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a b s t r a c t

Nickel oxide (NiO) thin films were prepared by reactive pulsed laser deposition on thermally oxidized
Si substrates in 10 Pa oxygen pressure. The substrate temperature during deposition was varied and
its influence on the structural, electrical and nanomechanical properties was studied. It was proved
that the structural properties were affected by the increase of substrate temperature improving the
crystalline structure. Furthermore, a higher substrate temperature resulted in a thicker NiO film, which
eywords:
LD
hin film deposition
ickel oxide
tructural

was attributed to an increased grain size. This effect influenced the electrical properties, too. Resistivity
measurements showed that it increased with the increase of substrate temperature. For the first time,
the nanomechanical properties of NiO films were studied. The formation and improvement of crystalline
structure affected the nanomechanical properties. Nanoindentation testing of NiO thin films revealed an
increase of hardness (H) and elastic modulus (E) and a decrease of surface roughness when increasing

e.
lectrical
echanical properties

the substrate temperatur

. Introduction

NiO is a well-known antiferromagnetic material [1], and a
etal-deficient p-type semiconductor [2] with a 3.6 eV band gap

3]. Nickel oxide (NiO) films have a wide range of applications due
o their excellent chemical stability. They have been used as cata-
ysts [4], electrochromic display devices [5], fuel cells [6] and gas
ensors [7]. NiO thin films usually exhibit p-type conductivity due
o holes generated by Ni vacancies in the lattice and therefore NiO
s an interesting candidate for materials research. Although struc-
ural and electrical properties of NiO films have been studied before,

echanical properties have been less investigated [8].
NiO thin films have been deposited by different techniques,

ncluding chemical self-assembling [9], sol–gel [10], RF sputter-
ng [11], DC sputtering [12] and recently pulsed laser deposition
PLD) [13–15]. Preparation methods are essential for determining

he microstructure and consequently the functional properties of
ynthesized structures.

In this work, reactive pulsed laser deposition (RPLD) was used
or the deposition of NiO thin films at different substrate tem-
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peratures. The effect of substrate heating during deposition on
the structural, electrical and nanomechanical properties was stud-
ied.

2. Experimental details

The RPLD experiments were performed in a stainless steel vac-
uum chamber, which was evacuated down to a residual pressure
of 6 × 10−4 Pa before the target was irradiated by the laser. Pulses
from a KrF* excimer laser (� = 248 nm, 10 ns pulse duration) source
at 10 Hz repetition rate were focused on the surface of Ni targets.
The laser fluence incident on the target surface was set at 5.5 J/cm2.
To deposit each film, 60,000 subsequent laser pulses were applied
in 10 Pa oxygen ambient atmosphere.

The target was placed on a pC-controlled XY translator, to avoid
drilling under the action of repeated laser pulses. (0 0 1) Si sub-
strates, with a thermally oxidized layer of ca. 190 nm, were placed
parallel to the target at a distance of 50 mm. Both targets and
substrates were carefully cleaned with acetone in ultrasonic bath
before being placed into the vacuum chamber. During film growth
the substrates were either kept at room temperature (RT), or heated
at constant temperatures 100, 200, 300, 400 ◦C.
The resistivity of the films was measured using the Van der
Pauw method. The crystalline status of the thin films was studied
with X-ray diffraction (XRD) using a Philips MRD diffractometer in
the � − 2� mode. The Cu K� radiation (� = 1.5418 Å) was chosen for
spectra recording. Optical reflectance measurements were carried
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Table 1
Grain size as a function of substrate temperature.

Substrate temperature (◦C) Grain size (nm)

RT 19
30 I. Fasaki et al. / Applied Sur

ut with a PerkinElmer Lambda 19 spectrophotometer within the
00–1000 nm wavelength range.

The indentation analysis was performed using a Hysitron
riboLab® Nanomechanical Test Instrument. The instrument
llows the application of loads from 1 to 10,000 �N and the record-
ng of penetration depths as a function of applied loads with a high
oad resolution (1 nN) and a high displacement resolution (0.04 nm)
16]. A Berkovich diamond indenter was used, with a maximum
oad range 350–700 �N at room temperature. These loads corre-
pond to a displacement of the indenter into the sample of ∼35 nm
<10% of the films’ thickness), which is a representative of the film

echanical properties independent of the substrate effect [17].
Experiments were performed in a clean area environment with

45% humidity and 23 ◦C ambient temperature. In all depth-
ensing tests a total of 10 indents were averaged to determine the
ean hardness [H] and Young’s modulus [E] values for statistical

urposes, with a spacing of 50 �m. The TriboLab® Nanomechanical
est Instrument employed in this study is equipped with a Scan-
ing Probe Microscope (SPM), in which a sharp probe tip is moved

n a raster scan pattern across a sample surface using a three-axis
iezo-positioner.

. Results and discussion

.1. Structural properties

The X-ray diffractograms of films deposited on Si substrates of
ifferent temperatures are shown in Fig. 1. The film deposited at
T is poorly crystallized, the peak centered at 43.3◦ according to
he JCPDS 780643 is attributed to the (2 0 0) lattice plane reflection
f the cubic NiO phase. The line seen at 41.9◦ in this diffractogram
ould not be definitely assigned: detailed literature research has
evealed two candidates for this line. The first one at 41.5◦ corre-
ponds to the (0 0 2) lattice plane reflection of the metallic Ni cubic
hase [18], directly originating from the Ni target. The second one
t 42.2◦ may be due to a NixSiy compound [19], formed by diffu-
ion in the film–substrate interface. Further research is necessary

o clarify this issue.

At higher temperature (100 ◦C), the intensity of the NiO peak
ncreases and a new peak with low intensity, corresponding to
he (2 2 0) lattice plane of NiO, appears. When the substrate tem-

Fig. 1. Diffractograms of films deposited at different temperatures.
100 21
200 22
300 21
400 32

perature is equal to or higher than 200 ◦C, the main peak at the
diffractograms is the (1 1 1).

NiO films with (2 0 0) or (1 1 1) preferred orientations, are good
candidates for the buffer layers of oriented oxide films, such as
c-axis-oriented perovskite-type ferromagnetic films, and (1 1 1)-
oriented spinel-type ferromagnetic films. This is because they are
chemically stable, similar in symmetry to the oxygen ion lattice, and
their lattice constants are between those of the NiO films and the
oriented oxide films. Therefore, NiO film with a preferred crystal-
lographic orientation is important when it is used as a buffer layer.
The dependence of crystallinity on substrate temperature can be
explained as follows. During the deposition process, atoms travel
some distance before they impact on the sample surface to form the
deposited film. At higher substrate temperatures, the extra thermal
energy provided by the substrate to the atoms is used by the latter to
reach equilibrium positions. Therefore, there is greater probability
of forming a more perfect crystalline structure at higher substrate
temperatures [20].

The average crystallite size D, was calculated from the (2 0 0)
diffraction line, as it is present in all samples, using the Scherrer
formula:

D = 0.9 · �

FWHM · cos �
(1)

Here � = 1.5418 Å, FWHM stands for full-width of the diffraction line
at half-maximum intensity, while � is the diffraction angle. As can
be seen in Table 1, grain size slightly increases following the heat
treatment, which indicates films restructuring, leading to improved
crystallinity.

The grain size of nickel oxide grains increases with increas-
ing substrate temperature. At lower substrate temperature, the
deposited atoms are expected to have low surface mobility. Restric-
tive diffusion of atoms prevents crystal growth at energetically
favourable sites and promotes atoms to nucleate at new sites.
It results in a structure of smaller grains and relatively weaker
preferred orientation compared to those obtained at higher sub-
strate temperatures. At higher substrate temperatures, atoms have
enough kinetic energy to diffuse to the preferred nucleation sites.
Easy propagation of atoms results in the development of a strong
preferred orientation. The crystallite size also has strong depen-
dence on the substrate temperature.

From the diffractograms of Fig. 1 it is evident that the film textur-
ing (preferred orientation) is strongly dependent on the substrate
temperature. For example, while at 100 ◦C the (2 0 0) peak domi-
nates, at 300 ◦C this peak decreases in favour of the (1 1 1) peak.
For higher temperature, the (1 1 1) peak decreases again in favour
of the (2 0 0) and (1 1 1) peaks. Texturing changes due to a differ-
ent growth temperature is not an unusual phenomenon, as during
the film growth a simultaneous film annealing is also taking place.
This is in particular valid at higher temperatures. For example, we
have observed in the past a texturing change for ZnO thin films:
while for the as-deposited ZnO films, the (1 0 1) peak was the dom-

inating peak, after annealing at 500 ◦C, the (0 0 2) peak dominated.
Such results indicate that film orientation is self-optimized for each
substrate temperature and that high temperatures favour the for-
mation of nickel oxide films with larger crystalline size as shown
[21,22].
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Fig. 2. Typical reflectivity spectrum of a NiO thin film.

.2. Optical properties

The reflectance of the films was recorded in order to optically
easure the film thickness. In Fig. 2, a typical reflectance spec-

rum can be seen. The Manifacier formula was used to calculate the
hickness of the NiO thin films [23]:

= M · �1 · �2

2 · [n(�1) · �2 − n(�2) · �1]
(2)

here M is the number of oscillations between the two extremes
M = 1 between two consecutive maxima or minima), �1, n(�1) and
2, n(�2) are the corresponding wavelengths and indices of refrac-
ion.

The calculated thickness of the films is shown in Fig. 3. It is
bvious that the thickness is affected by the substrate temperature
ainly at low temperatures. The thickness is almost constant for

emperature above 200 ◦C. The increase of the thickness is related
o the increase of the grain size.

.3. Electrical properties
The resistivity was measured by the Van der Pauw method (four
oint method) and its dependence on the substrate temperature

s presented in Fig. 4. The resistivity is affected by the substrate

Fig. 3. Film thickness values at different deposition temperatures.
Fig. 4. Resistivity versus substrate temperature.

temperature, mainly at temperatures higher than 200 ◦C, and it
increases with the substrate temperature.

The electrical conductivity of NiO is strongly related to the for-
mation of microstructural defects inside the NiO crystallites, such
as nickel vacancies and interstitial oxygen. As the XRD results
indicate, the increasing substrate temperature leads to a more per-
fect crystalline structure thus decreasing the carrier concentration
[20], which is induced by microstructure defects in the films. Non-
stoichiometric nickel oxide is known as a p-type semiconductor,
in which vacancies occur in cation sites. From each cation vacancy,
two electron holes are formed. The carriers existing in NiO films are
electron holes, which are responsible for the electrical conductivity
of the undoped nickel oxide.

The resistivity (�) is inverse proportional to the product of the
carrier concentration nh with their mobility �. The increase of the
substrate temperature results in an increase of � because the grain
boundaries as well as the defects inside the crystallites become less,
while the nh reduces, due to the improved stoichiometry of the film.
However, these two different approaches are responsible for the
existence of the minimum of � (at approximately 150 ◦C). In the
substrate temperature range between 25 and 150 ◦C, the decrease
of the resistivity indicates that the increase of � dominates the
decrease of nh. For substrate temperatures above 150 ◦C, the resis-
tivity increase is attributed to the strong reduction of the carrier
concentration nh [20,22].

3.4. Nanomechanical properties

The load–displacement curves, to the same contact depth, for
two representative NiO films, measured by nanoindentation are
shown in Fig. 5. The load–displacement curves are used for the
calculation of elasticity percentage by the formula:

%R = Atotal − A1

Atotal
× 100

where Atotal is the total area under the load curve and A1 is the
area under the displacement curve. The dependence of %R on the
substrate temperature is shown in Fig. 6.

It is clear that the area between the curves, which represents

the plasticity percentage (1-%R), is smaller as the substrate tem-
perature rises. The film deposited without heating the substrate
has the lowest elasticity percentage. For substrate temperatures
>100 ◦C, the elasticity percentage increases due to narrower grain
boundaries and thus better elastic behaviour.
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Fig. 5. Load–displacement curves from two representative NiO films. (a) NiO film
deposited in room temperature (RT), and (b) NiO film deposited with substrate
temperature 400 ◦C.

Fig. 6. Elasticity percentage %R versus substrate temperature.
Fig. 7. Hardness (H) and elastic modulus (E) versus substrate temperature.

The hardness (H) and the elastic modulus (E) of NiO thin films
are measured by nanoindentation and their dependence on the
substrate temperature is presented in Fig. 7. It is obvious that the
substrate temperature affects the hardness and the elastic modulus
and its increase leads to an increase of these values.

We are not aware with any previous study concerning the mea-
surement of H and E for NiO films. The H values measured in our
work are in the range: 4.1–9.7 GPa, depending on the substrate
temperature. Sputtered nickel films revealed hardness value of
3.12 GPa, while the hardness value of bulk nickel is 2.45 GPa [24].
Ni films fabricated by pulse electrodeposition revealed a hardness
of about 7.8 GPa, and Young’s modulus of about 215 GPa [25]. For Ni
coatings prepared by powder injection laser cladding and for inden-
tation depths, comparable with those of our work, hardness values
∼9 GPa have been measured by nanoindentation [26]. Nanoinden-
tation tests on electrodeposited Nickel specimens of nominal 20 nm
grain size revealed a hardness value ∼7 GPa. It should be noted that
the strain-rate sensitivity is a strong function of grain size [27].

The E values measured in our work are in the range:
101–161 GPa, depending on the substrate temperature. Elastic
modulus values for ternary Ni-base superalloy have been found in
the range between 142 and 158 GPa [28].

In the case of titanium oxide films grown by using cathodic vac-
uum arc deposition [29], the nanohardness values are 6.9, 9.2 and
10.1 GPa for the as-deposited amorphous, post-annealed anatase
and in situ heated anatase states respectively, depending on the
O/Ti ratio. In other cases, the nanohardness was not dependent on
the O/metal ratio. The nanohardness was constant over the O/Al
range between 1.30 and 1.72 [30]. Hardness is a complex prop-
erty related to the microstructure of the film and to the strength of
interatomic forces, and depends on more than one variable [16].

Adhesion characteristics of the various coatings are examined
using the nanoindenter under the applied loads (up to 1000 �N).
Arai et al. [31] examined the failure modes of thin coatings follow-
ing their indentation and argued that their adhesion characteristics
could be categorized into five general groups depending on the
presence (or not) and appearance of the radial or lateral cracks
around the indentation. Based on the indentation traces in this
work, only failure mode characterized by plastic deformation was
occurred. The lack of cracking or flaking in this failure mode indi-
cates that the coating has excellent adhesion properties.

The surface roughness of NiO thin films versus the substrate

temperature is presented in Fig. 8. The increase of substrate temper-
ature results in the decrease of the surface roughness. The rough-
ness of the films deposited at RT is 25%, at 100 ◦C is 7%, at 200 ◦C is
27% and at 300 ◦C is 4% higher than the average grain size, respec-
tively. On the other hand, the roughness of the film deposited at
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Fig. 8. Surface roughness of NiO films at different substrate temperatures.

00 ◦C is 66% lower than the average grain size. The roughness of the
lm deposited at RT is 40 nm and decreases to 10 nm when the sub-
trate is heated at 400 ◦C during deposition. As a result, the surface
f the films becomes smoother as the substrate temperature rises.

The deposited atoms on the substrate at low temperatures have
he tendency to crystallize at planes with the lower energy creat-
ng rough surfaces. The decrease of the roughness occurs because
he increase of the temperature offers enough thermal energy at
toms deposited on the substrate in order to crystallize at planes
ith lower roughness [32]. Chen et al. studied the effect of substrate

emperature and the power on the roughness of NiO thin films.
hey also found that the sputtering power is an important deposi-
ion parameter that affects the surface roughness. In our case, the
ecrease of roughness is possible to happen by decreasing the laser
uence. Lower laser fluence will also lead to lower resistivity.

The surface roughness decreases with the temperature and the
rain size substantially increases. This is very reasonable since the
rowth kinetics becomes more significant with increasing temper-
ture. The observed behavior is consistent to the structural zone
odel (SZM) [33], which is valid for ZnO [34]. Thus, with increas-

ng temperature we can observe a smooth and gradual transition
rom a fibrous microstructure (zone I), which is characterized by
mall grain size, low density and high surface roughness, to a
ore compact structure (zone II), which is characterized by big-

er grain size, high density (close to bulk) and smooth surfaces.
aking into account that for a single phase material the hardness
s correlated with density [35] then our data are consistent with
his scenario, i.e. we observe a transition from small grain size/low
ensity (hardness)/high roughness to bigger grain size/higher den-
ity (hardness)/lower roughness with increasing temperature. Such
ehaviour has been also observed for TiN films [36] and ZrO2 [37].

The substrate temperature is therefore an important deposition
arameter which affects the structural, electrical and nanomechan-

cal properties of NiO thin films.

. Conclusions

It was proved that the structural properties of NiO thin films

ere strongly affected by the substrate temperature. Improvement

f crystalline structure implied bigger crystallite size. Further-
ore, at higher substrate temperatures the film thickness remained

lmost constant. Bigger grain size resulted in less grain boundaries

[

[

ience 257 (2010) 429–433 433

and this effect influenced the electrical properties, a fact that makes
NiO thin films appropriate for microelectronics applications. Cal-
culation of resistivity showed that it increased with the increase
of substrate temperature. For the first time, the nanomechanical
properties were studied and found that they were affected by the
formation and improvement of crystalline structure. Nanoindenta-
tion testing of NiO thin films revealed an increase of hardness (H)
and elastic modulus (E) and a decrease of surface roughness when
increasing the substrate temperature.
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