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Dielectric Properties of Strained Nickel Oxide Thin Films
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The dielectric properties of NiO thin films grown by pulsed laser deposition have been studied as
a function of strain at temperature from 10 to 300 K. Above 150 K, the contribution of space-charge
polarization to the dielectric permittivity of NiO films becomes dominant, and the more defective
films, which were grown at low temperatures shows a drastical increase in the dielectric constant
up to room temperature. While the atomically-ordered film, which was grown at high temperature
doesn’t show any considerable change in the dielectric constant in the range from 10 to 300 K.
Below 100 K, the effect of strain on the dielectric constant becomes clear. An increase in dielectric
permittivity is observed in the strained films while the relaxed film doesn’t show any remarkable
deviation from its bulk value. The low-temperature dielectric behavior of NiO thin films can be
interpreted based on the effect of strain on the lattice dynamics of rocksalt binary oxides.
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I. INTRODUCTION

The effect of thickness, strain and structural defects
on the dielectric properties and lattice dynamics of the
strongly correlated systems has been playing a crucial
role in the development of solid-state electronics. During
the last two decades, by the advancement of the precise
methods of fabrication and characterization of the high-
quality thin films, the investigation of electronic prop-
erties of the materials under diverse conditions became
real and revealed several interesting phenomena. Some
of them were predicted theoretically and emerged after
application of appropriate strain, controlled introduction
of defects and reduction in the film thickness [1–6].

Due to their relatively simple crystal and electronic
structure, cubic rocksalt magnetic binary oxides have
been a model system to investigate the emergent phe-
nomena under the complex conditions. During the last
decade, they have attracted a huge attention, especially
in theoretical condensed matter physics since using first
principle calculations some non-trivial phenomena have
been predicted [7–11].
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Nickel oxide (NiO) (the only stable oxide in Ni-O bi-
nary system) crystalizes in cubic rocksalt structure with
the lattice constant of 4.177 Å. It belongs to the wide
band-gap (∼3.6–4 eV) type-II antiferromagnets with the
Neel temperature of 523 K. Below TN it undergoes a
cubic to rhombohedral phase transition (α = 90.06◦)
due to the exchange striction which is originated from
magnetic exchange interaction at the onset of the mag-
netic alignment [11]. Stoichiometric NiO is a strong elec-
trical insulator (ρ = 1013 Ω·cm), but its resistivity de-
creases drastically with introduction of the point defects
(especially Ni deficiencies) or at a small-concentration
of Li doping [12]. For a long time, NiO has been the
benchmark in the development of solid-state physics. It
shows diverse interesting phenomena under different con-
dition, like spin-phonon coupling at Neel temperature
[13], insulator-metal transition under high pressure [14,
15], anomalous magnetic behavior in nanoparticle struc-
tures [16], ferromagnetism induced by the point defects
[17], etc.
Dielectric properties of NiO ceramics have been stud-

ied theoretically and experimentally [18–21] under dif-
ferent conditions and the value of dielectric constant εr
of 11.9 (D = εE, ε = εr ε0, where D is the electric
displacement field, E is the electric field, ε is dielectric
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permittivity and ε0 is dielectric permittivity of vacuum)
has been accepted for pure NiO at ambient conditions,
which has contributions from both electronic and ionic
polarizations [22]. Fuschillo et al. [21] and Rao et al.
[22] studied the dielectric properties of the NiO ceram-
ics in a wide range of frequencies as a function of tem-
perature. Their investigation revealed a constant dielec-
tric permittivity up to room temperature, which was ex-
pected as the polarization mechanisms in NiO are not
sensitive to neither temperature nor frequency. It was
shown that the Li doping considerably increases the di-
electric permittivity of NiO [21]. Many reports confirmed
the drastically increase of dielectric permittivity of NiO
ceramics by introduction of the diverse doped atoms like
titanium, lithium, cobalt, aluminum and sodium [18–20,
23,24]. The investigations showed that point defects, sec-
ondary phases and grain boundaries could be responsible
for this anomalous behavior.

Among the various approaches to induce different fea-
tures into the materials, applying strain is one of the
most interesting and suitable methods [1, 2, 4, 5, 8–10].
The attention to this new technique was attracted after
the impressive developments in the thin-film technology
in the beginning of 21st century. Many interesting phe-
nomena emerged as a result of applying an appropriate
strain to a material. A new research field of straintron-
ics was formed [25]. However, up to this time, there is
no systematic study of the effect of strain and intrin-
sic point defects on the dielectric properties of NiO thin
films. Here, the growth of NiO films by pulsed laser de-
position and their dielectric properties are investigated
as a function of strain and defect concentration in a range
of temperatures from 10 to 300 K.

II. EXPERIMENTAL

1. Substrate Preparation

SrTiO3 (001) single-crystal substrates (Crystech) were
used to grow nickel oxide thin films. Before starting the
growth, the substrates were cleaned ultrasonically in ace-
tone and methanol for 10 minutes in each, followed by
an etching process for 30 second in BHF (pH∼4.5) after
a 5-minute soaking in DI water. An annealing process
for 2.5 hours at 1000◦C in air was done for all substrates
to reach an atomically-flat step-terrace surface [26–29].
In case of Nb-doped STO substrates, the etching process
was avoided, and after the washing substrates, the same
annealing process was applied to them.

2. Film Deposition

Pulsed laser deposition (PLD) technique was used to
prepare the nickel oxide films. The growth of single-
phase crystalline NiO films by PLD method in a wide

range of temperature from 10 to 700◦C was already done
recently [26]. For this purpose, an Nd-YAG pulsed laser
(266 nm) operating at 10 Hz was used.
In this work, three different growth temperatures were

selected, 100, 400, and 700◦C. Before the deposition, the
PLD chamber was pumped to a vacuum of 10−8 Torr.
To compensate for the oxygen deficiency in the deposited
films, a high-purity oxygen gas was introduced into the
chamber at the time of deposition, and the pressure was
kept at the level of 15 mTorr. The substrate was set
at the distance of 50 mm right above the NiO polycrys-
talline target used to deposit the material.

3. Characterization and dielectric measure-
ments

To analyze the crystal structure of the films, an X-
ray diffractometer was used operating at 40 kV 200 mA.
Theta rocking curves around the detected Brag peaks
were recorded. The film thickness was measured by X-
ray reflectometer. To investigate surface morphology,
atomic force microscopy in a non-contact mode has been
used. The dielectric features of films, including capac-
itance and loss tangent, were measured using a preci-
sion LCR meter (Agilent E4980A) at different frequen-
cies (20 Hz to 2 MHz) as a function of temperature from
10 to 300 K.

III. RESULTS AND DISCUSSION

1. Structural characterization

Figure 1(a) shows the XRD spectra of the NiO films
grown at different temperatures on SrTiO3 (001) sub-
strates. Appearance of a single (002)-NiO peak confirms
the growth of pure nickel oxide and the absence of any
other phases in the deposited material. Lowering the
growth temperature leads to a shift of the NiO peak po-
sition to the left indicating the out-of-plane lattice ex-
pansion of the NiO structure, which might be due to the
lattice mismatch between film and substrate. The theo-
retical lattice mismatch between NiO and SrTiO3 is more
than 5%, however, the relaxation of strain caused by this
mismatch in the films starts at the initial stage of NiO
growth, which was found in other works [26, 30]. Two
important parameters, which control strain accommoda-
tion are film thickness and growth temperature. Growing
thicker film and increasing growth temperature lead to
activation of the relaxation mechanisms and cause the
suppression of the strain level in the film. The higher
level of strain in the films grown at lower temperatures
confirms important role of the thermal energy in the re-
laxation process. If growth temperatures is low, the lack
of thermal driving force for the surface diffusion might
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Fig. 1. (a) Two theta X-ray spectra of the NiO thin films
grown on SrTiO3(001) substrates at different temperature,
(b) Theta rocking around (002)-NiO diffraction peak, and
(c) Full width half maximum of the 002 NiO peak for the
films grown at different temperatures.

Fig. 2. X-ray reflectometry spectra of the NiO films grown
at different temperatures on SrTiO3 (001) substrates.

partially decelerate the relaxation processes and a frac-
tion of the mismatch strain may still remain in the film
structure.

The theta rocking curve around 002-NiO peak reveals
an interesting crystalline feature. For the film grown
at 700◦C it consists of two different components (see
Fig. 1(b)). A sharp peak, which corresponds to an
atomically long-range ordered area inside the film and
a broad peak, which reflects a mosaic structure [26,31–
35]. As the growth temperature decreases, the sharp
peak disappears and the width of the broad peak in-
creases (Fig. 1(c)). These two features imply that low-
ering the growth temperature results in larger number
of defects in the film (increased mosaicity) that, in its
turn, can significantly affect the electronic properties of
the NiO. The clear fringes in XRR study (Fig. 2) for all
three deposited films reveal the high quality interfaces

Fig. 3. Surface topographic images (5 × 5 μm2) of (a)
SrTiO3 (001) surface after treatment and NiO thin films
grown at (b) 700◦C, (c) 400◦C, and (d) 100◦C.

(film surface and film/substrate interface), which cause
the specular reflections of the incident beam.

2. Surface morphology

The study of surface by Atomic force microscopy con-
firms results of X-ray diffraction characterization. Fig-
ure 3 shows that lowering the growth temperature affects
the surface morphology of the films. For the films de-
posited at 700◦C, a surface with clear steps and terraces
was detected and the step height is around 2 nm which is
almost a half of unit-cell height of NiO. However, for the
films grown at 400 and 100◦C, the clear view of the steps
gradually fades out. The degradation of the surface of
the films grown at lower temperature might be related
to the lack of thermal energy, which facilitates the sur-
face diffusion and subsequently results in an atomically
smooth surface.

3. Dielectric properties

To study the dielectric properties of NiO films, 0.5 wt%
Nb-doped SrTiO3 (001) conductive substrates were used
as the bottom electrodes (see Fig. 4). An E-beam evap-
oration technique was employed to deposit Ti-Au elec-
trode contacts on top of NiO film as shown in the figure.
First, a 5-nm titanium film was deposited as an adhe-
sive layer, then a 50-nm gold layer was deposited on the
top of the contact. The contact structure was duplicated
on bare part of the substrate to guarantee low contact
resistance between electrodes and attached indium wires.
The capacitance of the films was measured in the tem-

perature range from 10 to 300 K by applying a 1-mV
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Fig. 4. The schematic image of Nb-STO/NiO/Ti/Au pla-
nar capacitor.

Fig. 5. The measured dielectric permittivity of the NiO
films grown at different temperatures as a function of tem-
perature at 1 kHz. The inset shows details of the dielectric
behavior of the films at temperatures below 150 K.

AC voltage. Figure 5 shows that the dielectric permit-
tivity of NiO film grown at 100◦C changes dramatically
above 150 K, but the film grown at 700◦C does not show
any considerable change in the temperature range be-
tween 10 and 300 K as one expects for the NiO ionic
structure. The film grown at 400◦C shows a behavior
between these limits. These results, supported by the
crystalline differences between the films, reveal the in-
fluence of defects on the dielectric properties of nickel
oxide thin films. As was already discussed, lowering the
growth temperature results in a defective structure (in-
creased film mosaicity) which was concluded analyzing
shape of the theta rocking curves. The formed defects
offer a preferable place to accumulate charges and sub-
sequently increase the high-temperature dielectric con-
stant of the NiO film. It was already confirmed that
the localized space charges in nickel oxide are thermally
activated spices [36,37] which consequently increase the
high temperature and low frequency dielectric constant
of NiO. Increasing the growth temperature and achieving
less defective film (atomically long-range-ordered film)
dramatically decreases the high temperature dielectric
constant, which is expected due to the decrease of the
number of space charges in the film. Below 150 K (see

Fig. 6. The effect of the applied frequency on the temper-
ature dependence of capacitance and loss factor of the NiO
film grown at 100◦C.

the inset to Fig. 5), the dielectric permittivity of all three
samples does not show any abnormal behavior, and the
curves become flat. Within this range of temperatures,
the role of crystal lattice polarizability, which includes
electronic and ionic components, becomes more domi-
nant as compared to the space-charge polarizability. As
a result, the effect of strain on the dielectric properties
of NiO films becomes prominent. As the figure shows,
the sample, which was grown at 100◦C shows a dielectric
permittivity, which is much higher than in those grown at
400 and 700◦C. This behavior indicates that the tensile
strain in an ionic material can significantly increase the
dielectric permittivity, as it was predicted in the first-
principle calculations. This result directly comes from
the properties of the lattice dynamics of the ionic binary
oxides. The tensile strain decreases the frequency of the
transverse optical phonon mode, which was predicted by
Bousquet et al. [8] and BG Kim [9], which, subsequently,
increases the low-frequency dielectric constant according
to the Lyddane-Sachs-Teller relation [38]:

ω2
L

ω2
T

=
ε(0)

ε(∞)
, (1)

where ωT and ωL are the frequencies of the transverse
and longitudinal optical phonon modes, respectively, ε(0)
is the low-frequency dielectric permittivity and ε(∞) is
the high-frequency limit for electronic dielectric permit-
tivity.
To investigate the nature of polarization in more de-

tail, the dielectric properties of NiO grown at 100◦C were
measured at lower frequencies. Figure 6 shows that at 20
Hz, the anomalous contribution of space-charges to the
dielectric permittivity of the films starts from a lower
temperature. This is predictable, as the activation of
space-charge polarization is strongly dependent on the
applied frequency compared to the electronic and ionic
mechanisms. Below 100 K, both measured capacitance
show same value and become independent of the fre-
quency and temperature which indicates the dominant
contribution of electronic and ionic polarizations in the
dielectric permittivity of NiO film as these two mecha-
nisms are not frequency and temperature dependent.
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IV. CONCLUSION

Dielectric properties of the strained nickel oxide thin
films have been studied as a function of temperature from
10 to 300 K. It was shown that the induced defects, and
also strain play important role in the dielectric behavior
of the NiO thin films. The contribution of space-charge
polarization becomes dominant at higher temperatures,
while the contribution of intrinsic electronic and ionic
polarizations is more clear at temperatures below 100 K.
The dramatic increase in the dielectric permittivity at
high temperatures was attributed to the effect of space
charges in the more defective films. At low temperatures,
the strained films show some increase in the dielectric
permittivity compared to the relaxed films, which can
be interpreted based on the lattice dynamics properties
of the cubic rocksalt binary oxides.
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