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Ternary-structured thiospinels have attracted great attention in recent years
for energy applications due to their attractive characteristics such as simple
production, earth-abundant components and non-toxic nature. In this work,
copper cobalt sulfide (CuCo2S4 or carrollite) thiospinel nanocrystals were
synthesized by a hot-injection method, and detailed electrical and optoelec-
tronic characterizations were performed in a Schottky device. The synthesized
nanocrystals were used as an interfacial layer between the Au metal and p-Si
semiconductor to obtain an Au/CuCo2S4/p-Si device. The structural and mor-
phological characterizations confirmed the crystallinity, nanostructure and
composition of the CuCo2S4 nanocrystals. The I–V and C–V measurements
were employed to characterize the Au/CuCo2S4/p-Si device for various illu-
mination intensities. The obtained device exhibited good rectifying and pho-
todiode properties as well as good photocapacitance. The Au/CuCo2S4/p-Si
device can be used and improved for optoelectronic applications.

Key words: CuCo2S4, carrollite, photodiode, optoelectronic properties,
hot-injection method

INTRODUCTION

Energy demand is a very important indication of
development of societies in terms of its consumption
and efficient management. Developed countries
want to use renewable energies instead of fossil
fuels, which are limited and harmful for the envi-
ronment. Efficient renewable energy conversion
generally requires expensive materials such as Au
and Pt. There is much demand for the synthesis of
alternative materials instead of expensive raw

materials for renewable energy. As a result,
CuCo2S4 has been developed for energy applica-
tions, but there are only a few studies in the
literature on the synthesis and application of these
materials.1–3 For example, Chauhan et al.2 synthe-
sized CuCo2S4 nanosheets by a hydrothermal
method and used the produced materials in a
hydrogen production application. Similarly,
CoNi2S4 and CuCo2S4 were obtained with a
solvothermal technique by Ge et al.4 for use in
hydrogen production. In another study, CuCo2S4

nanosheets were synthesized by a hydrothermal
method and employed as catalyst in an oxygen
evolution reaction.5 In parallel with this study, the
electrocatalytic properties of this material were
produced by a solution-based chemical route and
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investigated for an oxygen evolution reaction.6

According to a study of Du et al.,7 flower-like
CuCo2S4 was synthesized in microsphere shapes
via a hydrothermal method, and water oxidation
activity stability during water oxidation of the
produced materials was examined. Chen et al.8

reported that CuCo2S4 nanosheets were synthesized
by a solvothermal route and employed in superca-
pacitor applications. Similar to the previous study,
mesostructure particles were used in an asymmetric
supercapacitor application, but these materials
were produced as CuCo2S4/CuCo2O4 heterostruc-
tures by a solvothermal method.9 Cheng et al.10

studied the synthesis of porous CuCo2S4 by a two-
step hydrothermal technique and investigated the
use of the obtained nanorod arrays in an asymmet-
ric supercapacitor application. CuCo2S4 sub-micro-
sphere particles were employed in lithium/sodium-
ion batteries, which is one of the different applica-
tion areas, and sub-microspheres were synthesized
by a one-pot solvothermal method.11 Li et al.12

synthesized hydrophilic CuCo2S4 nanocrystals by a
hydrothermal method and used them in magnetic
resonance/near-infrared imaging. Chen et al.13 syn-
thesized yolk-shell-shaped CuCo2S4 materials by
anion exchange and employed them for photocat-
alytic degradation of methylene blue dye. They
concluded that the photocatalytic performance of
the CuCo2S4 materials increased via new geometric
structure. However, while certain applications of
CuCo2S4 have been studied, to our best knowledge,
no studies in the literature have investigated the
photodiode properties of CuCo2S4 nanocrystals.

Therefore, this study provides an important con-
tribution to the detailed characterization studies of
CuCo2S4, which is one of the thiospinel materials
most widely used in the literature. Here, we have
successfully synthesized CuCo2S4 nanocrystals by a
facile hot-injection technique. The structural char-
acterization results showed that the synthesized
materials have the desired crystal structure, 8 nm
in size and homogeneous atomic distribution. The
as-synthesized nanocrystals were employed as an
interfacial layer between the Au metal contact and
p-Si semiconductor. The obtained device was char-
acterized by I–V and C–V measurements under
dark and various illumination conditions.

EXPERIMENTAL DETAILS

Cobalt (II) acetate (Co(CO2CH3)2, 99.995%), cop-
per (II) acetate (Cu(CO2CH3)2, 99.99%), ethanol
(99.9%), trioctylphosphine oxide ((TOPO) (99%)), 1-
dodecanethiol (DDT, 98%), tert-dodecanethiol (t-
DDT, 98%), and 1-octadecene (ODE, 90% tech) were
purchased from Sigma-Aldrich. Toluene (99%) was
obtained from the VWR International Company. All
chemicals were used without any further
purification.

CuCo2S4 thiospinel nanocrystals were synthe-
sized following a method reported by Sarilmaz

et al.,14 with minor modifications. Briefly, 45 mg of
Cu(CO2CH3)2, 88 mg of (CH3CO2)2Co, 1.75 mmol
TOPO and 10 mL ODE were loaded into a 50 mL
two-necked flask and heated to 210�C with magnetic
stirring under argon flow. Freshly prepared sulfur
solution (0.875 mL (t-DDT) and 0.125 mL (DDT))
was then rapidly injected (� 120�C) into the hot
reaction mixture under vigorous stirring. Under
these conditions, the reaction was continued for
30 min, and the mixture was then cooled to room
temperature. Finally, the reaction medium was
cooled to 80�C, and a toluene–ethanol mixture was
added. After that, they were separated by centrifu-
gation at a rate of 4000 r/min for 1 min. Although
the interface is different, the methods of the hetero-
junction device are the same as in our previous
studies.15,16 The resulting structure was obtained as
Au/CuCo2S4/p-Si. Here, a (100)-oriented p-type Si
wafer with 7.15 9 1015 cm3 carrier concentration
was sliced to 1.5 cm2 pieces and used as substrate
and semiconductor material. While the 100 nm
thicknesses Al layer was evaporated to the back
surface of the substrate for ohmic contact, a 100 nm
Au layer was vaporized on the CuCo2S4 films as
rectifying contact. The ohmic contact was annealed
in an N2 atmosphere at 500�C for 5 min after
evaporation of the Al contact. Figure 1a and b shows
schematically the obtained Au/CuCo2S4/p-Si device
and its band diagram, respectively. According to the
band diagram, the device has a barrier height and
an interfacial layer between the Au and p-Si. This
interfacial layer may be the cause of the increased
barrier height between the Au and p-Si.

X-ray diffractometer (XRD) measurements were
obtained by a Bruker D8 x-ray diffractometer with
Cu-Ka radiation at 0.15418 nm wavelength. An FEI
brand TALOS F200S model tunneling electron
microscope (TEM) was used to take images of the
CuCo2S4 nanocrystals by 200 kV acceleration. Fast
mapping and composition of the CuCo2S4 nanocrys-
tals were obtained by Hitachi SU5000 model scan-
ning electron microscope—energy dispersive x-ray
spectroscopy (SEM–EDX) instruments. The I–V
data were collected by a Fytronix FY-5000, and C–
V measurements were obtained by a Keithley 4200
SCS under dark and various illumination conditions
per cm2 device area.

RESULTS AND DISCUSSION

Figure 2a shows the XRD pattern of the synthe-
sized CuCo2S4 nanocrystals. The main pronounced
peaks at 2h = 26.5�, 31.3�, 38�, 46.9�, 50� and 54.75�
respectively correspond to the (022), (113), (004),
(224), (115) and (044) planes of the CuCo2S4 struc-
ture. All the diffraction peaks can be indexed to
cubic-CuCo2S4 (JSPDS No. 042-1450), and no other
peaks of impurity phase were detected. Debye–
Scherrer analysis of the peak broadening of all main
peaks revealed crystallite dimensions of around
8.5 nm.17 The average elemental composition ratio
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of the CuCo2S4 nanocrystals was analyzed by EDS.
The EDS result is shown in Fig. 2b. The EDS
spectrum of the CuCo2S4 nanocrystals shows the
significant presence of only copper, cobalt and
sulfur, with an atomic ratio (Cu/Co/S) of nearly
1:2:4, in good agreement with the stoichiometric
molar ratio of carrollite.

Figure 3a and b shows typical TEM images of
synthesized CuCo2S4 nanocrystals. As can be seen
in Fig. 3b, the CuCo2S4 nanocrystals display a
nearly spherical shape, and the average size was
measured as 8 ± 0.5 nm, in good agreement with
the calculated crystal structure from XRD measure-
ments by the Debye–Scherrer equation. Figure 3e
represents the FE-SEM images of the nanocrystals.
As shown in Fig. 3e, the nanocrystals exhibit an

agglomerated morphology. These results are consis-
tent with the TEM results and can be observed in
general nanoparticles. In addition, we used HR-
TEM to further confirm the crystallinity and struc-
ture of the CuCo2S4 nanocrystals. According to
high-resolution TEM (HR-TEM) images (Fig. 3c),
lattice fringes with interplanar spacing of 2.37 Å.
((044) crystallographic planes)), corresponding to a
high degree of structural ordering for these
CuCo2S4, are clearly seen, which implies a fully
crystalline structure. The well-resolved fringes con-
firm the local crystallinity of the CuCo2S4 nanocrys-
tals, which is in good harmony by selected area
electron diffraction (SAED) pattern, and it is shown
in Fig. 3d. In Fig. 3d, all diffraction rings are
discontinuous and consist of sharp spots, which

Fig. 1. (a) Schematic illustration and (b) band diagram of the Au/CuCo2S4/p-Si device.

Fig. 2. (a) XRD pattern (b) EDS spectrum, and corresponding crystal structure of the CuCo2S4 nanocrystals is shown on the right side.
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indicate that the nanocrystals are well crystal-
lized.18 Figure 3f displays the elemental mapping
images for the CuCo2S4 structures. The EDS
images clearly show that the sample contains
copper, cobalt and sulfur atoms, and these atoms
are homogeneously distributed for all of the sam-
ples. These results clearly emphasize that homoge-
neous CuCo2S4 structures can be successfully
synthesized by the hot-injection method.

I–V plot of the Au/CuCo2S4/p-Si device is shown in
Fig. 4 under dark and various illumination condi-
tions in the range of 20–100 mW by 20 mW inter-
vals per cm2 device area. The Au/CuCo2S4/p-Si

device exhibited a good rectifying property and the
rectifying ratio of the device was obtained as
8.28 9 103 at 5 V. Furthermore, the Au/CuCo2S4/
p-Si device has a photodiode property at reverse
biases because the current of the device increased
by increasing light illumination intensity from
2.28 9 10�7 A at dark to 5.89 9 10�5 A 100 mW
light illumination intensities. The photodiode prop-
erty of the Au/CuCo2S4/p-Si device is based on the
increasing carriers in the interface of the metal–
semiconductor junction by light intensity.19 Nor-
mally, CuCo2S4 has a 1.41 eV band gap and can
easily absorb the solar spectrum.13 In this case, the

Fig. 3. (a, b) TEM, (c) HR-TEM, (d) SAED, (e) SEM and (f) SEM-elemental mapping images of the CuCo2S4 nanocrystals.
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CuCo2S4 may cause a barrier between the Al and p-
Si and decrease the current amount at reverse
biases. However, the obtained Au/CuCo2S4/p-Si
device can be employed by improving its photodiode
property with homogeneous interfacial layers.20,21

Diode parameters (barrier height (Ub), ideality
factor (n) and series resistance ðRsÞ) are determined
to understand the device property better. There are
three most popular techniques to calculate diode
parameters. One of these techniques is thermionic
emission theory and can help to obtain the ideality
factor and barrier height by I–V measurements
data. This technique describes the current (I) as the
following formula:

I ¼ I0 exp
qV

nkT

� �
1 � exp � qV

nkT

� �� �
; ð1Þ

where I0 represents saturation current. q, k and V
are the charge of electron, Boltzmann’s constant
and the applied bias voltage, respectively. The I0 is
given via the following equation:

I0 ¼ AA�T2 exp � qUb

kT

� �
; ð2Þ

where A, A� and T are diode area
(A =7.85 9 10�3 cm2), Richardson constant and the
temperature, respectively. The n and Ub are calcu-
lated via the following equations for V � 3kT=q.

n ¼ q

kT

dV

d ln I

� �
ð3Þ

and

Ub ¼ kT

q
ln

A�AT2

I0

� �
: ð4Þ

The I0 was determined as 1.12 9 10�9 A for the Au/
CuCo2S4/p-Si device from the ln I–V plot for a
second linear region in between 0.25 V and 0.98 V,

and thus the Ub value was calculated. The n and Ub

values were calculated as 3.63 eV and 0.79 eV,
respectively. Normally, an ideal metal–semiconduc-
tor device has 1.0 n value, but a non-ideal device is
usually a bigger n value than one depending on
various reasons such as barrier inhomogeneity,22

series resistance effect,23 interface states24 and non-
uniform distribution of interfacial charges.25 The
bigger n value than one for Au/CuCo2S4/p-Si device
can be attributed to barrier inhomogeneity and non-
uniform CuCo2S4 interfacial layer.26,27 Further-
more, the Au/CuCo2S4/p-Si device maintained rec-
tifying property at 100 mW light intensities as
3.46 9 101. This result confirmed that CuCo2S4

material can be employed as photodiode and pho-
todetector applications. The obtained barrier height
values were calculated as 0.79 eV. This Ub value is
higher than the Au/p-Si device depending on inter-
facial layer effect of the CuCo2S4 layer according to
the literature.28,29

To determine the series resistance effect on the
device, Cheung’s technique should be performed for
the Au/CuCo2S4/p-Si device. This technique pro-
vides calculation of barrier height and ideality
factor values as well as series resistance (Rs) by I–
V measurements.30

Cheung approximation gives the current as in the
following formula:

I ¼ I0exp
q V � IRsð Þ

nkT

� �
; ð5Þ

where the IRs term indicates voltage drop depend-
ing on series resistance of a junction. The formula
can be rearranged for Rs and Cheung’s functions are
obtained as in the following equations:

dV

d ln Ið Þ ¼ IRs þ n
kT

q
; ð6Þ

H Ið Þ ¼ V � n
kT

q

� �
ln

I

AA�T2

� �
; ð7Þ

where H(I) can be typed as:

H Ið Þ ¼ IRs þ nUb: ð8Þ

Plotting of dV/d(lnI) versus I provides determin-
ing the ideality factor and one of the series resis-
tance values, and H(I) versus I graph gives barrier
height and another series resistance. The details
about calculation via Cheung technique can be find
in the literature.31–33 Two Rs values are used for
proof of the consistency for Cheung’s functions.34

Figure 5 displays dV/d(lnI) versus I and H(I)
versus I graphs of the Au/CuCo2S4/p-Si device via
exhibiting good linearity. The obtained n and Ub

values are 3.56 eV and 0.81 eV, respectively. The
series resistance values were determined as 1.98 kX
for dV/d(lnI)–I plot and 1.99 kX for H(I)–I. The
determined Rs values are in good harmony with

Fig. 4. ln I–V plots of the Au/CuCo2S4/p-Si device under dark and
various illuminations for per cm2 device area.
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each other and confirmed the consistency of the
Cheung technique. However, there are slightly
differences for n and Ub values between Cheung
and thermionic emission theory depending on
approximation differences.35

Another commonly used technique to determine
barrier height and series resistance is the Norde
method. According to this technique, the Norde
function is given in the following equation16,36:

F Vð Þ ¼ V

c
� kT

q
ln

I Vð Þ
AA�T2

� �
; ð9Þ

where c is the closest integer higher than the
thermionic emission n value. The I(V) represents
the voltage-dependent current. If the Norde func-
tion is rearranged for the Ub and Rs, the following
equations are obtained:

Ub ¼ F V0ð Þ þ V0

c
� kT

q

� �
; ð10Þ

Rs ¼
c� n

I

kT

q
; ð11Þ

where V0 indicates minimum voltage value depend-
ing to F(V).

F(V)–V graphs of the Au/CuCo2S4/p-Si device are
shown in Fig. 6. The Ub and Rs values were
calculated as 0.93 eV and 1.95 kX, respectively from
the Norde technique. The obtained Rs value is in
good agreement with Cheung’s Rs values, but there
is a difference for obtained Ub values between Norde
and other techniques. This differences can be based
to non-ideal diode structure and barrier inhomo-
geneity of the device.15

The current transient measurements for light-on
and light-off conditions show response to the light of
an optoelectronic device.37 The current transient
plots of the Au/CuCo2S4/p-Si device have been
shown in Fig. 7 for various illumination intensities.
Photocurrent and photoresponse sensitivity speed of

the Au/CuCo2S4/p-Si device increased linearly with
increasing light intensity. The Au/CuCo2S4/p-Si
device can be used as a photodetector for the
detection of light intensity.

Figure 8 indicates the C–V graphs of the Au/
CuCo2S4/p-Si device for a wide range frequency
from 10 kHz to 1 MHz. The capacitance values
exhibited peaks at the inversion region and
remained constant at the accumulation region via
changing frequency and voltage. While the peak
intensity increased with decreasing frequency, the
peak positions usually shifted towards the depletion
region. The peaks demonstrated at the inversion
region can be attributed to series resistance and
interface states.38,39 The decreasing peak intensity
via increasing frequency is related to the fact that
interface states cannot follow ac signal at higher
frequencies.40 Even if 1 MHz frequency value was
applied on the device, the device still exhibited

Fig. 5. dV/d(lnI)–I and H(I)–I graphs of the Au/CuCo2S4/p-Si device.

Fig. 6. F(V)–V graph of the Au/CuCo2S4/p-Si device.

Fig. 7. The current transient measurements of the Au/CuCo2S4/p-Si
device per cm2 device area.
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peaks in the depletion region. The peaks at higher
frequency may be dependent on the interfacial
CuCo2S4 layer.

The G–V plots of the Au/CuCo2S4/p-Si device are
shown in Fig. 9 for various frequencies. Conduc-
tance values decreased linearly in the inversion
region for 10 kHz, 50 kHz and 100 kHz frequencies,
but plateaued and then suddenly decreased at
higher frequencies towards the depletion region.
They remained constant at the accumulation region
via changing frequency and voltage. The increasing
conductance values via increasing frequency at the
inversion region can be attributed to a series
resistance effect on interface states of the device.41

The series resistance effect on the device prevents
correct capacitance and conductance values and is
usually corrected for that reason.42

Figure 10 indicates C�2–V graphs of the Au/
CuCo2S4/p-Si device for the 10 kHz–1 MHz fre-
quency range. The C�2–V graphs exhibit almost
straight lines for a wide range of voltages. The small
deviation from linearity can be attributed to the
interfacial CuCo2S4 layer between the Au metal
contact and p-Si substrate.43 The C�2– graphs for
metal–semiconductor devices can be used to calcu-
late electrical parameters such as doping concen-
tration of acceptor atoms (Na), Fermi-level (EF),
barrier height, width of depletion layer (Wd) and
maximum electric field (Em). The electrical param-
eters were calculated and are given in Table I for
various frequencies.44

The interface state (Na) values have fluctuation
behavior between 1.100 9 1015 and 1.469 9 1015

cm�3 for various frequencies. The Ub values also
exhibited fluctuations between the 0.866 eV and
1.610 eV values for various frequencies. While the
lowest Ub value was obtained for 10 kHz, the
highest Ub value was calculated for the 600 kHz
frequency. The EF values did not change via chang-
ing frequency. Both Em and Wd have variations for
various frequencies, but the lowest values of Em and
Wd were obtained for 10 kHz frequency and the
highest values were calculated for 1 MHz
frequency.

The C–V measurements can help to calculate
interface states and series resistance. Those param-
eters are important for the effects of electrical
properties. The Nss and Rs parameters are calcu-
lated depending on frequency by the Hill-Coleman
method. According to this technique, the Nss is
calculated via the following formula45:

Nss ¼
2

qA

ðGm=xÞmax

ððGm=xÞmax=C0xÞ2 þ 1 � Cm=C0xð Þ2
; ð12Þ

where x and A are angular frequency and contact
area of the device, respectively. The Cm and Gm

show measured capacitance and conductance. The

Fig. 8. The capacitance–voltage (C–V) characteristics of the Au/
CuCo2S4/p-Si device.

Fig. 9. The conductance–voltage (G–V) characteristics of the Au/
CuCo2S4/p-Si device.

Fig. 10. The C�2–V characteristics of the Au/CuCo2S4/p-Si device.
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Cox represents interface capacitance depending on
strong accumulation region and is addressed by the
following formula:

C0x ¼ Cma 1 þ G2
ma

xCmað Þ2

" #
: ð13Þ

The Nicollian and Brews method is employed to
determine the series resistance (Rs) for strong
accumulation by the following formula depending
on various frequencies46:

Rs ¼
Gma

G2
ma þ xCmað Þ2

: ð14Þ

The calculated Nss and Rs values are tabulated in
Table I for frequency ranging from 10 kHz to
1 MHz. The Nss values usually increased via
increasing frequency and can follow the ac signal
easily. However, the Rs values usually decreased
with increasing frequency owing to restructuring
and reordering of the interface states by the chang-
ing frequency and interfacial CuCo2S4 layer
between the Au metal and p-Si.47,48

Figure 11 indicates device resistance (Ri) versus
voltage graphs of the Au/CuCo2S4/p-Si device for the
frequency range of 10 kHz and 1 MHz.Ri values
remained constant at the higher inversion region
and exhibited peaks at low inversion, accumulation
and depletion regions. The inset of Fig. 11 clearly
exhibits two different peaks for lower frequencies.
The intensity of the peaks decreased with increas-
ing frequency because the interface states cannot
follow the ac signal to higher frequencies.49 The
peak behaviors of the Ri values can be attributed to
interface state effects.50

The capacitance and conductance transient
results of the Au/CuCo2S4/p-Si device are demon-
strated in Fig. 12a and b, respectively, for increas-
ing light illumination intensities from 20 to 100 mW
at 10 kHz frequency. The device clearly exhibited
photocapacitance and photoconductance behavior
under various light illuminations. The device has

fast capacitance and conductance response against
illumination and can be used in photocapacitor
applications due to increasing capacitance depend-
ing on the illumination intensity.51

CONCLUSION

In summary, in this study, thiospinel CuCo2S4

nanocrystals were effectively synthesized by a hot-
injection synthesis process, and their electrical and
optoelectronic properties were studied. The hot-
injection method presented in this study showed
that thiospinel particles below 10 nm can be
obtained in homogeneous atomic distribution. The
results obtained in device applications showed that
this material can be used in optoelectronic applica-
tions. Also, this study will contribute to the detailed
elucidation of the thiospinels. The I–V and C–V
measurements were used to calculate and charac-
terize the electrical and heterojunction parameters
and were discussed in detail. The transient pho-
tocurrent characteristics of the fabricated devices
based on thiospinel particles prove that the devices

Table I. Some electrical parameters of the Au/CuCo2S4/p-Si device for various frequencies

f (kHz) Na (3 1015 cm23) Rs (X) Ub (eV) EF (eV) Em (3 104 V/cm) Wd (3 1024 cm) Nss (3 1011 eV21 cm22)

10 1.100 367.3 0.802 0.188 1.417 0.866 0.761
50 1.180 358.8 1.148 0.187 1.846 1.043 0.601
100 1.145 350.0 1.034 0.187 1.705 0.995 0.634
200 1.152 326.0 1.112 0.187 1.789 1.036 0.702
300 1.132 307.4 1.173 0.188 1.830 1.078 0.719
400 1.069 288.5 1.101 0.189 1.710 1.068 0.823
500 1.002 282.7 0.959 0.191 1.517 1.013 0.944
600 1.469 274.4 1.610 0.181 2.518 1.139 1.158
700 1.384 270.6 1.477 0.183 2.325 1.117 1.260
800 1.346 263.9 1.451 0.183 2.268 1.121 1.332
900 1.327 261.3 1.429 0.184 2.232 1.119 1.404
1000 1.318 266.4 1.462 0.184 2.254 1.137 1.367

Fig. 11. The resistance–voltage (Ri–V) characteristics of the Au/
CuCo2S4/p-Si device.
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show photosensitivity behavior. Moreover, this
study will provide a gateway for further investiga-
tion of other thiospinel materials and their utility in
energy and advancing optoelectronic technologies,
especially in photodiode applications.
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S. Sönmezoğlu, Sci. Rep. 6, 29207 (2016).

19. M. Yıldırım and A. Kocyigit, J. Alloys Compd. 768, 1064
(2018).
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