were analyti-
cal reagent grade ( Sinopharm Chemical Reagent Co.
Lid. China). Only the concentration of Na,S,0, *
5H,0 was varied from 1 mM to 9mM at an interval of 2
mM. The precursors were deposited under a constant
potential of -1. 15 V for 15min at room temperature
without stirring. After deposition, the samples were
rinsed using deionized water and dried under flowing
nitrogen. Those as-deposited precursors were selenized
simultaneously at a graphite box placed into a tubular
furnace at 550°C for 40min. This graphite box is artful-
ly designed as the selenization reaction container, in
which Se powder together with the precursors are heat-
ed simultaneously'"!. The usage amount of Se powder
was 0.7 g and the pressure in the furnace was kept at
18 Torr.

The structural property of CZTSSe thin films was
analyzed by X-ray diffraction (XRD) using Bruker D8
diffractometer with Cu K radiation (A = 0. 154 18
nm). Surface morphology was studied using a Phil-
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ipsS360 scanning electron microscope ( SEM). The
chemical composition of the samples was determined by
an energy dispersive X-ray spectroscopy ( EDS) sys-
tem. The optical properties were measured with the
help of a Cary-5000 UV-Vis-NIR double-beam spectro-
photometer in the wavelength range 300 ~ 1500 nm.
The thickness was obtained using a DEKTAK profilo-
meter. The CZTSSe films were additionally analyzed by
Raman spectroscopy ( Jobin Yvon LabRAM HR 800
UV MicroPL, a 488 nm laser).

2 Results and discussion

Figure 1 shows the morphologic images of these
CZTSSe films before and after selenization. As clearly
seen, all these precursors present a surface comprising
of ball-like particles with different sizes. More
Na,S,0, - 5H,0 additive to the electrolyte has given
rise to the rougher surface morphologies of the precur-
sors (see Fig. 1 (e)-(a)) and yielded the overgrown
cauliflower-like particles located on the surface ( see
Fig. 1(a)). After selenization, only the film grown by
5 mM of Na,S,0,+-5H,0 presents a compact and uni-
form surface with faceted grains (Fig. 1 (C)). The
selenized films processed with 1 mM of Na,S,0,-5H,0
present discontinuous surfaces (Fig. 1 (E)), for
which the evaporation of Sn via SnSe and heavily Zn-
poor content to be revealed below should be responsi-
ble. In addition, the films grown by 7 mM and 9 mM
of Na,S,0;+5H,0 after selenization show similar mor-
phological surfaces full with giant agglomerates ( Figs.
1(B) and (A)). EDS has proved these regions are Sn
rich and highly Se rich, suggesting the formation of ag-
glomerates of tin selenide and selenium phases. The
big particles on film top shown in Fig. 1 (a) and (b)
may absorb excess Se vapor and possibly give rise to
the presence of big agglomerates on the film top after
selenization.

Table 1 lists the composition of the films grown
with different concentrations of Na,S,0, +5H,0 before
and after selenization. As clearly can be seen, all
these films show the Zn-poor composition, indicating
the Zn is hard to be reduced at the cathode for the
more negative deposition potential. As the concentra-

tion of Na,S,0; +5H,0 was increased in the electro-

Fig.1 SEM of the CZTSSe films deposited with different
concentrations of Na,S,0, - 5H,O before and after seleniza-
tion. (A) 9 mM, (B) 7mM, (C) 5mM, (D) 3 mM, and
(E) 1 mM are the SEM images of the films after selenization.
(a) - (e) are the SEM images of the corresponding precursors

B1 ARG E T U CZTSSe W[ (A)
9mM, (B) 7 mM, (C) 5 mM, (D) 3 mM, and (E) 1
mM ] X HFTRIAL (a) - (e) 1 HTESHE

lyte, both the Zn and S percentages of the precursors
show a slight increasing trend, whereas, the percenta-
ges of Cu and Sn of the precursors decreases. It is hard
to give a clear explanation for the role of Na,S,0, *
5H, 0 since the co-electroplating is a relatively compli-
cated process. Comparing the [ Cu/Sn] ratio before
and after selenization, we find that the films after sele-

nization should have a desired ratio of [ Cu/Sn] close
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to 2. 0, because the excess Sn in the precursors has
been ruled out via the volatile SnSe. On the other
hand, the selenized films wholly show a more or less
Se-rich content. The excess Se in the films possibly
forms the Se agglomerates on the surface ( Figs. 1
(A), (B) and (D)) or dissolves into the films in
terms of interstitials, the presence of which will affect
the electrical properties of the films!™!. Although
much excessive Se has been absorbed, S atom has still
not been replaced completely by Se atom after seleniza-
tion, which is quite consistent with the reported

works! ",

Table 1 Compositional results of the CZTSSe films deposi-
ted with different concentrations of Na,S,0, -
5H, O before and after selenization

x1 TEGRBEINKETRAM CZTSSe HER KA

SRk S

Before selenization (% )

After selenization (% )

Cu/ Cw/ S+Se
SnCuZnSn S Se S /Me

45.3 3.2 41.9 9.6 1.1 27.4 1.9 13.3 1.0 56.3 2.1 1.3
45.4 6.7 37.6 10.3 1.2 17.1 6.3 10.9 4.9 61.8 1.6 1.9
39.8 18.7 24.4 17.2 1.5 22.1 8.5 13.3 6.0 50.1 1.7 1.3
33.7 15.4 29.1 24.8 1.2 18.8 7.3 9.6 4.4 59.9 1.9 1.8
34.8 15.3 25.8 24.2 1.3 18.8 7.5 10.9 5.1 56.6 1.7 1.7

mM Cu Zn Sn S

R = Y

Raman scattering can be used to characterize
CZTSe reliably, because identification of the phases,
ZnSe (F-43 m JCPDS 88-2345) and Cu,SnSe, (F43
m JCPDS 89-2879) which have similar symmetries and
lattice parameters with CZTSe, is challenging by XRD.
Fig. 2 depicts the Raman spectra for these selenized
films grown by different concentrations of Na,S,0; -
5H,0. Only the film grown by 5SmM of Na,S,0,+5H,0
presents the Raman peaks that can be assigned as the
characteristic modes of stoichiometric CZTSe!'!,
which confirms that the film presents the kesterite/
stannite structure with a Zn-poor content. On the other
hand, the selenized films grown by 1 mM and 3 mM of
Na,S,0,-5H,0 present the intense Raman vibrations
at 182 em™', 231 em™', and 253 c¢m ™' originating
from Cu,SnSe, phase!”®’, indicating a quite small Zn
content in the films. The films gown with 7 mM and 9
mM of Na,S,0,-5H,0 show the intense Raman peak

-1[14]
’

arising from tin selenide phases at 186 cm as

well as a wide vibrational peak from Se-Se from 230

em ' to 260 em ') which indicates that the film

surfaces are full with these spurious phases. The
488nm laser failed to detect CZTSSe phase beneath the
films due to the small penetration depth.

182 cm™'Cu,SnSe;

\

/231 cm'Cu,SnSe;
253 cm'Cu,SnSe;

- 193 cm™!
78 cm™ 176 cm™!
N

Intensity/(a.u.)

1 1 1 1 | I E—— 1 1 1 1
90 120 150 180 210 240 270 300 330 360 390 420
Raman Shift/(cm™)

Fig.2 Raman spectra of the selenized CZTSSe films de-
posited with different concentrations of Na,S,0, -5H,0

B2 AREEERGIE T YUY CZTSSe W L
S

Figure 3 plots the XRD data of these selenized
concentrations  of
Na,S,0,+5H,0. Due to the lower symmetry, CZTSe
shows additional minor peaks (101, 103, 121 etc. )

that are not in the patterns of ZnSe or Cu,SnSe;. How-

films processed with different

ever, there is no trace of these minor Bragg peaks 101,
121 or 103 in the XRD patterns of the films grown by
ImM of Na,S,0;-5H,0, indicating the percentage of
Zn is quite so little that Cu,SnSe; is predominantly
present in the films. As the Zn concentration increases
up t06.3% , 101, 121 and 103 minor peaks are clear-
ly observed in the XRD patterns. Thus, the presence
of CZTSSe can be confirmed in the films grown by
3mM-9mM of Na,S,0,-5H,0. As additionally can be
seen in Fig. 3(a), the trace of SnSe, has been con-
firmed in the films processed with 7 mM and 9 mM of
Na,S,0,+5H,0 evidencing by the intense peaks at 30.
140° and 31. 282° based on JCPDS 32 ~ 1382. Be-
sides, the peaks arising from the crystallized ITO glass
have been found. Peaks at 33. 737°, 37. 800°,
51.602 ° and 54. 538 ° are the intense directions of
Sn0, ( JCPDS 770452 ). Peaks at 30. 263 °,
35.264°, and 50. 661° should be the major peaks of
In,0, (JCPDS 06-0416). Similar XRD peaks of ITO
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substrates have been reported elsewhere!™" '), Moreo-
ver, given no relative diffraction peak was detected by 50
XRD in Fig. 3(a) for the film grown by 0.7 g Se pow-
der, it was assumed that the excessive Se possibly dis- 4or
solved in CZTSSe films in an amorphous state. ~ 30
2 s0f
< ~—-5mM
120 S T . ~§ 20+ Band gap
z ds ] S. B 2 & 8 ~ ImM| 1.06eV
100F 5 |8%3¢ | 378 £ 8 3 § 7mM| 1.07eV
_ T ke | S VA A ¢ 10f 3mM| L11eV
B 80jMWM“*”f“yﬁ~&~Jhmayumwnwwmwmnwmamwl9nﬂA 9mM| 1.15eV
g gg%g g SmM| 1.22eV
E WYY 0 :
%‘ 60 w§?ng-WWWW7mM 0.5 2.0 25
5 EEETR
£ T % . hv/eV
?:; 40 [ lw””‘é‘.*‘:ww ‘%"WMJWMWS mM
wn ! 7o =
LT % Fig. 4 Optical band gap estimation for the selenized CZTSSe
. " films deposited with different concentrations of Na,S,0O, -
] i X
0 1 ' 1 1 I ‘ ! 1 1 llmM 5H2O'
10 20 30 40 S0 60 70 8 90 100 F4 ARBACHERYIEE T UM CZTSSe HE M Y6

2-Theta

Fig.3 XRD patterns of CZTSSe films after selenization de-
posited with different concentrations of Na,S,0, -5H,0

B3 AREACHBR M T UURE) CZTSSe #E) XRD
]

Since the band gap of CZTSSe is direct and occurs
at the T point, its optical band gap can be deduced
from the expression, (ahv)’> o (hy-E g)» where E_is
the band gap energy and A, is the photon energy. The
absorption coefficient o was determined by o = [-In
(T)]/¢t, where t is the required thickness of the lay-
ers. Fig. 4 plots the band gap estimated from the
curves of (ahv)” vs. hy. Band gap values were given
by extrapolating the straight line portion of the graph in
the high absorption regime. The corresponding values
of band gap for each sample are shown in the inset. As
can be seen, all the band gap values vary from 0. 91
eV to 1.11 eV around that of the purely stoichiometric
CZTSe (0.96 €V). 0.91 €V for the sample grown with
1 mM of Na,S,0, -5H,0 is slightly bigger than the
band gap 0. 84eV of Cu,SnSe; !, possibly due to the
slight incorporation of Zn and S into the film.

3 Conclusions

In this work, we electro-chemically deposited a
set of Zn-poor CZTSSe films with different concentra-
tions of Na,S,0, -5H,0. Na,S,0, - 5H,0 can affect

Zn content and surface morphology of the metallic prec -

7 R P

ursors. Zn is seldom reduced at the cathode when the
usage amounts of Na,S,0,+5H,0 is too small (below 3
mM). As more Na,S,0,+5H,0 is added, the precur-
sors present rougher surfaces and a slightly increased
Zn content. The kesterite/stannite structure has been
clearly observed by XRD when the Zn percentage in
the selenized film was attained at 6.3% . The selenized
film grown with 5 mM of Na,S,0, -5H,0 shows single
phase CZTSSe structure, a uniform surface with facet
grains and a Zn-poor and Sn-rich content. More impor-
tantly, it shows the similar properties with stoichiomet-
ric CZTSSe films evidencing by Raman, XRD and
transmittance spectrum analyses. For the photovoltaic
CZTSSe absorber, the composition should be Zn-rich.

Thus, the electrolyte must be improved in the future.
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