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ABSTRACT

The CZTS samples were produced by a two-stage method, which includes

deposition of Cu, Sn, Zn, and ZnS layers using magnetron sputtering to obtain

CuSn/Zn/Cu and CuSn/ZnS/Cu stacks. The latter stage involves the sulfur-

ization process of stacked films at 550 �C for varied sulfurization time (60, 90,

120, and 150 s) employing Rapid Thermal Processing (RTP) method to attain

CZTS structure. The prepared CZTS thin films were analyzed utilizing several

characterization methods. The energy-dispersive X-ray spectroscopy (EDX)

measurements revealed that all sulfurized samples had Cu-poor and Zn-rich

chemical composition. All samples showed that diffraction peaks belonged to

pure kesterite CZTS phase subject to their XRD patterns. Besides, it was

observed that the sulfurization time had a crucial effect on the crystal size of the

samples. The Raman spectra of the samples verified the constitution of kesterite

CZTS phase and it provides detection of some CTS-based secondary phases. The

scanning electron microscopy (SEM) image of the films revealed that poly-

crystalline surface structures were observable in all the samples. However,

plate-like surface features were observed in some samples that may refer to

CTS-based secondary phases depending on chemical composition. From 1.40 to

1.48 eV optical band gap values were obtained from (ahm)2 vs. photon energy

(hm) plots. The Van der Pauw measurements exhibited that the CZTS samples

produced employing CuSn/ZnS/Cu stack had lower resistivity (* 10–3 X cm),

higher carrier concentration values (* 1021 cm-3), and higher charge mobility.

The solar cells prepared using the most promising CZTS samples employing

CuSn/Zn/Cu and CuSn/ZnS/Cu precursor films revealed 1.95% and 3.10%

conversion efficiencies, respectively.
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1 Introduction

With increasing energy demand, the search for

alternative energy sources to fossil fuels has acceler-

ated recently. In this context, the interest in solar

cells, which is one of the most important renewable

energy sources, is increasing day by day. Thin-film

solar cells have become a hot topic recently due to the

low amount of material usage and high conversion

efficiency. CdTe and Cu(In,Ga)Se2 (CIGS) solar cells

are leading structures in this field due to the their

high cell performance [1, 2]. However, the scarce

nature reserves of In and Ga elements and toxic

property of Cd have led to the search for alternative

materials to these materials. Cu2ZnSnS4 (CZTS) thin

film is one of the most widely studied alternative

semiconductor material for solving the aforemen-

tioned problems. It consists of plentiful and non-toxic

raw materials. It also has p-type conductivity,

1.4–1.6 eV band gap, and high absorption coefficient

([ 104 cm-1) [3, 4]. All the aforementioned optical

and electrical properties make this compound a

strong candidate to an absorber layer in photovoltaic

applications.

Although CZTS thin film has outstanding optical

and electrical properties, the highest cell efficiency

has been recorded to be 12.6% since 2014 [5].

According to Shockley–Queisser theoretical calcula-

tions, there is a potential to achieve efficiency above

30% in CZTS-based solar cells [6]. The reason for

reported low conversion efficiency compared to the

theoretical limit can be attributed to many reasons.

However, one of the most important reason is the

purity and crystalline quality of the absorber layer.

Therefore, several different approaches were

employed in the reported literature for the opti-

mization crystalline quality of the absorber layer. The

principal optimizations are based on growth param-

eters of the CZTS thin films. These optimizations

consist of the composition of the film [7, 8], stacking

order of precursor layers [9–12], sulfurization tem-

perature and time [13–16], heating rate of the

annealing process [17], and doping of the absorber

layer [18–21]. In addition to these approaches, the

graded-band structure approach is a widely used

method recently in the literature. Taskesen et al. tried

to obtain steep sulfur gradient in CZTSSe solar cells

through H2S-assisted rapid surface sulfurization.

They achieved to introduce S/(S ? Se) gradient in

the absorber layer and observed that graded-band

structure has significant impact on device perfor-

mance [22]. Among the aforementioned parameters

and approaches, the stacking order of precursor lay-

ers and sulfurization time play a significant role on

the properties of CZTS thin films. Liu et al. employed

two different stacked films (ZnS/CuSn/Mo/SLG and

CuSn/ZnS/Mo/SLG) by sputtering method. They

observed that after the sulfurization process of pre-

cursor films, the CZTS thin films obtained using

ZnS/CuSn/Mo/SLG showed a larger crystallite size,

occurrence of less secondary phase, and higher con-

version efficiency (5.22%). In addition, it was

observed that the stacking order affects the conduc-

tion band offset (CBO) at CdS/CZTS heterojunction

that improves the conversion efficiency directly [23].

It can be easily said that the stacking order of pre-

cursor films influences the crystalline quality of the

absorber layer directly and it can also modify the

band offset of the p–n junction and thus improve

conversion efficiency.

Another important parameter is the reaction time

of the sulfurization process. Akcay et al. prepared

CZTS thin films by the sulfurization of co-sputtered

precursor films employing various sulfurization time

(10, 15, 20, and 25 min). They observed that the CZTS

thin film sulfurized for 15 min demonstrated the best

structural and morphological properties among the

other CZTS samples [16]. Abdalbahi et al. prepared

CZTS thin films by electrodeposition from metal

precursors. Then, various sulfurization times (75, 90,

105, and 120 min) were used to investigate the impact

of reaction time on the characteristic of CZTS struc-

ture. They showed that the CZTS samples sulfurized

for 120 min had stoichiometric composition, purer,

denser, and more compact structure. As understood

from the performed studies, the sulfurization time

has remarkable impact on the properties of CZTS thin

films [24]. Overall, the stacking order and sulfuriza-

tion parameters of precursor layers play a crucial role

in crystalline quality of the CZTS absorber layer, thus

affect conversion efficiency directly [9, 15, 25–28].

In this study, it is aimed to examine the impact of

two important parameters together, stacking order

and sulfurization time. To the best of my knowledge,

this is the first study investigating the effect of sul-

furization time employing Glass/CuSn/Zn/Cu and

Glass/CuSn/ZnS/Cu stacked films. Optimizing sul-

furization time subject to used stacked films will

contribute to improving the cell efficiency and con-

version more electrical energy.
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In this context, two different stacking order (Glass/

CuSn/Zn/Cu and Glass/CuSn/ZnS/Cu) and four

short sulfurization times (60, 90, 120, and 150 s) were

employed to find the more promising stacking order

and more proper sulfurization time for the growth of

CZTS thin films. The main purpose of obtaining

CuSn alloy in the stacked films is to prevent Sn loss

from the samples due to high vapor pressure of SnS

phase [29]. The short sulfurization periods were

selected since Rapid Thermal Processing (RTP)

annealing method allows high ramping rate to the

reaction temperature, thus reducing possible

decomposition reactions during the growth of CZTS

structure [30].

2 Experimental

Glass/CuSn/Zn/Cu and Glass/CuSn/ZnS/Cu

stacked precursor samples were prepared by DC and

RF magnetron sputtering using Cu, Sn, Zn, and ZnS

targets. Prior to the deposition process, the glass

substrates were cleaned in ultrasonic cleaner using

acetone, isopropanol, and distilled water. The base

pressure in the sputtering chamber was set to below

2 9 10–6 Torr and the operating pressure during the

deposition process was set to 10–3 Torr. The Glass/

CuSn/Zn/Cu stacked film was prepared as follows:

(i) about 75% portion of Cu was deposited on sub-

strate, (ii) Sn was deposited on Cu layer and annealed

in sputtering chamber at 200 �C for 5 min to obtain

Glass/CuSn structure, (iii) Zn was sputtered on

Glass/CuSn, (iv) the rest portion of Cu (* 25%) was

deposited on Zn to form Glass/CuSn/Zn/Cu struc-

ture. A similar approach was carried out to prepare

the other stacked film, Glass/CuSn/ZnS/Cu struc-

ture. Unlike the first stacking order films, ZnS layer

was deposited in the structure instead of Zn layer.

The schematic illustration of deposited precursor

films with their thickness is shown in Fig. 1. The

thicknesses of these layers were chosen according to

the CZTS absorber layer thickness optimized in the

reported literature [31, 32].

The precursor samples were fabricated with large

size by sputtering method and then they were cut

into small pieces for sulfurization process. The pre-

pared stacked precursor films were then annealed in

sulfur atmosphere using RTP method to obtain CZTS

phase. All the annealing processes were conducted at

550 �C with 1 �C/s heating rate for 60, 90, 120, and

150 s of dwell time in sulfur atmosphere. The reason

for choosing this sulfurization temperature is that the

most promising temperature was found to be 550 �C
in the temperature optimization study that was car-

ried out earlier by own our research group [33]. The

CZTS specimens were denoted according to the

stacking order and their sulfurization time. The CZTS

thin films obtained using elemental zinc (Zn), Glass/

CuSn/Zn/Cu, were encoded as type ‘‘I,’’ the CZTS

samples prepared using the zinc sulfide (ZnS), Glass/

CuSn/ZnS/Cu, were encoded as type ‘‘II’’ films. The

nomination of prepared CZTS samples are shown in

Table 1.

The X-ray diffraction (XRD) method was used with

a CuKa radiation source (k = 1.5405 Å) to examine

structural peculiarities of the prepared CZTS sam-

ples. The Raman spectroscopy method was utilized

as a complementary technique in the structural

characterization of the films using an excitation

wavelength of 633 nm. The morphological structure

and chemical composition were analyzed by scan-

ning electron microscope (SEM) and energy-disper-

sive X-ray spectroscopy (EDX). The EDX

spectroscopy measurements were taken from

125 9 100 lm2 area so as to reveal chemical compo-

sition of the films more accurately. The optical

properties of the CZTS samples were specified

employing transmission measurement in the wave-

length range of 600–1300 nm. The Van der Pauw

method was used to investigate electrical properties

of the films at room temperature. For this measure-

ment, Ag paste dots of about 1 mm diameter were

placed at the four corners of square samples. After

analyses of CZTS thin films, the most promising

CZTS films from both type of samples were selected

for the fabrication of solar cell. For solar cell appli-

cation, the same deposition procedure was applied

for molybdenum-coated glass substrates (Glass/Mo)

to obtain Glass/Mo/CuSn/Zn/Cu and Glass/Mo/

CuSn/ZnS/Cu. Then, for solar cell structure, the

upper layers (CdS, i-ZnO, AZO, and Al) were

deposited on CZTS thin film sequentially. The CdS

thin film (* 60 nm) was deposited using Chemical

Bath Deposition (CBD) method. The cadmium acetate

dehydrate and thiourea were used as Cd and S

sources, respectively. The 80 nm of i-ZnO and

300 nm AZO thin films were deposited by RF mag-

netron sputtering employing single sputtering targets

of these materials. The complete solar cell structure

was constructed by sputter deposition of aluminum

J Mater Sci: Mater Electron (2022) 33:20121–20133 20123



(Al) contacts (* 2 lm). The solar cells (1 9 1 cm2)

were characterized by J–V measurements taken

under a 100 mW/cm2 illumination employing solar

simulator.

3 Results and discussion

3.1 EDX

The chemical composition (atomic percentage and

atomic ratio) of type I and II precursor and CZTS

samples is summarized in Table 2. Both types of

precursor films had Cu-poor (Cu/(Zn ? Sn)\ 1) and

Zn-rich (Zn/Sn[ 1) chemical composition prior to

the sulfurization process (see I precursor and II pre-

cursor in Table 2). After the sulfurization process of

precursor films using various sulfurization time,

chemical composition of all CZTS thin films exhibited

Cu-poor and Zn-rich composition regardless of

stacking order of precursor films and sulfurization

time. The Cu-poor and Zn-rich chemical composition

is the preferred property in CZTS thin-film solar cells

by improving the p-type conductivity of the absorber

layer, enhancing the separation of electrons and

holes, and reducing of recombination processes [34].

Therefore, it can be said that all CZTS thin films

belong to the desired chemical composition after the

sulfurization process. In addition, all CZTS samples

were found to have enough sulfur content in the

structure.

3.2 XRD

The XRD patterns of I-type CZTS samples are shown

in Fig. 2.

All the patterns have dominated by peaks placed at

around 2h = 28.48�, 47.37�, and 56.22�, which are

imputed to diffraction planes of kesterite CZTS phase

irrespective of sulfurization time. The other peaks

related to kesterite CZTS phase are signed in the

patterns (JCPDS 00-26-0575). No any extra peaks

related to undesirable phases were detected in these

patterns.

The XRD pattern of II-type CZTS specimens are

shown in Fig. 3. All patterns of II-type CZTS samples

were dominated by the same peaks as observed in

I-type CZTS samples and shown in the figure. As

observed in I-type CZTS thin films, no undesired

phase was detected in the XRD pattern of II-type

CZTS samples.

The crystalline quality of type I and II CZTS thin

films was compared by using full width at half-

maximum (FWHM) value of (112) peak extracted

from Figs. 2 and 3. The Scherrer formula is as below

[30]:

D ¼ Kk
b cos h

; ð1Þ

where D, K, k, b, and h correspond to crystallite size,

Scherrer constant, wavelength of X-ray, full width at

Fig. 1 Schematic illustration

of the prepared precursor films

Table 1 Preparation parameters of the samples

Sample Stacking order Sulfurization

I-60 CuSn/Zn/Cu 550 �C, 60 s

I-90 550 �C, 90 s

I-120 550 �C, 120 s

I-150 550 �C, 150 s

II-60 CuSn/ZnS/Cu 550 �C, 60 s

II-90 550 �C, 90 s

II-120 550 �C, 120 s

II-150 550 �C, 150 s

20124 J Mater Sci: Mater Electron (2022) 33:20121–20133



half-maximum (FWHM), and Bragg’s angle, respec-

tively. According to Scherrer formula, the crystallite

size is directly proportional with smaller FWHM

value. Therefore, the smaller FWHM value means

larger crystal size. The variation of FWHM values of

type I and II CZTS thin films with respect to sulfur-

ization time is shown in Fig. 4.

As shown in Fig. 4, the FWHM values varied from

0.14� to 0.20� (from 0.0024 rad to 0.0035 rad) in I-type

CZTS thin films, from 0.15� to 0.16� (from 0.0026 rad

to 0.0028 rad) in II-type CZTS specimens with

ascending the sulfurization time. The crystallite size

of the samples were calculated using Eq. (1)

employing the FWHM values of the CZTS samples.

From the calculations, the crystallite size of the I-type

CZTS samples was found to be 61 nm, 53 nm, 43 nm

and 61 nm, respectively, with increasing the sulfur-

ization time. Similarly, these calculations were per-

formed for II-type CZTS samples. The crystallite size

of the CZTS samples were found to be 53 nm, 57 nm,

Table 2 The composition of

type I and II precursor and

CZTS thin films

Specimen Atomic (%) Atomic ratio

% Cu % Zn % Sn % S Cu/(Zn ? Sn) Zn/Sn S/metal

I precursor 45.24 30.48 24.30 – 0.83 1.25 –

I-60 20.67 14.15 12.49 52.7 0.78 1.13 1.11

I-90 20.49 13.86 12.15 53.5 0.79 1.14 1.15

I-120 20.62 14.18 12.07 53.13 0.79 1.17 1.13

I-150 20.73 14.14 12.24 52.89 0.79 1.16 1.12

II precursor 39.60 22.76 20.05 26.50 0.92 1.14 0.32

II-60 20.52 13.72 12.60 53.15 0.78 1.09 1.13

II-90 20.64 14.28 12.26 52.82 0.78 1.16 1.12

II-120 21.25 14.09 12.06 52.60 0.81 1.17 1.11

II-150 21.26 14.23 11.98 52.53 0.81 1.19 1.11

Fig. 2 X-ray diffraction patterns of I-type CZTS thin films

Fig. 3 The XRD patterns of II-type CZTS thin films

Fig. 4 FWHM value of preferential (112) peak of type I and II

CZTS samples with respect to sulfurization time

J Mater Sci: Mater Electron (2022) 33:20121–20133 20125



53 nm, and 53 nm, respectively, subject to the

increasing sulfurization time. It was observed that as

the dwell time of the sulfurization increased in I-type

CZTS thin films, the crystallite size of the films

decreased. However, it was observed that the crys-

talline quality improved with sulfurization time over

120 s. Conversely, in II-type CZTS thin films, when

the sulfurization time increased up to 90 s, the crys-

talline quality enhanced. It was observed that the

dwell time above 90 s at the reaction temperature did

not have positive impact on the crystalline quality of

II-type CZTS thin films.

The difference in crystalline quality of CZTS sam-

ples stems from both stacking order and sulfurization

time of precursor layers. This difference can be

attributed to the formation reactions of the CZTS

structure [35]. The use of ZnS layer instead of Zn in

the growth stage may cause both a decrease in the

formation reaction time and a change in crystalline

quality. Overall, XRD patterns of CZTS samples

demonstrated that kesterite CZTS phase formed in all

samples without considering stacking order and

sulfurization time. However, the I-60, I-150, and II-90

CZTS samples revealed more promising crystalline

quality concerning crystallite size.

3.3 Raman spectroscopy

Raman spectroscopy measurements were taken to

verify the occurrence of the kesterite CZTS phase and

detect secondary phases that are indistinct in XRD

measurement since it is well known that ZnS (05-

0566) and Cu2SnS3 (01-089-4714) phases have resem-

bling XRD patterns with kesterite CZTS structure. In

this context, the Raman spectroscopy is the com-

monly used as subsidiary technique for the charac-

terization of CZTS thin films.

Figure 5 illustrates the Raman spectra of I-type

CZTS thin films. As it is clear, the Raman spectra of

all films are curbed by a Raman band (* 336 cm-1)

that is ascribed to one of the vibration modes of

kesterite CZTS structure regardless of the sulfuriza-

tion time [36].

The other vibration modes of the same phase are

appointed at * 253, 263, 287, 365 cm-1 and signed in

the figure. Apart from CZTS phase, some minor

peaks placed at 300–303, 312–314, 317–318, 320, 348,

and 353–354 cm-1 were found, which may be attrib-

uted to Cu–Sn–S (CTS)-based ternary phases such as

Cu2SnS3, Cu2Sn3S7, Cu3SnS4 [37–39]. However, it was

determined that the peaks of Cu–Sn–S-based phases

decreased with increasing sulfurization time. This

situation may refer to less CTS constitution in the

structure of the films when increasing the sulfuriza-

tion time. The constitution mechanism of CZTS is

commonly reported as follows [35]:

Cu2SnS3 þ ZnS ! Cu2ZnSnS4: ð2Þ

Therefore, decreasing the amount of Cu–Sn–S-

based phases with increasing sulfurization time can

be clarified by insufficient sulfurization time to obtain

complete CZTS structure.

Figure 6 represents the Raman spectra of II-type

CZTS samples. As observed in the figure, all the

Raman spectra of II-type CZTS thin films are curbed

by * 336 cm-1 peak that belongs to kesterite CZTS

phase. The lower intense Raman bands belong to of

the same phase are shown in the figure. Apart from

CZTS phase, some minor peaks were detected at

around 303, 312–314, and 348 cm-1, which are

attributed to Cu–Sn–S (CTS) phase as observed in

Fig. 5 Raman spectra of I-type CZTS samples
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type I CZTS films [40, 41]. As the sulfurization time

increased up to 120 s, the peaks related to CTS phase

decreased. It can be interpreted that the amount of

CTS phase may decrease. Increasing the sulfurization

time above 120 s may cause the constitution of more

CTS phases in the structure with respect to II-90 and

II-120 CZTS samples.

The occurrence of more CTS-based phases at sul-

furization time above 120 s can be explained by

reversible reaction of Eq. (2) [42]. It may be summa-

rized that the use of ZnS precursor layer in place of

Zn layer may accelerate the creation reaction of CZTS

phase and make this kind of stack more proper for

short sulfurization periods.

The presence of only CZTS and CTS phases in the

Raman spectra of both types of samples does not

mean that there is no ZnS phase in the structure of

the films. The insufficient of the energy of the laser

source used to excite the vibration modes of the ZnS

phase makes it difficult to detect this phase.

Overall, it was achieved to produce CZTS phase

irrespective of stacking order and sulfurization time

in all samples regarding Raman spectroscopy. As

compared to Raman spectra of I- and II-type CZTS

thin films, I-150 and II-90 CZTS samples revealed less

constitution of undesired phases among samples of

the same type.

3.4 SEM

The top view of I-type CZTS thin films was examined

by SEM and is shown in Fig. 7. SEM images of all

I-type CZTS samples showed dense, non-uniform,

and polycrystalline surface structure. However, it

was observed that I-type CZTS samples had similar

surface morphologies in pairs. While I-60 and I-90

had similar surface (Fig. 7 a, b), I-120 and I-150 CZTS

thin films displayed similar surface morphology

(Fig. 7 c, d). Plate-like surface features were observed

in SEM image of I-60 and I-90 CZTS thin films. EDX

point measurement of plate-like features showed that

they had Zn-poor and Sn-rich (Zn/Sn = 0.4) chemical

composition, which may sign the formation of Cu–

Sn–S (CTS)-based phases. However, I-120 and I-150

CZTS thin films did not have such features.

This consequence is consistent with Raman spec-

troscopy measurements (see Fig. 5). It was predicted

that more CTS phases should exist in of I-60 and I-90

CZTS specimens from Raman spectroscopy

measurements.

Figure 8 represents the surface morphology of II-

type CZTS thin films.

According to Fig. 8, all the specimens demon-

strated dense, non-uniform, and polycrystalline sur-

face structure, alike I-type CZTS samples. As

observed in I-type CZTS thin films, the surface mor-

phology similarity was observed in II-type CZTS

samples in pairs. II-60 and II-90 CZTS samples and II-

120 and II-150 CZTS samples share similar surface

structure in pairs. Plate-like surface features were

also observed in II-120 and II-150 CZTS samples. It

means that CTS-based secondary phases formed

more intensely on the surface of these samples. Such

features were not observed in the surface of II-60 and

II-90 CZTS thin films. The absence of possible CTS

phase features on the surface of II-60 and II-90 CZTS

samples produced at lower sulfurization times does

not mean that this phase does not exist. It is predicted

that the CTS phase might be formed in the bulk

structure rather than the sample surface.

Fig. 6 Raman spectra of II-type CZTS thin films
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Overall, all the prepared CZTS thin films shared

dense, non-uniform, and polycrystalline surface

microstructure regardless of the stacking order and

sulfurization time. The constitution of CTS-based

undesired phases was observed in both types of the

CZTS samples. Such creation was observed at earlier

sulfurization time in I-type and at higher sulfuriza-

tion time in II-type CZTS samples. The constitution at

earlier time may indicate that formation reactions for

CZTS structure are not completed due to short reac-

tion time. The constitution at higher sulfurization

time may sign to phase segregations in the structure

[35, 43]. Therefore, higher sulfurization time in I-type

and shorter sulfurization time in II-type CZTS thin

films seem more suitable for the fabrication of CZTS

thin films.

3.5 Optical and electrical properties

The optical band gap of type I and II CZTS samples

was found utilizing Tauc plot [44]. The optical band

gaps were estimated from extrapolating (ahm)2 versus
(hm) plots to intercept the axis of photon energy.

Figure 9 presents (ahm)2 versus (hm) plots of type I and

II CZTS thin films. The determined band gap of all

the CZTS thin films is summarized in Table 3. As

summarized in the table, the forbidden band gap

values varied from 1.40 to 1.48 eV. The obtained band

gap values are consistent with the reported literature

[3, 45]. The variation in the forbidden energy range

can be attributed to the differences in crystalline

quality and chemical composition, and the formation

of secondary phases results from these differences

[46, 47]. In addition, it was observed that the plots do

not drop to zero in the subgap region, especially in

I-type CZTS thin films. This might be due to signifi-

cant band tails extending into the band gap or para-

sitic absorption, e.g., due to Cu2SnS3 secondary

phases [48]. This circumstance was not observed in

the II-type CZTS specimens except for the II-150

CZTS specimen. It means that II-type CZTS thin films

have purer band structure compared to I-type CZTS

thin films.

The electrical properties of the CZTS samples were

characterized using Van der Pauw method. Accord-

ing to the electrical characterization, all CZTS sam-

ples showed p-type electrical conductivity

Fig. 7 SEM images of I-60 (a), I-90 (b), I-120 (c), and I-150 CZTS thin films
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irrespective of the stacking order and sulfurization

time. The other electrical properties (resistivity, car-

rier concentration, mobility) of the films are sum-

marized in Table 4.

The Van der Pauw electrical measurement showed

that the resistivity values of I-type CZTS thin films

are on the order of 10–2 X.cm and II-type CZTS thin

films are on the order of 10–3 X cm (see Table 4).

Resistivity values of I-type CZTS samples varied

from 1.1 9 10–2 to 2.3 9 10–2 X cm and it can be said

that the resistivity values are very similar. On the

other hand, resistivity values of II-type CZTS samples

varied from 1.3 9 10–3 to 6.1 9 10–3 X cm that have

lower resistivity values in point of I-type CZTS

samples. The carrier concentration values were found

in the range of 1020–1021 cm-3. The obtained results

coincide with the literature [49]. Overall, the lowest

resistivity and highest carrier concentration values

were found as 1.3 9 10–3 X.cm and 1.4 9 1021 cm-3

with II-90 CZTS sample. In addition, the charge

mobility of the samples varied from 0.36 to 8.54 cm2/

V s. It was observed that the mobility values of

charge carriers in II-type CZTS samples were higher

than I-type CZTS samples. Therefore, it is possible to

say that the II-type CZTS samples have a purer

structure since the mobility is strongly dependent on

microstructure and impurity of the films [50]. As a

result of all the structural, optical, and electrical

analyses made, it was observed that the II-90 sample

showed superior properties than all the samples.

However, in order to see the effect of the stacking

order on cell performance, the I-150 sample, which

has the best properties in I-type samples, and II-90

CZTS sample, which has the best properties in II-type

samples, were selected for cell application.

3.5.1 Solar cell

Two kinds of solar cells were produced based on the

performed analyses. The I-150 and II-90 CZTS

absorber layers were selected for solar cell applica-

tion since they presented the most promising prop-

erties. The complete solar cell structures of I-150 and

II-90 CZTS-based cells are illustrated schematically in

Fig. 10.

Fig. 8 SEM images of II-60 (a), II-90 (b), II-120 (c), and II-150 CZTS thin films
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The current density (J)–voltage (V) graphs of I-150

and II-90 CZTS-based thin film solar cells are shown

in Fig. 11. The solar cell parameters of I-150 and II-90

CZTS thin-film solar cells are summarized in Table 5.

As shown in Table 5, the solar parameters of II-90

CZTS thin-film solar cell exhibited superior proper-

ties. The short-circuit current density (Jsc), open-cir-

cuit voltage (Voc), and fill factor (FF) enhanced from

26.4 to 27.9 mA/cm2, 0.211 to 0.285 V, and 0.35 to

0.39 using type II-90 CZTS sample, respectively. As a

result of these improvements, it was observed that

the cell efficiency enhanced from 1.95 to 3.10%.

However, all samples exhibited low Voc that gives

rise to low conversion efficiency. Based on the recent

studies in the literature, it is observed that the cells

produced in this study have low Voc values com-

pared to reported works [51, 52]. The low Voc in

CZTS thin-film solar cells usually can be attributed to

recombination mechanisms in CZTS bulk structure

and at the CZTS/CdS interface [53]. The low Voc can

Fig. 9 Tauc plots for estimation of optical band gap of I and II-

type CZTS thin films

Table 3 Optical band gap

values of I and II-type CZTS

thin films

Sample I-type CZTS samples II-type CZTS samples

I-60 I-90 I-120 I-150 II-60 II-90 II-120 II-150

Eg (eV) 1.40 1.48 1.46 1.46 1.44 1.43 1.44 1.41

Table 4 Electrical properties

of I and II-type CZTS thin

films

Sample I-type CZTS samples II-type CZTS samples

I-60 I-90 I-120 I-150 II-60 II-90 II-120 II-150

Resistivity

(X cm) 9 10–2
1.1 2.1 2.3 1.8 0.33 0.13 0.34 0.61

Carrier concentration (cm-3) 9 1020 4.3 6.2 7.5 5.3 13 14 8.5 1.2

Mobility (cm2/V s) 1.32 0.48 0.36 0.65 1.46 3.43 2.16 8.54

Fig. 10 Schematic illustration of I-150 and II-90 type CZTS thin-

film solar cells
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also be attributed to low-minority carrier lifetimes

and diffusion lengths thanks to charge recombination

[48]. Overall, although all cells suffer from low open-

circuit voltages, it was observed that the CuSn/ZnS/

Cu stacked precursor film is more proper than the

CuSn/Zn/Cu stacked precursor film for CZTS-based

thin-film solar cells.

4 Conclusion

In this study, CZTS samples were produced by two-

stage technique comprising the deposition of Cu, Sn,

Zn, and ZnS layers by sputtering method to form

CuSn/Zn/Cu (I-type) and CuSn/ZnS/Cu (II-type)

precursor films, which was followed by sulfurization

at 550 �C for varied sulfurization time (60, 90, 120,

and 150 s). After the sulfurization process through

varied sulfurization time, all CZTS samples dis-

played Cu-poor and Zn-rich composition that is

desirable for photovoltaic applications. All the XRD

patterns displayed pure kesterite CZTS structure

irrespective of the stacking order of precursor films

and sulfurization time. According to the FWHM

values, 60 and 150 s sulfurization time in CuSn/Zn/

Cu stack (I-type) and the 90 s sulfurization time in

CuSn/ZnS/Cu stack exhibited a more desired crys-

tallite size. The Raman spectra of the samples justi-

fied the constitution of kesterite CZTS phase in all the

samples and some CTS phases. The SEM image of the

samples demonstrated the creation of dense poly-

crystalline surface structure. In addition, CTS phases

were observed as plate-like surface features. The

optical band gap of the films was determined

between 1.40 and 1.48 eV. The electrical properties of

the films showed p-type conductivity regardless of

the growth parameters and the II-type samples

exhibited more desired electrical properties that are

lower resistivity, higher carrier concentration, and

higher mobility. The solar cells prepared using I-150

and II-90 CZTS films showed that type II precursor

films (CuSn/Zn/Cu) exhibited better short-circuit

current density, open-circuit voltage, and conversion

efficiency with 27.9 mA/cm2, 0.285 V, and 3.10%,

respectively. Overall, considering all the measure-

ments and performance of solar cell, the II-90 CZTS

thin film that was prepared using CuSn/ZnS/Cu and

90 s of sulfurization time showed the most promising

results. However, further investigations have already

been in progress to boost the Voc in the cells.
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