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ABSTRACT

Kesterite-type Cu,ZnSnS, (CZTS) thin films were deposited on corning glass from a single quaternary target. In this
study, we report the growth mechanism and the influence of annealing temperature on the structural and
compositional properties of CZTS films. All the four samples (as-deposited inclusive) show peaks corresponding to
kesterite-type structure. The diffraction peaks of (112) are sharp and the small characteristics peaks of the kesterite
structure such as (220)/ (204) and (312)/ (116) are also clearly observed in X-ray diffraction pattern. Some
secondary phases that appeared as a result of the annealing were observed in the Raman spectra. These results
indicate that the quaternary CZTS would be a potential candidate for solar cell applications.
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I. INTRODUCTION

CZTS is a p-type semiconductor, and as a photovoltaic
device it has a theoretical efficiency limit of ~30% ([1-
2]. Thus, it is a very viable material for the future of
optoelectronic industry. It is a quaternary chalcogenide
typically produced in Kesterite phase. It has a band gap
of 1.0-1.5 eV, and large absorption coefficient in the
range of 10* cm™, thus a very thin layer of film (0.45-
2um) can absorb over 90% of the photons over the
spectrum with photon energy higher than the band gap
[3]. Advances in the industry have brought its current
efficiency up to a maximum of 11% as developed by
IBM using a selenium/sulfur substitute to gain efficiency
[4]. It is formed entirely from earth abundant,
inexpensive, non-toxic elements [5].

CZTS can be synthesized using vacuum, non-vacuum,
thin film, and nano crystal production processes.
Majority of the synthesis methods involve depositing the
CZTS material onto a substrate as a thin film, but it is
also possible to produce CZTS nano crystals. A variety
of synthesis techniques exist due to the common
existence of multiple phases and common compound
impurities such as Cu,S, thus these methods all attempt
to find a new way to make phase pure CZTS [6]. These

methods or techniques include thermal and electron-
beam evaporation [7] co-evaporation [8], DC and RF
magnetron sputtering [9-13], hybrid sputtering [14],
spray pyrolysis [15], sol-gel spin-coated deposition,
electro deposition (co-electroplating)[16-17], Chemical
bath deposition [18], One temperature method [5] and
SILAR [19].

In this study, sputtering of single stoichiometric
quaternary target of CZTS has been carried out by RF
sputtering system on corning glass substrates. Substrate
temperature during the film growth has been kept
constant at 100°C. Finally the sputtered films were
subjected to annealing at 250, 350 and 450°C.
Previously no report has been made on thin films of
CZTS sputtered from single target at 450nm and
annealed at the temperature range mentioned above. The
influence of annealing temperature on the structural and
compositional properties of the films is studied by x-ray
diffraction (XRD), Raman spectroscopy, scanning
electron microscopy (SEM) and energy dispersive x-ray
(EDX) to evaluate its possible application as an absorber
layer of a solar cell. RF sputtering has been chosen
because of the technique’s maturity and applicability to
large-area.
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II. METHODS AND MATERIAL

A. Fabrication of CZTS Compound Target

Pressing and sintering are the mechanisms used to form
solid parts from powders. Pressing occurs first, then
sintering. In addition to the powder constituents, binders,
deflocculates, lubricants may also be present in the
mixture.

In this work, the preparation of the CZTS single target
starts with the mixing of CuS, ZnS and SnS, (purity:
99.99%; supplier: AJA International) raw powders at a
different weight ratios of Cu:Zn:Sn:S = 1.1:1.8:0.9:1.0
with the theoretical stoichiometry of Cuy1Zn;gSngsS, .

The powders were mixed by using the ball milling
method at the rotating speed of 300 rpm for 3 h, poured
into a stainless steel mold, pressed into a pellet form
with 6 mm in diameter at a pressure of 1.38x 10°Pa,
and transferred to a vacuum furnace for hot sintering
treatment. The pellet sample was sintered at 600°C for 8
h then taken out from the furnace for the microstructure
and phase characterizations in order to identify the
sintering conditions that may yield the single-phase
CZTS structure. Afterward, the 2-inches x 0.125-inch
CZTS target was prepared in accord with the optimum
sintering conditions. The raw powder was mixed at the
weight ratios as delineated above, poured into a 2-inch
stainless steel mold, pressed into the 2-inch disc form at
the pressure of 1.38x 10°Pa, and transferred into a
vacuum furnace for sintering.

With the target at hand, the growth starts with the
substrate cleaning. The substrate used in this work is
corning glass (microscope slide) having dimensions of
25X 75 x 1mm. Throughout the processing steps, great
care was taken in order to ensure the cleanliness of the
sample surfaces, as dirt and dust on the substrate
prevents the material to be deposited from sufficiently
bonding to the surface. The biggest source of
contamination on the part of the substrate is the
environment in which it is kept or stored.

All depositions described here were carried out in a
class100 clean room. Common procedures for substrate
cleaning (more especially in dealing with thin film)
include an RCA (a procedure developed by Warner
Kern), H,O, (hydrogen peroxide) - NH,;OH

(Ammonium hydroxide) — H,O (Water) for removing
organic residue and solvent cleaning with acetone,
methanol and IPA to remove remaining contaminates.
Before the deposition, the substrates were kept in a
dilute chemical detergent (a detergent solution used in
the laboratory to solubilize biological macromolecules
such as proteins) solution at 100°C in ultrasonic bath for
10 minutes to remove oils and protein molecules and
rinsed with double distilled water to remove possible left
detergent  contaminants. To  remove  organic
contaminants, the substrates were boiled in dilute
(hydrogen peroxide-H,0,) solution for 15 minutes. The
same solution was put into the ultrasonic bath. The
substrates were extracted from the bath and rinsed with
distilled water and later dried with 4N Nitrogen gas
before being introduced into the sputtering chamber.
Throughout the period of substrate preparation, film
deposition and film characterization, the laboratory staff
wore protective clothing so as not to contaminate the
samples.

The deposition begins with loading the target and
securing the glass substrate(s) to the substrate holder.
The sputtering machine, consists of a stainless steel
chamber with a cover that moves vertically (up and
down) and three sputter magnetron guns (1 gun can be
used at a time) of 2 cm in diameter each located at the
bottom of the chamber. The chamber is normally
evacuated and then partially filled with nitrogen gas to
about 0.13-0.27x 103 Pa so as to keep it clean. The
target is a single disk composed of CZTS of 99.99%
purity (fabricated through hot sintering by AJA
International) having a diameter of about 2 inches and a
thickness of about 0.25 cm. A one-minute pre-sputtering
has been carried out. Sputtering deposition of CZTS
layer using single-phase CZTS target offers the
advantages of uniform composition, smooth surface
morphology and relatively simple process; however, the
composition deviation in between sputtering target and
deposited layer is the major difficulty of this method.
The thickness of the deposited films is 450nm.

B. Annealing/heating the Samples

Before the samples were characterized to analyse their
various properties, heat at temperatures of 250, 350 and
450°C has been applied to the samples except the as as-
deposited sample. The ramp rate was 10°C per minute
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and the dwelling time was 1 hour. The samples were
annealed under nitrogen gas flowing at 10sccm per
minute. The purity of the gas is 99.99%.

C. Structural characterizations

The structural properties of thin films were analysed by
high-resolution X-ray diffraction (XRD — SIEMENS
Diffractometer D5000) operated at 40 kV and 30 mA
and also by Raman scattering spectroscopy (Renishaw
invia Raman Microscope) with an Olympus microscope
equipped with a 100X magnification lens and in the
backscattering configuration. The excitation source was
a green Argon ion laser operating at 532 nm and 220
mW output powers. The surface morphology and the
elemental analysis of the samples were done with field
emission scanning electron microscopy (FE-SEM,
Model: JBM-7000F, Japan). The samples are referred to
as CZTS1, CZTS2, CZTS3 and CZTS4, with CZTS1 as
the as-deposited sample. All the measurements were
done at room temperature.

III. RESULTS AND DISCUSSION

There are many possibilities for the formation of binary
sulfides secondary phases because of the presence of
four elements in the semiconductor. The appearance of
these secondary phases may be due to the
inhomogeneous  composition-distribution ~ of  the
sputtering target in local-regions which leads to the
existence of small impurity sulfides phases as suggested
by [20].

A. XRD analysis.

It is very difficult to distinguish the between kesterite
and stannite structure due to the fact that the XRD
patterns of these two structures differ only slightly in the
splitting of high order peaks, such as (2 2 0)/(2 0 4) and
(2 1 6)/(3 1 2) resulting from a slightly different
tetragonal distortion (c/2a) [13]. In general, [21]
suggested that narrow peaks indicate good crystallinity
of the samples.

TABLE 1
Samples Parameters

S/no Name Thickness = Annealing Temp
(nm) (C)
1 CzZTSs1 450 None (as-
deposited)
2 CZTS 2 450 250
3 CZTS 3 450 350
CZTS 4 450 450
TABLE 2
Deposition Parameters
S/ Parameter Deposition Details
No.
1 Substrate Corning Glass
2 Target CZTS (4N purity)
3. Substrate/Target Distance | 7 cm
4 Annealing Environment Nitrogen of 4N
purity
5. Annealing set points 250°C, 350°C and
450°C
6. Annealing Ramp rate 10°C/min.
7. Dwelling period 30 minutes
8 Film Thickness (nm) 450
9. Deposition pressure 1333.22x 1073 Pa
10. Argon/Oxygen flow rate | 20 sccm
11. Substrate temp 100 °C.
12. RF power 5W.
13. Deposition rate 3nm/min

Figures 1a, 1b, 1c and 1d show the XRD patterns of the
samples of thickness 450nm (CZTS 1, 2, 3 and 4).
Figure 1a is the XRD pattern of the as-deposited sample.
It can clearly be seen that the two most prominent broad
peaks appeared at 26= 31.7° and 42.5° which according
to JCPDS card no. 00-036-1451 and 01-1010 belongs to
ZnO and SnS, respectively, [22] reported similar results.
In figure 1b, the peaks exhibited are located at 28.5°
42.5° and 47.4° for Kesterite (JCPDS card no 26-0575
CZTS) same results were obtained by [23-26] and
(JCPDS card no 01-1010 SnSy) as explained by [20].

Figure 1c is dominated by peaks located at 27.00° and
29.96° which belong to SnS as referenced in JCPDS card
no 04-002-9907 while the latter belongs to the secondary
phase of Cu,SnS, with card no 04-010-5719 respectively
as observed by [27]. The peak that dominates figure 1d
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is located at 26 = 27.00° classified as SnS. In figure 1d
the peak is much more pronounced than in figure 1c.
This increase in intensity is not unconnected with the
increase in the annealing temperature from 350-450°C.
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20
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20
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Figure 1: (a) XRD pattern of CZTS 1(as-deposited) and

(b) CZTS 2 (sample annealed at 250°C) (c) XRD pattern

of CZTS 3(sample annealed at 350°C) and (d) CZTS 2
(sample annealed at 450°C).

B. Raman analysis

Figures 2abc and d shows the measured Raman spectra
for the CZTS1, CZTS2, CZTS3 and CZTS4 samples at
room temperature. All the samples excepting the as-
deposited (Figure 2a) show a strong peak at 338 cm™
with additional peaks at 287 cm™, which is associated
with the formation of the CZTS phase. The strongest
peak at 337 cm™ along with the presence of peak at 287
cm is attributed to the A; symmetry of Kesterite. These
A; modes are pure anion modes which correspond to the
vibration of sulphur atoms surrounded by motionless
neighbouring atoms [1]. The additional peak observed at
310 cm™ is related to the formation of Sn,Ss.

In Figure 2c, a shoulder peak of the main peak at 349
cm® and a broad peak at about 368 cm™ were also
observed, which is in agreement with the reported
results for CZTS. The shoulder peak at 349 cm™ and the
other peak at 368 cm™ are attributed to the Transverse
optical (TO) modes and Longitudinal Optical (LO)
mode of Kesterite CZTS phase respectively. Absence of
peak at 277 cm™ in Figure 2d, which is a characteristic
peak of Stannite phase in CZTS indicates that the CZTS
phase formed in the annealed sample exhibit dominant
Kesterite phase, which is favourable for its application
as an absorber in the solar photo voltaic (PV). Thus, the
presence of these four peaks i.e. 287 cm™, 337 cm™, 349
cm™ and 368 cm™ in the Raman spectra of Figures 2b, ¢
and d confirms the formation of Kesterite CZTS phase
in the compound. Sharp and strong major peak indicates
the good crystalline quality of the compound [1].
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Figure 2: Raman spectroscopy of (a) CZTS 1(as-
deposited) and (b) CZTS 2 (sample annealed at 250°C)
(c) CZTS 3(sample annealed at 350°C) and (d) CZTS 2

(sample annealed at 450°C).

D. SEM and EDX Analysis

Figures 3a, 3b, 3c and 3d exhibits the surface view FE-
SEM images of CZTS thin films deposited by sputtering
technique from a single quaternary target. Figure 3a
belongs to the as-deposited sample the surface of which
looks dense without any bigger voids. Figure 3b exhibits
a dense columnar morphology. This change in
morphology as compared with Figure 3a may be due to
the overgrown CuO at some parts of the film after
annealing [20] and it is beneficial to decreasing the
minority carrier recombination during transport process
when applied to solar cell as observed by [13].

Figures 3c shows a densely-packed compact structure
with some emerging grains. However, the CZTS thin
film shown in figure 3d showed a dense microstructure
with many voids located at middle and bottom region of
the thin film. This difference in the void formation was
attributed to the different Sn loss and diffusivity of Cu
vacancy during annealing process as suggested by [10].
In addition, the Cu vacancy may be responsible for the
formation of voids in the thin films.

Table 3 presents the energy dispersive x-ray (EDX)
based on the atomic percentages results in which the
elemental content of each sample has been analysed.
There are deviations from the stoichiometric Cu,ZnSnS,
i.e. 1.0 for Zn/Sn and 1.0 for Cu/(Zn+Sn). These
deviations can be defined as considerable deficiencies of
Zn and Cu compared with the stoichiometry. It is not
clear why this single target sputtering approach created
such significant deficiencies in the absorber films, but it
is assumed to be directly related to the different sputter
yields and re-evaporation rates of elements during the
active deposition of the film [28]. Zn percentage in the
sputtered films were lower than that in the target. Such
decrease should result from the Zn evaporation during
sputtering since Zn has a high saturation vapour pressure.
The excess of Sn should be the cause of SnS existence.
It is known that if Zn/Sn>1 this specifies Zinc-rich
sample. A sample is said to be Cu-poor if Cu/
(Zn+Sn)<1. If S<1 the sample is said to be S-poor.
Figure 4 shows the relationship between the annealing
temperature and the atomic %. All the samples are Zinc-
rich.
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Figure 3: (a) as-deposited sample (b) sample annealed
at 250°C (c) sample annealed at 350°C (d) sample
annealed at 450°C

TABLE 3:
EDX analysis results of randomly selected points on each sample
Cu In S
Cu Zn Sn S — — —
Sample at% | at% | at% | at% (Zn+ Sn) sn (Cu+Zn+Sn)
CZTS1 472 | 5717 3055 @ 7.56 0.05 1.87 0.08
CZTS 2 13.47 | 49.92 2293 13.68 0.18 2.18 0.16
CZTS3 2068 4564 2157 1211 031 212 0.14
CZTS4 2552 | 4407 @ 18.63 1177 0.41 2.37 0.13
70 earth abundant and nontoxic elements. This research
60 — focuses on the growth and characterization processes of
5 28 ~—— —e—cuat%  CZTS thin films. XRD pattern revealed a highly
€ 30 —o—7n at% crystalline tetragonal structure which corresponds to
Z 20 ﬁ . .
o o—Sn at% kesterite CZTS crystal. The compositions of (?ZTS
0 S 10 crystals were homogeneous and were found to be highly
0 200 400 600 Cu and S-poor. Most of the samples are Zn-rich. XRD is

Annealing Temperature (C)

Figure 4: Annealing temperature vs Atomic % for the
samples

IV. CONCLUSION

Researchers have focused on renewable energy from the
sunlight, hydro, geothermal heat, and wind to supply
humanity with energy alternatives. Photovoltaic is one
of the sustainable and competitive energy sources.
Copper zinc tin sulfide, Cu,ZnSnS, (CZTS), has
received great interest because the compound consists of
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unable to accurately identify CZTS (wurtzite/kesterite)
phases due to overlapping diffraction peaks. On the
other hand in Raman spectroscopy, the characteristic
vibrational modes of bulk CZTS (338 cm™), CusSnS,
(318 cm™), Cu,SnS; (298cm™), and Cu,—xS (269, 301,
and 470 cm™) can be resolved reasonably well, and
coexisting phases can be differentiated from each other.
These experimental measurements corroborate the
strong potential of Raman scattering for successful
detection of secondary phases. In particular, this
research demonstrate that secondary phases which
cannot be distinguished by XRD based techniques can
be detected. Some of the secondary phases detected are
SnS, Cu,SnS,, ZnO, SnS, and ZnS. According to the
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SEM results, an increase in the annealing temperature
results in larger grains and grain boundaries. Although
there are different schools of thoughts regarding the role
of grain boundaries in thin film solar cells, it is generally
accepted that grain boundaries act as recombination
centres.
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