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Abstract

CuSbS, (Chalcostibite) crystals were synthesized by the hot-injection method as triangular and spherical shaped structures.
The crystals were inserted by spin coating technique as interfacial layers between Au metal and p-Si to investigate their
electrical and photoresponse properties via /-V measurements under various light intensities. The XRD measurements were
performed to show the crystalline structure of the spherical and triangular CuSbS,. The TEM images confirmed the triangular
and spherical particle structures of the CuSbS, crystals. The /-V measurements were performed under dark, 20100 mW
light intensities with 20 mW interval for spherical and triangular CuSbS, photodiodes. In addition, diode parameters were
extracted and discussed in the details. The results highlighted that triangular and spherical shaped structures have good
photoresponse to the illumination and can be employed in the photodiode and photodetector applications.

1 Introduction

Chalcostibite (CuSbS,) is new kind of promising material
for thin film solar cells as a good absorber because it has
suitable band gap energy value between 1.3 and 1.5 for pho-
tovoltaic applications and optical absorption coefficient of
10* em™" [1]. In addition, the CuSbS, is environmentally
friendly, abundant, stable phase and cheap material [2, 3].
These properties of CuSbS, make it optimum material for
photovoltaic absorber [4, 5]. There are many papers with
increasing trend about the CuSbS, recently in the literature,
and the papers usually aimed to employ CuSbS, for opto-
electronic applications [6—13]. Kang et al. [7] synthesized
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CuSbS, thin films by reactive co-sputtering technique and
investigated physical properties. In addition, they fabricated
solar cells by employing CuSbS,. Sivagami et al.[8] obtained
CuSbS, nanobrick thin films by the solvothermal method
and confirmed the purity of the films and then investigated
photoresponse behaviors. Dekhil et al.[13] synthesized
CuSbS, nanopowders by hydrothermal method and stud-
ied by various instruments to see the compatibility of the
CuSbS, nanopowders for photovoltaic applications.

Many techniques have been performed to fabricate as film
or particle form of the CuSbS, such as spray pyrolysis [14],
chemical bath deposition [15], SILAR [16], electrodeposi-
tion [17] and hot-injection techniques [18]. Among them,
hot-injection technique provides to obtain good crystalline
structures and narrow size distribution [19]. Various shaped
is really important because various forms of the CuSbS, can
help to improve the thin film solar cells or optoelectronic
applications [20].

Metal and semiconductor contacts can be thought
as optoelectronic applications because the light causes
electron—hole pairs at the interface when hit the contact
[21-23]. When the electrons and holes jump the barrier of
the metal-semiconductor contact, there is an increase at the
current values that pass through to the contacts. These prop-
erties most of the time are used for photodiode or photode-
tector applications [24, 25]. However, the absorption of the
light is really important for light conversion efficiency of the
contacts [26]. The CuSbS, crystals structures can improve
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the light absorption of metal-semiconductor contacts as an
interfacial layer for photodiode and photodetector applica-
tions [4]. In addition, the shape or structure of the CuSbS,
can affect the behaviors of these photodiode/photodetectors.
The aim of this study is to compare and understand the vari-
ous CuSbS, structures how to affect the photodiode proper-
ties of the metal-semiconductor devices.

In this study, we synthesized triangular and spheri-
cal structures of the CuSbS, by hot-injection method and
inserted the structures as thin film form by spin coating
technique between the Au metal and p-Si to fabricate Au/
CuSbS,/p-Si photodiodes. The obtained photodiodes were
characterized and compared by XRD, TEM and /-V measure-
ments under dark and various light illumination intensities.

2 Experimental details

Copper antimony sulfide nanostructures were synthesized
using powder and liquid sulfur source by the hot-injection
method. The spherical shaped CuSbS, crystal synthesis
was previously published by our group [27]. Triangular
shaped CuSbS, were synthesized according to a previously
described procedure with slight modification [28]. To syn-
thesize CuSbS, nanostructures, typically, copper (II) acetate
(1 mmol), antimony (III) chloride (1 mmol) and oleylamine
(15 mL) were added to a 25 mL three-necked, round-
bottomed flask with electromagnetic stirring under argon
atmosphere at room temperature for 15 min. Then, freshly
prepared S-precursor solution (0.26 mL 1-dodecanethiol
(1-DDT) and 1.76 mL tert-dodecylmercaptan (t-DDT)) was
injected rapidly into the hot reaction mixture under vigorous
stirring, which resulted in an immediate color change of the

reaction solution to black. Next, the solution was heated to
240 °C and kept at this temperature for 30 min. and cooled
down to room temperature. Finally, the nanostructures were
precipitated adding a mixture of ethanol and toluene cen-
trifuged at the rate of 3000 r/min for 1 min. The final black
precipitate was washed with ethanol to remove residual thi-
ols and acetates.

The (100) p-type Si wafer, which had 10 Q cm, were cut
15 mm x 10 mm pieces and cleaned in acetone and propanol
by an ultrasonic cleaner and then HF:H,O (1:1) solution
was prepared and the wafer pieces immersed to the solution
to remove impurities and native oxide layer from the sur-
faces. Aluminum (Al) metal (99.999%) with a thickness of
150 nm was thermally evaporated from the tungsten filament
onto the whole back surface of the wafer under a pressure
of 2% 10° Torr. Then, a low resistivity ohmic contact was
followed by a temperature treatment at 500 °C for 5 min
in a N, atmosphere. The prepared triangular and spherical
of the CuSbS, solutions were coated on glass and Si sub-
strates by the spin coating technique at a spinning rate of
1200 rpm for 60 s with Fytronix SC-500 spin coater. The
thickness measurement of the coated triangular and spheri-
cal structures of the CuSbS, thin films has been performed
by stylus profilometer Veeco Dektak 150 and the thickness
of triangular and spherical structures of the CuSbS, have
been determined as 214 nm and 232 nm respectively. In the
end, Au layer which has an area of is 7.85 x 107 cm™ was
evaporated on triangular and spherical shaped structures
film surfaces as rectifying contact. So, Au/CuSbS,/p-Si
devices were obtained, and schematic presentations of the
devices have been shown in Fig. 1. In here, while triangular
shaped CuSbS, used device was called Au/T-CuSbS,/p-
Si, spherical shaped CuSbS, crystal used device named as
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Fig. 1 A kind of schematic presentation of a Au/T-CuSbS,/p-Si device, b Au/S-CuSbS,/p-Si device, ¢ energy band diagram of the devices
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Au/S-CuSbS,/p-Si. In addition, schematic energy band dia-
gram of the device have been exhibited in Fig. 1c. The volt-
age was applied to Au contact for measurements.

Powder X-ray diffraction (XRD) patterns were recorded
with a Bruker D8 Advance X-ray (Cu a source with 1.5406
Wavelengths) diffractometer. TEM images were obtained on
JEOL JEM-2100F transmission electron microscope (TEM)
was used to take the nanostructure images of the crystals. I-V
and the photovoltaic measurements were performed using
by Fytronix FY-5000 photovoltaic characterization system
under dark and various light illumination conditions.

3 Results and discussion
3.1 Structural properties

X-ray diffraction (XRD) analysis was employed to identify
the crystallographic structure and phase purity of the pre-
pared chalcostibite samples in comparison with those of the
triangular and spherical structured samples. The distinctive
diffraction peaks for the CuSbS, can be perfectly indexed
as the single crystalline orthorhombic structures of CuSbS,
(PDF No: 01-073-3954) both spherical (Fig. 2a) and triangu-
lar (Fig. 2b) shaped structure. Since the synthesized materi-
als are of the same crystalline structure, both of the XRD
patterns showed similar results [29]. However, as observed
in Fig. 2a, b, the differences in peak intensities are due to dif-
ferent interactions of the surfactants and anions. Moreover,
there are no diffraction signals of binary structures on the
XRD pattern, which showed that obtained nanostructures

had high purity. Figure 2¢ shows corresponding crystal
structure with various directions as schematically.

3.2 Morphological properties

The TEM and SAED images of the T-CuSbS, and S-CuSbS,
are presented in Fig. 3. According to Fig. 3a, T-CuSbS,
obtained by hot injection reaction mainly exhibits triangu-
lar shape with edge lengths ranging from 20 to 120 nm. On
the other hand, S-CuSbS, exhibits a spherical structure with
grain size ranges 20—40 nm, possessing a large surface area
in Fig. 3b. The differences in the coordination capability of
the products using OLA as solvents with the cations and
anions could be the reason for the observed alterations in
the shape and size of them. SAED images of the nanostruc-
tures are given in Fig. 2c, d for T-CuSbS, and S-CuSbS,,
respectively. As presented in Fig. 2c¢, d, the nanostructures
have single crystalline in nature. Further, SAED diffraction
spots correspond to chalcostibite structure and these results
are compatible with XRD results.

3.3 Electrical properties

The CuSbS, crystals structure with triangular and spheri-
cal shaped were employed as interfacial thin film layer to
obtain Au/CuSbS,/p-Si devices. To characterize their elec-
trical properties, I-V measurements were performed while
the devices were under dark and illumination conditions
in the range 20 mW-100 mW with 20 mW steps. The I-V
characteristics of the Au/CuSbS,/p-Si devices have been
shown in Fig. 4 for interfacial CuSbS, layers with triangu-
lar and spherical shaped structures. The devices exhibited
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Fig.2 XRD graphs of the CuSbS, crystals a spherical, b triangular-shaped and ¢ corresponding crystal structure with different directions as

schematically
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Fig.3 TEM and SAED images
of the CuSbS,: a triangular, (a) (b)
b spherical shaped structures.
SAED images of the ¢ triangu-
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good rectifying properties, but Au/S-CuSbS,/p-Si has bet-
ter rectifying behavior than Au/T-CuSbS,/p-Si device. The
obtained rectifying ratio values of the Au/T-CuSbS,/p-Si
and Au/S-CuSbS,/p-Si devices are 1.37x10° and 2.52x10°,
respectively. The calculated rectifying ratio values are com-
parable with literature [30, 31]. Both devices responded to
the light illumination at reverse biases because the current
values increased via increasing light intensity. This property
caused by the generation of the electron—hole pairs in the
interface of the devices owing to light illumination [32]. In
addition, The devices can be employed as photodetector and
photodiode applications because increasing current values
at the reverse biases [33, 34].

The diode parameters can help to understand more the
electrical properties of the devices. For that reason, the
diode parameters such as barrier height (¢;), ideality factor
(n) and series resistance (R,) should be determined from

I-V measurements. There is three technique to calculate the
diode parameters: thermionic emission theory, Cheung and
Norde methods. The current (/) is calculated from /-V meas-
urements via the following formula according to thermionic
emission theory [35-37]:

qv qv
I =1,exp <nk_T> [1 — exp <_nk_T>]

where [, shows saturation current determined from the
linear zone of the I-V graph. I, also is calculated as the next
equation:

ey

(@)

where A, A" and T indicate diode area (in here A is equal
to 7.85x 1073 cm?), Richardson constant (32 A cm™2 K2
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for p-type Si) and temperature, respectively. q and k repre-
sent the charge of electron and Boltzmann’s constant. The
determined saturation current values for Au/T-CuSbS,/p-
Si and Au/S-CuSbS,/p-Si devices are 1.47x107'" A and
2.75% 1071% A, respectively. While the saturation current
help to calculate barrier height values, a slope of dV/dIn/
provide to determine ideality factors of the devices for
V> 3kT/q region via relevant formulas shown in below:

S a(avy
=T \dmI &)
And
KT . [ A*AT?
=X
n="gn(*70) @

The ideality factors and barrier height values were
accounted for and listed in Table 1 for Au/T-CuSbS,/p-Si
and Au/S-CuSbS,/p-Si devices. While Au/T-CuSbS,/p-Si
device has 6.96 ideality factor, the Au/S-CuSbS,/p-Si has
3.65 lower than triangular shaped CuSbS, structures. The
higher ideality factor values than one can be attributed to
various reasons such as barrier inhomogeneity, distribution
of the carriers, image force effects and series resistances
of the devices [38—40]. The higher ideality factors at these
devices can be attributed to barrier inhomogeneity and
resistance effects [39, 41]. The differences at the ideality
factor values between the Triangular-CuSbS, and spherical-
CuSbS, devices confirmed the barrier inhomogeneity effect
because triangular structure caused more non-uniform dis-
tribution as an interfacial layer than particle structures. In
addition, I-V characteristics of the devices were affected
from the series (R,) and shunt resistances (R,) which are
relevant with metal-semiconductor interfacial layer and
semiconductor-contact interface, respectively, and they are
called junction resistance (R)) totally [42]. The determining
of these parameters is really important to understand the
device characteristics [43]. The R; is given as the following
equation:

)%

R =2
ol

J

&)

The determined R, and R, values were obtained as
82.2 kQ and 4.56 x 10° kQ for Au/T-CuSbS,/p-Si device,

2.95 kQ and 1.34 x 10° kQ for Au/S-CuSbS,/p-Si device.
According to these results, both devices have higher R, val-
ues than R, and R,;, values are 10% Q level. These results
made the devices ideal for high performance devices [44].
The conduction mechanism of the Au/T-CuSbS,/p-Si
and Au/S-CuSbS,/p-Si devices should be determined by
In/-InV plot because the thermionic emission theory is not
effective for high n values. The relation between current and
voltage is shown IaV™, and the m, power-law parameter is
determined from the slope of the linear region at In/-InV
plot. Thus, the slope of the In/-InV plot refers to the con-
duction mechanism of the junction. If the slope of the plots
higher than two (m > 2), the space charge limited current
(SCLC) mechanism is effective. If m is between one and
two, Schottky and Poole-Frenkel Conduction are dominant.
If m is equal to one, the junction has Ohmic character [45].
The Inl-InV plots of the Au/T-CuSbS,/p-Si and Au/S-
CuSbS,/p-Si devices have been shown in Fig. 5. While
Au/S-CuSbS,/p-Si device has SCLC conduction mechanism,
the Au/S-CuSbS,/p-Si device has Schottky and Poole—Fren-
kel Conduction for first regions [22]. Poole-Frenkel Con-
duction referred to that T-CuSbS, layer started to conduct
electricity. In the second and thirds regions of the Au/T-
CuSbS,/p-Si and Au/S-CuSbS,/p-Si devices, the SCLC
is dominant conduction mechanism and assigned to that
the density of injected free charge is much larger than the
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Fig.5 The In/-InV plots of Au/T-CuSbS,/p-Si and Au/S-CuSbS,/p-Si
devices

Table 1 The diode parameters of the Au/T-CuSbS,/p-Si and Au/S-CuSbS,/p-Si devices for various methods

Device Saturation cur- n (I-V) n Cheung ¢, (I-V) (eV) ¢, Cheung ¢, Norde (eV) R, Cheung R Cheung R Norde (kQ)
rent (1) (eV) (k@ (HD)) [(kQ (dInD)]
Triangular 1.75x10710 6.96 7.32 0.85 0.80 091 76.50 87.30 21.50
shaped
Spherical 2.47x10710 3.65  4.60 0.83 0.90 0.83 6.18 8.75 6.07
shaped
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thermal-generated free charge carrier density and increasing
current [46].

The second method to calculate the diode parameter is
Cheung method, and the method also helps to determine the
R, values. Normally, all the time the metal-semiconductor
devices have R, but we cannot calculate R, values through
thermionic emission theory.

While Cheung method is performed, the current is written
as the next equation including voltage drop at the current
because of series resistance:

(6)

I =1I,exp <— KT

In this equation, IR, represent the voltage drop. While
the R, is left alone at the left side of the Eq. (5), Cheung’s
functions are transformed to below formula:

dv kT

— —IR il

din/ s+ q 0
kT 1

7O = V‘”(;)WW) ®

where H(I) can be written as:

H() = IR, + n¢, )

Equations (7) and (9) are called Cheung functions and
derived by Cheung and Cheung [47]. While the graphs
of Chung functions are plotted versus current, the graphs
exhibit straight lines. The dV/dInI versus I graph provides to
determine ideality factor from y-intercept and series resist-
ance value from slope. The H(I)-I graph is used to determine
barrier height from y-intercept and another R, value from
slope. The two R; values is important for consistency of the
Cheung method [48].

(a)
1.6- 7.5
L7.0
1.2
/ L 6.5 S
> z
508 -’_,_,,’,*"“‘_’A/‘r- 6.0 T
3
. 5.5
0.4 —’—./._____-_'/r
\/ - 5.0
0.0

T T T T
1.0x10°  2.0x10° 3.0x10° 4.0x10° 5.0x10°
Current (A)

Figure 6a, b show the dV/dIn/ versus I and H(I) versus
I graphs of the Au/T-CuSbS,/p-Si and Au/S-CuSbS,/p-Si
devices, respectively. The determined 7, ¢, and R, values are
listed in Table 1 for two devices. According to Table 1, there
is some deviation both ideality factors and barrier heights of
the devices. These differences can be ascribed to non-ideal
diode structures, non-uniform distribution of the interface
structures and approximation differences [48, 49]. Further-
more, there are some differences also at the series resistance
values for both devices obtained from dV/dIn/ versus I and
H(I) versus I graphs because of barrier inhomogeneity or
native CuSbS, layers. In addition, The obtained R values
is comparable R, values through obtained R; calculation for
both devices.

The alternative method to calculate the series resistance
value, as well as barrier height, is Norde method. The func-
tion of the Norde method is expressed as below equation
[50]:

_V _kr 1(V)
et (1)

where y shows closest integer (dimensionless) value of
the ideality factor, n. I(V) represents the currents depending
on the voltages. If Eq. (10) is reorganized for ¢, and R, next
formulas are obtained:

10)

Vo kT
by, = F(V,) + [70 - ?] (11)
y —n kT
Ro==7"71 (12)

where V,, is the minimum voltage value depending on
Norde function. Figure 7 displays F(V) versus V graphs of
the Au/T-CuSbS,/p-Si and Au/S-CuSbS,/p-Si devices. The

(b)
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s —
= M/ s
3 04- =148 %
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Fig.6 dV/dIn/-I and H(I)-I graphs of a Au/T-CuSbS,/p-Si and b Au/S-CuSbS,/p-Si devices
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Fig.7 F(V)-V graphs of the Au/T-CuSbS,/p-Si and Au/S-CuSbS,/p-
Si devices

obtained ¢, and R, values are tabulated in Table 1 for two
devices. According to ¢, values, Au/S-CuSbS,/p-Si device
has smaller ¢, than Au/T-CuSbS,/p-Si device. The reason
for this case can be attributed to non-uniform distribution
of the triangular CuSbS, structures at the interface layer of
the device.

logl,, versus logP plots of the devices have been dis-
played in Fig. 8a to understand the photoconductive mecha-
nism. The below formula provide to understand the photo-
conduction mechanism of the photodiodes.

Iph = aP™ (13)
where Iph, o, P m describe photocurrent, a constant, power
of the light and linearity ratio of light power-photocurrent,

respectively. According to Fig. 8a, the Au/T-CuSbS,/p-Si

(@

-6.6

Logl,,

1.3 1.4

T T T

Log P (mW/cm?)

1.5 1.6 1.7 1.8 1.9 2.0

and Au/S-CuSbS,/p-Si devices have linear behavior with
increasing light intensity and can be performed as photode-
tector applications [51]. Figure 8b exhibits photoresponse
graph of the Au/T-CuSbS,/p-Si and Au/S-CuSbS,/p-Si
devices. Both devices again have linear photoresponse to
the light.

4 Conclusions

We synthesized triangular and spherical shaped structures
of the CuSbS, crystals, separately and employed them as
interfacial layer between the Au metal and p-type Si to fabri-
cate Au/T-CuSbS,/p-Si and Au/S-CuSbS,/p-Si devices. The
devices were characterized by XRD, TEM and /-V measure-
ments. The XRD patterns revealed the crystal structure of
the CuSbS, for both triangular and spherical shaped struc-
tures. The difference of two XRD patterns is just intensity
changes of the plane peaks. The TEM images confirmed
triangular and spherical shaped structure of the CuSbS, and
crystalline structure by SAED images. The /-V measure-
ments were performed on the Au/T-CuSbS,/p-Si and Au/S-
CuSbS,/p-Si devices under dark and various light intensities.
The diode parameters of the devices were calculated and
discussed in the details via comparing the devices. Accord-
ing to diode parameters the spherical form of the CuSbS,
crystals is better than the triangular form of the CuSbS,.
This result can be attributed to non-uniform distribution the
triangular shapes of CuSbS, in the interface of the device.
The obtained devices can be employed as photodetector and
photodiode applications.

(b)

0.4 -

Photoresponse

Light Intensity (mW/cm?)

Fig.8 alogl,,-LogP and b Photoresponse of the Au/T-CuSbS,/p-Si and Au/S-CuSbS,/p-Si devices
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