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Abstract

This paper reports on the development of an automated nebulizer-spray pyrolysis (NSP) system and comparison studies of
zinc-doped copper oxide with doping concentrations of 1%, 3%, and 5% deposited by manual and automated nebulizer-spray
pyrolysis (NSP) systems for heterojunction-diode applications. The structural, optical, morphological, and electrical properties
of the prepared manual and automated CuO:Zn thin films were compared. X-ray diffractometry (XRD) studies revealed that all
the manual and automated CuO:Zn thin films have monoclinic structure. The crystallite size of the films has been calculated
using Scherrer’s formula. Field-emission scanning electron microscope (FESEM) images revealed spherical-shaped small
grains in the automated CuO:Zn thin films, while agglomerated particles are observed in the manual CuO:Zn thin films. The
highest optical absorbance and lowest optical band gap values were recorded using UV-Vis spectrophotometry. The optical
band gap value increases when the doping with Zn increases beyond 3%. The maximum electrical conductivity of manual and
automated CuQO:Zn thin films was recorded using an electrometer. Based on the results obtained from these characterization
studies, p-type (3% CuO:Zn thin film) and n-type (silicon wafer) samples prepared using the manual and automated NSP
systems were used to fabricate Ag/p-CuQO:Zn/n-Si heterojunction diodes, which were studied under dark and light conditions.
The investigation results reveal that the heterojunction diode fabricated using the automated NSP system has a lower ideality
factor and barrier height compared with the heterojunction diode prepared using the manual NSP system.
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¢ Manual and automated CuO:Zn (3%) thin films show good structural, optical, morphological, and electrical properties.
o Ag/p-CuO:Zn/n-Si heterojunction diode is fabricated using manual and automated nebulizer-spray pyrolysis (NSP)

system.

e Automated Ag/p-CuO:Zn/n-Si heterojunction diode shows the lowest ideality factor () and barrier height ().
e The investigation results confirm that the automation process significantly modifies thin-film and diode properties.

1 Introduction

Thin films have been synthesized by a number of methods,
such as successive ionic-layer adsorption and reaction
(SILAR), chemical bath deposition, sol-gel, and spray-
pyrolysis. Among these, the sol-gel method is a notable
wet chemical way to synthesize oxide-based nanomaterials
with high compositional homogeneity, which is considered
an effective approach for modifying substrate surfaces [1].
Similarly, spray-pyrolysis techniques are also versatile
chemical methods for synthesizing oxide-based nanoma-
terials [2]. In addition, obtaining a large surface area and a
stable surface is a significant advantage of the sol-gel
method. The spray-pyrolysis technique is also suitable for
large surface area coating, and clean, adherent, pinhole-
free, stable thin films can be obtained [3], with several
reports of the formation of oxide-based nanomaterials by
spray pyrolysis having appeared [4—7]. Spray pyrolysis is
a cost-effective technique performed at low temperature to
deposit thin films with uniform thickness on large surface
areas. Thin-film deposition by spray pyrolysis has been
applied in various devices such as sensors, solar cells, fuel
cells, optoelectronic devices, and many others [§—12]. In
spray pyrolysis, thin films are prepared by spraying a
precursor solution onto a heated substrate, with the for-
mation of uniform and fine droplets being crucial. Nozzle
atomizers are used to achieve uniform and fine droplets in
a controlled manner. However, some nozzle atomizers
have limitations on the size and size distribution of the
droplets obtained. In recent years, new or modified nozzle
atomizers have been developed to overcome those lim-
itations, such as air blast, electrostatic, ultrasonic nebuli-
zer, and nebulizer-spray pyrolysis (NSP). Among the
various nozzle atomizers, nebulizer-spray pyrolysis pro-
duces small droplets in the desired size range. Further-
more, this approach consumes less power than ultrasonic
nebulizers. In the NSP technique, which is based on the
Venturi principle, a precursor-solution is converted into an
aerosol by the nebulizer. Various parameters affect the
quality of the films, such as nozzle movement, the distance
between nozzle and substrate, temperature, precursor

solution composition, etc. Among these, spray nozzle
movement is an important parameter that affects the
quality of the thin films. In the manual NSP system, var-
iations in spray-nozzle movement lead to uneven
spraying on the substrate. To overcome this problem, one
possible improvement can be done by automating the
spray-nozzle movement using a microcontroller. Recently,
microcontroller-based automation in nebulizer spray pyr-
olysis has been developed to enhance the quality of the
film, minimize human errors, and improve production
efficiency [13-16].

Copper oxide (CuO) has generated significant interest as
a promising semiconducting material due to its low band-
gap, high abundance in nature, nontoxic nature, and
monoclinic crystal structure [17, 18]. CuO is an excellent
semiconducting material for the fabrication of p-type
semiconductors. The deposition techniques and processing
parameters used strongly influence the properties of CuO
thin films. In addition, over the past few decades, there have
been many reports of the impact of transition-metal (Zn, Ni,
Co, and Mn) doping of CuO [19-22]. Among these
dopants, the ionic radius of Zn>" is close to that of Cu*"
(0.74 A and 0.73 A, respectively). Hence, the integration of
Zn(II) into CuO will be favorable for optoelectronic appli-
cations [23, 24].

In the present work, the properties of zinc-doped copper
oxide thin films with doping concentrations of 1, 3, and 5
% deposited using both a manual NSP system and an
automated NSP system are compared and discussed. These
materials are subsequently incorporated into Ag/p-CuO:
Zn/n-Si heterojunction diodes and their properties are
compared. Although some reports are available on the
application of CuO for heterojunction diodes [25-27],
there have been no prior studies comparing the properties
of CuO:Zn thin films prepared by manual and automated
NSP systems. In addition, to the best of our knowledge, no
literature work has been reported on Ag/p-CuQO:Zn/n-Si
heterojunction-diode devices. This work will also provide
researchers currently working in the thin-film and sol-gel
field with a useful review of spray-pyrolysis deposition
techniques.
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Fig. 1 Schematic diagram of
manual NSP systems
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Fig. 2 Schematic diagram of automated NSP systems

2 Experimentation details

2.1 Deposition of Zn-doped CuO thin films by
manual and automated NSP system

Precursor solutions were prepared by dissolving copper
nitrate (0.3 mole Cu(NO3),.3H,0) and the required quantity
of zinc nitrate (Zn(NO3),.6H,0; 1, 3, or 5 wt% with respect
to the quantity of Cu(NOj3),.3H,0) in 20 ml of double-
distilled water and stirring continuously for 1h using a
magnetic stirrer. CuO:Zn thin films were produced using
either a manual or automated NSP system, as described
below. The former suite of sample is subsequently referred
to as M1, M2, or M3 (where 1, 2, and 3, respectively, refer
to the wt% of Zn(NOs),.6H,0 in each solution), while the
corresponding suite of samples prepared using the auto-
mated NSP system are identified as Al, A2, and A3.

In the manual NSP system (Fig. 1), a custom-designed
glass tube with a 25 cm horizontal length and 10 cm vertical
length was used as a solution-flow tube. The bottom of the
glass tube is carefully designed as a spray nozzle with a
0.1 mm diameter attached to the nebulizer. The temperature
of the substrate heater was initially set to 450 °C and main-
tained using the temperature controller. The distance between
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the nozzle and the glass substrate was fixed at 5 cm. Finally,
5ml of the prepared solution was sprayed manually on the
precleaned glass substrate that was kept on the hot plate of
the substrate heater.

In the automated NSP systems (Fig. 2), a custom-designed
glass spray-nozzle, that is attached to the nebulizer, is used for
the automatic deposition process. The nebulizer was fixed at
the top of the x-axis carriage and the nebulizer was filled with
5ml of the precursor solution. The distance between the
nozzle and substrate was fixed at 5 cm. The spray nozzle was
correctly positioned at the top of the glass substrate using
dedicated keys in the control unit. An air compressor was
used to generate a stream of air at a pressure of 2.1 kg/em?,
which impinges the solution situated inside the spray nozzle,
thus atomizing the solution and directing the resulting liquid
droplets onto the glass substrate. During deposition, the
position of the spray nozzle is translated in the x- and y-axis
directions via the microcontroller.

2.2 Fabrication of Ag/p-Cu0:Zn/n-Si heterojunction
diode

Fig.3 shows the structure of the Ag/p-CuO:Zn/n-Si het-
erojunction diode fabricated in this work. A p-type CuO:Zn
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thin film was deposited on a n-type silicon wafer using the
manual and automated NSP system to form the p-CuO:Zn/
n-Si device with front and back silver contacts.

Careful cleaning procedures were adopted to clean the
silicon substrate, as per previous literature work [28]. Based
on the optimized results (see below), a suitable p-CuO:Zn
precursor composition was chosen and deposited on the
polished side of the n-Si substrate using both manual and
automated NSP systems. Ohmic contacts (Ag) were then
deposited by a thermal evaporation technique on both the
CuO:Zn and the rough side of the n-Si substrate.

2.3 Characterization techniques

The structural properties of the CuO:Zn thin films were
studied and compared using X-ray diffraction (XRD) (Shi-
madzu XRD-6000, Japan) with Cu-ka; radiation source of
wavelength 1.5418 A and grazing incident angle (GIXD) is
fixed at < 5° to focus on only the topmost surface of the film.
Stylus profilometry (Mitutoya Surftest SJ-301) was used to
measure the thickness of the films. The surface morphology
and chemical composition of the films were observed and
compared through high-resolution Schottky field-emission
scanning electron-microscopy (FE-SEM) and energy-
dispersive X-ray analysis (EDAX) (Tescan MIRA XMU

p-CuO:Zn

n-Si

Fig. 3 Device structure of Ag/p-CuO:Zn/n-Si heterojunction diode
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3.0). Optical properties such as absorbance, transmittance,
and bandgap of the films were studied using UV-visible
spectrophotometry (JASCO-570). The voltage—current (V-I)
characteristics of the CuO:Zn thin films were measured using
a Keithley electrometer (6517-B) in a two-probe setup over a
voltage range of 1-10 V. The V-I characteristics of the Ag/p-
CuO:Zn/n-Si heterojunction-diode were similarly studied
under dark and light conditions (tungsten halogen and metal
halide—100 mW/cm?) at room temperature.

3 Results and discussion
3.1 Structural studies

The X-ray diffraction patterns of the CuO:Zn thin films
prepared using the manual and automated NSP systems are
shown in Fig. 4. All observed diffraction peaks were
assigned to the monoclinic crystal phase in accordance with
standard JCPDS card No. 89-5899 [29]. Peaks were
observed at 20 angles of 32.6, 35.5, 38.7, and 52.7° cor-
responding to (110), (—111), (111), and (020) planes for
both sample series, with samples M2 and A2 exhibiting the
most well-defined patterns. No peaks corresponding to Zn-
impurity phases are evident (Fig. 4), even at the highest
dopant concentrations (M3 and A3). The results reveal that
the zinc ions were successfully incorporated into the CuO
structure [30]. The diffraction patterns obtained for the
A-series samples are sharper and generally more intense
than those observed for the M-series samples, consistent
with the formation of more well-defined, crystalline films in
the former case.

The various structural parameters of the CuQO:Zn thin
films are shown in Table 1. To obtain uniform thickness, the
most important parameters that have been optimized in this
study include substrate temperature, molarity of the
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>
-
=
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Fig. 4 XRD patterns of CuO:Zn thin films prepared using (a) manual and (b) automated NSP systems
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Table 1 Various structural

Samples 260 (degree) FWHM Crystallite size Micro Dislocation Average
parameters of manual and . . .
. (degree) (D) (nm) strain (&) density (5) thickness
automated CuQ:Zn thin films 159 . -2
(x 10" lines m™“) (nm)
Ml 38.7516 0.3942 21 0.0016 2.18919 112
M2 38.7583 0.6333 13 0.0026 5.64718 109
M3 38.8094 0.6188 14 0.0025 5.38985 105
Al 38.7764 0.6671 12 0.0027 6.2653 110
A2 38.7893 0.9214 09 0.0037 11.951 107
A3 38.6387 0.8025 10 0.0033 9.0744 104
# 078 —a— Crystallite size (nm) 10
@ . = ®
2t ol
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Fig. 5 Variation of crystallite size and FWHM as a function of doping concentration for CuO:Zn thin films prepared using (a) manual and (b)

automated NSP systems

solution, nozzle-to-substrate distance, air pressure, spraying
volume, and deposition time. The full width at half max-
imum (FWHM) is found to be the highest for samples M3
and A3. The crystallite size can be calculated using
Scherrer’s formula from the full width at half-maximum
[31]. The crystallite size (D), microstrain (¢), and disloca-
tion density (8) was evaluated using the below formula:

0.94
- Bcos(6) (m)
. ﬂczsﬁ )
b= 3)

where f, 6, A, and D are full width at half-maximum, Bragg
angle, X-ray wavelength, and evaluated crystallite size.
Using the Scherrer formula, Fan et al. estimated the
crystallite sizes of sol-gel-derived CuO produced in their
work to be from 8 to 26 nm [32]. Rafea et al. also reported
CuO crystallite sizes of 14-21nm which is in good
agreement with these results [33]. The crystallite size
decreased for samples M2 and A2 because of the crystal-
linity improvement of CuO and ionic radius difference

@ Springer

between Cu’" and Zn*" [34]. The crystallite size is
increased by increasing Zn doping concentration. Increasing
crystallite size is accompanied by a decrease in dislocation
density and microstrain. The lowest crystallite size is found
to be 9nm for sample A2 and similarly, the lowest
crystallite size is 13 nm for sample M2, and also the highest
value of microstrain and dislocation density has been
calculated for M2 and A2.

The variations in crystallite size and FWHM for the
CuO:Zn films with doping are illustrated in Fig. 5, while the
corresponding microstrain data are shown in Fig. 6. It is
evident that the minimum crystallite size is obtained for the
M2 and A2 samples in each series. However, significantly
smaller crystallites are obtained in the case of sample A2
(9nm, compared with 13nm for M2), reflecting the
advantages of the automated approach in obtaining small
crystallites.

3.2 Surface morphology and elemental composition

The FESEM images of CuO:Zn thin films produced using
the manual NSP system (samples M1, M2, and M3) are
shown in Fig.7. The homogeneity and morphology of the
films are similar to that reported by Meherun Nesa et al.,
with crack-free coatings composed of nonuniform
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Fig. 6 Variation of crystallite size and microstrain as a function of doping concentration for CuO:Zn thin films prepared using (a) manual and (b)

automated NSP systems
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Fig. 7 FESEM images of CuO:Zn thin films produced using the manual NSP systems

400 nm

nanosized particle agglomerates being evident [35]. A Zn films produced using the manual NSP system, [37],
similar agglomerated morphology for such CuO:Zn coat-  indicating that the particles were not deposited uniformly.
ings was also reported by Rejith et al. [36]. Overall, the The FESEM images of the CuO:Zn thin films produced
distribution and formation of particles on the substrate is  using the automated NSP system are shown in Fig.8.
irregular, with different shapes being observed for all CuO:  Generally, doping of CuO with Zn(II) does not have much
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Fig. 8 FESEM images of CuO:Zn thin films produced using the automated NSP systems

impact on the morphology of CuO [38]. However, in the
present work, samples Al, A2, and A3 exhibit small, uni-
form spherical particles. The particles are closely packed,
with uniform, crack-free coatings being evident in all
samples. In both the M- and A-series coatings, the particle
size decreases as the dopant concentration is increased from
1 to 2%, and then increases with increasing dopant con-
centration. Variations of particle size seen in FESEM ima-
ges are well correlated with the variations of crystallite size
calculated from XRD studies [39].

In summary, the FESEM studies indicate that deposi-
tion employing the automated NSP system provides
nanosized particles with uniform distribution at all
dopant concentrations explored. In contrast, large, non-
uniform and agglomerated particles were observed in the
corresponding films produced using the manual NSP
system.

Energy-dispersive X-ray spectra (EDS) of the samples
were obtained to examine the purity and chemical compo-
sition of the materials, with the spectra obtained for films
deposited using the manual and automated systems shown

@ Springer

in Figs. 9 and 10, respectively. As expected, the EDS data
reveal the presence of Cu, O, and Zn atoms, with no other
impurities being evident above the detection limits. As
indicated in the tabulated data included in Figs. 9 and 10,
samples M3 and A3 exhibit Zn concentrations of 0.69 and
0.92 at%, respectively.

3.3 Optical studies

The optical absorbance of the CuO:Zn thin films was ana-
lyzed in the wavelength range of 300—1200 nm, as shown in
Fig. 11. These data indicate that sample A2 has the highest
absorbance from 400 to 800 nm, with comparable absor-
bances being observed for all samples below 400 nm and
above 900 nm. The absorbance of samples M1 and M2 is
comparable within the spectral range explored. In both the
M- and A series, the samples with the highest dopant
concentrations exhibit the lowest absorbance from 400 to
800 nm.

The optical bandgap energy of the films was derived
from the optical absorbance spectra via Tauc plots, as
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Fig. 9 EDS spectra and elemental analysis for CuO:Zn thin films produced using the manual NSP systems

shown in Fig. 12. The Tauc plot relation is given by
aho = A(hu - Eg)n 4)

where the absorbance coefficient (o) is estimated from the
optical spectra using the relation o = 2.303 A/t where A is
absorbance and t is the thickness of the films [40—45]. The
optical bandgap energies (Eg) calculated from the Tauc
plots were found to be 2.02, 2.05, and 2.12 eV for samples
M1, M2, and M3, respectively, and 2.13, 1.90, and 2.18 eV
for samples Al, A2, and A3, respectively. From these data,

it is observed that the lowest value of Eg was recorded for
sample A2. These studies indicate that at the highest dopant
levels, the thin films prepared by the automated NSP system
show increased optical absorbance and reduced optical
bandgap values when compared with those produced using
the manual system.

3.4 DC electrical studies

Figure 13 shows the I-V characteristics of the CuO:Zn thin
films. All films exhibited a good current response with
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Fig. 10 EDS spectra and elemental analysis for CuO:Zn thin films produced using the automated NSP systems

applied voltage, with samples M2 and A2 exhibiting the
highest currents at each voltage. In addition, the samples
prepared using the automated NSP system exhibited higher
current values than the corresponding samples prepared
using the manual NSP system. The average conductivities
of the samples are illustrated in Fig. 14. It is evident that the
conductivities in the M- and A-sample series exhibit max-
imum values for samples M2 and A2 of 6.67 x 10~'* and
3.67x1078 S/cm, respectively, with the value for the latter
being over 50 times higher than the former.

@ Springer

3.5 |-V characterization of Ag/p-CuO:Zn/n-Si
heterojunction diode

The performance and photodetector properties of the het-
erojunction diode fabricated from the CuO:Zn films can be
analyzed by current—voltage (I-V) measurement under light
and dark conditions to obtain the ideality factor (n) and
barrier height (¢;,) of the diode. In our work, a Ag/p-CuO:
Zn/n-Si heterojunction diode was fabricated based on the
above characterization studies, which indicated that samples
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Fig. 13 I-V characterization of CuO:Zn thin films produced using (a) manual and (b) automated NSP systems

M2 and A2 (3% CuO:Zn) exhibited the most suitable
properties for incorporating into heterojunction diodes.
Figure 15(a, b) illustrate the forward- and reverse-bias -V
characteristics of the heterojunction diodes fabricated using
the manual and automated NSP systems. Both devices

measured under light condition exhibit higher current values
than under dark conditions. This performance shows that
both devices are highly photoconducting in nature. In par-
ticular, the diode fabricated using the automated NSP sys-
tems shows higher current values when compared to the
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other diode. As observed in Fig. 13, both devices exhibit
maximum current values of 3.28 x 10~°A (Fig. 15(a)) and
1.38x 107%A (Fig. 15(b)) at relatively low forward-bias
voltage (V) under light conditions.

The current density of the heterojunction diodes can be
calculated using the thermionic emission (TE) equation [46]:

\Y
I = Tpexp (HET - 1) (5)

where Iy q, n, Ky, V, and T are reverse saturation current
density, electron charge, ideality factor, Boltzmann con-
stant, applied voltage, and absolute temperature.

The ideality factors (n) of the devices was calculated
from the intercepts of semilog plots of the current density
(In J) Vs voltage (V) as shown in Fig. 16. Table 2 sum-
marizes the key diode parameters, namely the ideality factor
(n) and barrier height (¢y) under dark and light conditions.
It is evident that the ideality factor of the diode decreases
with illumination, which indicates the photoconducting
behavior of the device. The results also reveal that the diode
fabricated using the automated NSP system has a lower

@ Springer

ideality factor and barrier height than that produced using
the manual NSP system, with the calculated n value for both
devices being higher than the ideal value (n = 1, for an ideal
P-N diode). The relatively high value of n reflects the
nonideal behavior of both devices and may arise from the
voltage drop across the layers, the presence of a thin
interfacial native oxide layer (SiO,), and/or recombination
due to current and barrier inhomogeneities [47-49].

The ideality factor (n) and barrier height (¢y) values are
in good agreement with previous reports, which are sum-
marized in Table 3. The calculated n and ¢y, values for the
Ag/p-CuO:Zn/n-Si devices produced via manual NSP were
found to be 4.25 and 0.70eV, respectively, under dark
conditions; and 4.08 and 0.69 eV, respectively, under illu-
mination. The corresponding values obtained using the
automated system were 3.32 and 0.68 eV, respectively,
under dark conditions; and 3.19 and 0.67 eV, respectively,
under illumination. For comparison, Tombak et al. reported
3.5 and 0.96eV under illumination for Ag/p-CuO/n-Si,
while Venkateshwari reported the highest n values of 6.2
and 4.6 under dark and light conditions for p-CuO/n-Si
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Table 2 Selected parameters of Ag/p-CuO:Zn/n-Si heterojunction

diode under dark and light condition

Parameters Manual p-CuO: Automated p-
Zn/n-Si CuO:Zn/n-Si
junction diode junction diode
Dark Light Dark Light

Ideality factor (n) 4.25 4.08 332 3.19

Barrier height (®;) (eV) 0.702 0.691 0.686 0.674

Table 3 Comparison of the Ag/p-CuO:Zn/n-Si heterojunction diode
performance with previous reports

Device structure Ideality Barrier Reference
factor(n) height (®},)

(eV)

Dark Light Dark Light

Manual Ag/p-CuO:Zn/ 425 4.08 0.702 0.691 Present work
n-Si
Automated Ag/p-CuO: 332  3.19 0.686 0.674 Present work
Zn/n-Si

Ag/p-CuO/n-Si - 35 - 096 [50]
p-CuO/n-Si 6.2 46 080 0.81 [51]
Ce-WO3/p-Si 1333 647 0.69 0.702 [52]
n-AlZnO/p-Si 432 3.69 - - [53]

[50, 51]. Additionally, Marnadu reported n_values of 13.33
and 6.47 under dark and light conditions for Ce-WO3/p-Si,
while Kalidass obtained values of 4.32 and 3.69 for n-
AlZnO/p-Si [52, 53]. Remarkably, the Ag/p-CuQO:Zn/n-Si
heterojunction diode produced in this work using the
automated system exhibited the lowest n value under light
and dark conditions when compared with previous literature
reports. Furthermore, the estimated ¢, values were also

found to be low for the diode produced using the automated
system.

4 Conclusion

A microcontroller-based automated NSP system has been
designed and developed for depositing thin films. CuO:Zn
thin films with doping concentrations of 1%, 3%, and 5%
were deposited using the new system, and their properties
compared with the corresponding films produced using a
conventional manual system. All samples were assigned to
the monoclinic crystal phase on the basis of XRD studies.
The lowest crystallite sizes were obtained for the samples
with 3% dopant (9 and 13 nm for films produced using the
automated and manual NSP systems, respectively); these
samples also exhibited the highest microstrain and dis-
location densities. FESEM studies indicated that more
uniform, fine-grained films were obtained using the auto-
mated system. The highest optical absorbances and lowest
band gaps were observed at dopant levels of 3%, with
increasing Zn content, leading to a corresponding increase
in the magnitude of the bandgap. The optical studies
revealed that films produced using the automated NSP
system exhibited higher optical absorbances and lower
bandgaps than those obtained via the manual NSP system.

Films deposited using the automated NSP system also
exhibited higher conductivity than those prepared using the
manual NSP system, with maximum values of 3.67 x 1078
and 6.67 x 107'° S/cm, respectively, being obtained at 3%
dopant levels. These films were subsequently used to fab-
ricate Ag/p-CuO:Zn/n-Si heterojunction diodes, which were
studied under dark and light conditions. The results revealed
that the device produced using the automated NSP system
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exhibited a lower ideality factor and barrier height than the
corresponding device fabricated via the manual NSP.

Overall, the various results confirmed that the automation
process in the NSP system significantly improves and
modifies the properties of CuO:Zn thin films and Ag/p-
CuO:Zn/n-Si heterojunction diode.
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