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synthesis of n-type ZnS layers on
p-Cu2O/n-ZnO heterojunctions with different
deposition temperatures

Rayhena Bengas,a Halla Lahmar,b Khelladi Mohamed Redha,a Loubna Mentar, a

Amor Azizi, *a Guy Schmerberc and Aziz Diniac

Metal oxide p–n heterojunctions consisting of p-Cu2O/n-ZnO/n-ZnS nanostructures were deposited on an

ITO substrate by three-step electrodeposition. The effect of ZnS layer deposition temperature on the

properties of the heterojunction was investigated by different techniques. The Mott–Schottky analysis

confirmed the n-type conductivity for ZnO and ZnS and p-type conductivity for the Cu2O layer,

respectively. Also, it showed a decrease of ZnS donor concentration with increasing deposition

temperature. The X-ray diffraction (XRD) analysis confirms a pure phase of hexagonal ZnO, cubic ZnS

and cubic Cu2O structures, respectively. The heterojunction with ZnS deposited at 60 �C shows high

crystallinity. The morphological measurements by scanning electron microscopy (SEM) indicate that the

deposition temperature has a significant influence on the morphology of ZnO and the atomic force

microscopy (AFM) images revealed the improvement of Cu2O morphology by increasing the ZnS

deposition temperature. The UV-Vis response shows strong absorption in the visible region and the

profile of optical absorption spectra changes with the ZnS deposition temperature. The current–voltage

(I–V) characteristics of the Au/p-Cu2O/n-ZnO/n-ZnS/ITO heterojunction display well-defined rectifying

behavior for the heterojunction with ZnS deposited at 60 �C.
1. Introduction

In the last 20 years, solar cells based on inorganic materials
have been extensively investigated due to their excellent
photovoltaic properties.1,2 Cuprous oxide (Cu2O) is a prom-
ising candidate material for low-cost solar cell production
owing to its low cost, non-toxicity and long-term stability.3,4

Cu2O is a p-type semiconductor with a direct band gap (Eg ¼
1.9–2.2 eV), and a high absorption coefficient (105 to
106 cm�1) for the photon energies higher than 2.7 eV. In
addition, it has a theoretical maximum efficiency of 20%
under AMI solar illumination.5 Actually, Cu2O has been
employed in many heterojunctions such as CdO/Cu2O,
In2O3/Cu2O and ZnO/Cu2O with ZnO as the most successful
n-type counterpart.6–8 To date, the highest efficiency of Cu2O
based solar cells is 8.1%, obtained for a polycrystalline Cu2O
absorber and a Zn1�xGexO buffer layer.9
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Also, zinc oxide (ZnO) and zinc sulde (ZnS) are inter-
esting II–IV semiconductors that attract intense attention
due to their wide applications in nanodevices and nano-
systems, such as solar cells,10 sensors11 and light-emitting
diodes.12 The ZnO is n-type semiconductor with wideband
gap (3.37 eV), high transparency in the visible range and
a large exciton energy (60 meV) at room temperature.13 As
well, the ZnS shows a high optical transparency from the
ultraviolet (UV) to the infrared (IR) region14 and a large
direct band gap of 3.68 eV.15 Compared to the ZnO and ZnS
individual layers, ZnO/ZnS heterostructure presents a better
electronic, structural and optical properties.16–18 Due to
that, the ZnO/ZnS heterostructures have already proved
a high potential for application in multi-functional devices
such as UV detectors and biological applications.19 More-
over, the theoretical calculation of ZnO/ZnS hetero-
structures optical properties predicted that such structure
could be used as window layer in photovoltaic devices.20

Therefore, such heterostructures are suitable as window
layer in Cu2O based solar cells. To our knowledge, the
fabrication of Cu2O/ZnO/ZnS by three-step electrochemical
deposition has not yet been reported.

Recently, several efforts have been made to provide
convenient and efficient approaches for depositing Cu2O
based heterojunction. However, these techniques are still
too expensive and complicated. As another approach,
This journal is © The Royal Society of Chemistry 2019
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electrochemical deposition was recognized as competitive
method for manufacturing semiconductor thin lms due to
the following advantages: (i) easy control of the thickness
and morphology of the lm (ii) simplicity and low equip-
ment cost (iii) the possibility of large area thin lms
elaboration.

In our group, high quality of ZnO and Cu2O nano-
structures were prepared under the optimal condition.21,22

In this study, the Cu2O/ZnO/ZnS heterojunction was
prepared by three step electrochemical deposition on
indium-doped tin oxide (ITO) substrate. The effect of the
deposition temperature of ZnS layer on the structural,
morphological, optical and electrical properties of the het-
erojunction was studied in details.
2. Experimental procedure

The electrochemical deposition of Cu2O/ZnO/ZnS hetero-
junction was carried out in a typical three-electrode cell
using a computer-controlled potentiostat/galvanostat (Vol-
talab 40) as a potential source. All potentials were reported
with reference to the SCE scale. Note that the working
electrode was indium tin oxide coated glass (ITO) with sheet
resistance of 30 U cm�2, a saturated calomel electrode (SCE,
+0.241 V vs. SHE) and a platinum electrode were used as
reference electrode and counter electrode, respectively.
Prior to the electrodeposition the substrates were ultra-
sonically cleaned with acetone, ethanol and distilled water
for 10 min, respectively. The ZnS was directly electro-
deposited onto ITO substrate from aqueous electrolyte bath
containing 10�4 M ZnSO4 and 10�3 M Na2S2O3, the solution
pH was adjusted to 2.4 using sulphuric acid. The deposition
temperature of ZnS layers was varied from 40 to 70 �C. Then,
the ZnO layer was electrodeposited onto ZnS/ITO substrate
by pulse potential deposition with Von of �1.3 V and Voff of
�0.1 V were applied during 1 s for 35 cycles.

The ZnO deposition bath was containing 0.08 M
Zn(NO3)2 and 1 M KNO3 and temperature of 70 �C and pH 6.
Then, ZnO/ZnS/ITO was used as substrate for the electro-
deposition of Cu2O layer at xed temperature of 65 �C and
applied potential of �0.5 V. The Cu2O deposition bath was
containing a 0.05 M of CuSO4 stabilized with 0.05 M citric
acid as chelating agent. The pH value was adjusted to 11
using NaOH solution. Aer the deposition, the samples
were washed with distilled water, dried in air and kept for
analysis, as show in Fig. 1.

The thickness (d) of the electrodeposited layers can be
estimated from the charge quantity (Q) following Faraday's
law:36

d ¼ QM

nFAr
(1)

where M is the molecular weight of the deposited semi-
conductor, n is the number of electrons transferred per atom
discharged, A is the working electrode area, r is specic density
and F is the Faraday constant.
This journal is © The Royal Society of Chemistry 2019
In our study, the thicknesses of ZnO, ZnS and Cu2O layers
were xed at 200, 200 and 300 nm, respectively.

The electrochemical study was carried out using
computer-controlled potentiostatic/galvanostatic (Voltalab
40). The Mott–Schottky analysis was realised in 1.0 M KNO3

and employed a frequency of 0.2 kHz for ZnO and ZnS layers
and in 0.5 M Na2SO4 solution under applied frequency of 2
kHz for Cu2O layer. Nyquist and Bode electrochemical
impedance spectroscopy (EIS) measurements of Cu2O layer
and Cu2O/ZnO/ZnS heterojunctions was performed using an
alternative current voltage of 10 mV, in a 0.5 M Na2SO4

solution, at frequency range of 105 to 10�2 Hz. The photo-
current response of Cu2O layer and Cu2O/ZnO/ZnS hetero-
junctions was recorded at �0.5 V vs. SCE in 0.5 M Na2SO4,
under chopped irradiation of 500 W xenon (Xe) lamps. The
morphological characterization of the lms was performed
by eld emission scanning electron microscopy (FESEM)
(JEOL JSM 7000F). The roughness (root-mean-square height
deviation) was obtained directly from the soware of the
AFM (PicoScan 5.3 from molecular imaging) and the crys-
tallographic structure were identied using X-ray diffrac-
tion (XRD) Rigaku Smartlab® X-ray diffractometer with a Cu
Ka1 radiation (45 kV, 200 mA, l ¼ 0.154056 nm). The optical
properties were investigated using UV-Vis-NIR spectropho-
tometer (Shimadzu UV-1800) in the UV-visible region. The
current–voltage (I–V) measurements were recorded using
a picoammeter (Keithley 617) at room temperature in the
dark. The ohmic behavior of the electrodes was conrmed
by I–V measurement between the gold pads deposited on
Cu2O surface and ITO substrate.

3. Results and discussion
3.1 Mott–Schottky analysis

Mott–Schottky analysis (M–S) is well suitable to have
information about the semiconductor characteristics, such
as the at band potential and the acceptor/donor concen-
tration without damaging its surface. It is based on exam-
ining the semiconductor/solution interface and measuring
the capacitance of the semiconductor depletion layer as
function of the applied voltage following Mott–Schottky
relation.23,24

1

C2
¼ 2

330eND

�
E � EFB � kT

e

�
for n-type semiconductor (2)

1

C2
¼ 2

�330eNA

�
E � EFB � kT

e

�
for p-type semiconductor

(3)

where, e is the electron charge, 30 is the vacuum permittivity, 3 is
the dielectric constant of 8.5 for ZnO25 and 7.6 for Cu2O,26 k is
the Boltzmann constant, T is the absolute temperature, ND and
NA are donor and acceptor concentration of the n-type and p-
type semiconductor, respectively and E is the at band
potential.

Fig. 2 presents Mott–Schottky plots ZnS layers deposited
at different temperatures, ZnO layer and Cu2O layer,
RSC Adv., 2019, 9, 29056–29069 | 29057
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Fig. 1 Photographs of ZnS, ZnO, Cu2O individual electrodeposited layers and Cu2O/ZnO/ZnS heterojunction deposited on ITO substrate,
respectively.
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View Article Online
respectively. It is clear that the Mott–Schottky equation is
valid in a wide range of potential, which indicates well-
dened electronic surface states. The M–S plots in Fig. 2a
Fig. 2 Mott–Schottky plots recorded in 1.0 M KNO3 electrolyte for: (a)
recorded in 0.5 M Na2SO4 for Cu2O layer. The corresponding flat band

29058 | RSC Adv., 2019, 9, 29056–29069
and b reveal straight lines with positive slopes, which
conrm the n-type characteristic of ZnS and ZnO layers,
respectively. While, the negative slope of M–S plot in Fig. 2c
ZnS layers deposited at different temperatures, (b) ZnO layer and (c)
potential values are indicated.

This journal is © The Royal Society of Chemistry 2019
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conrms the p-type conductivity of Cu2O layer. In addition,
the presence of multiple linear regions in M–S plots of ZnO
and ZnS layers indicates the existence of multiple donor
levels.27

The at band potentials were determined from the extrapo-

lation of the linear portion of M–S plots to
1
C2 ¼ 0, while the

donor and acceptor concentration values were calculated from

the slope of M–S plots (
2

330eND
, the obtained values are set out in

Table 1). As can be seen from the data in Table 1, the acceptor
concentration was 5.01 � 1017 cm�3 for Cu2O layer, which is
within the typical value (1015 to 1018 cm�3) reported in the
literature.28 Turning to the ZnO layer, high donor concentration
of 1.8 � 1020 cm�3 was obtained, which is in accordance with
other studies.29 On the other hand, the ZnS layers show high
donor concentration. When the deposition temperature of ZnS
increases from 40 to 70 �C, the donor concentration decreases
from 2.51 � 1021 to 7.28 � 1019 cm�3. Thus, the ZnS layer
deposited at higher temperature have the lowest conductivity.
This may be due to the higher density of grain boundaries
associated with the smaller crystallites size of this sample
observed in XRD patterns.30 Accordingly, the at band potential
of ZnS layers increases from �0.94 to �0.51 V vs. SCE with
increasing the deposition temperature from 40 to 70 �C, this
may be due to the decrease in donor concentration in n-type ZnS
layers.31
3.2 Electrochemical impedance spectroscopy analysis (EIS)

EIS analysis is one of the most common procedures for
evaluating the electrical properties of materials due to its
extraordinary sensitivity. Fig. 3 presents the Nyquist and
Bode diagrams of Cu2O and Cu2O/ZnO/ZnS heterojunctions,
with different deposition temperatures of ZnS layer, recor-
ded in 0.5 M Na2SO4 solution and frequency range from 105

to 10�2 Hz. As displayed in Fig. 3a and b, the Nyquist EIS
spectra of all samples show semicircle at high frequencies
followed by diagonal line at low frequencies (Warburg
impedance). It is well known that the semicircle is equal to
the charge transfer resistance (Rct), while the diagonal line
is related to the diffusion process. In our case, the Warburg
line was dominating, in such system, the mass transport is
rate limiting due to the high charge-transfer rate and the low
Table 1 Carrier density, flat band potential and charge transfer resis-
tance of all layers in Cu2O/ZnO/ZnS/ITO heterojunction with different
electrodeposition temperatures of ZnS layer

Samples ND,A (cm�3) V (V per SCE) Rct (kU cm2)

Cu2O/ZnO/ZnS (40 �C) 2.51 � 1021 �0.94 1.088
Cu2O/ZnO/ZnS (50 �C) 4.94 � 1020 �0.72 0.45
Cu2O/ZnO/ZnS (60 �C) 5.06 � 1019 �0.59 0.41
Cu2O/ZnO/ZnS (70 �C) 7.28 � 1019 �0.51 0.57
ZnO 1.80 � 1020 �0.74 —
Cu2O 5.01 � 1017 +0.10 —

This journal is © The Royal Society of Chemistry 2019
rate of charge recombination which will denitely improve
the performance of solar cell device.5

The reduction in the diameter of semicircle is related to
the decrease of the interfacial charge transfer resistance
(Rct) across the electrode/electrolyte interface.32 By tting
the Nyquist plots we obtained the charge transfer resistance
(Rct) values for Cu2O layer and Cu2O/ZnO/ZnS hetero-
junctions, with different deposition temperatures of ZnS
layer, as summarized in Table 1. It is clear that Rct values of
Cu2O/ZnO/ZnS heterojunctions are lower than that of Cu2O
layer indicating that the resistance of the charge movement
was signicantly lower in Cu2O/ZnO/ZnS heterojunction
interface. Thus, the Cu2O/ZnO/ZnS heterojunction improves
signicantly the separation efficiency of photogenerated
electron–hole pairs.33 In exception of Cu2O/ZnO/ZnS heter-
ojunctions with ZnS deposited at 40 �C and 70 �C that show
Rct higher than Cu2O layer.

Comparing the Rct of Cu2O/ZnO/ZnS heterojunctions, the
ZnS deposited at 60 �C reveals the lowest resistance (0.41 �
103 U cm2), which is expected to have a good electrical
property compared to others samples.

Fig. 3c presents Bode phase plot of Cu2O/ZnO/ZnS het-
erojunctions with different deposition temperatures of ZnS
layer. In the Bode plot, the peak frequency of the mid-
frequency region (1 to 100 Hz) is inversely related to the
lifetime of the photogenerated electrons.34,35 Fig. 3c reveals
that increasing the deposition temperature of ZnS results in
an obvious drop of the peak frequency. The heterojunction
with ZnS deposited at 60 �C shows the lowest peak frequency
indicating high lifetime of photogenerated electrons. This
conrms that the ZnS layer deposited at 60 �C act as an
effective surface modication of the window layer to help
increase the electron lifetime within the Cu2O/ZnO/ZnS
heterojunction.

The separation of photogenerated electron hole pairs in
pure Cu2O and Cu2O/ZnO/ZnS heterojunctions will be
further investigated in the following section.
3.3 Photoelectrochemical measurements

The photo-activity of pure Cu2O and Cu2O/ZnO/ZnS heter-
ojunction was investigated using photoelectrochemical
measurement in order to determine the inuence of ZnS
deposition temperature on the photo-generation and sepa-
ration of electron–hole pairs in Cu2O/ZnO/ZnS hetero-
junction. The transient photocurrent responses performed
in 0.5 M Na2SO4 solution and an applied potential of �0.5 V
under chopped illumination are shown in Fig. 4.

As can be seen from Fig. 4a, the cathodic photocurrent
conrms that Cu2O layer behaves as p-type semiconductor,
which is in good agreement with Mott–Schottky plot
(Fig. 2c). Under irradiation, the pure Cu2O layer grown on
ITO generates photocurrent of 245.6 mA. The deposition of
Cu2O on ZnO/ZnS heterostructures at different deposition
temperatures caused an increase of photocurrent density.
In addition, it can be seen from Fig. 4b that the photocur-
rent density of the Cu2O deposited onto ZnO/ZnS/ITO layer
RSC Adv., 2019, 9, 29056–29069 | 29059
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Fig. 3 Nyquist EIS diagrams recorded in 0.5 MNa2SO4 solutionwith a frequency range from 105 Hz to 10�2 Hz for: (a) Cu2O layer and (b) Cu2O/ZnO/ZnS
with different deposition temperatures of ZnS layer. (c) Bode EIS plots Cu2O/ZnO/ZnS with different deposition temperatures of ZnS layer.
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with different deposited temperatures of ZnS layer high
lights a photocurrent value between 78.9 and 480.9 mA. The
Cu2O layer deposited on ZnO/ZnS (60 �C)/ITO shows
29060 | RSC Adv., 2019, 9, 29056–29069
a photocurrent density of 480.9 mA. It is clear that this
heterojunction has a better performance compared to pure
Cu2O layer and the other samples. Hence, it has a better
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Transient photocurrent response under bias potential of�0.5 V vs. SCE of: (a) Cu2O layer and (b) Cu2O/ZnO/ZnS/ITO heterojunction with
different deposition temperatures of ZnS layer.
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efficiency of carrier's photo-generation and separation,
which is in accord with Nyquist and Bode impedance results
reported earlier (Fig. 3b and c).
This journal is © The Royal Society of Chemistry 2019
3.4 Morphological characterization

The surface morphology and topography were examined
using scanning electron microscopy (SEM) and atomic force
RSC Adv., 2019, 9, 29056–29069 | 29061
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microscopy (AFM) images. Fig. 5a–d present top view SEM
images of ZnO layer grown on ZnS/ITO with different
deposition temperatures of ZnS layer. It is clear that
increasing the deposition temperature of ZnS affects greatly
the morphology of ZnO layer. As shown in Fig. 5a, spherical
grains of ZnO were spread over the surface of ZnS layer
deposited at 40 �C. The higher magnication (insert image)
reveals a continuous layer of thin nanosheets of ZnO
covering the grains. Increasing the deposition temperature
of ZnS to 50 �C (Fig. 5b) increased the size of ZnO grains and
we noted the formation of few nanorods of ZnO on ZnS
deposited at 60 �C (Fig. 5c). The ZnO forms a dense lm of
large spherical grain and nanorods covered with thin layer
of nanosheets, it is important to note that the size and the
number of nanorods increased. Increasing the deposition
temperature of ZnS to 70 �C (Fig. 5d) increased the size and
amount of ZnO nano-rods and the granular morphology was
almost disappeared. It is clear that the amount of ZnO
grown on ZnS deposited at 60 �C is higher than other
Fig. 5 FE-SEM images of ZnO films deposited on ZnS/ITO with different
(d) 70 �C. Insert represents the higher magnification of the respective sa

29062 | RSC Adv., 2019, 9, 29056–29069
samples and it covered entirely the ZnS surface. This may be
due to the high crystallinity of this sample conrmed in XRD
measurements. Fig. 6 displays 2D and 3D AFM images of
Cu2O/ITO and Cu2O/ZnO/ZnS/ITO with different deposition
temperatures of ZnS layer. As shown in Fig. 6a, the Cu2O
layer grown on ITO substrate reveals homogenous surface of
pyramidal grains with low mean square roughness of
22.5 nm compared to Cu2O layers deposited on ZnO/ZnS/
ITO (Fig. 6b–e). On the other hand, the AFM images of
Cu2O deposited on ZnO/ZnS/ITO (Fig. 6b–e) show a great
effect of ZnS deposition temperature on the morphology of
Cu2O. As ZnS deposition temperature increased the surface
morphology changed from granular to pyramid shapes. The
average surface roughness was 69.2, 65.4, 109.2 and 63.6 nm
for of Cu2O layer grown on ZnS deposited at 40, 50, 60 and
70 �C, respectively. The Cu2O grown on ZnS deposited at
60 �C shows the highest roughness (109.2 nm). This value is
consistent with the observation. The ZnO deposited on ZnS
(60 �C) shows a large grain and good coverage of ZnS surface
deposition temperatures of ZnS layer: (a) 40 �C, (b) 50 �C, (c) 60 �C and
mples.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Tapping mode 2D and 3D AFM images (10 � 10 mm2) of: (a) Cu2O/ITO, (b–e) Cu2O/ZnO/ZnS/ITO heterojunctions with different elec-
trodeposition temperatures of ZnS layer: (b) 40 �C, (c) 50 �C, (d) 60 �C and (e) 70 �C.
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(insert in Fig. 5c) which facilitates the deposition of Cu2O
layer and consequently, the formation of rough surface of
Cu2O.
This journal is © The Royal Society of Chemistry 2019
3.5 Structural characterization

To prove the crystalline structure, X-ray diffraction (XRD)
was carried out for Cu2O/ZnO/ZnS/ITO heterojunctions with
RSC Adv., 2019, 9, 29056–29069 | 29063
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different deposition temperature of ZnS layer. As shown
from XRD pattern in Fig. 7, no impurity peaks were detected
besides the diffraction peaks of the indium tin oxide (ITO)
substrate (marked by stars in the pattern). The diffraction
peaks observed at 2q � 36.45, 42.22� and 61.35� are indexed
respectively to the crystalline orientation (111), (200) and
(221) of Cu2O cubic structure (JCPDS card no 00-034-1354).
While, the diffraction peak observed at 2q � 36.45� can be
indexed to the crystalline orientation (101) of ZnO hexag-
onal wurtzite structure according to (JCPDS card no 00-036-
1451). Moreover, the supplement diffraction peak at 2q �
33.01� corresponds to the (200) orientation of cubic ZnS
according to the (JCPDS card no 00-005-0566). These results
conrm the formation of pure Cu2O/ZnO/ZnS/ITO hetero-
junctions by three-step electrodeposition process. It is
important to note that the preferential orientations are
(111), (101) and (200) for Cu2O, ZnO and ZnS, respectively.
The presence of different diffraction peaks from basic
planes of Cu2O layer indicates that the dense lms were
composed of Cu2O crystallites with random orientation. The
heterojunction with ZnS layer deposited at 60 �C shows the
highest of (200) ZnS peak which indicates the high crystal-
linity of this sample.

The crystallites size of the as prepared lms have been esti-
mated from the main (111) Bragg peak of cubic Cu2O using:36
Fig. 7 XRD patterns of Cu2O/ZnO/ZnS/ITO heterojunction with
different electrodeposition temperatures of ZnS layer.

29064 | RSC Adv., 2019, 9, 29056–29069
D ¼ 0:94l

b cos q
(4)

where l is the wavelength of Cu Ka1 radiation (l ¼ 1.54056
Å), b is the full width at half maximum and q is the diffrac-
tion angle. The values of average vertical coherence length
(crystallites size) of Cu2O layers are 41.9, 44, 52.7 and
58.4 nm corresponding the deposition temperature 40, 50,
60 and 70 �C of ZnS layer, respectively. Therefore, the
different crystallites size contains different dislocation
defects, which have a great effect on the electronic property
of the heterojunction.37
3.6 Optical characterization

The optical properties of our heterojunction are very
important for many of their technological applications. The
absorbance spectra of ZnO/ZnS/ITO heterostructure and
Cu2O/ZnO/ZnS/ITO heterojunctions with different depos-
ited temperatures of ZnS layer were recorded for wavelength
range from 300 to 1000 nm as shown in Fig. 8. From the inset
of Fig. 8, the ZnO/ZnS/ITO layer shows strong absorption in
the UV region extends from 300 to 450 nm. The absorption
was signicantly improved aer the electrodeposition of
Cu2O on ZnO/ZnS/ITO layer. As can be seen from Fig. 8, the
absorption edge of the Cu2O/ZnO/ZnS/ITO heterojunctions
shied into the visible region (red shi). This amelioration
will ensure good performance to the photovoltaic device.
Comparing the absorption of the heterojunctions it is clear
that Cu2O/ZnO/ZnS/ITO with ZnS layer deposited at 60 �C
shows the highest absorbance, which is in accordance with
the strong photocurrent generated by this sample under AM
1.5 illumination, as observed in the photoelectrochemical
analysis (Fig. 4b).

The optical band gap energies can be determined plotting
(ahn)2 as a function of photon energy hn using the Tauc
relation:38

(ahn) ¼ A(hn � Eg)
n (5)

where a is the absorption coefficient and hn is the photon
energy. As ZnO is semiconductor with a direct band gap, we use
n ¼ 1/2 as a characteristic of the direct band gap absorption
without phonon assistance. Therefore, the optical band gap is
obtained from Tauc's plot by extrapolating the straight lines
downwards to the axis of photon energy.39

The Tauc plots of ZnO/ZnS/ITO and Cu2O/ZnO/ZnS/ITO
heterojunctions are presented in Fig. 9. The band gap ob-
tained for ZnO/ZnS/ITO was 3.67 eV (inset of Fig. 9). Lower
band gap energies were determined for Cu2O/ZnO/ZnS/ITO
heterojunctions due to the narrow band gap of Cu2O. As
can be seen from Fig. 9, the estimated band gap was between
2.01 and 2.36 eV. These values are intermediate, lower than
that of ZnS (approximately 3.7 eV) and larger than that of
Cu2O (approximately 2.17 eV). The variation of Cu2O/ZnO/
ZnS/ITO energy band gap with the deposition temperature
of ZnS layer may be explained by the crystallinity deterio-
ration with increasing ZnS deposition temperature.
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 UV-Vis absorption spectra of Cu2O/ZnO/ZnS/ITO heterojunction with different electrodeposition temperatures of ZnS layer. Inset: the
UV-Vis absorption spectra of ZnO/ZnS/ITO sample.
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3.7 Current–voltage measurements

The I–V curves of Au/Cu2O/ZnO/ZnS/ITO heterojunctions,
with different deposition temperatures of ZnS layer,
measured at room temperature in the dark are shown in
Fig. 10. This method based on the quantication of the
current crossing a junction under the effect of an external
electric eld. As can be seen from Fig. 10a, Cu2O/ZnO/ZnS/
ITO heterojunction with ZnS deposited at 40, 50 and 70 �C
shows an excellent ohmic response. However, good recti-
fying behavior with a low leakage current of 5 � 10�7 A at
This journal is © The Royal Society of Chemistry 2019
a reverse bias of �0.5 V was obtained for the Cu2O/ZnO/ZnS/
ITO with ZnS (60 �C), as presented in Fig. 10b, which
conrms the formation of p–n junction for this sample. This
may be due to the high crystallinity conrmed by XRD.

A schematic diagram of the energy-band structure of the
p-Cu2O/n-ZnO/n-ZnS heterojunction was constructed simu-
lated using the model proposed by Anderson40 is shown in
Fig. 11. When the p- and the n-type semiconductors are in
contact, they form a p–n junction with a space-charge region
at the interfaces due to the diffusion of electrons and holes
RSC Adv., 2019, 9, 29056–29069 | 29065
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Fig. 9 Tauc's plot of Cu2O/ZnO/ZnS/ITO heterojunctions with different electrodeposition temperatures of ZnS layer. Inset: Tauc's plot of ZnO/
ZnS/ITO sample.
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driven by the electric eld.41 The electrons are transferred to
the conduction band of the n-type semiconductors and the
holes to the valence band of the p-type semiconductors. The
conduction band offset (DEC) and the valence band offset
(DEV) of the heterojunction are represented by the following
equations:

DEc ¼ c1 � (c2 6)

DEv ¼ Eg2
� Eg1

+ DEc (7)
29066 | RSC Adv., 2019, 9, 29056–29069
where the electron affinities (c) are assumed to be 3.9, 4.2 and
3.2 eV for ZnS, ZnO and Cu2O semiconductors, respectively.42–45

The measured band gap energies (Eg) were 3.84, 3.38 and
2.38 eV for ZnS, ZnO and Cu2O layers, respectively. The Fermi
level energies (Ef) were calculated from the at band potential
(E) using the following equations:27

Efb (in V vs. NHE) ¼ �Ef (in eV vs. vacuum) + VH (in V) � 4.5(8)

VH (in V) ¼ 0.059(pHPZZP � pH) (9)
This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Current–voltage characteristics of Au/p-Cu2O/n-ZnO/n-ZnS/ITO heterojunction in the dark with different electrodeposition
temperature of ZnS layer. Inset of (b) photograph of the p-Cu2O/n-ZnO/n-ZnS/ITO heterojunction with Au top contact.
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where E is �0.46, �0.52 and 0.36 V per NHE for ZnS, ZnO and
Cu2O, respectively. VH is the potential drop across the Helm-
holtz layer. The pHPZZP is the point of zero zeta potential of 1.7,
8.8 and 8.5 for ZnS, ZnO and Cu2O, respectively.45

The estimated Fermi level energies for n-ZnS, n-ZnO and p-
Cu2O were �4.29, �3.82 eV and �4.72 eV vs. the vacuum,
respectively.

Base on the obtained c, Eg, Ef we proposed an approxi-
mate energy-band diagram of the three materials p-type
Cu2O, n-type ZnO and n-ZnS before and aer the junction
formation (Fig. 11). Putting the three materials in contact
creates a p–n junction at their interface. The electrons in the
n-ZnS layer transferred to the p-Cu2O layer through the n-
ZnO layer. In one hand, ZnS has a higher conduction band
edge with respect to ZnO, which is advantageous in the
injection of excited electrons from ZnS.46 In the other hand,
the holes of Cu2O layer transferred in the opposite direction
until a constant Fermi-level formed at equilibrium. Hence,
creates a built-in electrical potential that can direct the
This journal is © The Royal Society of Chemistry 2019
electrons and holes to travel in the opposite direction. The
calculated conduction band offset (DEC) of the hetero-
junction Cu2O/ZnO was 1.0 eV, and the valence band offset
(DEV) was 2.0 eV. The small conduction band offset should
result in easy way for electron injection from the n-type ZnO
to the p-type Cu2O. In addition, the large valence band offset
should result in a thin tunneling barrier across the p–n
junction.47

As illustrated in Fig. 11, the built-in potential Vbi1 (�0.9
V) is equal to the difference between the Fermi levels of
Cu2O and ZnO. Consequently, the p-Cu2O/n-ZnO/n-ZnS
heterojunction, with ZnS deposited at 60 �C, possesses
larger built-in potential compared to the other samples.
Therefore, p-Cu2O/n-ZnO/n-ZnS (60 �C) got the highest
charge separation efficiency, which results in good recti-
fying behavior in the dark. Moreover, this explains the high
photoresponse of this sample reported in the photo-
electrochemical analysis (Fig. 4b).
RSC Adv., 2019, 9, 29056–29069 | 29067
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Fig. 11 Band energy diagram of the isolated states of the n-ZnO, n-ZnS, p-Cu2O and p-Cu2O/n-ZnO/n-ZnS heterojunction under equilibrium
condition.
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4. Conclusion

In this work, the incorporated n-ZnS layer in p-Cu2O/n-ZnO
heterojunction was successfully prepared by electrodeposi-
tion on ITO substrate. Where, the deposition temperature of
ZnS layer was varied between 40 and 70 �C. It was found that
the Cu2O properties were mainly affected by the ZnS depo-
sition temperature. Thus, high crystallinity and large grains
were conrmed for the p-Cu2O/n-ZnO/n-ZnS heterojunction
with ZnS deposited at 60 �C by XRD analysis and AFM images.
In addition, high electron–hole separation efficiency and
high photoresponse were conrmed for this sample accord-
ing to the photoelectrochemical measurements. The UV-Vis
spectra show strong absorption in the visible region, which
ensures, for this photovoltaic device, a good consumption of
the sunlight. The Au/p-Cu2O/n-ZnO/n-ZnS (60 �C)/ITO het-
erojunction revealed a well-dened electrical rectication
characteristic according to the current–voltage (I–V) charac-
teristics. This study demonstrates that electrodeposition,
which is easily adapted to other chemical systems, can be
a promising technique for large-scale fabrication of low-cost
heterojunctions solar cells.
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6 Y. Hameş and S. E. San, Sol. Energy, 2004, 77, 291–294.
7 C. J. Dong, W. X. Yu, M. Xu, J. J. Cao, C. Chen, W. W. Yu and
Y. D. Wang, J. Appl. Phys., 2011, 110, 073712.

8 Y. Levskaya, R. L. Z. Hoye, A. Sadhanala, K. P. Musselman
and J. L. MacManus-Driscoll, Sol. Energy Mater. Sol. Cells,
2015, 135, 43–48.

9 T. Minami, Y. Nishi and T. Miyata, Appl. Phys. Express, 2016,
9, 052301.

10 F. M. A. Hernández, M. C. López, V. Donderis, M. González,
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