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Abstract

The effect of sputtering power (P=60 W-180 W) on the electrochromic properties of nickel oxide films deposited on ITO-
coated glass substrates by the radio frequency magnetron sputtering technique was investigated. Crystalline structure and
morphology were assessed by X-ray diffraction and scanning electron microscopy, respectively. The effect of sputtering
power on electrochromism of the samples was evaluated with cyclic voltammetry and chronoamperometry. A solution of
LiClO4 in propylene carbonate was used for Li insertion/extraction. The chemical composition of the samples before and
after Li intercalation were analyzed by X-ray photoelectron spectroscopy (XPS). We observed the cubic phase of NiO
with sputtering power mainly affecting crystallinity and grain size. These in turn have an effect on the electrochromic
properties. Coloration efficiency reduces from 8.03 cm2/A·s to 3.52 cm2/A·s as sputtering power increases from 60 W to
180 W. XPS analysis reveals that higher values of P promote the formation of nickel hydroxides on the film surface. As
consequence of changes in crystallinity and morphology the presence of nickel hydroxides increases, showing that not only
the electrochromic properties of the samples are affected by the sputtering power but also their chemical composition.

Key words: Thin film, Transition metal oxide, Electrochromic devices.

1. Introduction

Electrochromic materials are materials capable of chang-
ing their optical properties when ions are intercalated or
deintercalated as an electric field is applied. Due to this pe-
culiarity, these materials can be exploited to develop elec-
trochromic devices (ECD), controlling in this way, proper-
ties such as transmittance and absorbance. Accordingly,
some of the applications where these devices can be found
are displays, touch screens, smart phones, sunglasses, smart
windows, adjustable reflectivity car rear view mirrors, gas
sensors and active optical filters among others [1–6]. An
ECD is made of a pile of at least five layers of different
materials in a sandwich arrangement. The external lay-
ers are transparent conductors where electric contacts are
attached. Next, on each side, two electrodes are placed:
one cathodic electrode and one anodic electrode; and in
the middle an electrolyte is placed as ionic conductor.
The applied voltage generates an electric field between the
electrodes that makes ions flow from the electrolyte to an
electrode. Ions eventually are displaced and captured in
the crystalline lattice of one of the electrodes, modifying

∗Corresponding author
Email address: sanmaikel23@gmail.com (Juan R. Abenuz

Acuña )

its optical properties [3, 4, 6, 7]. There are several in-
organic compounds that are commonly used in the fabri-
cation of electrodes for ECD. These are transition metal
oxides (TMO) where TM is a transition metal such as W,
Co, Ni, Ta, Mo, Ir, Ti, V, Mn, Nb, etc. The most studied
oxide in ECD is WO3 that has one of the largest coloration
efficency among the oxides (54.8 cm2/A·s at 633 nm) [10–
13].

On the other hand, more recently, people have turned
their attention to NiO [2, 3, 6–9]. Nickel oxide (NiO) is a
semiconducting compound crystallizing in either cubic or
hexagonal structure. The spatial group for the cubic phase
is Fm3̄m with lattice parameter of 4.17 Å. This material
exhibits properties of a p-type semiconductor with a band
gap ranging from 3.4 eV to 4 eV [14–17]. Nickel oxide
exhibits electrochromic properties that makes it a good
candidate as an anodic material in ECD due to its low
cost, good cyclic reversibility and its respectable coloration
efficiency (CE=42 cm2/A·s at 550 nm) [4, 6, 7], which is
close to that of WO3.

The growth of NiO films has been investigated us-
ing various techniques such as chemical vapor deposition
[18, 19], spin coating [20, 21], sol-gel method [22, 23],
pulsed laser deposition [9, 24], spray pyrolysis [25, 26], and
radio frequency/direct current sputtering [14, 27–30]. Ra-
dio frequency sputtering is a convenient technique because
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offers a better control over the deposition parameters such
as thickness, substrate temperature, and transfer of the ex-
act chemical composition [31]. Previous work has focused
on investigating how electrochromic properties are affected
by deposition parameters as annealing temperature, oxy-
gen concentration, substrate temperature, etc. [2, 3, 7–9].
However, to our knowledge there are no works assessing
the effect of sputtering power on the electrochromic prop-
erties.

In this research we investigate the sputtering power ef-
fects on the electrochromic properties of NiO films grown
by radio frecuency (RF) magnetron sputtering. Crystalline
properties and morphology were characterized using X-
ray diffraction (XRD) and scanning electron microscopy
(SEM) respectively. Electrochromic properties were eval-
uated with cyclic voltammetry and chronoamperometry
using a solution of lithium perchlorate in propylene car-
bonate (LiClO4−PC). In order to study the chemical com-
position before and after Li intercalation X-ray photoelec-
tron spectroscopy (XPS) measurements were performed.
The present work is valuable to establish the sputtering
power as a parameter for manipulating the electrochromic
properties of NiO-based ECD.

2. Experimental

2.1. Film growth and annealing

Two groups conformed by three nickel oxide films with
a thickness of 200 nm were deposited using a RF mag-
netron sputtering system Kurt J. Lesker with a 300 W
power supply. One set of films were grown on ITO/glass
substrates using a nickel target (99.99% purity) at differ-
ent sputtering power, that is: P=(60, 140, 180) W and so
were labeled S60, S140, and S180, respectively. ITO/glass
substrates were acquired from MTI corporation with an
area of 3 cm × 1 cm. The thickness of the glass layer
is 2.2 mm and that one of ITO is about 200 nm. The
other set of films were grown on Si(100) substrates at the
same sputtering powers. To obtain the NiO phase, the
two groups of films were exposed to a postdeposition heat
treatment inside the vacuum chamber for 1 hour at 200◦C
under an oxygen atmosphere (99.95% purity) at 101×103

N/m2. Table 1 gives a summary of the deposition param-
eters. The films deposited on Si substrates were just used
to check sample crystallinity and the others were used for
the rest of the study.

P/W 60, 140, 180
Target Ni (99.99%)

Substrate type Si(100) and ITO/glass
Ts/

◦C 25
PB/(N/m2) 0.013
PAr/(N/m2) 1.3

Table 1: Deposition parameters for the films: sputtering power (P ),
target type, substrate type, substrate temperature (Ts), base pres-
sure (PB), Ar partial pressure (PAr) .

2.2. Characterization

To study the crystalline properties, films were charac-
terized using a diffractometer Siemens model D-5000 with
Cu K alpha radiation (λ0=1.540 Å). XRD patterns were
taken at steps of 0.02◦ with a time per step of 3 s in a
Bragg-Brentano configuration, with a voltage of 34 kV
and a current of 25 µA. For morphology study we used
a scanning electron microscope Hitachi su5000. The im-
ages of the films deposited at P=60 W were taken with a
magnification of 500 kX and voltage of 15 kV. The films
deposited at higher P were measured with a magnifica-
tion of 100 kX and voltage of 20 kV. We used a different
magnification for S60 because we wanted to observe the
film texture and compute the number of grain boundaries.
The surface of S60 is pretty smooth and diffused and at
the same magnification as the others the grain boundaries
cannot be visualized (and thus quantified). The trans-
mittance of the samples before Li intercalation was evalu-
ated using a UV-VIS system VWR UV-1600PC in a wave-
length (λ) range from 250 nm to 1 000 nm. To verify
the effect of sputtering power on electrochromism of our
samples, cyclic voltametry (CV) and chronoamperometry
(CA) measurements were carried out using a CorrTest
CS350 electrochemical station in a typical three electrode
arrangement. Films were used as working electrodes, and
the set was completed with a platinum counter electrode
and an Ag/AgCl reference electrode. A cubic optoelec-
trochemical cell (125 cm3) was filled with an electrolyte
of LiClO4 in propylene carbonate (1 M). Transmittance
was measured at λ0=637 nm, using a high sensitivity light
sensor PASCO (model CI-6604) connected to acquisition
data system PASCO (model UI-5000). CV measurements
were performed between -3 V and 3 V with initial volt-
age V0=3 V and scan rate of 100 mV/s during 30 cycles.
CA curves were obtained between -3 V and 3 V (V0=3 V)
and width step equal to 10 s during 10 steps. To assess
the chemical composition of the samples, XPS measure-
ments of the Ni 2p and O 1s core-levels were carried out
using a Thermo Fisher Scientific K-alpha XPS spectrom-
eter. Spectra were generated by monochromatic K-alpha
radiation (1486.6 eV) with 30◦ of incident angle between
the sample and the X-ray beam. Chemical composition
was measured before and after Li intercalation. Resulting
spectra were analyzed using CasaXPS software (version
2.3.19PR1.0). A line shape (Gaussian 70% - Lorentzian
30%) defined as GL(30) was used for each component and
a standard Tougaard background. Ni spectra were decon-
voluted using doublets with splitting of 17.3 eV.

3. Results and discussion

3.1. Crystalline Structure

Samples grown on Si substrates exhibit a diffraction
pattern with well localized peaks demonstrating the growth
of a crystalline phase (see figure 1). The patterns can
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Figure 1: Diffraction pattern for the films deposited at different sput-
tering powers. Green bars at the bottom correspond to the reference
PDF 00-004-0835.

be indexed to the cubic nickel oxide phase (PDF 00-004-
0835), with a spatial group Fm3̄m, main diffraction peaks
at 2θ = 37◦, 43◦, 62◦, and 75◦; and lattice parameter
a = 4.17 Å. In the case of S60, diffraction peaks corre-
sponding to the crystallographic planes (111) appear with
low intensity, an indicative of a low crystallinity. We be-
lieve that this is due to the low energy of most of the Ni
atoms ejected from the target. As the low energy atoms
arrived at the substrate surface, they do not have enough
energy to be trapped and only those with enough energy
are captured and reside in lattice sites, favoring an amor-
phous phase of Ni [32–34].

During the annealing process vacancies are generated
and oxygen is adsorbed from the environment tending to
form the cubic phase of NiO, however given the amorphous
nature of Ni layers, a longer annealing time is required for
the atoms to diffuse and order periodically thus manifest-
ing low crystallinity. This is reasonable, for increasing P ,
most atoms from the target have enough energy to be cap-
tured by the substrate and reside in preferential sites, this
in turn promotes, during annealing, the crystal ordering
around these sites and thus inducing the appearance of
diffraction peaks corresponding to crystallographic planes
(111), (200), (220), and (311) as can be seen in the rest of
the films. All these films showed a preferential orientation
along the (200) plane. The crystallite size (Dc) of the sam-
ples was estimated for the most intense peak according to
Scherrer equation:

Dc =
Kλ0

β cos θ
(1)

where K = 0.9, λ0 = 1.540 Å, and β is the full width at
half maximum of a peak. Results obtained for crystallite
size were 119 nm, 11 nm and 15 nm for S60, S140 and
S180, respectively.

Figure 2: Morphology for films a) S60, b) S140 and c) S180. See text
for details.

3.2. Morphology

The morphology of the films is shown in figure 2. The
analysis reveals the presence of a smooth granular compo-
sition, with diluted roughness for S60. A smooth surface is
expected for low sputtering powers since deposition takes
place with low energy atoms. In the case of S140 and
S180, the morphology is also granular but coarse, with
marked grain boundaries. A. Ahmed et al. grew several
NiO films at 200 W with RF sputtering technique and re-
ported a morphology similar to ours [35]. The images of
figure 2 were used to estimate the average grain size and
the percentage of area occupied by the grain boundaries as
a function of P (see table 2). By comparison we see that
the values show a similar trend, the lowest values for DG
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Sample DG/nm Percentage of area
occupied by

grain boundaries/ %
S60 10.1±0.1 32±0.6
S140 32.1±0.8 36±0.3
S180 28.7±0.6 33±0.3

Table 2: Average grain size and percentage of area occupied by grain
boundaries for all samples.

and the percentage of area are for S60, as a result of incre-
ment in sputtering power S140 exhibits the highest values
and then decreases for S180. The lowest value in the area
occupied by grain boundaries of sample S60 can be there-
fore related to the regular shape that the grains exhibit
and the absence of cracks on the surface. On the other
hand, increment in the area occupied by grain boundaries
for the others samples can be associated to the morphol-
ogy showed by the samples S140 and S180 with noticeable
cracks on surface [35].

3.3. Electrochromic properties

In order to study the effect of sputtering power on the
electrochromic properties of NiO films chronoamperom-
etry (CA), cyclic voltammetry (CV) and transmittance
measurements were performed for all samples. Before Li
intercalation the effect of P on the transmittance of films
was evaluated. Figure 3 shows the transmittance for all
samples. Overall, the transmittance decreases as P in-
creases. The higher transmittance measured for S60 can
be related to the lowest crystal ordering of this film.

Curves obtained from electrochromic measurements are
shown in figure 4. CA and transmittance for S60, S140
and S180 (figure 4a, c and e respectively) show that color-
ing process shows up during negative current density and
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Figure 3: Trasmittance for a) S60, b) S140 and c) S180 before Li
intercalation.

the bleached process for positive current density [4]. Col-
oration efficiency (CE) is the most important property for
electrochromic materials and it is defined as

CE =

∣∣∣∣∆OD∆Q

∣∣∣∣ (2)

where

∆OD = ln

(
Tb(λ0)

Tc(λ0)

)
(3)

is called the optical density and ∆Q the inserted or ex-
tracted charge. Tb and Tc are the transmittance in bleached
and colored states at wavelength λ0.

Coloration efficiencies are 8.02 cm2/A·s, 4.81 cm2/A·s
and 3.52 cm2/A·s for S60, S140, and S180, respectively
(table 3). This indicates that sputtering power affects the
electrochromic properties, reducing the CE as P increases.
As we have found above, such changes can be attributed
to variations in cristallinity and morphology (figures 1 and
2). According to Kailing Zhou et al. amorphous NiO
films with a further improvement in cristallinity exhibits
higher values of CE as a result of large amounts of ac-
tive sites for electrolyte diffusion. Consequently an en-
hancement in crystal ordering generates the decrement of
CE [5] as occurs here. Possibly the improvement in crys-
tallinity with P intensifies the variations in lattice stress
and rises the formation of defects as a consequence of Li in-
sertion/extraction that reduces the absorption and trans-
mission of light. Complementary, the increase in average
grain size and area occupied by grain boundaries as P in-
creases (figures 2 and table 2) contributes to high stress
and a large expansion/contraction of grains due to Li in-
tercalation that provokes the mechanical deterioration of
the film [5, 7] affecting the change in transmittance and
CE.

CV measurements for all samples are shown in figures
4b, d and f respectively, only cycles 10, 20 and 30 were plot-
ted. Inset figures display the transmittance for all cycles.
In the loops for S60 and S140 (figure 4b and d) we observe
that the current density at oxidation peak remains stable
around 1.18 mA/cm2 at -0.38 V and 2.06 mA/cm2 at -0.46
V respectively. The graph for S180 (figure 4f) exhibits
an increment from 1.62 mA/cm2 to 1.94 mA/cm2 as the
number of cycles rises, suggesting a high reaction activity
[36]. Reduction peak was analyzed and S60 shows the peak
around 0.043 mA/cm2 at -0.98 V just for cycle 10. The in-
crease in current density beyond the reduction peak for all
samples is probably related to a high electron conductivity

Sample ∆T
% ∆OD ∆Q

(A·s)·cm−2
CE

cm2·(A·s)−1

S60 60.3 0.99 -0.12 8.02
S140 51.4 0.92 -0.19 4.81
S180 35.7 0.64 -0.18 3.52

Table 3: Electrocromic properties for the samples: Optical modula-
tion (∆T ), change in optical density (∆OD), charge difference (∆Q)
and coloration efficiency (CE).
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Figure 4: Chronoamperometry and transmittance for S60 (a), S140 (c), and S180 (e); and cyclic voltammetry and transmittance (insets) for
S60 (b), S140 (d), and S180 (f).

in the colored state and internal electronic leakage arising
from defects such as metallic particles, pinholes and dust,
as a consequence the current density is composed of ki-
netic transfer of Li+ ions, reversely kinetic transfer of the
charge-balancing electrons and leakage-inducing electrons
[4]. Cycles 20 and 30 reveal the absence of the reduction
peak suggesting a higher contribution from leakage cur-

rent. S140 does not exhibit a reduction peak in any cycle
while S180 and S60 exhibit a similar behavior in the 10
cycle with a current density peak at -0.77 V. The trans-
mittance and therefore the optical modulation decreases
as the number of cycles evolve.

The maximum transmittance dependence of the sput-
tering power after the first cycle was analyzed for the three
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Figure 5: (Color online) S60 dipped in the electrolite solution in the bleached (left) and colored (right) states at a bias of −3 V

samples. We observe a decrement of the transmittance
from 90.8% at 60 W to 75% at 180 W; indicating that
higher sputtering powers reduced the maximum transmit-
tance. Since we have determined that higher sputtering
power favors the crystallinity of films, larger grain bound-
aries and larger grains, this seems to affect also the Li
intercalation, the absorption of light and thus the trans-
mittance. Electrochromic measurements suggest that elec-
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Figure 6: XPS spectra for Ni 2p3/2 core-level of a) S60, b) S140 and
c) S180 before Li intercalation.

trochromic properties of NiO changes by varying the sput-
tering power P .

3.4. Chemical analysis

XPS measurements were performed for all samples be-
fore and after Li intercalation to study the effect of sput-
tering power on the chemical composition. Li intercalation
was attained by dipping the sample in the electrolite and
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Figure 7: XPS spectra for O 1s core-level of a) S60, b) S140 and c)
S180 before the Li intercalation. Inset show the core-levels near to
Fermi level.
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applying a bias of −3 V for 1 s, thus leaving the sam-
ples in the colored state (see figure 5). The spectra for Ni
2p3/2 and O 1s core-levels of S60, S140 and S180 before Li
intercalation are presented in the figures 6 and 7, respec-
tively. We just show the Ni 2p3/2 signal since this part
of the spectrum contains the most relevant information
on the oxidation states of nickel. A peak at 853.7 eV in
the Ni spectra is observed, corresponding to Ni2+ for NiO
phase. Peaks at 854.3 eV and 855.8 eV are attributed
to Ni(OH)2 and NiO(OH) (oxidation state Ni2+ and Ni3+,
respectively) [37–41].

According to Rui-Tao et al. [3], OH− groups can be
adsorbed on the surface of NiO films when there are small
amounts of water. The presence of both NiO(OH) and
Ni(OH)2 in our samples can be associated to water ad-
sorbed from the environment during film manipulation.
These peaks suggest an admixture of these compounds on
the surface, however, the Ni(OH)2 signal is lower than the
signal of NiO(OH), indicating a higher presence of this last
nickel hydroxide [24, 40, 42]. We also analyzed the C 1s
core-level (not shown) and observed carbon contamination
which is adsorbed mainly during film manipulation, sug-
gesting that the water comes also from the environment.
One peak at 852.5 eV is observed for all samples that is
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Figure 8: XPS spectra for Ni 2p3/2 core-level of a) S60, b) S140 and
c) S180 after the Li intercalation.

due to the presence of metallic Ni [40, 41]. Perhaps, its
presence is associated to reduction of nickel atoms present
in different nickel compounds as a result of the annealing
process, especially at the surface [43]. Peaks observed be-
yond 860 eV (red dash lines) are attributed to shake-up
satellites [44].

The O 1s core-level are presented in figure 7. A low
binding energy peak at 529.7 eV corresponding to NiO
phase appears. The peak at 531.2 eV can be attributed
to NiO(OH) [37–41]. Peaks observed at higher binding en-
ergies ( 532.2 eV) can be related to organic contamination
such as carbon which is ubiquitous in most samples and
is adsorbed easily when the samples are exposed to the
environment [40]. To confirm the presence of NiO phase,
we also measured the valence band (insets in figure 7).
The typical spectra corresponding to NiO is observed for
all samples, with peaks at (1.9, 8.9) eV associated to hy-
bridization of Ni 3d and O 2p core-levels (Ni 3d/O 2p).
Another peak appears at 21.3 eV corresponding to O 2s
core-level. These results suggest a high presence of NiO
and a hydroxilation of the surface. To determine the oxy-
gen and nickel concentration for NiO phase in our samples,
we computed the oxygen to nickel ratio (O/Ni) by estimat-
ing the area under the peaks of Ni 2p and O 1s core-levels,
respectively. The ratios were 1.33, 1.15, and 1.39 for S60,
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Figure 9: XPS spectra for O 1s core-level of a) S60, b) S140 and c)
S180 after the Li intercalation.
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S140 and S180, respectively. Accordingly, these results im-
ply the formation of nickel hydroxides at the surface and
the nonstoichiometry of the samples, suggesting that sput-
tering power affects the oxygen and nickel concentration.
Previous studies have reported an O/Ni ratio between 1.5
and 2 for both NiO(OH) and Ni(OH)2 [39].

To study the effect of P on the chemical composition
and their relationship with changes in electrochromic prop-
erties XPS spectra were analyzed after Li intercalation.
The spectra for Ni 2p3/2 and O 1s core-levels for all sam-
ples in the colored state are shown in figures 8 and 9 re-
spectively. For the Ni 2p3/2 core-level we identify the same
peaks as in the previous case. In addition to these peaks,
another signal is spotted at 857.6 eV that can be associated
to nickel hydroxides species [39–41], possibly NiO(OH) or
Ni(OH)2. We observe that the Ni2+ signal diminishes as
P increases while the signal attributed to nickel hydroxide
species increases. The spectra of the O 1s core-level (figure
9) show the same behavior as in the previous case, how-
ever a new peak at 531.5 eV, related to nickel hydroxides
[39–41, 45], appears for all samples. It is evident that the
signal associated to NiO (Ni2+) decreases as P increases
while the signal related to nickel hydroxides at 531.5 eV
increases. We thus assume that hydroxylation of surface
is taking place at higher sputtering powers. Our findings
strongly indicate that, after interacting with OH− ions,
NiO reversibly turns into NiO(OH) and from NiO(OH)2

to NiO(OH) [3, 24]. The existence of these nickel species
on the film surface before Li intercalation (figure 6 and
7) in addition to the presence of OH− groups in the elec-
trolyte as a result of small amounts of water, apparently
contributes to chemical mechanisms that facilitate the ap-
pearance of nickel hydroxides. Moreover, as a result of
changes in the morphology and crystallinity with changes
in P , large quantities of Li ions may be inserted and ex-
tracted from the film, rising the number of chemical reac-
tions that promote the hydroxilation of the film.

According to the preceding discussion, one realizes that
before Li intercalation, XPS analysis reveals the presence
of both NiO and nickel hydroxides on the surface. Also
we observe an effect of the sputtering power on the stoi-
chiometry of NiO. After Li intercalation, we observe the
same oxidation states as in the previous case, however the
atomic concentration of the Ni hydroxides largely differs
from that before Li intercalation. Therefore, it is clear that
changes in crystallinity and morphology driven by varia-
tions in sputtering power have an impact on the formation
of Ni hydroxides.

4. Conclusions

We deposited nickel oxide films at different sputtering
powers (60 W-180 W). Both film crystallinity and mor-
phology were affected by the changes in sputtering power.
The XRD characterization showed diffraction patterns cor-
responding to cubic NiO, manifesting a change in the pref-
erential orientation of the films, from the (111) crystallo-

graphic plane to the (200) plane as P increases. We found
a close relationship between the average grain size and
the area occupied by grain boundaries as a function of
P . Both quantities follow a similar tendency. S60 shows
the highest value of CE and drops for the other samples;
this behavior is related to the reduction of optical den-
sity as P increases. For CV measurements the maximum
transmittance in bleached states after the first cycle also
reduces as P increases. CA and CV measurements indi-
cate that as P increases CE diminishes. Chemical com-
position determined with XPS technique before Li inter-
calation shows the presence of several phases such as NiO,
NiO(OH), Ni(OH)2 and metallic Ni. The valence band as
well as the O/Ni ratio for all samples suggest that films
are mainly composed of NiO and the partial hydroxilation
of surface. After Li intercalation chemical composition ex-
hibit a relationship with P indicating that hydroxylation
of the surface is promoted at higher sputtering power as
a result of a possible increase in Li insertion in the film
lattice stimulated by the different morphologies and crys-
tallinities of the samples.

Results obtained from this research invariably indicate
that crystalline properties, morphology, chemical composi-
tion and electrochromic properties of NiO films deposited
by RF sputtering can be altered trough sputtering power
variations.
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Highlights 

 Nickel oxide films were grown on ITO-glass at different sputtering power (P). 

 

 We study the effects of P on the electrochromic properties of the samples. 

 

 We found that P affects the crystalline structure and morphology. 

 

 The hydroxylation of the surface is promoted at higher P. 

 

 Coloration efficiency reduces as P increases. 

Highlights
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