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the role of flexible titanium and molybdenum foil substrates in the growth mechanism of CZTS thin films. The
Raman spectra and X-ray photoelectron spectroscopy analyses of the sulfurized thin films revealed that, except
for the presence of Sn-based secondary phases, nearly pure CZTS thin films were obtained. Additionally, the
Keywords: intense and sharp X-ray diffraction peak from the (112) plane provided evidence of good crystallinity. Electron
CZTS dispersive spectroscopy analysis indicated sufficient sulfur content but poor Zn atomic weight percentage in
the films. Absorption and band-gap energy analyses were carried out to confirm the suitability of CZTS thin
films as the absorber layer in solar cell applications. Hall effect measurements showed the p-type semiconductor
behavior of the CZTS samples. Moreover, the back contact behavior of these metallic flexible substrates was
investigated and compared. We detected formation of cracks in the CZTS layer on the molybdenum foils,
which indicates the incompatibility of molybdenum's thermal expansion coefficient with the CZTS structure.
We demonstrated the application of the magnetron sputtering technique for the fabrication of CZTS thin films
on titanium foils having lightweight, flexible properties and suitable for roll-to-roll manufacturing for high

Thin film solar cell
Flexible substrate

throughput fabrication. Titanium foils are also cost competitive compared to molybdenum foils.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

To meet the worldwide energy demand in green technology in a cost
competitive way, cheap and readily available clean energy systems are
needed. Solar power is the most economic and powerful energy source
among the renewable energy sources. Over the last few decades, the
low cost and easy fabrication of thin film solar cell technology has
allowed it to compete with conventional Si wafer technology and to
take a major market share in the photovoltaic (PV) industry. Recently,
the use of Cu,ZnSnS, (CZTS) as an absorber layer in thin film solar cell
technology has been investigated. Moreover, this material is already
being considered as a replacement for conventional chalcogenide-
based absorber layers (CulnyGa; _ 4Se, and CdTe). In fact, this replace-
ment is urgently needed in the PV industry due to the restrictions on the
usage of the heavy metal Cd and the scarcity and high cost of In and Ga.
CZTS is a p-type quaternary compound semiconductor that is stable in
the kesterite structure. The CZTS kesterite crystal structure with a
large absorption coefficient (>10* cm™") has a band gap energy of ap-
proximately 1.4-1.6 eV [1]. Beyond these beneficial physical properties,
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CZTS consists of earth-abundant, cheap, and non-toxic elements. These
features have led researchers to focus on the CZTS compound for use in
solar cell technology. Currently, efficiencies up to 9.2% and 12.6% have
been achieved for the kesterite structures Cu,ZnSnS, [2] and
Cu,ZnSn(S,Se), [3], respectively. Theoretical calculations based on the
Shockley-Queisser limit for a single p-n junction with a band gap of
1.4 eV claim that an approximately 33.7% maximum solar conversion ef-
ficiency using an AM 1.5 solar spectrum can be generated [4]. For these
reasons, the CZTS compound semiconductor will be the preferred mate-
rial for thin-film PVs in the immediate future.

Several methods have been used in the fabrication of CZTS thin film
absorber layers, such as atomic beam sputtering [5], e-beam evaporation
[6], thermal evaporation 7], magnetron sputtering [8-11], electrodeposi-
tion [12,13], spray pyrolysis deposition [14,15], pulsed laser deposition
[16], etc. Most of these techniques were carried out using rigid substrates
such as bilayer molybdenum (Mo) coated soda lime glass (SLG). Howev-
er, the deposition of the CZTS absorber layer on flexible substrates may
open a wide range of application areas for large area thin film solar cell
fabrication [17]. Metallic foils, such as Cr-steels, titanium (Ti), Mo, alumi-
num and some alloys are promising flexible substrates because they are
cheap, lightweight, durable, and resistant to high-temperature fabrication
processes. Additionally, metallic flexible substrate utilization eliminates
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the need for the deposition of a metallic conductive back contact layer. As
a result, the cost of manufacturing and constructing solar cell modules
would be substantially lowered by using flexible metallic substrates.
The preferential flexible substrates should have well-matched coefficients
of thermal expansion (CTE) (i.e., 5-12 x 106 K1), sufficient thermal
(T 2400 °C) and chemical resistivity (especially against S and Se), and
should be suitable for a roll-to-roll deposition, in addition to being cost ef-
ficient [18].

Growth of CZTS layer on flexible Mo foil has only been investigated
via the solvothermal approach [19]. Deposition of CZTS layers on flexi-
ble polyimide substrates was carried out using a screen printing process
[20] and the electrochemical deposition technique [21]. Investigations
of CZTS absorber layer growth on metallic flexible substrates via magne-
tron sputtering followed by sulfurization have not been reported in the
literature yet.

In the present work, the magnetron sputtering technique was used
in the first stage of the growth mechanism, since sputtering offers a
wide range of advantages, such as easy adaptation to large-scale and re-
producible manufacturing. Additionally, we chose to investigate both Ti
and Mo foil substrates, due to the Ti's preferable CTE and chemical inert-
ness behavior, as well as to compare the results of the two foils.

A chemically inert back contact layer with optimum electrical char-
acteristics is necessary to achieve a high efficient solar cell. In the case
of Mo back contact, high temperature sulfurization process leads to
the decomposition of the CZTS absorber layer, resulting in MoS, phase
formation [22,23], which restricts the hole transport from CZTS to Mo
layer [24]. The interfacial MoS, layer may affect open circuit voltage
(Voc) and change the band alignment between the CZTS absorber
layer and Mo substrate. Furthermore, impurities released from the sub-
strate are another problem in the case of metal foil utilization. Pure me-
tallic foil substrates like chromium and Ti can be used without a
diffusion barrier since their diffusion rates into the absorber are compa-
rably low [25] and have no detrimental effects on the conversion effi-
ciency of the solar cells. Other intrinsic physical properties of the
substrate, such as the CTE and surface roughness, affect the characteris-
tics of the adjacent active layer. The CTE of the substrate and the adja-
cent active semiconductor layer should be in the same range.
Adhesion problems may occur due to a high CTE of the substrate,
while a low CTE may cause defects like crack formation. Formation of
cracks decreases the performance of the device since it creates shunt
paths between the back and front contacts of the device. Micro-cracks
are also inactive cell domains and, thus, they reduce the active cell
area. Therefore, back contact with a CTE nearly equal to that of the ab-
sorber layer is preferable to reduce the possibility of crack formation.
Additionally, since surface roughness of the metal substrate causes leak-
age current and pinholes, surface smoothness of a metallic substrate is
another important factor to achieve high efficient flexible solar cells
[26]. Therefore, a smooth surface may ensure easier and more homoge-
nous active layer deposition.

Furthermore, the choice of substrate is crucially important to reduce
the manufacturing costs for the high throughput fabrication of thin film
solar cells. The cost of commercially available metal foils depends on the
purity level and the Earth's reserve of the element. Ti is the fourth most
abundant structural metal in the Earth's crust, and it is 600 times more
abundant than Mo in [27]. Consequently, Mo foil is more expensive than
Ti foil. Taking these factors into consideration, the careful selection of
the substrate is crucially important to equip the growing thin film in-
dustry for mass production. The objective of this study is to establish a
clear understanding of the substrate and back contact behavior of
these promising Ti and Mo flexible substrates.

2. Material and methods
In the present work, we used 100 um thick and >99.5% pure Ti and

Mo foils supplied by Sigma-Aldrich, and SLG substrate was used for op-
tical and electrical characterization of CZTS material. Before the

sputtering process, to remove the oxidized layer and decrease the sur-
face roughness, Ti and Mo foils were chemically etched with diluted
HF and HCl, respectively. Additionally, the SLG substrate was cleaned
by subsequent ultrasonication in acetone, ethanol and distilled water
and then dried under a nitrogen stream. The CZTS layers were grown
on these three substrates via sulfurization of the stacked metallic pre-
cursors, which were deposited sequentially by a multi-target DC mag-
netron sputtering system using 2-inch targets of Cu (99.999%), Zn
(99.99%), and Sn (99.999%) at room temperature (Fig. 1). The deposi-
tion times were adjusted to 5 min for Cu, Sn and Zn targets by tuning
the sputtering power. Deposition was conducted in attempt to achieve
the desired layer thicknesses in the same time span for all three targets.
With this approach, we would be able to use the co-sputtering method
in our future work. After a base pressure below 1.3 x 10~4 Pa was
reached, the sputtering process was started. Operating pressure was
maintained at 2.0 Pa, and target-to-substrate distance was fixed at
8 cm. In this way, we sequentially grew layered metallic precursors,
i.e. Cu/Sn/Zn layers, on the Ti and Mo foils as well as on the SLG substrate
(Fig. 1(a)). The metallic precursors were produced using the same pro-
cedure for each process. Metallic precursors on Ti and Mo foils were ob-
tained from a single sputtering run with a double-faced sample holder
apparatus (Fig. 1(c)). The sulfurization procedure was performed in a
Lindberg/Blue M tube furnace. The sulfur powder (99.98%) was placed
in a custom-made quartz glass tube containing a small cylindrical
outer partition. The cylindrical partition was heated to approximately
130 °C via Joule heating to produce sulfur vapor. This system enabled
the precursors to be quickly heated by transferring the precursor from
the room temperature zone to the furnace central zone using a transfer
rod (Fig. 2). The metallic precursors were loaded in the quartz tube
installed in the tube furnace. Using a MKS 647C mass flow controller,
50 sccm of the carrier gas, Ar, was directed into the quartz tube during
the sulfurization process. Ar was selected as the carrier gas rather than
N, because the formation of TiN in the interface layer could deteriorate
the CZTS on the foil substrate. The pressure was maintained at atmo-
spheric pressure. The furnace temperature was set at 270 °C, and we
placed the metallic precursor into the furnace using the transfer rod.
The furnace temperature was raised to 560 °C in 10 °C increments per
minute. Fig. 3 represents the sulfurization process parameters of the
CZTS films of this study.

Then, these samples were sulfurized in this setup for two hours at
560 °C. After sulfur treatment, the current source was turned off, and
just the Ar gas inlet was left on. Afterwards, the films were cooled
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Fig. 1. (a) lllustration of sputtered metallic thin film layers on Ti foil, (b) schematic dia-
gram of top view of multi-targeted sputtering system and (c) illustration of sample holder
apparatus within the sputtering system.
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Fig. 2. lllustration of annealing setup.

naturally. We refer to these sulfurized films as Ti-CZTS on Ti foil, Mo-
CZTS on Mo foil and SLG-CZTS on SLG substrates.

The crystal structures of the CZTS thin films were analyzed by X-ray
diffractometry (XRD; Philipps X'Pert Pro). The XRD was operated in the
Bragg-Brentano focusing geometry from 20° to 80° on a Phillips X'Pert
Pro X-Ray diffractometry with Cu K radiation (\ = 1.5406 A) using a
step size of 0.03° and a time step of 1.1 s. Since the simultaneously formed
ZnS (JCPDS: 00-05-0566) and Cu,SnS; (JCPDS: 00-027-0198) secondary
phases have very similar crystal structures with kesterite CZTS, XRD anal-
ysis alone is not a sufficient analysis technique to detect kesterite CZTS
structure (JCPDS: 026-0575) [28]. Therefore, Raman scattering analysis
was also needed to obtain a complete and reliable analysis. The high-
resolution micro-Raman spectroscopy with a 100 x objective (Princeton
Instruments, Acton SP2750 0.750 mm Imaging Triple Grating
Monochrometer) was used at room temperature with the excitation
wavelength of 514.5 nm. The growth morphology was investigated
using a scanning electron microscope (SEM; FEI-QuantaFEG 250) by
using 20 kV acceleration voltage, equipped with Energy Dispersive Spec-
troscopy (EDS; Oxford X-act). The EDS analysis was carried out using an
LV detector (BSED), HV resolution (20 kV) and 5 spot size in high vacuum.
EDS analysis of the samples gave us essential information about the stoi-
chiometry of the films. Additionally, X-ray photoelectron spectroscopy
(XPS; SPECS Phoibos 150 3D-DLD) analysis was performed to determine
the chemical bonding and secondary phase formation. XPS measure-
ments were performed with a monochromatized Mg K, radiation source
(hv = 1254 eV) with a power of 200 W. The analyzer pass energy and the
step size were set to 30 eV and 0.1 eV, respectively. The spectra were ref-
erenced with respect to C 1 s peak at 284 eV [29]. After applying the Shir-
ley background subtraction, the deconvolution process of the spectra was
done with Gaussian-Lorentzian peak profile using CasaXPS software.
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The SLG-CZTS samples were investigated to determine electrical and
optical characteristics. Four point probe measurements (Keithley 2182A
nanovoltmeter, Keithley 7001 switch system, Keithley 220 programma-
ble current source) and Hall effect measurements (Lakeshore 450
Gaussmeter and Phywe 06480.01 electromagnet) were performed to
measure the sheet resistance, resistivity, carrier concentration, and mo-
bility of the CZTS semiconducting compounds. A PerkinElmer Lambda
950 UV/VIS/NIR spectrometer was used for optical measurements. Opti-
cal absorption and transmission measurements were conducted for
band-gap calculations. The film thicknesses were measured by a Veeco
DEKTAK 150 surface profilometer.

3. Results and discussion
3.1. Etching process

As-purchased metal foils have rough surface arising from the foil
production process. In order to get rid of the textured surface of foils,
polishing or coating a leveling layer is necessary for foil substrate utiliza-
tion [18]. For this reason, the Ti and Mo foils were chemically etched
with diluted HF and HC], respectively, before the sputtering process.
The Ti and Mo foils’ surface roughness values were examined by AFM
spectroscopy before and after etching. A decrement was observed in
the surface roughness of the Ti foil. However, the Mo foil surface became
rougher after the etching process (Table 1). Due to the highly scratched
surface of as-purchased Mo foil, scratch lines became deeper after etch-
ing with HCL.

Additionally, a passive oxide film on the Ti surface spontaneously
forms when exposed to air at room temperature. This passive film
forms an amorphous structure and is composed of three layers; firstly,
TiO forms adjacent to the metallic Ti, followed by a Ti,O3 layer, and
followed by TiO,, which is in contact with the environment [30]. This
amorphous oxide film crystallizes into anatase at about 276 °C, remains
in an anatase structure in the range of 276-457 °C, and contains both
anatase and rutile sublayers in the range of 457-718 °C[31]. This inter-
vening oxide layer is detrimental in creating an ohmic contact between
the CZTS and Ti metal substrate. We aimed to etch this amorphous pas-
sive oxide layer before sputtering, since the subsequent process,
sulfurization, requires a heat treatment higher than 500 °C.

A mixed acid solution treatment is a common method employed to
remove the oxide layer and contaminations from surfaces. According
to the literature, there are five acid solutions in use to remove the
oxide layer from Ti surfaces. A standard acid solution is composed of ei-
ther HF or a combination of HF and HNOs in distilled water [32].
Takeuchi et al. studied three other solutions, Na,S,0g, H,SO4, and HCl,
to determine their decontamination effects on Ti surfaces [33]. We
chose an HF solution in distilled water to remove the oxide layer from
the Ti foil. Our study confirmed that the oxide layer was successfully re-
moved using HF in distilled water.

To ensure the removal of the native oxide layers, CZTS layers grown
on untreated and etched Mo and Ti foils were analyzed and compared
with each other. The removal of the Ti-oxide layer can be clearly seen
in the XRD (Fig. 4(a)) and Raman analysis (Fig. 4(b)). The diffraction
peaks resulting from the rutile and anatase TiO, are more intensive for
untreated Ti-CZTS than those of etched samples. Similarly, Raman anal-
ysis of untreated Ti-CZTS revealed the existence of the rutile phases
with the peaks located at 445 and 610 cm™ ! [34]. The characteristic

Table 1
Surface roughness of Mo and Ti foils before and after etching (scan size: 5 um) (R,: arithmetic
average).

0 50 100 150 200 250 300 350 400
Time (min)

Fig. 3. Sulfurization temperature and heating rate profile.

Surface roughness (R,, nm)

Before etching

24.905
33.342

After etching

26.131
22.199

Mo Foil
Ti Foil
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Fig. 4. Untreated (black) and etched (red) foil Ti-CZTS (a) XRD diffractograms and (b) Raman spectroscopy.

vibration modes of CZTS material are located at 337, 288, 252 and
372 cm™ ' [35].

Since TiO, is a native oxide that grows at elevated temperatures, it
has physical properties (e.g. CTE, lattice size) similar to the native mate-
rial. This means that the thin oxide layer on Ti foil would not create sig-
nificant stresses in the material. However, removal of the oxide layer is
important to create a low-resistance and stable ohmic contact between
the back contact material and p-type semiconductor.

In the same way, we compared the XRD plots of CZTS material de-
posited on untreated and etched Mo foil substrates (Fig. 5(a)). Except
the small peaks indicating SnO, formation, there are not any prominent
oxide peaks related to Mo. The relative intensity of the preferential
plane (112) of the CZTS structure is considerably higher than that of
non-etched Mo-CZTS sample. In Fig. 5(b), there are no any traces of
the oxidized layer in the Raman spectroscopy for the untreated Mo
foil. Additionally, the characteristic Raman peak at 336 cm™ ! is more in-
tensive for etched than that of untreated Mo-CZTS. Even though surface
roughness was increased after etching, Raman and XRD analysis re-
vealed good outcomes. Therefore, we preferred to use etched Mo foils.

3.2. Compositional and morphological analyses

The thicknesses of the Cu/Sn/Zn layers were measured 155, 360, and
175 nm, respectively, using the profilometer. These thicknesses were
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- c
2| +=$n0, ]
[~
3 c=CZTS
£ 0= MoS,
s
2
[ c 1
E ¢ Mo c
SE(Cxhl gk o)l cf o c Jl ¢

calculated through molecular weight and density calculations of each
elements. Because CZTS is a quaternary semiconducting compound, it
exhibits a very complex structure. Therefore, its formation requires sys-
tematic control of sputtering conditions in both stages during the
growth of the CZTS layer. In the first stage of the process (depositing
the metallic precursor), the sputtering method allows for easy adjust-
ment of the metallic content by changing the sputtering time and
power. Metallic sputtering targets were used to deposit CZTS absorber
layers in a cost-effective way. Temperature and duration play major
roles during the sulfurization process of the metallic precursors to
form the CZTS compound. The compositional analysis was done with
EDS measurements, and the growth morphology of the layers was ana-
lyzed with SEM imaging. Fig. 6 represents the SEM images of Mo-CZTS,
Ti-CZTS and SLG-CZTS samples.

Producing a microstructure with larger grains is possible using me-
tallic targets, but surface homogeneity can be a problem, including
voids and agglomerations of Sn in some regions. It was asserted that sul-
fur introduction into the metallic precursors with sulfur containing tar-
gets ensures uniform and denser layers [36]. Incorporation of sulfur into
the metallic precursor during the sulfurization process results in an ex-
pansion of the film with rising sulfur content, which can cause stress
and voids in the CZTS layer [37]. As shown in Table 2, the atomic compo-
sitions of the samples are similar to each other in that both are poor in
Zn and rich in Sn. By combining Table 2 and Fig. 6, it can be seen that

Untreated foil Mo-CZTS

() 336

Etched foil Mo-CZTS

Intensity (arb. units)

20 30 40 50 60 70 80
20 (degree)

400 500 600

Raman Shift (cm™)

700

Fig. 5. Untreated (black) and etched (red) foil Mo-CZTS (a) XRD diffractograms and (b) Raman spectroscopy.
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Spectrum A

]

Spectrum B

Fig. 6. Micrographs of the sulfurized films and EDS measurements of distinctive regions on (a) Mo-CZTS, (b) Ti-CZTS and (c) SLG-CZTS.

spectrum B in Mo-CZTS and spectrum D in Ti-CZTS occupy larger areas
and are distributed more uniformly within the samples. The brighter
colored crystal structures of spectrum E indicate an accumulation of
crystals. EDS measurements revealed that this region was composed
of Sn rich crystals. Spectrum F is an example of voids. In Mo-CZTS, spec-
trum C has a distinct crystal growth. EDS measurement revealed that
these larger sized crystals indicate Cu, _ S formation.

Table 3 lists the chemical composition ratios of Cu/[Zn + Sn], Zn/Sn
and S/[Cu + Sn + Zn] for Mo-CZTS and Ti-CZTS. It indicates that Cu-
poor composition was obtained in both samples. It is given in the liter-
ature that CZTS samples with a Cu/[Zn + Sn] ratio lower than that of the
stoichiometric case lead to higher conversion efficiency [38]. The fact
that the Zn/Sn ratio is less than the unity indicates that each film
has poorer Zn content than that of Sn. Since the composition is
directly related to the sulfur content during the sulfurization, the
S/[Cu + Sn + Zn] ratio should be greater than the unity in the EDS
results. The ratio S/[Cu + Sn + Zn] indicates that the sulfurization
stage was carried out efficiently.

Table 2
EDS results of the constituent elements of sulfurized CZTS films on Mo, Ti foils and SLG.
Spectrum Cu Zn Sn S
(atomic %) (atomic %) (atomic %) (atomic %)
Mo-CZTS A 2331 11.01 13.74 51.94
B 22.78 10.71 13.49 53.02
C 2281 10.83 12.74 53.62
Ti-CZTS D 22.74 11.33 13.81 52.12
E 9.23 4.80 34.07 51.91
F 19.72 9.64 17.56 53.08
SLG-CZTS G 24.29 11.33 13.79 50.40

Microstructures of film surfaces were investigated by SEM. The SEM
images of Mo-CZTS films are shown in Fig. 7. The crack formation on the
layer is noticeably evident, and one of the cracks is at the upper right in
Fig. 7(b). It is well-known that the low thermal expansion of Mo
(4.8 x 1076 K1) is responsible for this deformation [39]. In contrast,
crack formation or delamination was not observed in the Ti-CZTS sam-
ples (Fig. 8). Fig. 9 shows the cross-sectional image of the SLG-CZTS
sample. The thickness of the CZTS layer measured in the cross-
sectional image was 1.8 pm.

3.3. Structural analyses

Fig. 10 shows the results of XRD analysis of Ti-CZTS, Mo-CZTS and
SLG-CZTS. The diffraction peaks from the (112), (220), (312), (224)
and (332) planes with small peaks at 37.10° (202), 38.00° (211), and
44.09° (105) and (213) indicate the formation of kesterite CZTS for all
three samples (JCPDS 26-0575). However, as mentioned earlier, the re-
sult of XRD analysis alone are unreliable due to the similarity of the lat-
tice parameters of Cu,SnS3 and ZnS phases which probably form during
the growth of the CZTS layer. Therefore, the comparison of XRD
diffractograms and Raman spectra produce a more accurate analysis
[40-42].

According to Fig. 10(a), the XRD pattern of the Ti-CZTS film has diffrac-
tion peaks from the Ti substrate at 260 = 27.45, 38.39, 40.31, 53.06 and

Table 3
The component ratio of the sulfurized CZTS films of Mo-CZTS and Ti-CZTS.

Spectrum Cu/Zn + Sn S/Cu + Zn + Sn

Mo-CZTS B 0.94 0.79 1.12
Ti-CZTS D 0.90 0.82 1.08

Zn/Sn
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Fig. 7. SEM images of Mo-CZTS at (a) 2.50 kx, (b) 5.00 kx and (c) 10.00 kx magnifications.

70.69° indicating the existence of the rutile phase of TiO, [(JCPDS no: 88-
1175 and 84-1286)]. It is clear that the peaks from potential secondary
phases are not present. However in the XRD pattern of Mo-CZTS
displayed in Fig. 10(b), in addition to major peaks, binary secondary
phases of SnS at 26 = 26.7°, Cu,S at 260 = 33.6° and SnS; at 20 = 51.97,
52.73° were detected. After XRD analyses of our Mo foils, the diffraction
peaks at 26 = 58.72 and 73.68° were attributed to the Mo element itself.
Lastly, in Fig. 10(c), the XRD pattern of the SLG-CZTS film exhibits nearly
the same diffraction pattern as Mo-CZTS. The diffraction patterns of the
films correspond to those of the EDS results with excessive content of
Sn implying tin sulfide secondary phases.

Fig. 11 shows the relative intensities of main peaks with respect to
the (112) preferential plane of Ti-CZTS, Mo-CZTS and reference CZTS
obtained from the database. The experimental conditions for Ti-CZTS
and Mo-CZTS diffractograms were kept the same. The intensities for
each diffraction peaks in the experimental diffractograms were com-
pared with the equivalent diffractograms for the powder reference,
JCPDS 026-057.

Fig. 12 shows the Raman spectra of Ti-CZTS, Mo-CZTS and SLG-CZTS.
In all plots, kesterite CZTS vibration modes were clearly observed. The
main Raman mode was detected for Ti-CZTS, Mo-CZTS and SLG-CZTS re-
spectively at 335, 336 and 336 cm ™ . The redshift in the Raman modes
for Ti-CZTS and Mo-CZTS could be attributed to the tensile stress in the
foils. Additionally, this shift was related to the degradation of crystalline
qualities in the samples. To analyze the presence of possible secondary
phases, the particular Raman modes of these phases must be known. It
has been reported that there is a single Raman peak for SnS, at
314 cm~ !, while SnS has three peaks at 160, 190 and 219 cm ™! [43].
Cu, _ S has a peak at 475 cm™ ' [44]. The strong peak in the CZTS
Raman spectra at approximately 338 cm™ ! is attributed to the vibration
of S atoms having A; symmetry [45]. Due to the chemically inert behavior

of Ti, no vibrational modes of titanium sulfide compounds (TiS; or TiS3)
were observed in Raman spectrum for Ti-CZTS (Fig. 12(a)). In
Fig. 12(b), the peak at 460 cm™ ! is attributed to the presence of an impu-
rity phase from the Mo foil substrate in Mo-CZTS. Fig. 12(c) shows Raman
spectroscopy results for SLG-CZTS. The broad shoulder between
368-372 cm ™! and the peaks located at 336 and 287 cm ™' correspond
to CZTS structure. Additionally, the small peak at 310 cm ™! indicates
the SnS, secondary phase formation in SLG-CZTS.

3.4. Chemical analysis

The compound elements and secondary phase formations were also
investigated using XPS. The surface spectrum of CZTS films shows C1 s
peak with negligible intensity, indicating that the surfaces of the films
are clean enough after brief exposure to air. The presence of Cu, Zn, Sn
and S elements was identified from the survey spectra of CZTS films.
In addition to the survey scan, the core level spectra of Cu 2p, Zn 2p,
Sn 3d and S 2p were also recorded by using narrow and detailed scan
spectra to determine their valence states.

In Table 4, the deconvolution results of the core level spectra are
listed. Fig. 13(a) shows the core level spectrum of Cu 2ps3,, and 2pq,;
with a peak splitting of 19.8 eV and 19.7 eV for Mo-CZTS [46] and Ti-
CZTS [47], respectively. These peak splitting values are indicative of
monovalent copper, Cu (I), which is consistent with the reported litera-
ture values [48-50].

The XPS measurement for Zn 2p is given in Fig. 13(b). Since Zn 2ps,
and 2p, ; peaks with a peak splitting of 23.1 eV for Mo-CZTS [51] and
23.0 eV for Ti-CZTS [49] are close to the standard splitting value of
22.9 eV, they confirm the bivalent character, Zn (II) [47]. For both Mo-
CZTS and Ti-CZTS, the Zn 2ps, peak appears at 1021.3 eV which coin-
cides with Zn in CZTS. Zn atoms in ZnS are observed at approximately
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Fig. 8. SEM images of Ti-CZTS at (a) 2.50 kx, (b) 5.00 kx and (c) 10.00 kx magnifications.

1022 eV [52]. In the literature, it is possible to encounter different re-
ported binding energy values for ZnS, most probably due to the calibra-
tion difference [49]. With reference to this, the formation of a secondary
ZnS phase was not observed in either film, which is in harmony with
EDS and XRD results.

Sn 3d peaks consist of a doublet with a spin-orbit splitting of 8.5 eV
for Mo-CZTS [53,54] and 8.4 eV for Ti-CZTS [51,55], which is in agree-
ment what is reported in the literature. On the other hand, Sn 3ds,
core level peak observed at 486 eV [56] for Mo-CZTS and 485.9 eV for
Ti-CZTS corresponds to the Sn in SnS phase [57]. This is consistent
with the XRD patterns of CZTS thin films with a Sn-based secondary
phase.

The sulfur 2p core level spectrum which is observed in the range of
160 eV to 164 eV [47,48,54] was deconvoluted as a result of spin orbit
splitting in Fig. 13(d) and (e). The measurements of S 2p were taken
from the 5 and 3 different regions of radius 2 mm for Mo-CZTS and Ti-
CZTS, respectively. Since the S 2p signals were not clear enough when
compare with other elements in CZTS, the average of these signals

Fig. 9. Cross-sectional image of SLG-CZTS.
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Fig. 10. XRD diffractograms of the CZTS layer of (a) Ti-CZTS,(b) Mo-CZTS and (c) SLG-CZTS.
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Fig. 11. Histogram of (hkl)/(112) preferential plane ratio of CZTS structure deposited on
two different foil substrates.

were taken in the same binding energy scale and then were fitted after
Shirley background subtraction using CasaXPS software by using peak
fitting function of a Gaussian Lorentzian product GL(p) where “p” corre-
sponds to Lorentzian character. The fit was obtained for the 20% Gauss-
ian, 80% Lorentzian weighting for all synthetic peaks for Ti-CZTS and
Mo-CZTS. Each doublet is constrained to have a binding energy differ-
ence of 0.7 eV between the S 2p5/; and S 2p; 5, equal full width at half
maximum (FWHM) values of 0.91 eV for all components of Ti-CZTS
and Mo-CZTS, as well as a 2pq»:2ps, intensity ratio 1:2 (Table 5). The
Marquardt algorithm was used during fitting process. The goodness of
fit for synthetic peaks were determined with “root mean square
(rms)” which is frequently used measure of the differences between
predicted by a model and the observed values. The closer the fit is to
the data points, the closer will be the value of rms to zero. The fitting
of the synthetic peaks were obtained with “rms” values as 0.28 and
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Fig. 12. Raman spectroscopy of (a) Mo-CZTS, (b) Ti-CZTS and (c) SLG-CZTS.

Table 4
The core level peak positions of sulfurized CZTS films of Mo-CZTS and Ti-CZTS.

Binding energy values (eV)

Cu Sn Zn

2ps) 2p12 3ds)2 3d3/2 2p3p 2p1y2
Mo-CZTS 931.2 951.0 486.0 494.5 1021.3 1044.4
Ti-CZTS 9314 951.1 485.9 494.3 1021.3 1044.3

0.20 for Ti-CZTS and Mo-CZTS, respectively. Therefore, our obtained fit
results are acceptable.

The presented S 2p spectrum of Fig. 13(d) consists of three doublets
for Ti-CZTS. The S 2p5/, peaks at 160.6 eV [58] and 161.0 eV [59] indicate
monosulfide whereas the other at 162.2 eV represents disulfide (S37)
[60].

Fig. 13(e) presents other positions of S 2p for Mo-CZTS. The exis-
tence of peaks at 161.1 eV [59] and 161.6 eV [60] interpret the
monosulfide (S™2) structure. The reason behind the higher binding en-
ergy of 161.6 eV than that observed in the literature is the increased co-
ordination number of S atom [60]. The additional contribution obtained
at 162.8 eV represents the formation of polysulfide (S2~, where
2 <n <8)[61] which is generally observed in binding energy range be-
tween about 162.0 eV (disulfide) and 164.0 eV (elemental sulfur) [62].

When the EDS and XPS analyses were compared, a significant result
related to the compositional contents was deduced. The composition
derived from EDS measurements indicates that both films are Sn-rich
but Zn-poor with sufficient sulfur inclusion. Moreover, XPS measure-
ments pronounce a considerably Cu-poor and Sn-rich chemical surface
structure with sufficient sulfur. Since EDS and XPS measurements are
realized in different zones on the film surface, a small compositional
variation was experienced. Even though XPS analysis for the CZTS sur-
face layer does not give information associated with substrate interface,
it gives valuable information about the existence of second phases and
confirms the XRD, Raman and EDS analyses.

3.5. Optical properties

SLG-CZTS refers to a sample that was grown on an SLG substrate to
measure the electrical and optical properties of the compound semicon-
ductor thin film CZTS. The optical properties of the CZTS kesterite films
were studied with transmission (T) and reflection (R) measurements at
room temperature. The optical absorption coefficient (o) of the SLG-
CZTS sample is obtained using the following formula [63]:

a=1mn {(1_TR)2} (1)

t

where t is the thickness of the film. The optical band gap energy is ob-
tained using the following equation [63]:

(ahv) = A[hv—Eg]" )

where « is the optical absorption coefficient, A is a constant, Eg is the
band gap energy, and n = 1/2 for direct allowed transition. The optical
band gap energy was determined from the plot of (chv)? vs. photon en-
ergy (hv) by taking an intercept at the photon energy axis of the linear
region extrapolation (Fig. 14). Straight line intercepting the photon en-
ergy axis gives the optical band gap energy, Eg, as 1.57 eV, which is in
good agreement with the previously reported values [64]. The transmit-
tance spectrum is given as an inset plot of Fig. 14.

3.6. Electrical properties

Van der Pauw and Hall effect methods were used to determine the
electrical resistivity and the majority charge carriers, respectively. The
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Fig. 13. XPS spectrum of CZTS thin films for the core-level spectra of (a) Cu 2p, (b) Zn 2p, (c) Sn 3d, (d) S 2p (Ti-CZTS) and (e) S 2p (Mo-CZTS).

Table 5
S 2p doublet parameters of the fit shown in Fig. 13(d) and (e) for sulfurized CZTS films of
Ti-CZTS and Mo-CZTS, respectively.

S 2ps3p (eV) Splitting (eV) FWHM (eV) Line shape
Mo-CZTS Monosulfide 161.1 0.7 0.91 GL (80)
Monosulfide 161.6 0.7 0.91 GL (80)
Polysulfide ~ 162.8 0.7 0.91 GL (80)
Ti-CZTS ~ Monosulfide 160.6 0.7 0.91 GL (80)
Monosulfide 161.0 0.7 091 GL (80)
Disulfide 162.2 0.7 0.91 GL (80)

SLG-CZTS sample was cut into small rectangular shapes using a dia-
mond cutter. Film sheet resistance was measured between thin copper
electrical contacts that were adhered to the film using silver epoxy.
Sheet resistance and resistivity of the film at room temperature were
measured as 244 /00 and 0.024 Q) - cm, respectively. Patel et al. obtained
similar results for CZTS prepared by a spray pyrolysis technique [65].
The type of conductivity was determined as p-type via Hall effect mea-
surements. The carrier concentration was found as 6.8 x 102 cm ™3, and
the mobility of charge carriers was 0.40 cm?/Vs. Even though the prev-
alent surface inhomogeneity problem of the CZTS layer makes the
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Fig. 14. The (chv)? vs. photon energy plot for optical band gap determination. The inset
figure shows transmittance spectrum of CZTS on SLG.

interpretation of the electrical measurements rather complicated, the
values of the carrier density were found to be in agreement with previ-
ous studies [66].

4. Conclusions

Since high-temperature sintering is required during the formation of
an absorber layer, the choice of substrate is a very important issue. The
substrate should be vacuum compatible and chemically inert to avoid
any reactions with the chalcogens. The CTE of the substrate is also cru-
cially important in the crack formation deduced by the SEM images of
Mo-CZTS. Crack formation was detected on Mo-CZTS due to the mis-
match between the thermal expansion coefficients of Mo and CZTS.
Since uniform CZTS films without any degradations were grown on Ti
foil with CTE in the range of (8.4-8.6) x 10~ K™, it was concluded
in this study that the Ti was the preferred foil with regard to its costs
and physical properties.

Nearly pure CZTS layers were grown on Mo foil with the exception of
Sn based secondary phases in XRD and the impurity peak at 460 cm ™!
in the Raman spectra. In the Ti-CZTS sample, except local Sn-based crys-
tal formation arising from Sn-rich composition, substrate material orig-
inated impurity peaks were not observed. This conclusion is consistent
with XRD patterns of the samples. Because of small SLG-CZTS resistivity
obtained from electrical characterization, the prepared samples can be
used as an absorber layer in the fabrication of thin film solar cells.
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