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EVOLUTION OF STRUCTURAL, OPTICAL PROPERTIES AND ELECTRICAL TRANSPORT
Of NiOx FILMS ANNEALED IN DIFFERENT ENVIRONMENT

The influence of the annealing medium of thin films of nickel oxide (NiOyx) on structural, optical and
electrical transport properties is studied in this paper. NiOy films were synthesized by sol-gel method and
annealed at a temperature of 300 °C in air, inert nitrogen (N3), oxygen (O,) gases and vacuum. The values of
the films thickness were determined from the transverse cleavage of the SEM image. The films thickness
depends on the annealing medium. Measurements of the EDX spectra of NiOx films were carried out. Analysis
of the quantitative O/Ni ratio showed that the film annealed in an air atmosphere is close to the stoichiometric
parameters of NiO. Measurements of the EDX spectra of NiOy films were carried out. According to the Raman
spectra, an increase in peak intensities is observed indicating an increase in the density of defects in the film
by Ni vacancies depending on the annealing medium. Absorption spectra and Tauc plots of NiOy films were
obtained. The optical density of the films depends on the annealing conditions of the films. Data analysis shows
that the band gap width depends on the annealing medium and varies from Eg = 3.12 eV to Eg = 3.45 eV. The
analysis of the impedance spectra allowed us to estimate the values of the resistances R; and R,. It is shown
that an increase in the resistance of Ry is associated with a decrease in the density of defects in the NiOy film,
decrease in the recombination resistance of R, and an increase in recombination processes at the interface.

Key words: nickel oxide, sol-gel technology, annealing environment, optical band gap, absorption
coefficient, dispersion index, electrical transport characteristics.
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9pTypAi opTana kKynaipinreH NiOx KabblKLanapbIHbIH, KYPbINbIMABIK, ONTUKANbIK KaHE NEeKTPAIK
TacblManAay KacueTTepiHiH, 3BONOLUACHI

Byn XKymbicTa HMKenb oKcuAiHiH (NiOy) *KyKa KabblKlianapblH KYpPblIbIMAbIK, ONTUKA/NbIK KIHE 31EKTP
TacbiMangay KacuetTtepi 3eptrendi. NiOx KabbikWanapbl 304b - renab agicimeH cuHte3aenin, 300 °C
TemnepaTypada ayada, MHepTTi a30T (N3), oTTeri (O,) rasgapbiHAa XaHe Bakyymaa Kyhaipingi. Kabbikwanap
KanblHAbIFbIHbIH MaHAepi COM cypeTTepiHaeri KengeHeH KecKiHAepiHeH aHbikTanabl. KabblKlianapabiH
KanblHAbIFbl KYMAipy opTacbiHa GainaHbicTbl e3repedi. NiOx KabbikWwanapbiHbiH, EDX cnekTpnepiH enuwey
wyprisingi. O/Ni  caHAplK KaTblHacbiH Tanday, aya aTtmocoepacbiHAa KyhaipiareH Kabbikwa NiO
CTEXMOMETPUANBIK KOPCETKILITEPIHE KaKblH €eKeHiH KepceTTi. KomMOUHaUMANbLIK Lalblpay CheKkTpaepi
H60oMbIHLWA WbIHAAP KAPKbIHAbIMbIFbIHbIH, }OFapblaaybl 6alikanaabl, Oy kynaipy optackiHa 6arnanbicTbl Ni 6oc
OpPbIHAAPbIHbIH, KabblKWa akayaapbiHbliH, TbIFbI3AbIFbIHbIH, KOFapblIayblH KepceTeAi. MyTblay cnekTpaepi
anbiHAbl kaHe NiO nneHKanapbiHbiH TayK rpadmkTepi KabblKWwanapablH, ONTUKANbIK — TbIfbI3AbIfbI,
KabblKlWanapabl KYMAipy *KafaannapbiHa 6ainaHbicTbl. epekTepai Tanaay KepceTkeHaem, TblbiM cafibiHFaH
aimak, eHi Kymaipy opTacbiHa BannaHbicTbl £g = 3,12 3B-geH Eg = 3,45 3B-re pgemiHri apanbikTa. Keaepri
CNeKTpAepiH Tanaay Ri XaHe R, Keaepri MaHAepiH Baranayra MyMKIHAIK bepai. R KeaepriciHiH XoFapblaaybl
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DBONIOLMA CTPYKTYPHbBIX, ONTUYECKUX U NEKTPOTPAHCNOPTHbIX CBOUCTB NaeHOK NiOx,
OTOXXEHHbIX B Pa3/INUHbIX cpeaax

B paboTe nccnenoBaHo BAUSHME CPeabl OTHKMUra TOHKMX NaeHoK okcnaa Hukend (NiOy) Ha CTPYKTYpHble,
ONTUYECKME U 3NEKTPOTPAHCNOPTHbIE cBOMCTBA. aeHKn NiOx Bblan CMHTE3MPOBaHbI 30/1b-re/lb METOA0M U
oTOXeHbl Npu TemnepaTtype 300 °C Ha BO3Ayxe, MHEPTHbIX rasax asota (Ns), kucnopoaa (Oz) 1 B Bakyyme.
3HAYeHUss TONLIMHbBI MJIEHOK onpeaensiv no nonepedyHomy ckony CIM-usobpamwkeHunsa. TosmHa MAeHOoK
3aBUCUT OT cpeabl oTxura. NpoeeaeHsbl namepeHna EDX-cnektpos naeHok NiOy. AHann3 KONMYECTBEHHOTO
cooTHolweHms O/Ni noKasan, 4To NAeHKa, OTOXKKEeHHas B aTMmocdepe Bo3ayxa, 61M3Ka K CTEXMOMETPUYECKIM
napameTtpam NiO. MposeaeHbl namepeHuna EDX-cnektpos nneHok NiOy. Mo cnektpam KP Habntogaetca
yBe/IMYEHNE WMHTEHCMBHOCTU TMWKOB, CBMAETENbCTBytOWEee 06 yBEAMYEHMU MAOTHOCTM AedEKTOB MAEHKM
BakaHcMAMM Ni B 3aBMCMMOCTU OT cpefbl OTKura. MosydeHbl CNEKTPbI NOMOWEHNA U TayK-rpaduKm NAeHOK
NiOx.OnTnyeckaa NJOTHOCTb MJIEHOK 3aBUCUT OT YCNOBUIM OTXKMIa NAEHOK. AHaNMU3 AAHHbIX MOKA3bIBAET, YTO
LIMPWHA 3aNpeLLeHHOM 30HbI 3aBMCUT OT Cpelbl OTXKMra M Bapbupyetca oT Eg = 3,12 3B ao £g = 3,45 3B. AHanus
CNEKTPOB MMMeAaHCa NO3BONA OLEHUTb 3HAYEHMA COMPOTUBAEHUIM R1 M Ry, TlokasaHo, YTo yBenunyeHue
COMPOTMBAEHMA R; CBA3AHO C YMeHblIeHWMeM naoTHOCTM AedektoB B naeHke NiOy, yMeHblUeHMEM
PEKOMOMHALMOHHOIO CONPOTMBAEHNA Ry N YCUAEHMEM PEKOMBUHALMOHHBIX MPOLECCOB Ha rpaHuLLe pasaena.

KntoueBble cnoBa: oKCua, HUKeNd, 30/1b-reslb TEXHONIOTUA, Cpefla OTXKMIa, ONTUYECKaA 3anpeLLeHHana 30Ha,
KO3QOULMEHT NOrNOLLEHWSA, NOKa3aTeNb ANCMNEPCUN, XaPaKTEPUCTMKM SNEKTPOTPAHCNOPTA.

Introduction

Among many conductive oxide materials,
nanostructured nickel oxide (NiOy) films attract
considerable attention due to their unique structural,
electrical and optical properties [1-2]. Numerous
studies have made significant progress in the
development and improvement of the properties of
NiOy, which has led to its widespread use in various
electronic devices such as thin-film transistors,
photovoltaic cells, LEDs, sensors, storage devices
and catalysts [3].Nickel oxide is an inorganic
semiconductor with p-type transport properties that
can be used as a hole-conduction layer (HTL)
material in optoelectronic devices [4]. NiOx exhibits
natural hole conductivity, as a rule, due to a large
number of intrinsic defects, such as Ni vacancies and
O vacancies. However, Ni vacancies are considered
effective NiOy acceptors, they also impair the
transparency of the material in the visible area. It was
found that the presence of a Ni vacancy in NiOx

grown in a medium with a high O content leads to
significant absorption of subzones compared with an
O vacancy in NiOxgrown in a medium with a high Ni
content [5].

Various methods are used to improve the
characteristics of NiOy films, including changing the
concentration of impurities, using various synthesis
and post-treatment methods in UV ozone [6,7],
oxygen plasma [8] and thermal annealing. The most
common type of post-treatment is thermal annealing
[9]. At the same time, the conditions of thermal
annealing of the film are also of great importance. As
arule, in order to recrystallize the film and reduce the
density of point defects, annealing is carried out in an
oxygen-containing medium at a temperature of 200-
500 °C and a duration of 10 to 60 minutes [10-13].
However, it is believed that atmospheric annealing
does not allow the removal of NiOOH phases on the
surface of an oxide semiconductor [14]. It is assumed
that there is a high probability of the formation of
NiOOH phases after heat treatment as a result of
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reaction with moisture from the atmosphere. The use
of vacuum annealing can contribute to the thermal
decomposition of the NiOOH phase. In addition,
since the NiOy phase is more stable than the Ni,Os
phase, at low oxygen partial pressure [15], vacuum
heat treatment should reduce the content of this phase
on the surface.

Thus, it is necessary to study technological
methods for optimizing internal defects in NiOy to
simultaneously increase the conductivity and
transparency of films, for the application of
transparent optoelectronic devices.

In this work, NiOy films were obtained by sol-
gel method and the effect of thermal annealing in
various media on the morphology, optical and
electrical properties of NiOx films was studied [16].

Materials and methods

Thin films preparation

Nickel oxide films were obtained on the surface
of a solid substrate as follows: nickel nitrate
hexahydrate [Ni(NOs), 6H,0] weighing m = 145 mg
(Sigma-Aldrich) was dissolved in a volume of
ethyleneglycol (V =1 ml). Monoethanolamine (5ul)
was added to the resulting solution. The solution was
stirred at room temperature for 16 hours and then kept
for 24 hours at room temperature. It was applied to
the surface of a solid substrate using a pipetted is
penser by centrifugation (SPIN150i, Semiconductor
Production System) at a rotational speed of 1500 rpm.
The obtained films were pre-annealed at a
temperature of 100 °C for 15 minutes. After that, the
films were annealed in different media at a
temperature of 300 °C for 45 minutes (Fig. 1).

Hydrolysis
————— >
polymerisation
~ '] > y
Solution of Sol
precursors
Thermal annealing in various
environments 1

Dense film

Heat treatment

Substrate - 7
————— > -/ <
Spimn-coating
1500 rpm/40 s
| E
| <
o
| &
300 °C =
¥ <

Gelation and evaporation
of solvent

Figure 1 — Schematic representation of NiOx thin films deposition from a sol by a spin-coating technique

The surface of NiOj thin films was studied using
scanning electron microscopy (SEM), MIRA 3 LMU
(TESCAN). Energy dispersive X-ray radiation
(EDX) is measured in an INCA PentaFET-x3
analyzer (Oxford Instruments, England) to assess the
quality of thin films.

Scanning probe microscopy is used to study the
surface roughness of NiOy thin films using an atomic
force microscope JSPM-5400 (AFM, JEOL). The
AFM images were processed using a modular
program for analyzing data from scanning probe
microscopy (Win SPMII Data-Processing Software).
The average grain size distribution of NiOx was
obtained from topographic images using Imagel
software.

The Raman spectra were measured using the
Gurzil Raman Microscope TORMS-532/TORMS-
785 (Thunder Optics, France). To excite the spectra,
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radiation from a semiconductor laser (ThunderOptics,
France) with a wavelength of 523 nm and a line width
of 0.3nm was applied.

The absorption and transmission spectra of the
studied samples were measured on AvaSpec-
ULS2048CL-EVO  spectrometer (Avantes). A
combined deuterium-halogen light source AvaL.ight-
DHc (Avantes) with an operating range of 200-2500
nm was used as probing radiation.

The impedance spectra were measured on a
P45X potentiostat-galvanostat in the impedance
mode with an additionally installed FRA-24M
frequency analyzer module. The error in determining
the parameters of charge carrier transport did not
exceed 5% and was predominantly 1-1.5%. Fitting
and analysis of the spectral parameters were
performed using the EIS-analyzer software according
to the procedure described in [17].
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Results and discussion
Surface morphology

Fig. 2 shows SEM images of the surface of
nanostructured NiOx films annealed at 300 °C in air,
inert nitrogen (N2), oxygen (O2) and vacuum. As can
be seen from the SEM image, the morphology of the
NiOx film in the annealed air atmosphere has a
smoother surface structure. For films annealed in an
inert N> atmosphere and in a vacuum, the surface
morphology has a fine-grained structure. The film
annealed in an O, atmosphere has a morphology with
larger grains. The thicknesses of NiOx films were
determined from the SEM images of the transverse

2)

cleavage.lt can be seen from the SEM image that the
film annealed on an air atmosphere has the greatest
thickness value of ~ 187 nm. For NiOx films annealed
in Ny, the thickness is ~ 89 nm. During annealing in
O,, a decrease in film thickness to ~ 76 nm is
observed, the smallest film thickness of ~ 58 nm is
obtained by annealing in vacuum.

Table 1 shows the results of EDX analysis of
NiOx films annealed at 300 °C in various media. For
the EDX analysis, the NiOy film was applied to Si
substrates. According to the EDX spectra, a change in
the guantitative ratio of the elemental composition of
O/Ni is observed. Thus, when annealed in an air
atmosphere, the NiOyx film becomes closer to the
stoichiometric index (O/Ni ~ 0.8).

—

ai .
e >
s e

»

-

Figure 2 — Change in ambient temperature up to 300 °C in (@) air, (b) nitrogen, (c) oxygen and (d) vacuum

Table 1 — Morphology parameters and EDX analysis
(Atomic percentages) of the surface of NiOxfilms

Nm
Air 187 445 | 555 | 0.80
Nitrogen 89 334 | 66.6 0.50
Oxygen 76 18.0 | 82.0 0.21
Vacuum 58 423 | 644 0.65

Annealing of films in an inert atmosphere of N
and vacuum leads to a decrease in the stoichiometric
index to 0.5. Annealing of films in pure O.gas leads
to a significant decrease in the atomic nickel content
to 18% and the stoichiometric index by 0.21. Thus,
quantitative EDX analysis of films annealed in inert
N2, Oz gas and in vacuum indicates insufficient
stoichiometry between Ni and O atoms.

Raman spectra of light in NiOy films

Fig. 3 shows the Raman spectra of NiOy films
annealed in various media. The Raman spectra were
measured in the range of 300 cm?-1500 cm™. In the
raman light scattering spectra of NiOx films, bands
with a scattering maximum of 533 cm?
corresponding to Ni-O oscillations belonging to a
single-phonon longitudinal optical mode of the first
order (1P) LO and a strong band with a scattering
maximum of 1130 cm? relating to a two-phonon
longitudinal optical mode of the second order (2P)
2LO are observed [18]. As can be seen from the Fig.3,
the intensity of the bands depends on the annealing
medium of the NiOy films. The maximum scattering
intensity is observed for NiOx films deposited on the
air atmosphere. The lowest scattering intensity has a
NiOx film pressed on an oxygen atmosphere. The
observed increase in peak intensities in the scattering
spectrum of films indicates an increase in the density
of defects in the film formed by Ni vacancies
depending on the annealing medium.
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Figure 3 — Raman spectra for NiOy films

Optical properties

Fig. 4 shows the absorption of NiOy films
obtained under various annealing conditions. It can be
seen from Fig. 4a that the absorption spectrum of
NiOx has a maximum at a wavelength equal to A = 300
nm. The absorption spectra of annealed films in air
has an optical density of 0.25. During annealing in N2,
an increase in optical density to 0.26 is observed. The
films annealed in O, have an increase in optical
density up to 0.33. The optical density reduces to 0.19
for films annealing in vacuum. The absence of
correlations between the thicknesses of films
annealed in different media and the values of optical
densities in the absorption spectra is associated with
the compaction of the structure of NiOy films, as
shown in [19].

The observed good absorption of films in the
short-wavelength region of the spectrum corresponds
to the interband transition from the valence band to
the bottom of the conduction band. This region
corresponds to transitions from the final states of the
valence band to the expanded states of the conduction
band. A band in the long-wavelength part of the
absorption spectrum of NiOy films at A > 360 nm is
observed. The band may be associated with light
scattering on grains in the NiOy film. Fig. 4b shows
the Tauc graphs for NiOy films. The optical band gap
was calculated by plotting the dependence (ahv)?
from photon energy E in eV (a is the absorption
coefficient, hv is the photon energy) and extrapolation
of the rectilinear part of this graph to the energy axis.

Data analysis shows that the band gap width
depends on the annealing medium and varies from
Eg=3.12eV to Eg = 3.45eV. This can be caused by
both the high density of film defects and the high
density of oxygen vacancies responsible for the high
conductivity of films [20]. Interstitial oxygen in NiOx
films act as lattice defects and can reduce the optical
band gap. In addition, interstitial oxygen atoms
diffuse from NiOy films during the thermal annealing
process, as a result, the optical band gap Eg of NiOy
films increases.
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Figure 4 — Absorption spectra (a) and Tauc plots (b) of
NiOy films obtained under various annealing conditions

Table 2 — Parameters of optical characteristics of NiOx
films under various annealing conditions

Annealing D, Optical
ambient (A=305nm) | band gap (eV)
Air 0.20 3.12
Nitrogen 0.26 3.18
Oxygen 0.32 3.34
Vacuum 0.23 3.45

Photoelectrical characterizations

The influence of the annealing medium of NiOy
films will obviously affect the hole transport in NiOx
films. To study in detail the effect of the annealing
medium on the transport of charge carriers in the
NiOx film, the electrical impedance spectra were
measured.

Fig.5 shows the impedance spectra of
FTO/NiOJ/AIl cells annealed in different media
obtained using a hodograph fitting. The model was
analyzed according to an equivalent electrical circuit
using the ElS-analyzer software package(in Fig. 5).
Table 3 shows the electrical transport parameters of
the cells calculated, where R is the total resistance of
the external electrodes adjacent to NiOy (total
resistance of the film), R, is the recombination
resistance at the NiO,/electrode boundary.
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Figure 5 — Impedance spectra of FTO/NiO./All, cells
annealed in different environment

Table 3 — The value of the electrophysical parameters of
the films

. Hﬁ)’;’;:f‘ll'rgg ¢ | Ru(Ohm) | R (Ohm)
Air 5.19 371.45
Vacuum 8.75 282.65
N; 23.98 224.26
0s 26.72 202.18

The analysis of the impedance spectra allowed
us to estimate the values of the resistances R: and R..
It is important to note that R; and R, depend on the
bias voltage and cell configuration, however, if these
parameters do not change, then changes in the values
of Ry and Rz will be associated with changes in the
structural properties of NiOy during annealing in
different media.

R: represents the total resistance of the outer
adjacent layers (FTO/AI). In our case, all functional
layers except NiOy were obtained under the same
conditions, then it is obvious that changes to R will
be associated with a change in the resistance of NiOy
films. As can be seen from Table 3, the value of R;
has the lowest value for a cell with NiOy annealed on
an air atmosphere. The maximum resistance value Ry
has a NiOx film annealed in an inert atmosphere No.
An increase in the resistance value Ri depending on
the annealing medium is associated with a decrease in
the density of defects formed by Ni vacancies
depending on the annealing medium responsible for
high conductivity [21].

The R, resistances characterizing charge
recombination at the NiO,/electrode interface also
vary depending on the annealing medium of the NiOx

film. It should be noted that the higher the value of
Rz, the lower the charge recombination rate at the
NiOy/electrode interface will be [22-25]. As can be
seen from Table 3, cells with film annealed in the air
atmosphere have the highest resistance value Ry,
which indicates a low recombination rate of holes at
the NiOy/electrode interface. Annealing of NiOx films
in the O, atmosphere leads to a decrease in
recombination resistance, which means an increase in
recombination processes.

Conclusion

The structural, optical and electrical transport
properties of NiOx films produced by sol-gel
technology were investigated. It was found from
SEM images the surface of NiOx films have a
granular structure, the sizes of which depend on the
annealing medium. According to EDX analysis of
films, it was shown that films annealed in inert Ny, O,
and in vacuum have insufficient stoichiometry
between Ni and O atoms.The results of measuring the
Raman spectra showed that the observed increase in
peak intensities in the scattering spectrum of films is
associated with an increase in the density of Ni
defects depending on the annealing medium. It is
shown that the band gap width depends on the
annealing medium and is explained by the presence
of interstitial oxygen in NiOyx films, which act as
lattice defects, this leads to an increase in the optical
band gap Eg. The values of the resistances R; and R
of NiOy films annealed in different media estimated
from the impedance spectra.lt is shown that an
increase in Ry resistance depending on the annealing
medium. It is associated with a decrease in the density
of defects in the NiOx film. Decrease in the
recombination resistance (R) indicates an increase in
recombination processes at the NiOy/electrode
interface. The results obtained will find applications
of NiOy thin films on electronic devices such as solar
cells, gas sensors and catalysts cells.
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