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ABSTRACT

Radial CuO/ZnO p-n heterojunctions have been successfully fabricated
on Si and glass substrate. The vertically aligned ZnO nanostructures are
formed at 75°C temperature using a hot water treatment technique for
deposition times of (10, 20, 30) min. Using the hydrothermal method,
on ZnO nanorods, high density CuO nanostructures were produced.
The investigation focused on the p-n nanostructured junction’s optical,
structural, and morphological characteristics. The XRD results show
that the constitutive layers show high crystalline quality. The FESEM
images revealed a porous surface texture of the constructed CuO/ZnO
heterojunction and become more densely packed at 30 min deposition
times of ZnO. The results of the optical properties show that as the ZnO
deposition time increases, the absorption spectra of the as-prepared CuO/
ZnO moves from the UV region to the visible area. The optical energy
gap values tend to decrease with increasing ZnO thin film's deposition
time. The photoelectrical properties of the CuO/ZnO/Si junctions were
investigated through current-voltage characteristics. Results demonstrated
that the radial p-CuO-n-ZnO nanostructured junction has a good
photocurrent response and recovery times due to high surface-to-volume
ratio and efficient electron transport which reveal their suitability for low
cost photodetector devices.
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INTRODUCTION

The importance of metal oxide nanostructured
semiconductor materials was increased day
by day in a wide range of applications of
batteries, the packaging industry, photocatalysis,
optoelectronics, sensors, and drug delivery. Metal
oxide nanostructures (NSs), such as ZnO, TiO,, and
CuO, etc., were shown to have extremely advanced
chemical, magnetic, optical, and biomedical
properties due to their tiny particle sizes and high
surface-to-volume ratio [1].

* Corresponding Author Email: imanh.almousawy@student.uokufa.edu.iq

Scientists have been very interested in zinc
oxide (Zn0), a metal oxide semiconductor of the
n type. due to its numerous fascinating properties,
such as its electro-optical, piezoelectric, and
magnetic characteristics [2-5].ZnO nanoparticles
have been extensively researched for avariety of
optoelectronic, sunscreens, antimicrobial agents,
and biosensing applications because to their
excellent thermal stability , very wide band gap
(3.37 eV), and nontoxic nature [6-8]. It is simple to
create ZnO NSs at both low and high temperatures
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[8]. CuO, also known as cupric oxide, is a p-type
semiconductor that is inorganic, nontoxic,
plentiful, and reasonably priced. Its bandgap
ranges from 1.2 to 1.7 eV. CuO nanostructures
have a considerable absorption capacity for visible
light, making it a very desirable material for a
variety of uses, such as pollution degradation,
solar energy, batteries, sensors for gases, and
catalysis [9,10,11].

The p-n radial heterostructures of CuO and ZnO
oxides of metals have garnered a lot of interest in
a range of optoelectronic applications, including
light-emitting diodes (LEDs), photodetectors,
solar cells, and photocatalysis [12,13,14,15].
Recently, several studies have focused on the
radial heterostructure that utilize ZnO nanorods
as the core and a CuO thin film layer as the shell
for optoelectronic devices [16,17,18]. The CuO/
ZnO p-n nanostructured heterojunctions offer
advantages like high photoconductive efficiency
due to their high interface surface area and
increased optical absorption, leading to increased
photon collection efficiency [17,18]. In this
work, We present the easy and cheap synthesis
of CuO/ZnO heterojunctions on Si substrates for
photodetector applications.

MATERIALS AND METHODS

In this study, pure zinc powder with a molar
mass of 65.39 g/mol and a density of 7.133 g/
cm?® was used. The silicon (Si) p-type, and glass
substrates were cleaned with ethanol, alcohol, and
acetone each for 5 minutes to remove any residual
impurities. The substrates were then washed
with deionized water and dried under a stream
of air. In order to synthesize ZnO nanostructures
on Si and glass substrates, thin films of zinc were
deposited on to the substrates using thermal
evaporation method at a high vacuum pressure of
(107 mbar). Next, the Zn/Si and Zn/glass samples

were immersed in hot deionized water at 75 °C for
10, 20, and 30 minutes to produce zinc oxide NSs.
The hot water treatment (HWT) method involves
immersing metallic films and substrates placed
in a baker containing hot deionized water (70—
100) °C. Both temperature and time are critical
parameters that have an important effect on the
quality of the films created. Typically, metal oxide
nanostructures have been obtained by treating
metals or their alloy foils in hot de-ionized water.
However, only a few numbers of studies have
reported on the facile treatment of metal thin
films deposited on deferent bases, such as glass
and Si (p-type), in hot de-ionized water to develop
nanostructured metal oxide films.

The as-prepared ZnO NSs were placed in
10 mL of an aqueous solution of CuCIZ, which
has a molecular weight of 170.48 gm/mol, at
a concentration of 0.002M in order to form
CuO/ZnO junctions. CuO/ZnO heterojunctions
were formed by annealing the Cu(OH),/ZnO
heterojunction substrates at 450 °C for an hour in
air after three rounds of DI water washing. Fig. 1
shows a schematic representation of the CuO/ZnO
heterojunction manufacturing. In accordance with
the first equation a solution approach was used to
generate Cu(OH),/ZnO [19].

Zn0 + CuClz+ H20 = ZnClz + Cu(OH)2 (1)

Following annealing, the CuO/ZnO structure
was obtained using the following formula.

AN
Cu (OH)z — CuO+Hz0 (2)
Characterization
The field emission scanning electron
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Fig. 1. A diagram showing how the CuO/ZnO hybrid junctions are synthesized.
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microscope (FESEM) instrument made by
MIRA3 (model TE-SCAN; Dey Petronic) with an
accelerating voltage of 30 kV was used to study
nanostructures morphology and size. A Thermo-
scientific EDS instrument from the United States
was used to determine the composition of the
prepared NSs. A X-ray diffraction (XRD, Shimadzu
labx XRD-6000) technique was used to determine
the structure, crystal orientation, and grain size
of the synthesized nanostructured films. For the
optical characterizations, an ultraviolet-visible
(UV-VIS) spectrophotometer (Shimadzu Model
1900i), which had wavelengths between 200 and
1000 nm, was employed. The transition energy
of the materials was measured using the Perkin
Elmer Spectrophotometer Luminescence LS 55,
which is equipped with FL Winlab software.

Fig. 2. FE-SEM images of ZnO nanostructured films grown on a Si substrate by HWT method

RESULT AND DISCUSSION

The morphology of the resultant CuO/ZnO
heterostructures is seen using FE-SEM . Fig. 2a-c
confirm the conformal coverage of ZnO thin films.
ZnO films were grown on silicon (Si) substrates
using hot water treatment method at 75 °C for
10, 20, and 30 minutes, respectively. The FE-
SEM images (a, b, c) revealed how the surface
morphology of the ZnO nanostructures changes
with increasing HW treatment time. However, the
longer treatment times generally lead to larger
and more well-defined nanostructures. CuO layers
were deposited hydrothermally on top of the pre-
deposited ZnO films. As shown in Fig. 2d-f, the CuO
morphology was influenced by the underlying ZnO
films resulting in a sea anemone-like CuO/ZnO
heterostructures. This observation aligns with the

at 75 °C for treatment times (a) 10 min, (b) 20 min, and (c) 30 min. Images (d), (e), and (f)
are top-view FE-SEM images of CuO hydrothermally grown on the ZnO films deposited
different times 10 min, 20 min, 30 min, respectively.
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Fig. 3. pictures of the CuO/ZnO heterojunction using TEM.
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results presented in [20]. ZnO thin films are clearly
well covered with copper oxide. The diameters of
the CuO/ZnO nanostructure grains range from 30
to 100 nm.

TEM measurements performed to the CuO/
Zn0 heterojunction are shown in Fig. 3. It shows a
closer zone of the junction between CuO and ZnO
than that of the SEM images. TEM image in in Fig.
3a demonstrate that CuO coated layer adhere to
ZnO NSs robustly (particularly visible the inset).

This means that the CuO shell is strongly bonded
to the ZnO core which is important for the stability
and performance of the core-shell structure. The
image Fig. 3b shows a cluster of these core-shell
structures.

One of the created thin films’” EDX images,
together with the fraction of components that
went into its composition, are shown in Fig. 4. It
was discovered that there are no pollutants in the
film, making it clean.

Element Weight% Atomic%

[o} 129
2.8
84.3

%100 %100

Fig. 4. EDX spectra of the CuO/ZnO film of treated Zn thin film in hot deionized
water for 30 minutes, with thin film components.

Fig. 5. 3D AFM images of the CuO/ZnO films of treated Zn thin film in hot deionized water for (a)10, (b) 20, and (c)
30 minutes.

Table 1. The root mean square (Rrms) data of CuO/Zn0O/Si samples
evaluated form the AFM measurements at deferent ZnO hot deionized

water times (10, 20, 30) minutes.

Zn0 treatment time Rrms (nm)
10min 1375
20min 24.87

2.1
30min 32.10
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The surface roughness of as-synthesized
Cu0/Zn0O films were studied at different ZnO
HWT times at 75 °C using AFM (Atomic Force
Microscopy). Fig. 5a-c shows the CuO/ZnO films
surface morphology image as the treatment time
of ZnO nanostructures increases from 10, 20 to
30 minutes respectively. The AFM images clearly
show that the surface morphology of the CuO/
Zn0O films is greatly influenced by the duration
of hot water treatment. Fig. 5a represents CuO/
Zn0O formation at ZnO immersing time 10 min,
where small grains are nucleating and growing.
After 20 min, the samples surface exhibits larger,
more distinct features, and increase in surface
roughness. Compared to (b), the surface in Fig. 5¢
appears more uniform. the estimated root mean

square (RMS) surface roughness has been of the
Cu0/Zn0 films was listed in Table 1.

Fig. 6 displays the XRD diffraction pattern of the
Cu0/Zn0O/Si samples for different ZnO deposition
times. The generated CuO/ZnO nanostructures
were confirmed using XRD peaks at 28 positions
related to the CuO/ZnO junction [8,21,22,23].
With both indices oriented to the monoclinic
phase of CuO [24,25], the XRD profile in Fig. 4
shows two separate diffraction peaks at 20 values
of 35.46° and 38.78" respectively, corresponding
to the lattice CuO crystal planes (002) and (111)
respectively. The (002), and (110) crystal planes of
ZnO are responsible for the XRD peaks at 26 angles
of 34.9¢, and 58.2¢, respectively. In line with earlier
research, our findings also show that the ZnO

e CUO/ZNO/Si (ZnO 30 min)
——  CuO/ZnO/Si (ZnO 20 min) P m ZnO
——  CuO/Zn0/si(ZnO 10 min) e Cuo
_ O]
=
S
>
= —
E "‘.:" —_
g i 1
< i =
—u—u—t—v—r—rv—v—v—'—rﬁ—v—l—r;'ﬁ——_-rl—\......-h:........-.
30 35 40 a5 50 55 60 65 70
20 deg

Fig. 6. XRD pattern of the nanostructured CuO/ZnO/si hetrojunction

Table 2. displays structural features of the prepared films of CuO/ ZnO at the highest intensity peaks.

ZnO time 20 deg d (nm) FWHM(B) rad (D) nm (6) x 103 nm2
58.5 0.158 0.003 52.9 0.36
10min 389 0.233 0.0048 30.40 1.08
583 0.158 0.0017 93.30 0.12
20min 388 0.232 0.0048 30.60 1.07
582 0.158 0.0016 9912 0.10
30min 387 0.232 0.00478 30.73 1.06
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crystal’s hexagonal wurtzite phase has formed [23,
26]. Fig. 6 illustrates that ZnO nanowires have a
significant XRD diffraction peak which corresponds
to the ZnO (110) plane. However, the majority of
ZnO nanostructures are oriented vertical to the
substrate plane (Fig. 2a-c).

The XRD data was used to determine the
average crystalline grain size (D) using the Debye-
Scherrer equation [27]:

D = 09A/BcosO (3)
The wavelength of an X-ray is A, which is 0.15406
nm, B is the width in radians at half maximum, ¢
the diffraction angle, where K is the form factor (K
=0.94).
The dislocation density (8), or the number

of lines that cut a unit area in the crystal also
calculated using the grain size from the equation
[28]:

1

8=§

(4)
The structural characteristics of grain size and
dislocation density of the greatest intensity peaks
for each of CuO at diffraction angles of 38.7,
38.8¢, and 38.9¢ are clearly shown in Table 2.

It can be noted from table 2 that the grain size
changed as the hot deionized water time of ZnO
nanostructured films increases from 10 minutes
to 30 minutes. The data strongly suggests that the
HWT processing is causing grain growth in the ZnO
material. This means that the longer times at a 75
0C allow for more atoms to diffuse and rearrange,

e  Cu0/Zn0/glass (ZnO 10 min)
= Cu0/Zn0/ glass (ZnO 20 min)
wme  CuO/Zn0O/ glass (ZnO 30 min)

Absorbance

650
‘Wavelength (nm)

750 850 950

Fig. 7. The optical absorption for CuO/Zn0O as a function of wavelength.

e Cu0/Zn0/glass (ZnO 10 min)
32+ e €u0/ZNO/ glass (ZnO 20 min)
—— CUO/ZnO/ glass (ZnO 30 min)

Reflectance (%)

= Cu0/Zn0O/glass (ZnO 10 min)
—— Cu0/Zn0/ glass (ZnO 20 min)
~—— Cu0/Zn0/ glass (ZnO 30 min)

Transmittance (%)

550 650 750 850 950

Wavelength (nm)

450

550 650 750

Wavelength (nm)

450 850 950 250 350

Fig. 8. (a, b). The transmittance and reflectance spectra for CuO/ZnO as a function of wavelength.
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leading to larger grains. These outcomes are
identical to research [27]. Also, the dislocation
density (6) decreases as time increases which
indicates that the crystalline structure becomes
fewer defects, more ordered, and less strained
with longer deposition time.

Optical properties

The optical features were examined using the
Ultraviolet-Visible (UV-VIS) spectrophotometer of
the CuO/ZnO structures at wavelengths ranging
from 200 to 1000 nm. Fig. 7 presented the
absorbance spectra as a function of wavelength.

As illustrated in Fig. 7, the CuO/ZnO junctions
for all samples absorbs light within 260—-480 nm
wavelength range. The results of these broad
absorption peaks is consistent with previous
research on CuO/ZnO nanostructured junctions
[29, 30]. The observation revels that as the hot
water treatment time of ZnO increases, the
amount of absorbing light by the produced CuO/
ZnO interface also increases. The increasing
treatment time may induce more surface defect
in the ZnO films, increasing its surface area, and
roughness, which enhance light trapping and
increases the amount of light absorbed by CuO/

30 [
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0.0
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==Cu0Q/Zn0O (ZnO: 10 min)
= Cu0/Zn0 (ZnO: 20 min)
=—Cu0Q/Zn0 (ZnO: 30 min)

650 750 850 950

Fig. 9. Absorption coefficients of the samples with different ZnO synthesize

time.
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Fig. 10. Energy gap values for the CuO/ZnO hybrid junction for different ZnO
preparation times.
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Zn0 junction [30].

Fig. 8a displays the variation in visual
transmittance of the CuO/ZnO/Si structures as a
function of wavelength and ZnO films deposition
time (10, 20, and 30 minutes). The optical
transmittance of the CuO/ZnO nanostructured
interface decreased from 90% to 85% with
increasing deposition time. This can be attributed
to increasing ZnO thickness and surface roughness

with increasing ZnO film deposition time in a CuO
shell/ZnO core structure. However, a thicker film
can increase the interaction between light and
material leads to more absorption and scattering
of light, resulting in a decrease in transmittance
through CuO/ZnO architectures [31].

Eg. 5 [32] is used to create The coefficient of
absorption (a) of the CuO/ZnO directions of
transition:

Refractive Index

== Cu0/Zn0 (ZnO: 10 min)
=Cu0/Zn0 (ZnO: 20 min)
=—Cu0/ZnO (ZnO: 30 min)

0 s 1 s 1 N

Wavelength (nm)

650 750 850 950

Fig. 11. Shows the refractive index as a function of the wavelength of the
Cu0/Zn0 structures for the three different ZnO deposition times of of 10,
20, and 30 min by HWT method.

150

8
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e CUO/ZNO(ZNO 20min)
Cu0/Zn0O(ZnO10min)

350 450

550 650 750

wavelength (nm)

Fig. 12. The photoluminescence (PL) spectra for CuO/ZnO junctions on Si substrate with
different ZnO prepared time.
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Inz— (5)

Where (t) is the film’s thickness, and (T) is
the transmittance of the CuO/ZnO films. Fig. 9
displays absorption coefficients spectra of the
CuO/Zn0O samples with different ZnO synthesize
time. As can be seen in Fig. 5, the maximum
value of the absorption coefficient of CuO/ZnO
heterojunctions are at the edge of absorption
[33]. The highest absorption coefficients occur
for CuO/Zn0O nanostructured films. Furthermore,
the absorption coefficient increases with the
increasing ZnO hot water treatment time. The
increased size of the crystallite might be the cause
of this, it made the grain boundaries smaller.
Additionally, the thickness increase may have
caused more optical scattering, which would have
raised the absorption coefficient’s value [34].

Utilizing the absorption coefficient data,
The energy gap was computed. Fig. 10 Explain
o? vs. hu in, where a is the spectrum absorption
coefficient and (hu) is the energy of the incoming
photon, considering that the electron travels
straight between both conduction and valence
bands, equation (6) is used to calculate the energy

gap (E,) [32]:

ahv = k(hv — Ep)'/2 (6)

The CuO/ZnO hybrid junction’s energy gap
values shift from 3.32 eV to 3.17 eV and then to
3.05 eV, corresponding to ZnO synthesize time
of (10 ,20,30) min, respectively as displayed
in Fig. 10. This outcome is consistent with the
previous researcher’s findings [29, 30,35]. The
energy gap values of the interface of the joined
martials conform that the longer fabrication
times might introduce more defects into the
ZnO nanostructures, which can decrease the
optical energy gap [34]. In addition, the varying
duration of the HWT process used to form
the ZnO nanostructured layer can cause strain
at the interface between the CuO and ZnO,
which may also affect the energy gap CuO/ZnO
heterojunctions [33].

The refractive index was computed using the
next relation [36]:

1+VR (7)

n= ———
1-VR

where n refractive index, R: Reflectivity of
prepared films. It is evident from Fig. 7 that the
refractive index of the CuO/ZnO junction varies
with the amount of time spent preparing (ZnO).
The refractive index values in our study fall
between 2.5 and 2 as shown in Fig. 7, which is
proportionate to the values found in previous
research for the combined CuO/Zn0O junction [37].

The optical photoluminescence (PL) spectra
of the CuO/ZnO junctions at different ZnO NSs

200
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160 m P [ w
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0 20 40
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Fig. 13. The CuO/Zn0/Si devices’ photocurrent response vs. time profiles under
zero bias are shown in the inset, which enlarges a section of the current density
vs. time.
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Fig. 14. Photocurrent-voltage curves ( J-V) of CuO/Zn0O/Si heterojunction.

synthesize times (10, 20, 30 min) are shown in
Fig. 12. The excitation wavelength is 326 nm for
all sample. In general, a relatively broad PL band
extends from the ultraviolet (350 nm) to visible
region (500 nm), associated with energy band
gaps of 3.32 eV, 3.17 eV, and 3.05 eV, for the CuO/
Zn0 nanostructured films. This is consistent with
earlier studies [35,38]. The broad PL band could
be attributed to the presence of various electronic
transitions within the CuO/ZnO interfaces as well
as surface states [35].

Electrical properties

To study the use of the nanostructured interface
between p-CuO and n-ZnO in optoelectronics,
the electrical properties of ZnO/CuO film for ZnO
preparation time 30 minutes were studied using I-V
measurements. Fig. 13 presents the photocurrent
density versus time during light-on and light-off of
the ZnO/Cu0O/Si photoconductive devices under
zero bias. The dynamic profile of the photocurrent
response was studied under white lighting of (100
mW cm?), normal incidence light conditions, and
the light on/off cycle was 100 seconds.

As we can see from Fig. 13, the photocurrent
response exhibited relatively stable and good
reproducibility throughout the on—off cycle. CuO/
Zn0/Siheterojunctions demonstrate an acceptable
photocurrent density (Jph) value of around 155 pA/
cm?, making this simple photoconductive device
candidate for a low-cost photodetector device. The
reasons behind the photocurrent enhancement of
CuO/Zn0O/Si structures at a ZnO treatment time
of 30 minutes is due to the large surface area

872

of the CuO/ZnO nanostructured contact, which
facilitates enhanced light absorption by increasing
the optical path length [39,40]. Additionally, the
radial heterojunction between the CuO/ZnO p-n
interface allows for easy charge carrier to transfer
through the junction and improve the carriers
collection efficiency [40,41].

The |-V characteristic curve of CuO/ZnO/Si
heterostructures with a 30-minute ZnO synthesize
time is presented in Fig. 14. It is observed that
nanostructure has a rectifying behaviour. Fig.
14 reveals that under a forward bias (when a
positive voltage is applied to the CuO shell layer),
the photocurrent increased while under reverse
bias the CuO/Zn0O p—n restricts current flow, and
photocurrent density was quite low. The reason
for this behaviour is attributed to the fact that
the p-n heterojunction under a reverse bias, the
resistance of the CuO/ZnO p-n junction is higher
than under a forward bias voltage. These results
make the nanostructured diode-like CuO/ZnO
potentially useful for optoelectronic devices such
as solar cells, photodetectors, and LEDs.

CONCLUSION

P-CuO/n-ZnO heterojunctions were produced
on the silicon and glass substrates via the
hydrothermal technique. ZnO nanorod arrays
were formed on the si and glass substrates using
the facial hot deionized water treatment method
for varying immersing time (10, 20, 30 min).
The experiment results explore the controlled
growth of ZnO nanostructures and combined CuO
layer to form ZnO/CuO heterostructures. FESEM
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indicated that the produced CuO/ZnO films have
a sea anemone morphology with high surface
area. The TEM image revealed the successful
formation of CuO shell/ZnO core nanostructured
heterojunctions. EDX showed purity and absence
of contaminants of the thin films. XRD analysis
estimated the crystal sizes to be vary from 30 to
99 nanometers. According to the UV-VIS analysis,
the optical absorption of ZnO/CuO films were
48%, 52%, and 63% for CuO/Zn0 junctions at ZnO
deposition time 10, 20, and 30 min, respectively.
Additionally, the optical transmittance values
decreased with increasing ZnO treatment times.
The results exhibit that the produced hybrid
junction’s energy gap varies from (3.32-3.05)
eV as the ZnO deposition duration increased.
Our analysis of the produced samples’ refractive
indices revealed that they vary between 2.5 and
1.8 based on variations in the ZnO films’ deposition
times. The |-V curve shows that the CuO/ZnO
junction exhibits rectifying behavior. We believe
that the fabricated CuO/ZnO/Si heterostructures
with promising characteristics could lead to
development of improved optoelectronic devices.
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