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Influence of deposition rate and substrate

temperature on structure and optical features
of NiO thin film
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Nickel oxide thin films were prepared by direct-current magnetron sputtering method
at different deposition rates on unheated and heated substrates. It was shown that the
deposited films are the dense arrays of nanowhiskers with the rhombohedral crystalline
structure for the unheated substrate and with the face centered cubic structure for the
heated substrate. Surface morphology of films consists of nanocrystalline randomly ori-
ented grains. Increasing of the deposition rate and/or the substrate temperature lead to
decrease of the film porosity and enlarge of nanocrystals. The maximum oxidation state of
the deposited films is observed near the surface.
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ToHKHe ILIEHKM OKCHUIA HUKENSA OBLIIN IIOJYyYeHBI METOLOM MAarHEeTPOHHOTO PACIIbIIEHHS
npu moctossaHoM ToKe (DC) ¢ pasiMuyHBIMM CKOPOCTAMMU OCAMIEHHS Ha He HarpeTble U
Harpersie TOAA0KKN. OcaskIeHHble IJICHKY SBJIATCH IJIOTHBIMN MACCHBAMHN HAHOBHCKEPOB
¢ poMOORIPUUECKON U IPAaHEleHTPUPOBAHHON KYOHMUYECKON KPUCTAJINYECKUMU CTPYKTypaMu
IJIA He HarpeToil m HArPEeTOH IIOJIOMKEK, COOTBETCTBEHHO. Mop(dosiorusa mMOBepXHOCTHU ILJIEHOK
COCTOUT M3 HAHOKPUCTAJIJINYECKUX 3€peH, OPUEHTHPOBAHHBIX CIYyJYalHBIM 00pasoM. ¥YBeIu-
YeHHEe CKOPOCTH OCAKICHUS W/WJIM TEeMIIEPATyPhl IIOJJIOMKKU IIPUBOAAT K YMEHBIIEHHUO IIO-
PHCTOCTH IJIEHKN M YBEIHUUECHHIO PAa3MEPOB HAHOKPUCTAJIOB. MaKcUMaJbHASA CTEIIEHb OKIC-
JIEHUS OCAKIEHHBIX ILIEHOK Habuiogaercsa BOIH3U IIOBEPXHOCTHU.

Bruine mBHAKOCTI OCAmMKeHHS TAa TeMIEPATYPH HiJKJIAJKN HA CTPYKTYPHI Ta ONTHYHI
Baactusocti ToHkuX WIiBok NiO. O.C. O6epemor, T.M. Cabos, I.I1. Jlicoscorkuii, I.M. Xauye-
euy, O.H. I'ydumenxo, B.A. Hixipin, M.B. Boiimosus.

Touki NAIBKU OKCHAY HIKeJI0 OTPUMAHO METOJOM MATHETPOHHOTO POBTUJEHHS TPU II0-
cTitHOMY cTPyMi 3 PIBHMMMU HIBUJKOCTAMM OCasKeHHS HA HeHarpiTi Ta Harpiri nigkmagxu.
Ocamxeni TIiBKY € UIIAIBHUMU MacHMBaMU HAHOBiCKepiB 3 pOMOOEAPUUYHOIO Ta TPAHEIeHTPO-
BAHOI KYOiUHOI KPUCTANIUYHUMHN CTPYKTYPaMM [IJs HeHarpitoi Ta mHarpitoi migkmamox,
BigmoBizno. Mopdosaoris moBepxHi MIAIBOK CKJIATAETHCA 3 BUIMIAJAKOBO-OPi€HTOBAHUX HAHO-
KPUCTANIUHUX 3epeH. 30iJbINTeHHA IMIBUIKOCTI OcayKeHHA Ta/abo TeMIepaTypu MiIKAagKU
TPUBBOJATH A0 3MEHIIEHHS MOPUCTOCTI TJIiBKY 1 36iMbIIeHHS Po3MipiB HaHOKpUcTanis. Maxk-
CUMAJBbHUH CTYIiHL OKHCIIOBAHHA OCAMMKEHUX IMJIIBOK CIOCTepiraeTbea mMobaus3y MOBEpPXHi.

1. Introduction violet, visible and near-infrared regions [1].
Their use promotes the creation of advanced
devices such as p-type transparent conduct-
jects with wide bandgap energy in the range of  ing electrodes, electrochromic display de-
3.5—4.0 eV, transparent to radiation in ultra- vices, UV detectors, chemical, gas and spin-

Thin NiO films are p-type semiconductor ob-
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Table 1. Parameters of NiO film deposition.

Name Substrate Gas pressure | Oxygen partial |Disgarge power, Deposition
temperature,’C (Ar+0,), Pa pressure, Pa Rate, nm/min
CL Cold (20 — 50) 2.7-1072 1.0-1072 20 2.89
CH Cold (20 — 80) 5.7-1072 2.1-1072 120 25
HL Hot (230 — 280) 2.7-1072 1.0-1072 20 3.3
HH Hot (230 — 310) 5.7-1072 2.1-1072 120 15
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Fig. 1. XRD of NiO films deposited on quartz substrate at the room temperature (a) and at 300°C (b).

valve giant magnetoresistance sensors, ther-
moelectric devices at al. [2—-5]. In most
cases, the films have polycrystalline struc-
ture with the rock-salt lattice. Sizes of the
crystallites (grains) essentially depend on
parameters of the film synthesis. It was
shown that the crystallite sizes are in-
creased with increasing of NiO, film thick-
ness and substrate temperature for deposi-

tion by magnetron sputtering.
There are many different methods re-

ported for the synthesis of NiO thin films,
such as pulsed laser deposition, thermal or
electron-beam evaporation, electrochemical
deposition, spray pyrolysis etec. [6]. How-
ever, the magnetron sputtering method is
used most often because the film synthesis
processes are low cost and fully compatible
with the technological processes of

nanoelectronics.
Nickel oxide films obtained by the sput-

tering onto silicon and quartz substrates at
different deposition rate and temperatures
of heating were analyzed to understand in-
fluence of deposition conditions on the
structural and optical properties of the
nickel oxide films.
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2. Experimental

Nickel oxide films were deposited on the
silicon and quartz substrates by DC magne-
tron sputtering system from a Ni target of
99.95 % purity in oxygen-argon mixing at-
mosphere. Distance between the target and
the substrate was approximately 75 mm.
Before deposition the reactor chamber was
pumped out to pressure of 4.2.1073 Pa. The
film depositions were carried out for 4 re-
gimes: CL. — cold substrate and low deposi-
tion rate; CH — cold substrate and high
deposition rate, HL. — heated substrate and
low deposition rate; HH — heated substrate
and high deposition rate. The basic parame-
ters of the deposition process for each of
the samples are presented in Table 1. X-Ray
diffraction analyses were provided with
Thermo Scientific ARL X’TRA Powder Dif-
fractometer for the range of 30° to 80° 20
angels. The grain sizes and surface mor-
phology of the deposited films were studied
by TSCAN MIRA 38 secondary electron mi-
croscope. Dopant distributions on the sam-
ple depth were studied with Secondary Neu-
tral Mass Spectrometry (SNMS) method.
The measurements were performed in high
frequency mode of the sample sputtering by
Ar* ions with energy of 300 eV on INA-3

Functional materials, 23, 2, 2016



et al. / ..

Table 2. Crystallite sizes and IR absorption maximums.

Sample CL CH HL HH
crystallite rhombohedral lattice, [012] 4.3 12.64 - -
sizes, nm cubic lattice, [111] - - 8.41 7.92

cubic lattice, [200] - - 7.51 10.92
the position of the maximum of the infrared 418 376 380 390
absorption band, em™!
(Laybold-Heraeus) instrument. Infrared 100

spectra were measured in the spectral range
of 850—7800 cm™1 with resolution of 4 cm™1
using FTIR Perkin-Elmer Spectrum BXII
spectrometer working in the transmission
mode at the normal incidence. To avoid in-
fluence of the silicon substrate and the native
oxide layer the part of substrate was used as
reference sample, i.e. the absorbance spectra
of the NiO, films under investigation were
obtained by subtracting the absorbance spec-
trum of the reference sample from the total
signal. The measurement precision of the IR-
transmission spectra was 0.5 %.

3. Results and discussion

The XRD patterns of the room tempera-
ture deposited NiO, films are presented in
Fig. 1a. The films turn out to be polyerys-
talline and exhibit rhombohedral structure.
The lattice parameters of the deposited
films wioth a low rate o(sample CL) are: a =
2.9895 A, c¢=17.321 A. Increase of the
deposition rate results in reductiono of the
vertical lattice parameter (¢ = 7.284 A) while
the parameter a is not changed (sample CH).
The crystallite sizes (the area with perfect
structure) were determined from XRD spec-
tra by the Scherrer formula (Table 2). The
data show that technological conditions of the
nickel oxide film deposition influence on the
crystallite sizes. The film of CH sample has
the rhombohedral lattice.

Diffraction patterns of the films depos-
ited at substrate temperature of 300°C show
cubic structure of the sample HL and HH
(Fig. 1b). Increase of the film deposition
rate leads to decrease 9f the lattice parame-
ters from a = 4.1944 A (for HL sample) to
a=4.18 A (for HH sample).

Increasing of the substrate temperature
during the nickel oxide film deposition
leads to a change of the crystal structure
from rhombohedral to cubic. Increasing of
the deposition rate leads to a decrease of
the unit cell size.

In all infra-red spectra of the as-depos-
ited films (see Fig. 2) a rather strong ab-
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Fig. 2. IR transmission spectra of NiO films.

sorption band near 400 ecm™! is presented
which maximum position (vy;) and width
being dependent on the conditions of NiO,
film deposition — deposition rate and tem-
perature of the substrate. In particular, for
the film deposited at slow rate (~2.9 nm-min~
1y and at low temperature (80°C) the absorp-
tion band was rather broad with two contri-
butions with the values of v,; ~ 418 cm™!
(strong) and ~880 em ™1 (weak), correspond-
ingly. Increasing of the deposition rate (up to
15—25 nm-min 1) and the deposition tempera-
ture (up 300°C) leads to decay or total disap-
pearance of the high frequency contribution.

The band observed is usually attributed
to Ni-O stretching vibrations mode for NiO
nanoparticles with the size up to ~30 nm.
Taking into account that decrease of the
nanocrystals size should result in “blue”
shift of their absorption mode (absorption
band shifted toward larger wavenumbers)
[7, 8] our IR data may be explained by the
following way. Deposition of NiO, on the
low heated substrates and/or with small
rate leads to formation of the nanocrystals
with size distributed within the wide range,
however the small nanocrystals are dominant.
Increase of the deposition rate and the sub-
strate temperature leads to formation of the
nanocrystals with larger size distributed

315



et al. / ..

10°

c
=0
—o—Si
——Ni

o

M
\

0 50
a)

-
o
~

Intensity (cps)

-
o
w

150
Depth [nm]

100

Intensity (cps)

]}l—=—o0
J—o—si
{l=—ni

-
Q
e

%’Wv‘

-
o
w

100 150
Depth [nm]

50 200 250

b)

Fig. 3. SNMS depth profiles of the elements in nickel oxide films for depositions on cold (a) and
heated (b) silicon substrates (CH and HH samples, respectively).

within the narrower range i.e. to producing
more uniform assembly of the large NiO
nanocrystals. Thus conclusions agree rather
well with the data of the XRD measurements.

In the case of slow deposition (CL, HL
samples) in the absorption band is clearly
visible splitting into two components. It in-
dicates formation of two arrays of crystal-
lites with different average sizes. Such ab-
sorption band splitting is not observed dur-
ing the high deposition rate. Probably the
more uniform array of the crystallites is
formed. The shoulder of absorption band at
550 cm™1 is decreased for the films depos-
ited on the heated substrate (HL, HH sam-
ples), significantly. It can be specifically for
the nickel oxide film with the rhombohedral
crystalline structure (CL, CH samples).

In Fig. 3a,b shows the Carbon, Oxygen,
Silicon and Nickel SNMS depth profiles in
the NiO,/Si structures for CH and HH sam-
ples, respectively. It is seen that nickel con-
centration is increased from the film sur-
face to the interface with silicon in the both
cases. Moreover, the increase has an identi-
cal character. The film subsurface regions
are characterized by increasing of oxygen
levels and decreasing of carbon and silicon
levels. The depth distributions of these ele-
ments are distinguished in the samples. Ni
and O depth profile shapes indicate the in-
crease of the nickel oxidation degree from
the NiO,/Si interface to the film surface.
This may be due to porous structure of the
deposited films and their additional oxida-
tion at air atmosphere storage.

The silicon distributions indicate that
the nickel oxide film deposited on the cold
substrate (CH) is more porous than the film
deposited on the heated substrate (HH), i.e.
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Fig. 4. SEM image of the cross cleavage of
nickel oxide film (HH sample).

increasing of the substrate temperature
during deposition the NiO, film leads to for-
mation of more dense structure. At the
same time, increase of the substrate tem-
perature results in increase of the carbon
concentration in the film.

SEM image of the cross cleavage of
nickel oxide film deposited on the heated
substrate at the high deposition rate (sam-
ple HH) is shown in Fig. 4. The film has
whiskered structure with average diameter
of whiskers ~ 30 nm. The whiskers have a
height almost the entire thickness of the
film (200 nm). The surface topography of
the film is polyecrystalline with average
cluster size of ~ 30 nm. The sizes of struec-
turally perfect areas (12-14 nm) from the
XRD-spectra and the cluster sizes obtained
from the SEM images (30 nm) are distinguished.
This may be because the topographical clusters
consist of several crystallites with the different
orientations of crystallographic planes.
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4. Conclusions

Deposited nickel oxide films are poly-
crystalline structures with the array of
whiskers. The whiskers have average diame-
ter and height of 30 and 200 nm, respec-
tively. The rhombohedral crystal lattice is
formed in the films deposited on the sub-
strate at the room temperature. Deposition
on the heated to 250-300°C substrate leads
to formation of the films with the cubic
crystal lattice. Increase of the deposition
rate leads to the array formation of NiO,
crystallites with the much more uniformity of
sizes and increase of the average crystallite
size. Increase of the substrate temperature
during deposition leads to formation of the
NiO, films with the more dense structure.
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