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In this study, n-ZnO/p-NiO heterostructures on glass substrates with an indium tin oxide (ITO) covering were
obtained by using the spray pyrolysis methodology. In order to act on the structural and local compositional
defects, the samples were annealed under vacuum in the temperature range of T, = (300 — 500) °C in steps of AT
= 50 °C. X-ray diffraction results indicate the presence of only the hexagonal ZnO and cubic NiO phases in the
studied samples, which was confirmed by Raman spectroscopy. Low-temperature photoluminescence (PL), as
well as absorption and photoconductivity, were studied to establish the optical properties, the nature of elec-

tronic optical transitions, the energy level position of the different defects present in the samples, and the effect
of temperature annealing on these properties The band gap of the compounds was determined using the Tauc
approximation and the first derivative of the absorption coefficient. Likewise, the current-voltage characteristics
of the n-ZnO/p-NiO heterostructures and their diode character, were analyzed.

1. Introduction

Rapid technological advances drive the ever-increasing demand for
electronic devices with improved performance and new functionalities.
Increasing the efficiency of devices requires the search for new semi-
conductor materials and heterostructures which could be available for
these devices. In this frame, in a recent paper [1] we have studied the
structural and electrical properties of the n-ZnO/p-NiO heterostructure
obtained by the scalable spray pyrolysis technique because the oppor-
tunities of this heterostructure to develop portable ultraviolet detectors,
transistors, and gas sensors transparent in visible light SC, etc. [2-6]. It
should be noted that the materials that make up this heterostructure are
cheap, environmentally safe, and can be obtained using many techno-
logically simple methods [5-8]. As previously discussed [1] today, ZnO
is one of the most widely used transparent oxides. This is due to its
unique electrical, chemical, physical, and optical properties, as well as
chemical, radiation, and thermal stability in the atmosphere and
non-toxicity [9]. Zinc oxide shows n-type conductivity, and it has a
direct band gap (Eg = 3.37 eV) and a high exciton binding energy, as well
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as a high carrier mobility, and it is considered as an alternative to
traditional materials for transparent conductive layers as ITO and FTO
when used in many electronic devices [6]. In addition, ZnO can be
applied as an active layer of gas sensors, photodetectors, light emitting
lasers, and LEDs, as a catalyst, in SCs as an anti-reflective coating or
window layer, i.e., it is a multifunctional material [10].

On another side, nickel oxide is considered a promising material for
the fabrication of oxide heterostructure, as it is one of the few chemically
stable wide-band compounds (E; = (3.6-4.0) eV) with p-type conduc-
tivity [11]. NiO has a cubic crystal lattice structure and can offer high
crystallinity [12]. In addition, it has many valuable properties, such as
low toxicity, prevalence of components in the earth’s crust, high
chemical stability, simple synthesis, significant work function of ~5.4
eV), and deep valence band maxima, Vg ~ 5.4 eV [13,14]. Nickel oxide
can be applied to produce transparent, highly conductive layers with
hole conduction in the development of photocatalysts, battery cathodes,
electrochemical devices, and solar heat absorbers [15]. Thus, NiO is now
an attractive electronic material with great potential for use in sensors
and optoelectronic devices.
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In this paper, the study of the structural characteristics, as well as the
optical properties and the analysis of the rectifying electrical behavior of
the p-NiO/n-ZnO heterostructure, obtained by the spray pyrolysis
method on Glass/ITO substrates are presented, and the effect on those
properties of the annealing in the range of (300-500) °C under vacuum
is analyzed.

2. Materials and methods

Thin ZnO and NiO layers were obtained by spraying molecular so-
lutions (spray pyrolysis) onto heated ITO substrates. Aqueous solutions
of zinc and nickel acetates Zn(CH3COO)-2H>0 (0.5 mol/l) and Ni
(CH3C00)2-4H20 (0.5 mol/l) were sprayed sequentially. Likewise, to
obtain ZnO:In(1%) layers, solutions of zinc acetate and indium (III)
chloride (InCl3-3H30, 0.25 mol/1) were mixed in the required ratio.
More details of this scalable process can be found in [1]

The obtained multilayer structures were annealed in a vacuum
environment at different temperatures T, = 300, 350, 400, 450, and 500
°C for 60 minutes to study the effect of the annealing temperature on the
optical properties and rectifying the electrical behavior of the hetero-
junction. The samples were allowed to cool naturally to room temper-
ature to prevent or reduce thermal stress cracking of the layers. One of
the samples was not annealed for comparison.

The thickness of films in multilayer structures was determined from
cross-sectional SEM measurements. For this, samples were broken in
half. Annealing led to a slight decrease in the thickness of the films
(about 10 %), which is due to the removal of residual moisture in the
layers.

A DRON 4-07 X-ray diffractometer was used to determine the
structural properties of oxide films. The analysis was carried out under
the Ni-filtered K,-radiation of a copper anode. Using the Bragg-Brentano
X-ray configuration, the diffractograms were taken in a continuous
recording mode (speed - 16 °/min, step 0.1 °) in the range of 20 angles
from 20° to 80°, where 20 is the Bragg angle. The obtained results were
processed using the OriginLab software [16].

The obtained diffractograms were normalized to the intensity of the
(111) peak of the NiO cubic phase. The phase analysis was performed by
comparing the diffraction angles of the analyzed samples with the
diffraction angles according to JCPDS table data (NiO - N°00-047-1049,
ZnO - N236-1451).

The texture quality of the layers of the obtained structure was
evaluated according to the Harris method [17]. The polar density was
calculated according to the equation:

p = (L/lo) €)

; S I/ Ior)

where [; and Iy; are the integral intensities of the i-th diffraction peak for
the film sample and reference; N is the number of lines that are present
on the diffractogram.

Having found the value of pole density, the orientation factor can be
determined using the following equation:

(2

The method of determining other structural properties of samples is
described in detail in [1].

The value of the unit cell volume of the materials was calculated
using the equations: Vz,0 = 0.866edec, Vnio = a® [18,19].

The morphology of the films was studied using a Hitachi S-4800
scanning electron microscope equipped with a Bruker X-ray detector for
microanalysis of samples. The voltage in the microscope column was ~
20 kV with a beam current of 10 mA. The thickness of the samples was
determined by the cross-section image of the films. Image magnification
of 100 K was used to examine the morphology of the surface and a 60K
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magnification was used for the cross-sectional determination of the
samples.

Raman spectra of the films were analyzed in the frequency range (50
- 400) cm ™! using a Horiba MTB XPlora spectrometer at room temper-
ature. A laser with a wavelength of 1 = 785 nm and a power of 0.78 mW
was used as an excitation light source. Raman studies were performed
with three signal accumulations of 20 seconds each. At the same time, an
Olympus BX-41 microscope with 50x magnification and a diffraction
grating of 1200 lines per mm ™! was used.

A SILVER-Nova USB spectrometer was used to study the optical
properties of the multilayer structures. The absorption spectra for the
NiO layer were calculated by subtracting the spectra of ITO and the ZnO:
In/ZnO double layer from the spectra of the entire structure. In addition
to the absorption spectra of NiO, it was possible to detect the presence of
a transition layer at the interface between the zinc oxide and nickel
layers. To determine the band gap of materials, the Tauc approximation
method [20] was used. E; was also determined by the position of the
maximum of the first derivative of the absorption coefficient (ACFD) of
the material [21,22]. We also used a USB spectrometer MAYA 2000-pro
(Ocean Optics) to study the photoluminescence (PL) spectra. Photo-
conductivity spectra were measured by equipment based on the
KSVU-23 spectrometer.

The dark volt-ampere characteristics of heterostructure were
measured according to the standard method [23] in the range of voltage
change U = (-1.2) — (+1.2) V. The upper current-collecting contacts
were made of Cu using the vacuum condensation method and variable
masks. The contacts to the layers were applied directly after the depo-
sition of the films to prevent their oxidation. The electrophysical prop-
erties of the obtained samples were measured in the air using an
automatic system for measuring the dark I-V characteristics of a CS
Ossila Solar Cell IV System. A schematic representation of the obtained
multilayer structure with an n-ZnO/p-NiO heterostructure is shown in
Fig. 1.

3. Results and discussions
3.1. Surface morphology

Fig. 2 shows electron microscopy images of the surface of NiO films
in the Glass/ITO/Zn0O:In/ZnO/NiO multilayer structure and the cross-
sectional image of unannealed and vacuum-annealed samples at a
temperature of 400 °C. The thickness of the ZnO (1% In), ZnO, and NiO
layers were (178-149) nm, (291-304) nm, and (149-155) nm, respec-
tively. Similar results with respect to the thicknesses were found for the

Fig. 1. Schematic representation of a Glass/ITO/Zn0O:In/ZnO/NiO/Cu multi-
layer structure (a).
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Fig. 2. Electron microscopy images of the surface and cross-sectional view of the Glass/ITO/Zn0O:In/ZnO/NiO multilayer structure unannealed (a) and annealed at

the temperature of 400 °C (b).
other annealing temperatures.
3.2. X-ray and Raman spectroscopy

In order to determine, undoubtably, the presence of the desired ox-
ides into the structure, we performed an XRD and Raman spectroscopy
analysis. Thus Fig. 3 presents diffractograms of the multilayer structures
annealed at different temperatures. The peaks correspond to the re-
flections from crystallographic planes (111), (200), (220) and (222) of
the cubic NiO phase and (100), (002), (101), (110), (103), (004) of the
hexagonal ZnO phase. No other phases were detected in the materials of
the multilayer structure. This means that their concentration, if any, did
not exceed the resolution of the diffractometric method.

Fig. 4 a shows the results of the pole density calculations of the P;
films by constructing pole figures for the ZnO:In/ZnO layer. The figure
shows that the double ZnO:In/ZnO layer has a well-degenerate growth
texture [002], which does not change with the annealing temperature.
The calculation of the orientation factor allowed us to determine the
effect of temperature on texture quality. As can be seen from the inset in
Fig. 4a, the texture quality of the ZnO:In/ZnO layer improved during
annealing up to 450 °C and then decreased sharply. The maximum value
of the orientation factor f is observed at T, = 400 °C.

Fig. 4 b shows the dependence of the pole density P; on the NiO layer.
From the graphs, it was determined that the direction of growth of the
texture of the NiO layer was a plane [111]. For the NiO layer, the
annealing temperature does not affect the direction of the growth
texture.

The results of the calculation of the orientation factor for the NiO
layer are shown in the inset of Fig. 4 b. The texture quality of this layer
improved at T, = 300 °C and then remained almost unchanged up to T,
= 450 °C. However, when T, = 500 °C, a sharp increase in f occurs,
which can be explained by the recrystallization processes in the NiO
layer that occur at critical annealing temperatures.

Diffraction reflection peaks from the crystallographic planes (100)
and (101) were chosen to calculate the lattice parameter a of ZnO, while
(002) and (103) were used to calculate the lattice parameter c (Table 1).

Thus, the incertitude in the calculation of these parameters using Fqs.
(1) and (2) is reduced, since the contribution of the term containing the
equations (c/a) is minimized [18,19]. The reflections from the (111) and
(200) planes, which had the maximum intensity, were taken to deter-
mine the lattice parameters of NiO.

The values of the lattice parameter a of the unannealed sample ZnO
(aci00) = 0.3252 nm, agzp;) = 0.3243 nm). With an increase in the
annealing temperature to 400 °C, this parameter first decreased (a100) =
0.3241 nm) and then increased (a(;09) = 0.3262 nm, T, = 500 °C). At the
same time, the parameter c¢ varied in the range of cwpoz =
(0.5199-0.5223) nm and ¢(703) = (0.5199-0.5237) nm, with a reference
value of ¢ = 0.5213 nm. The dependence on ¢ — T, was similar to that
observed for parameter a. At the same time, the minimum lattice
parameter of the ZnO layer (cgp2) = 0.5196 nm) was observed not at 400
°C, but at 350 °C.

The volume of the unit cell of zinc oxide was determined based on the
calculated lattice parameters. The calculation was carried out based on
pairs of values a(100) and c(oo2), c(103)- It was established that during the
annealing of the ZnO layer, the volume of the unit cell of the material
changes as a function of T,, similar to the parameters a, ¢, and reaches
the value of Vi = 48.13-107° nm? at T, = 500 °C.

The lattice parameter of the NiO films in the unannealed state were
aci11) = 0.4187 nm and agzpp) = 0.4186 nm. At the same time, the lattice
parameters found for the (111) and (200) reflections were close to each
other for all obtained samples. In the following, the results obtained for
the (200) reflection are discussed, which lies at larger angles and
therefore provides more accurate results. It has been shown that a hardly
changes a during annealing at the temperature of 300 °C. However, at T,
= 350 °C, this value decreased, approaching the value characteristic of a
stoichiometric material. A further increase in T, to 400 °C led to a sharp
increase in the lattice period of the material, which, however, practically
stabilized at the level of agzpg) = 0.4201 nm (T, = (450-500) °C) at
higher annealing temperatures. The course of the dependence of Vy;p —
T, for the NiO layer is similar to the course of the dependence of a - T,.
Initially, a decrease in the volume of the unit cell of the material from
Viio = 73.3 nm® to Vyip = 73.1 nm® (T, = 350 °C) is observed, and with
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Fig. 3. Diffractograms of the unannealed and annealed at different tempera-
tures Glass/ITO/Zn0:In/ZnO/NiO multilayer structures.

subsequent growth, the temperatures increased to Vyjo = 75.0 - 74.1
nm?® (T, = (400-500) °C). The analysis of the dependencies of the sub-
structural characteristics of the layers of the n-ZnO/p-NiO hetero-
structure depending on the annealing temperature is described in our
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previous work [1].

On the other hand, Fig. 5 shows the Raman spectra of the Glass/ITO/
Zn0:In/ZnO/NiO multilayer structure. The Raman spectra were
measured in the frequency range from 50 cm ™! to 1200 cm ™. The peaks
present in these spectra are characteristic of both ZnO and NiO.

The peaks detected at frequencies (97-103) cm’l, (366-391) crn’l,
(436-440) cm !, (567-578) ecm !, (905-912) em !, and (1125-1142)
cm ! belong to the ZnO layer. It is known [24] that these peaks belong to
the phOI’lOIl modes EZ(LOW)Zno, Al (TO)ZnO: E2(High)Zno, Al (LO)ZnO: Al
(2TO)zn0, and A1(2LO)zno, respectively. The E2(Low)z,o and E2
(High)zn0 modes are characteristic modes associated with zinc oxide.
The E2(Low)zpo and E2(High)zno modes are attributed to the vibrations
of zinc cations and oxygen anions, respectively [25]. An intense E2
(High)zn0 peak indicates a low concentration of intrinsic defects in the
ZnO layer. The A1(TO)zno and A1(2TO)z,0 modes indicate the strength
of the polar lattice bond [26]. The presence of A1(LO)zn0 and Al
(2LO)zn0 peaks is usually due to the presence of oxygen vacancies [27].

Phonon and magnon modes in the Raman spectra of NiO layers
overlap each other. Consequently, Lorentz functions were used to ana-
lysze the spectra. The first-order phonon modes of nickel oxide are in the
range of (300-600) cm’l, and the second-order phonon modes are in the
(600-1200) cm™! range [28].

The Lorentz functions decomposition method revealed the presence
of peaks at the frequencies (477-508) cm’l, (521-533) cm
(795-799) em™ and (1019-1023) ecm™'. According to [29,30] these
peaks belong to the phonon modes TOyjo, LOnjo, (LO+TO)nio, and
2L.0njo, respectively.

Similar results were found for other annealing temperatures, and the
presence of secondary peaks of other compounds was not detected in the
Raman spectra, which confirms the results of the X-ray diffractometry.

3.3. Absorption spectra

Fig. 6 shows the absorption spectra of the Glass/ITO/Zn0O:In/Zn0O/
NiO heterostructure. Curves 1-6 correspond to the unannealed sample
and the samples annealed at temperatures of 300, 350, 400, 450, and
500 °C, respectively. The inset of Fig. 6 shows a scheme for measuring
absorption spectra, according to which light passes through all layers of
the structure. Thus, in this case, the total absorption of all layers of the
heterostructure is measured. As can be seen from Fig. 6, the absorption
spectrum of the Glass/ITO/ZnO:In/ZnO/NiO heterostructure mainly
covers the ultraviolet part of the spectrum from 3.0 to 4.5 eV, since the
components of the composition have large values of the band gaps (ZnO
is about 3.4 eV [31] and NiO - from 3.6 to 4.0 eV [32-34]). The
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Fig. 4. Dependence of the pole density P; on the angle ¢ between the texture axis and the normal to the reflection plane of the ZnO:In/ZnO (a) and NiO (b) layers on
the annealing temperature. The insets show the dependence of the orientation factor f on the annealing temperature.
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Table 1
Structural properties of unannealed and annealed ZnO and NiO layers for the n-ZnO/p-NiO heterostructure.
ZnO:In/ZnO layer NiO layer
Tq, a, nm ¢, nm Vunie 103, nm® a, nm Vunie 10° nm®
°C
(100) (101) (002) (103) (100)(002) (100)(103) (002) (101) (002) (101)
0 0.3252 0.3243 0.5202 0.5219 47.65 47.80 0.4187 0.4186 73.4 73.3
300 0.3248 0.3244 0.5199 0.5199 47.48 47.48 0.4188 0.4188 73.5 73.4
350 0.3239 0.3244 0.5196 0.5202 47.22 47.28 0.4175 0.4182 72.8 73.1
400 0.3241 0.3243 0.5211 0.5228 47.39 47.54 0.4213 0.4218 74.8 75.0
450 0.3246 0.3253 0.5217 0.5237 47.59 47.77 0.4193 0.4201 73.7 74.1
500 0.3262 0.3262 0.5223 0.5224 48.13 48.13 0.4204 0.4201 74.3 74.1
JCPDS JCPDS
a =0.3253 nm, ¢ = 0.5213 nm, a =0.4177 nm,
Vinie =47.80-107% nm? Vinie =72.88-107° nm?
= - = ~ o )
af|: g 3 e B . 4 b
i z §29 = o ; S z
Q Q Q00 Q 2 2 9 ¢
N ﬁ NZZ N 7o N = N
A ; \
‘ < E,(High)ro
ocs: g T > \
e 2 Ay(TO)zn0 A(LO)z00
E,(L \
-g olLoW)zno \ ZnOpy 210,
e W/M = NiO, 6 1\
Zno, \ \
w‘f . a1(270) \ \\
— w NiO o470 \ \
3
©
4?-:' T T T T T
= _,./ 0 200 400 600 800 1000 1200
» |
G Raman shift, (cm™)
-
£
WW’J bomo
TOnio A'l(/LO)ZnO
E o 7
N\* © Ez(ngt‘)zno //
w 2 ZnOpy (a0,
9 NiO, 0 \
=  ZnOyuy210y \
\ Nlow,T‘O \ \
\\w w._,‘,,-r" et |
1 T L 1 ’ 1 1 T T T T T
200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Raman shift, (cm™)

Raman shift, (cm™)

Fig. 5. Raman spectra from unannealed and annealed at different temperatures of Glass/ITO/ZnO:In/ZnO/NiO structures(a). Decomposition of the spectra by using

Lorentz functions for unannealed (b) and annealed samples at 450 °C (c).

absorption of ZnO:In/ZnO layers in the range (3.2 — 3.5) eV is clearly
visible. It should be noted that this absorption remains almost un-
changed for the as-deposited sample and for samples annealed at tem-
peratures < 350 °C. With a further increase in the annealing
temperature, the absorption of the zinc oxide layers decreases in the
spectral region from 3.4 eV to 3.8 eV, where additional absorption,
which is caused by the presence of a transition layer at the interface
between the zinc and nickel oxide layers. Therefore, these changes in
absorption are due to changes in absorption at the interface region. It
should also be noted that the absorption background in the transparency
region of the heterostructure is small since a steep absorption edge is

clearly observed in the absorption spectra of zinc oxide films and is only
weakly dependent on the annealing temperature, which indicates the
optical quality of the investigated samples.

Fig. 7 a shows the absorption spectrum of the ZnO:In/ZnO double
layer. The scheme of such measurements is presented in the inset, where
it can be seen that the absorption spectrum was measured only for the
ZnO:In/ZnO double layer. It should be noted that the spectral region of
the measurement data corresponds to the transparency region of the ITO
layer. Therefore, the presence of ITO does not affect the spectral
dependence of absorption in this spectral region. It can be seen that the
shape of the absorption edge and the absorption background in the
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Curves 1-6 correspond to the unannealed sample and samples annealed at
temperatures of 300, 350, 400, 450, and 500 °C, respectively. The inset shows a
scheme for measuring absorption spectra.

transparent region changes slightly in the samples annealed at temper-
atures not higher than T, = 450 °C. While at a temperature of 500 °C, the
steepness of the edge decreases, and the absorption background in-
creases, which indicates a deterioration in the crystalline and optical
quality of the zinc oxide layers. It should also be noted that in the case of
samples annealed at temperatures < 450 °C, the absorption edge shifts
to the long-wavelength region of the spectrum, which may indicate an
increase in the size of the nanocrystallites.

Fig. 7 b shows the absorption due to the superposition of the ab-
sorption edge of the NiO layer and the absorption associated with the
interface between the zinc oxide and nickel layers. In this case, the in-
tensity of incident light I; corresponds to the intensity of light passing
through the Glass/ITO/ZnO:In/ZnO layer system. This light then passes
through the interface between the ZnO and NiO layers and the NiO
layer.

Based on the analysis of the shape of the absorption spectrum of zinc
and nickel oxide layers using the Tauc approximation [35], as well as the
ACFD method [22,34-38], estimations of the band gap of these layers
and its dependence on the annealing temperature were carried out. Such
approximations are shown in Fig. 8 in the case of the sample annealed at
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T, = 350 °C.

Table 2 shows the values of the band gaps of the ZnO:In/ZnO and
NiO layers of the as-deposited sample and the samples annealed at
different temperatures, using the two methods mentioned above.

3.4. Photoluminescence spectra

Fig. 9 shows the low-temperature PL spectra (4.2 K) of the Glass/
ITO/ZnO:In/ZnO/NiO multilayer structure of both the unannealed
sample (a) and the samples annealed at 300 (b), 450 (c), and 500 °C (d).
Curves 1-2 correspond to the spectra of the ZnO:In/ZnO and NiO layers,
respectively. The scheme of such measurements is presented in the inset
of Fig. 9 b. These spectra were obtained with a diode excitation at the
wavelength of 274 nm, which allows excitation of both ZnO and NiO
layers. Since the thickness of the different layers of the studied hetero-
structure was several hundred of nm, it allows measuring the PL spectra
of both Zn0O:In/ZnO and NiO layers when the upper NiO layer is excited.

As can be seen in Fig. 9 a (curve 1), the PL band at 379 nm (3.27 eV)
is observed, which is caused by the exciton emission in ZnO [39].
Another two PL bands at 411 (3.02 eV) and 428 nm (2.90 eV) are due to
the presence of defects like interstitial zinc, Zn; [40]. At the same time,
the existence of a band at 493 nm (2.51 eV) can be associated with the
participation in the emission processes of donor-acceptor pairs with the
presence of defects such as zinc vacancies [41,42]. In addition, a broad
band at 745 nm is also observed in the PL spectrum, which can be
associated with the presence of an Oz,-type antisite defect in zinc oxide
[43].

In the case of excitation of the NiO layer, additional PL bands at 529
(2.34 eV) and 880 nm (1.41 eV) are also observed. The first PL band is
associated with the presence of nickel vacancies [44,45]. Besides, the
emission at 493 nm may be associated with two - charged oxygen va-
cancies (02’) in NiO [46], i.e this PL band practically coincides with the
band caused by donor-acceptor pairs in ZnO [41,42]. Similarly, the PL
bands at 420 (2.95 eV) and 745 nm (1.66 eV) are observed in both ZnO:
In/ZnO and NiO layers. It is obvious that the first band is double, that is,
there are two components at 411 (3.02 eV) and 428 nm (2.90 eV)
associated with defects such as oxygen vacancies.

In addition, as can be seen in Fig. 9 a (curve 2) there are two PL bands
at 725 (1.71 eV) and 775 nm (1.60 eV) associated with the existence of
oxygen vacancies in nickel oxide [47,48]. Thus, it can be concluded that
the emission at 420 and 745 nm is caused by the presence of defects in
both NiO and ZnO layers.

Fig. 9 b shows the PL spectra of ZnO:In/Zn0O and NiO layers of the
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spectra of the p-type NiO layer of the ITO/ZnO:In/ZnO/NiO heterostructure as well as the interface between zinc and nickel oxide layers of samples annealed at
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(a, b). The insets show the measurement schemes of the absorption spectra.



M. Yermakov et al.

10
T=300 K
5x10° - a
Zn0:In/Zn0O 18
4x10% - double layer
- 6%
£ 3x10*4 5
4
2x10° A
1x10* 2
0 T T T O
2,8 3,0 3,2 3,4 3,6
Energy (eV)
10
3x10°1| ¢ T=300 K
NiO layer 18
5
=~ 2x10° 1 16 _:,;
§ 5
3=
3 las
1x10°
12
O T T T O
36 4,0 44
Energy (eV)

Applied Surface Science Advances 25 (2025) 100668

3x10"
b T=300 K
Zn0:In/Zn0O
S 210" double layer
- X b
IS
o
>
C
>
S 1x10"
0 T T
3,0 3,2 34
Energy (eV)
1 5x10% d T=300 K
NiO layer
£ 1,0x1024
o
>
)
_c/;so 1
3 ,0x10""
0,0 T T T

T
4,0 4,4

Energy (eV)

3,6 3,8 4,2

Fig. 8. (a) Absorption edge of the n-type ZnO:In/ZnO double layer of the ITO/Zn0O:In/ZnO/NiO heterostructure (curve 1) and determination of its band gap by the
ACFD method (curve 2). (b) Tauc’s approximation of the absorption edge of ZnO:In/ZnO double layer. (c) The absorption edge of the p-type NiO layer of the ITO/
Zn0:In/Zn0O/NiO heterostructure (curve 1) and determination of its band gap by the ACFD method (curve 2). (d) Absorption edge approximation of the NiO layer by

Tauc. The results correspond to the samples annealed at T, = 350 °C.

Table 2

The band gaps of the ZnO:In/ZnO double and NiO layers of the ITO/ZnO:In/
ZnO/NiO heterostructure in the case of the unannealed sample and samples
annealed at different temperatures.

T,°C Unannealed 300 350 400 450 500

ZnO:In /ZnO

E,, eV ACFD 3.30 3.30 3.30 3.29 3.30 3.30

E,, eV Tauc 3.23 3.22 3.22 3.22 3.23 3.20

NiO

E,, eV 4.02 4.05 4.04 4.04 4.06 4.05
ACFD

Eg eV 3.91 3.94 3.92 3.94 3.94 3.94
Tauc

sample annealed at T, = 300 °C. Here, two PL bands at 488 (2.54 eV)
and 529 nm (2.34 eV) are also observed in the case of the NiO layer. At
the same time, the broad PL band at 745 nm is considerably smaller in
intensity (curve 1) in comparison with the intensity of this band in the
case of the excitation of the NiO layer (curve 2). Similar PL spectra were
also obtained in the case of the sample annealed at 450 °C, where the
emission of ZnO:In/ZnO layers at 745 nm is practically absent (see Fig. 9
c). It should be noted that the intensity of the PL spectrum in the spectral
region from 400 to 500 nm significantly decreases in the case of exci-
tation of the NiO layer.

As can be seen from Fig. 9 d, in the case of the sample annealed at
500 °C, the intensity of the PL spectra in the short-wavelength region
(400 - 600) nm is considerably smaller in comparison with the intensity

of the PL band at 745 nm. So, the obtained results of the study of the
structure of PL spectra of ZnO:In/ZnO and NiO layers allow us to obtain
information about the defective structure and optical quality of these
layers of the studied heterostructures and changes in these characteris-
tics as a result of their thermal annealing. In particular, it was shown
that annealing of the Glass/ITO/Zn0O:In/ZnO/NiO heterostructure at Tq
> 300 °C leads to the fact that the PL band at 745 nm significantly de-
creases in intensity and almost does not appear in the PL spectrum of the
ZnO:In/ZnO layers. This indicates a significant decreasing, probably, of
antisite defects as a result of the annealing of the heterostructure at this
temperature. A strong decrease in the intensity of photoluminescence in
the spectral region of (400 — 600) nm in the case of zinc oxide layers is
associated with the presence of a notable deterioration of the crystal
structure of the layers at such annealing temperature (for T, = 500 °C).

3.5. Photoconductivity spectra

Fig. 10 shows the photoconductivity spectrum of an as-deposited
Glass/ITO/ZnO:In/ZnO/NiO heterostructure, i.e in the case of an
unannealed sample. A number of narrow lines at 304.4 (4.07 eV), 313.4
(3.96 eV), 326.4 (3.80 eV), and 346.5 (3.58 eV) nm are observed in the
short-wavelength spectral region. The last line corresponds to band-to-
band transitions of ZnO layers [39]. Another shorter-wavelength line
corresponds to similar photo transitions associated with the NiO layer
[31]. Therefore, the band gaps of the ZnO and NiO layers correspond to
energies of 3.58 and 4.07 eV, respectively. The value of E; of NiO
practically coincides with the value obtained from the approximation of
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the absorption edge using the ACFD method. The absorption plateau in
the wide spectral range from 400 to 800 nm is associated with the
presence of defects in both ZnO and NiO layers.

The photoconductivity spectrum of the sample annealed at 300 °C is

shown in Fig. 11 a. In this spectrum, a series of relatively narrow lines
are observed at 326.4 (3.799 eV), 358.5 (3.459 eV), 383.5 (3.233 eV),
and 437.6 (2.834 eV) nm. The last line is due to the presence of donor
centers in ZnO associated with the presence of interstitial zinc atoms
[40]. The lines at 358.5 (3.459 eV) and 383.5 (3.234 eV) can be
attributed to the dissociation of free and bound excitons in ZnO [39].
While the shortest-wavelength line at 326.4 (3.799 eV) could be due to
the dissociation of free or bound excitons in NiO since the binding en-
ergy of excitons in this compound is 110 meV [49]. In the
long-wavelength region of the spectrum, a broad band is observed,
covering a wide spectral range from 600 nm to 1000 nm. This band has a
number of features at the long- and short-wavelength absorption edges
at 740 (1.67 eV) and 930 nm (1.33 eV). The origin of the band at 740 nm
is has been related to the presence of the Oz, antisite defect [43]. The
nature of the broad band at 840 nm (1.47 eV) is unknown and requires
further study out of the scope of this work. Nevertheless, it is clear that
this band should be due to the presence of structural defects in ZnO or
NiO. It should be noted that the nature of these absorption bands is
apparently similar to the PL bands at 745 and 870 nm observed in the
unannealed sample.

Fig. 11 b shows the photoconductivity spectrum of the hetero-
structure annealed at the temperature of 350 °C. The spectrum presents
a series of lines in the short-wavelength region at 322 nm (3.850 eV),
341 nm (3.637 eV), 400 nm (3.100 eV), and 450 nm (2.755 eV). The first
two lines can be associated with the dissociation of free and bound
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excitons in NiO nanoparticles [50]. The line at 366 nm belongs to ZnO.
Another line at 450 nm (2.755 eV) is associated with the presence of
donor centers in ZnO [39,40]. In addition, broad bands at 522 nm (2.375
eV), 564 nm (2.199 eV) and 688 nm (1.802 eV) can be seen in the
spectrum. The first band could be due to the participation of the deep
V%+ zinc vacancy level and a shallow donor level [39]. The band at 564
nm (2.199 eV) is associated with oxygen vacancies in ZnO [39]. While
the broad band at 688 nm (1.802 eV) is related to the antistructural
defect of Oz, [42,43].

Fig. 11c shows the photoconductivity spectrum of the Glass/ITO/
7Zn0:In/ZnO/NiO heterostructure annealed at T, = 400 °C. As can be
seen, two bands in the ultraviolet region of the spectrum at 312 nm (3.97
eV) and 353 nm (3.51 eV) appear, which are associated with band-to-
band transitions of NiO and ZnO, respectively[31-34,48]. The broad
band at 570 nm (2.17 eV) is caused by the presence of antisite defects
[42,43]. At the short wavelength edge of this band, a kink is visible at
570 nm (2.17 eV), which, as already mentioned, is caused by oxygen
vacancies in NiO [51]. It should be noted that the intensity of these
bands is non-significant and that other bands are not present in the
spectrum. This indicates the positive effect of annealing on the optical
and crystalline quality of the investigated heterostructures.

Fig. 11d shows the photoconductivity spectrum of the Glass/ITO/
7Zn0:In/ZnO/NiO heterostructure annealed at T, = 500 °C. Now the two
bands in the ultraviolet region of the spectrum are located at 352 nm
(3.52 eV) and 380 nm (3.26 eV), being associated with the dissociation
of excitons in the zinc oxide layers [51]. The other two bands at 433 nm
(2.86 eV) and 453 nm (2.74 eV) correspond to a shallow donor level and
zinc vacancies [40]. The bands at 766 nm (1.62 eV) and 945 nm (1.31
eV) correspond to phototransitions involving deep levels of different
structural defects.

3.6. Volt-ampere characteristics

The dark I-V characteristics of the obtained multilayer structures
were measured by using a similar procedure as in ref [1] at temperatures
between 30 and 80 °C with steps of 10 °. It was found that the corre-
sponding dependencies for unannealed and annealed at
low-temperature heterostructures (< 400 °C) were linear. However, the
IVs became nonlinear at the annealing temperature T, = (400 — 450) °C.
The corresponding curves of n-ZnO/p-NiO heterostructures annealed at

'« = 450 °C are shown in Fig. 12 a. The rectification coefficient of the
obtained structures did not exceed 3.5 (at 1 V), and the contact potential
difference was (0.71-0.76) V. Similar results for the contact voltage Uy =
(0.71-0.77) V were obtained in [52]. The series resistance of such
structures was 335 Ohm.

To explain current transport through heterostructures that are far
from ideal, the Van Ruyven model is usually used [53], which considers
the presence of a layer of matter with a distorted crystal lattice and a
high rate of charge carrier recombination at the interfacial boundary.
Accordingly, electrons and holes reach the surface states at this
boundary by tunneling from the energy bands of the materials, forming
the heterostructure.

The estimation of the density of interfacial states carried out in [1]
indicates that at the n-ZnO/p-NiO heterostructure boundary, disloca-
tions of mismatch with the density of Ny = (8.2 -14.9)- 10'*. ¢cm~2 can
occur, in which the recombination of charge carriers occurs during
charge transfer. This value is much higher than the values characteristic
of heterostructures, which are close to ideal. Therefore, we used the
approximation proposed for nonthermal current transfer mechanisms
[54] to analyze the I-V behavior.

J= J() [exp(:taU) — 1],.]0 = JooeXp(ﬁT) (3)

where Jyg, a, § are constants that do not depend on U and T.
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ture dependence of current Jy (equation (6)).

It is easy to see that the function describing the I-V is linear in the
coordinates InJ — U. The slope of the line in the case of nonthermal
currents does not depend on the temperature of the I-V(T) measurement.
The intersection of this line with the ordinate axis allowed us to deter-
mine the current density Jy, and the slope was constant a (Fig. 12 b).
Accordingly, the construction of the dependence of Jy — T allows us to
determine the constant $ using the angle of its slope to the temperature
axis. The corresponding dependencies required for the calculations are
shown in Fig. 12 b and its inset. The obtained values of the constants
were equal to a = 1.16 10~* V™1, g = 2.051 K~!. Unfortunately, these
values are not usually present in the current literature, so no comparison
is possible.

4. Summary and conclusions

In this work, the effect of annealing on the optical, photoelectric and
I/V electrical properties of n-ZnO/p-NiO heterostructures deposited by
spray pyrolysis was studied. Analysis of the X- ray diffractograms
showed that only the hexagonal phase of the ZnO and the cubic phase of
NiO are present in the layers of the heterostructure. This was also
confirmed by Raman spectroscopy.

The structural properties of the ZnO and NiO layers were calculated
based on the positions of the X-ray diffraction peaks. It can be seen that
the lattice parameters of the ZnO layer begin to increase rapidly at an
annealing temperature of more than 400 °C and reach the values a =
(0.3262-0.3262) nm and ¢ = (0.5223-0.5224) nm at T, = 500 °C. The
lattice parameter of the nickel oxide layer, in turn, begins to increase at
an annealing temperature of 350 °C and reaches the value of a
(0.4204-0.4201) nm at the maximum annealing temperature.

The analysis of PL spectra made it possible to investigate the defect
structure and optical quality of individual ZnO:In/ZnO and NiO layers as
a function of the annealing temperature. It was established that the
annealing of the ITO/Zn0:In/Zn0O/NiO heterostructure at T, > 300 °C
leads to a significant decrease in the intensity of the PL band at 745 nm,
which is caused by a strong decrease in the Oz, antisite defects in the
heterostructures and an improvement in their optical quality.

The photoconductivity spectra were also used to determine the band
gap of the materials, the values of which correlated well with the values
obtained by the ACFD method. It was shown that the photoconductivity
spectra contain lines related to the dissociation of free and bound ex-
citons in the ZnO and NiO nanocrystallites. In addition, other bands are
associated with the presence of structural defects are also observed. It
should be noted that the intensity of these bands was low. This confirms
the high optical and crystalline quality of the oxide layers in the studied
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heterostructures.

For the n-ZnO/p-NiO heterostructure annealed at T, = 450 °C, dark I-
V curves were measured at different temperatures. The construction of
straight branches of the dark I-V characteristics of the obtained heter-
ostructures on a semi-logarithmic scale showed that the charge transfer
in the heterostructure was determined by the tunneling-recombination
mechanism with constantsa = 1,16 10~* V! and B = 2051 KL

Thus, the obtained results indicate that the use of temperature
annealing made it possible to determine the optimal conditions for n-
ZnO/p-NiO heterostructure - 450 °C. This temperature provided the best
properties of the heterostructure deposited by the simple, cheap and
scalable spray pyrolysis method. It should be noted that temperature
annealing of the studied samples belongs to the traditional methods of
changing the crystalline quality.

Based on these results we would like to open new paths in order to
deepen into the analysis of the obtained heterostructure by using a
simple and scalable technique, like studies involving alternative doping
or treatment methods, such as chemical treatments or laser irradiation,
to compare the efficiency of these methods in modifying the optical and
electrical properties of the heterostructures. As well as to perform
detailed characterization of defects, which will improve the under-
standing of defect-related optical transitions; investigation of structural
changes above 500 °C to gain a more complete picture of the limits of
thermal stability and material integrity, which are critical for potential
real-world applications; the use of deep-level transient spectroscopy
(DLTS), to improve defect characterization and increase predictive
power for future device performance improvements; the development of
ZngNi; 4O buffer layers by long-term annealing in order to reconcile the
mismatch of constants and types of the crystal lattice of ZnO and NiO
compounds to improve electrical properties and increase the efficiency
of the n-ZnO/p-NiO heterojunction.
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