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Quaternary kesterite thin films of Cu2CoSnS4 were deposited on the n-Si
substrate to fabricate Cu2CoSnS4/n-Si heterojunctions. The x-ray diffraction
and field emission scanning electron microscopy were employed to study the
structural properties of the Cu2CoSnS4 deposited on to n-Si single crystal
substrate. The capacitance–voltage measurements of the Cu2CoSnS4/n-Si
heterojunction were investigated to study the junction nature which displays
an abrupt junction. The dark I–V characteristics of the Cu2CoSnS4/n-Si
heterojunction displays a rectification behavior. We characterized the influ-
ence of the annealing temperature on the magnitudes of the diode parameters
of the Cu2CoSnS4/n-Si heterojunction. The barrier height /b of the Cu2-

CoSnS4/n-Si heterojunction was increased with raising the annealing tem-
perature while the ideality factor n has a reverse performance. The
illuminated J–V plot of the Cu2CoSnS4/n-Si heterojunction displays an effi-
ciency of 6.17% for the prepared junction.

Key words: Copper cobalt tin sulfide, spray pyrolysis technique, XRD, FE-
SEM, photovoltaic, I–V and C–V characteristics, heterojunction

INTRODUCTION

Recently, Earth-abundant kesterite thin films
like Cu2ZnSnS4, Cu2CdSnS4, Cu2FeSnS4,
Cu2MnSnS4, and Cu2CoSnS4 attracted high interest
in the last years owing to they are inexpensive,
nontoxic, more abundant and exhibit good optical
and electrical properties.1–3 These materials exhibit
a p-type conductivity and excellent optoelectronic
properties, so they are ideal absorber materials for
solar cells.4 The high stability of the kesterite thin
films makes it suitable for various applications like
solar cells and photonic devices.5 Cu2ZnSnS4 films

display a high absorption coefficient and a suit-
able band gap so they are considered a good
competitor for CdTe and CuInxGa1�xS2 in the
fabrication of solar cells. The Cu2ZnSnS4 solar cell
reached an efficiency of 12%.6 So, the study of the
other kesterite thin films, such as Cu2CdSnS4,
Cu2FeSnS4, Cu2MnSnS4, and Cu2CoSnS4 is very
important to fabricate low-cost solar cells.
Cu2CoSnS4 is an alternative solar absorber with
excellent optical, thermoelectric and magnetic prop-
erties which is well suited for utilization in solar
energy conversion.7 Different preparation tech-
niques were utilized to fabricate the Cu2CoSnS4

powder and thin films like spray pyrolysis,8

hydrothermal,9 solvothermal,10 sol–gel method,11

and hot injection12 techniques. The previous articles
are available for studying the structural and optical(Received March 20, 2019; accepted July 9, 2019;
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properties of the CCTS thin films while there is no
interest in the fabrication of CCSS/n-Si heterojunc-
tion. So, the present work is aimed to fabricate and
study the structural and electrical properties of the
Cu2CoSnS4/n-Si heterojunction synthesized by
spray pyrolysis method. The junction parameters
of the Cu2CoSnS4/n-Si heterojunction have been
estimated from the current–voltage characteristics
curve. The junction nature and the donor carrier
concentrations of the Cu2CoSnS4/n-Si heterojunc-
tion were evaluated from the capacitance–voltage
characteristics in the dark.

EXPERIMENTAL DETAILS

Synthesis of the Cu2CoSnS4 Thin Film
and Heterojunction

High quality Cu2CoSnS4 thin film was synthe-
sized by the interaction between 0.1 M copper
chloride dehydrate, 0.05 M cobalt chloride dehy-
drate, 0.05 M stannic chloride dehydrate and 0.2 M
thiourea. A mixture of propanol to water ratio of
1:3 ml has been used for solution preparation. The
pH of the solution set at 10. The final Cu2CoSnS4

solution was sprayed into a heated glass substrate
held at 300�C. For heterojunction fabrication, an n-
type Si substrate was chemically etched by a
mixture of different acids (HF:HNO3:CH3COOH)
with a ratio of 1:6:113 Then the n-Si substrate was
cleaned well with deionized water then dried. After
the cleaning process, an Al film with a thickness of
200 nm was deposited on the bottom side of the n-Si
substrate. A Cu2CoSnS4 thin film of thickness
479 nm was sprayed on the top surface of the n-Si
substrate by spray pyrolysis system. Then Au
electrode with a thickness of 200 nm was deposited
on the surface of the Cu2CoSnS4 thin film. The Al
and Au electrodes were performed by a thermal
evaporation technique type (Edward 306 A). Fig-
ure 1 displays the Al/n-Si/Cu2CoSnS4/Au
heterojunction.

Characterization of the Cu2CoSnS4 Thin Film
and Heterojunction

XRD scan was carried out to examine the struc-
ture of the Cu2CoSnS4 thin film. Quanta FEG 250
field emission scanning electron microscopy was
used to scan the surface morphology of the

Cu2CoSnS4 thin film. A computerized C–V meter
was used to study the dark capacitance–voltage (C–
V) characteristics of the Al/n-Si/Cu2CoSnS4/Au
heterojunction. A programmable electrometer (Type
Keithley-2635 A) was employed to measure the
current–voltage I–V characteristics of the Al/n-Si/
Cu2CoSnS4/Au heterojunction. A halogen lamp was
employed for the illumination process. A solar
power meter was used to measure the intensity of
the incident light.

RESULTS AND DISCUSSION

Structural Characterizations

Morphology and EDAX of the Cu2CoSnS4 Thin Film

Representative surface morphology image of the
Cu2CoSnS4 film is presented in Fig. 2. The mor-
phology of the Cu2CoSnS4 layer displayed that the
film has a crack-free smooth surface and formed
from spherical grains. The EDAX pattern demon-
strated that the existence of Cu, Co, Sn and S in the
Cu2CoSnS4 film and its atomic ratio are Cu = 21.62,
Co = 11.43, Sn = 10.16, S = 38.84 and Si = 17.95
at.%, respectively.

XRD Study

The XRD pattern of the Cu2CoSnS4 thin film
grown on the n-Si substrate is presented in Fig. 3.
The pattern shows that Cu2CoSnS4 thin films are
polycrystalline in nature. The previous work illus-
trates that the Cu2CoSnS4 thin films exhibit tetrag-
onal structure. Maldar et al.14 demonstrated that
Cu2CoSnS4 thin films prepared by spray pyrolysis
reveal a tetragonal phase. Mokurala et al.15 con-
firmed that Cu2CoSnS4 thin films fabricated by spin
coating display a tetragonal phase. In this work, the
study of the diffraction pattern of the Cu2CoSnS4

thin films displays that the appeared planes were
matched with the tetragonal crystal structure
Cu2CoSnS4 phase according to JCPDS card No.
26-0513.

The structural constants of the Cu2CoSnS4 film
represented in the crystallite size (D), the lattice
strain (e), and dislocation density (d) have been
given via the following Scherer’s formulas16–18:

D ¼ 0:9k
b cos hð Þ ; ð1Þ

e ¼ b cos hð Þ
4

; ð2Þ

d ¼ 1

D2
: ð3Þ

Here b denotes and the experimental full width at
the half maximum (FWHM) in radians and h
represents the Bragg diffraction angle.

Fig. 1. Schematic diagram of Al/n-Si/Cu2CoSnS4/Au heterojunction.
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The magnitudes of the structural constants D, e
and d of the Cu2CoSnS4 thin film are 47.68 nm,
3.047 9 10�3 and 4.39 9 10�4 nm�2 respectively.

Capacitance–Voltage Characterizations

The Capacitance–Voltage (C–V) measurements of
the Cu2CoSnS4/n-Si heterojunction occurred at
1 MHz in the dark condition. The C�2–V curve of
the Cu2CoSnS4/n-Si heterojunction is presented in
Fig. 4. The curve displays a linear relation, which

revealed that the junction exhibits an abrupt
nature. The dependence of the junction capacitance
on the reverse bias potential for the Cu2CoSnS4/n-Si
heterojunction was given via19,20:

C2 ¼ qNANDe1e2

2 e1NA þ e2NDð Þ
1

Vbi � Vð Þ : ð4Þ

Here e1 denotes the dielectric constant of the Si
substrate and equal 1.044 9 10�11 F cm�1, q

Fig. 2. The FE-SEM and EDAX spectrum of the Cu2CoSnS4 thin film deposited on the n-Si substrate.

Fig. 3. XRD of the sprayed Cu2CoSnS4 thin film fabricated on the n-
Si substrate. Fig. 4. The dark C–V characteristics of the Al/n-Si/Cu2CoSnS4/Au

heterojunction.
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denotes the charge of the electron and equals
1.6 9 10�19 C, ND denotes the donor concentration
of n-Si and equal 1015 cm�3, NA denotes the accep-
tor concentration of the Cu2CoSnS4 and e2 denotes
the dielectric constant of the Cu2CoSnS4 thin film.

By extrapolating the line in the Fig. 4 to C�2 =0,
the built-in voltages Vbi of the Cu2CoSnS4/n-Si
heterojunction can be estimated. The magnitudes
of Vbi and N for the Cu2CoSnS4/n-Si device are listed
in Table I. Table I illustrated that the variance of
built-in voltages (Vbi) and carrier concentration (N)
with temperature for the Cu2CoSnS4/n-Si hetero-
junction. It is observable that the magnitudes of Vbi

were reduced with raising the temperature while
the magnitudes of N were increased with increasing
the temperature. Actually, the interface density of
charges improves by raising the temperature. It has
a significant impact on the apparent built-in
voltage.

Evidently, raising the interface density of charges
reduces the built-in voltage. The large interface
density of states likewise acts as practical tunneling
centers.21

Dark Current–Voltage Characterization

The dark I–V characteristic is very useful to
determine the diode parameters like the ideality
factor n, shunt resistance Rs, and the series resis-
tance Rsh and barrier height /b. Figure 5 depicts
the I–V measurements of the Al/n-Si/Cu2CoSnS4/Au
heterojunction in the dark at various temperatures.
It is observed from this curve that the I–V plot of the
Cu2CoSnS4/n-Si device displays a rectification
performance.

The I–V curve of the Al/n-Si/Cu2CoSnS4/Au
heterojunction in the forward bias region was
studied according to the thermionic emission theory
by the presented relation19,20:

I ¼ I0 exp
qV

nKT

� �
� 1

� �
; ð5Þ

where n represents ideality factor, T represents the
temperature in Kelvin, q represents the electronic
charge, V represent applied voltage and K is the
Boltzmann constant.

The reverse saturation current of the Cu2CoSnS4/
n-Si device was estimated by the below formula21,22:

Io ¼ AA�T2 exp
�q/b

KT

� �
: ð6Þ

Here /b represents the barrier height, A* denotes
the Richardson constant for the n-Si (which equals
A* = 122 A/cm2 K2)23 and A denotes the Schottky
contact area.

The magnitudes of ideality factor n, of the Al/n-Si/
Cu2CoSnS4/Au heterojunction, was estimated from
the slope of the linear plot of Fig. 5 according to the
below expression24,25:

lnðIÞ ¼ qV

nKT
þ ln I0ð Þ: ð7Þ

The ideality factor values n of the Al/n-Si/
Cu2CoSnS4/Au heterojunction are given in Table II.
It is noted from Table II that the n values of the Al/
n-Si/Cu2CoSnS4/Au heterojunction were decreased
via increasing the annealed temperature. As
observed the magnitudes of ideality factor n for n
values of the Al/n-Si/Cu2CoSnS4/Au heterojunction
were higher than unity. This performance occurred

Table I. The magnitudes of the Vbi and N evaluated
from the dark C–V characteristics for the (Al/n-Si/
Cu2CoSnS4/Au) heterojunction

T (K) Vbi (V) N *1019 (cm23)

308 0.54 3.91
323 0.432 4.28
343 0.35 5.31
353 0.217 5.87
373 0.13 6.26

Fig. 5. Forward and reverse I–V characteristics of the Al/n-Si/
Cu2CoSnS4/Au heterojunction in the dark conditions.

Table II. The heterojunction parameters evaluated
from the dark I–V characteristics of the (Al/n-Si/
Cu2CoSnS4/Au) heterojunction

T (K) n /b evð Þ RS Xð Þ Rsh kXð Þ

308 2.68 0.785 205 52.43
323 2.47 0.812 191 43.61
343 2.31 0.843 165 35.15
353 2.19 0.875 147 31.82
373 2.06 0.893 133 28.76
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because of increasing of the leakage current due to
the recombination of the electron and holes in the
depletion region.26

The barrier height /b at zero bias for the Al/n-Si/
Cu2CoSnS4/Au heterojunction is given by the next
relation27,28:

/b ¼ KBT

q
ln

AA�T2

I0

� �
: ð8Þ

The magnitudes of barrier height /b of the Al/n-
Si/Cu2CoSnS4/Au heterojunction are listed in
Table II.

Figure 6 presents the temperature effect on the
/b and n of the Al/n-Si/Cu2CoSnS4/Au heterojunc-
tion. By raising the annealing temperature on the
Al/n-Si/Cu2CoSnS4/Au heterojunction, the /b values
were increased while the n values were decreased.
This performance is in agreement with various
articles like Farag29 and agree with Uluşan.30

The relation between the ideality factor n and the
barrier height /b for the Al/n-Si/Cu2CoSnS4/Au
heterojunction is presented in Fig. 7. It is observed
from this plot that the magnitudes of the ideality
factor n increase as the barrier height /b decreases.

The series resistance RS of the Al/n-Si/
Cu2CoSnS4/Au heterojunction was estimated via
the slope of the linear plot of the forward I–V plot
according to the following relation31:

RS ¼ DVForward Bias

DIForward Bias
: ð9Þ

While the magnitude of shunt resistance RSh for
the Al/n-Si/Cu2CoSnS4/Au heterojunction was eval-
uated via the slope of the linear plot of the reverse
I–V plot according to the following expression30:

RSh ¼ DVReverse Bias

DIReverse Bias
: ð10Þ

Fig. 6. Dependence of ideality factor and barrier height on
temperature for the Al/n-Si/Cu2CoSnS4/Au heterojunction.

Fig. 7. Plot of the ideality factor versus barrier height for the Al/n-Si/
Cu2CoSnS4/Au heterojunction.

Fig. 8. Dependence of series and shunt resistances on temperature
for the Al/n-Si/Cu2CoSnS4/Au heterojunction.

Fig. 9. The I–V characteristics of the Al/n-Si/Cu2CoSnS4/Au
heterojunction under illumination.
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Figure 8 displays the temperature effect on the
magnitudes of the shunt resistance RSh and the
series resistance RS for the Al/n-Si/Cu2CoSnS4/Au
heterojunction. There is an enhancement in the
conductivity of the fabricated device resulting from
the decreasing of RS and RSh with increasing the
temperature.32 The magnitudes of RS and RSh are
given in Table II.

Photovoltaic Analysis of the Al/n-Si/Cu2-

CoSnS4/Au

The photovoltaic analysis of the Al/n-Si/
Cu2CoSnS4/Au heterojunction has been investi-
gated via determining the I–V characteristics below
the illumination conditions. The illuminated I–V
curve of the Al/n-Si/Cu2CoSnS4/Au heterojunction is
presented in Fig. 9. As observed the current values
of the Al/n-Si/Cu2CoSnS4/Au heterojunction under
illumination conditions was higher than the current
values in the dark. This performance is owing to the
production of electron–hole pairs.33–35

Figure 10 depicts the J–V curve of the Al/n-Si/
Cu2CoSnS4/Au heterojunction. Moreover, the pho-
tovoltaic constants of the prepared heterojunction
as JSC= 23.91 mA cm�2, Jm = 16.24 mA cm�2,
VOC= 0.583 V, Vm = 0.38 V and the efficiency were
estimated via this plot.

The magnitudes of the device efficiency (g) and fill
factor of the Al/n-Si/Cu2CoSnS4/Au heterojunction
have been evaluated according to the below
relations36,37:

g ¼ Pmax

Pin
¼ FF � VOC � JSC

Pin
� 100%; ð11Þ

FF ¼ Vm � Jm

Voc � Jsc
; ð12Þ

where Pin denotes the input energy from the sun,
Pmax denotes the output energy from the device, FF
is the fill factor, Jsc is the short-circuit current
density and Voc represents the open-circuit volt-
age. The magnitudes of the FF and the g of the Al/
n-Si/Cu2CoSnS4/Au heterojunction were 0.44% and
6.17% respectively.

CONCLUSION

In the present study, Cu2CoSnS4 thin film was
sprayed on the n-Si via spray pyrolysis technique.
The formation of the Cu2CoSnS4 film was confirmed
by XRD and FE-SEM. The Cu2CoSnS4 thin films are
polycrystalline. The EDX pattern displays that the
Cu2CoSnS4 thin film is near stoichiometric in
composition. The Capacitance- Voltage study of
the Cu2CoSnS4/n-Si heterojunction displays that
the junction nature is an abrupt junction. The diode
parameters of the Cu2CoSnS4/n-Si heterojunction
were determined by investigating temperature
dependences of the I–V characteristics. By increas-
ing the temperature, the magnitudes of the barrier
height /b of the Cu2CoSnS4/n-Si heterojunction
increases while the magnitudes of the ideality factor
n, shunt resistance RSh and series resistance RS

were decreased. The photovoltaic constants of the
Cu2CoSnS4/n-Si heterojunction were evaluated for
display efficiency of 6.17%.
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