PROCEEDINGS OF THE INTERNATIONAL CONFERENCE
NANOMATERIALS: APPLICATIONS AND PROPERTIES
Vol. 2 No 1, 01PCSI30(7pp) (2013)

NABZHIS

SRS

Effect of Substrate Temperature on the Electrochromic Properties of Nickel Oxide Thin
Films by e-Beam Evaporation Method

K.J. Patelt, M.S. Desai?, C.J. Panchal?2*, P.K. Mehta3, .M. Pazukha?, 1.Yu. Protsenko#

1 Science and Humanities Department, BITS Education Campus, Varnama-391240, Vadodara, Gujarat, India
2 Applied Physics Department, Faculty of Technology and Engineering, The M. S. University of Baroda,
Vadodara-390001, Gujarat, India
3 Physics Department, Faculty of Science, The M. S. University of Baroda, Vadodara-390002, Gujarat, India
4 Applied Physics Department, Faculty of Electronic and Informational Technologies, Sumy State University,
2, Rymskogo-Korsakova Str., 40007 Sumy, Ukraine

(Received 09 July 2013; published online 31 August 2013)

Nickel Oxide (NiO), an anodic coloring material, is used as a counter electrode layer in Electrochromic
(EC) devices in combination with Tungsten Oxide (WOs3) as an EC layer. The NiO thin films were prepared
on glass and indium tin oxide coated glass substrates by e-beam evaporation technique at different sub-
strate temperatures ranging from room temperature (27 °C) to 400 °C. The crystallization of the film
improves with increase in substrate temperature as inferred from the glancing incident X-ray diffraction
measurement. The increase in substrate temperature of the films causes an increase in the transmittance.
The electrochromic properties of NiO thin films were investigated in an aqueous alkaline electrolyte (1M
KOH) by means of transmittance, cyclic voltammetry (CV), and chronoamperometry (CA) measurements.
It is found that films prepared at lower substrate temperature, up to 100 °C, have better EC properties.
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1. INTRODUCTION

In most of the thin film electrochromic devices
(ECD) Tungsten oxide (WOs3) thin film have been used
as a primary electrochromic (EC) layer due to it's high
coloration efficiency and good durability [1]. The
complementary coloring effect will enhance the optical
modulation of ECD by simultaneously changing the
color of both EC layers. Nickel oxide (NiO), an anodic
EC material, can be used as a complementary to the
tungsten oxide electrode in ECD fabrication [2, 3]. In
NiO, the coloration, transition from a bleached to a
colored (brown) state, is related to a charge-transfer
process between Ni3+ and Ni2* associated with the
deintercalation / intercalation of OH- ions or H* ions
and electrons [4]. The stoichiometric NiO contains only
Ni2+* ions and are transparent in the visible light, while
the higher oxidation states produces Ni2Os and NiOOH
compounds, which are strongly absorbing for visible
light. Electrochemical properties of nickel oxide based
thin films have been mainly investigated in alkaline
electrolyte, mostly in aqueous KOH electrolyte.
Electrochromism in NiO thin films is complicated. The
transformations of nickel hydroxides, and
oxyhydroxides into one another upon H* or OH-
exchange is explained by the Bode reaction scheme [5]:

B-Ni(OH), B -NiOOH
0 \2 1)
a -Ni(OH), 7 -NiOOH

According to the Bode reaction scheme, NiO reacts
with hydroxyl ions, and produces «- and p-phases of
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Nickel hydroxides (Ni(OH)z). The difference between a-
and - phase of Ni(OH)z is only the quantity of water
needed for stabilization; the a-phase occurs at a low
content of water while the S-phase occurs at a high con-
tent. These both phases can be further oxidized to the
y- and - oxy-hydroxides, respectively. Bode reaction
scheme restricts the information of the change of va-
lency from 2* to 3* upon coloration in the case of NiO,
thus an extension of this model is put forward to study
the changes from NiO to Ni2Os as shown below [6,7]:

Ni(OH), <> NiOOH + H" + ¢’

(Bleached) (Colored)

NiO + Ni(OH), <> Ni,O,+ 2H" + 2¢°
(Bleached) (Colored)

@)

According to these reactions, the extraction of H*
ion causes a transformation from Ni(OH)2 to NiOOH,
and the extraction of another H* is compensated by the
creation of a hole on the Ni2+* in the NiO and in the
created Ni2Os. Alternately, OH- groups may contribute

some reaction mechanisms for charge extrac-
tion/insertion as given in Eqgs. 4 [8] or 5 [9]:
NiO+OH™ <> NiOOH + e
(Bleached) (Colored) 3
Ni(OH), + OH" <> NiOOH+ H,0+ e’
(Bleached) (Colored)

The EC properties of the films show that NiO exhib-
its colorations associated with the extraction of H* or
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intercalation of OH- for the formation of Ni3+* color cen-
ters. From the theoretical point of view, in NiO, the top
of the valance band consists of nickel 3d states and it is
assumed that the electrochromism in NiO is related to
the reversibly extraction and insertion of Ni 3d elec-
tron. Egs. (3) and (4) are the generally accepted mech-
anism for the coloration in NiO materials.

EC NiO thin films have been grown by various
physical thin film preparation methods [9, 10, 11].
The stoichiometry, structure, crystalline size, etc.
change with different deposition methods and growth
conditions; as a result the EC properties and colora-
tion efficiency (CE) vary over a wide range. In the
present work, optical and EC properties of e-beam
deposited nickel oxide thin films have been studied.
The EC behavior, optical modulation, coloration effi-
ciency, and switching time, were investigated in 1M
KOH electrolyte by electrochemical characterization.

2. EXPERIMENT

NiO thin films were deposited on organically
cleaned soda lime and indium tin oxide (ITO) coated
glass substrate by e-beam evaporation system
(Hindhivac, Model-15F6). NiO powder (Sigma Aldrich,
99.9 %) was used as a source material. The substrate
temperature was varied from room temperature (RT),
27 °C to 400 °C using a radiant substrate heater, whose
temperature was monitored by using g Cr-Al
thermocouple. The th;ckness of the film, 2500 A, at the
rate of deposition, 4 A/s, was monitored and controlled
by a quartz crystal based thin film deposition controller
(Sigma Instruments, SQC 122c¢). The ITO coated glass
substrate has a sheet-resistance of 10 ohms/o [12]. The
crystal structure of the thin film was investigated by a
Bruker D8 glancing incident X-ray diffractometer
(GIXRD) using monochromatic high-intensity Cu ka
radiation with angle of incidence 0.5° in a 26 range from
20°-65°. The surface composition of these thin films is
determined using X-ray photo-emission spectroscopy
(XPS). The XPS measurement is carried out using VSW
ESCA instrument, with Al-Koa (1486.6 eV) X-ray source
at a base vacuum of 8.0x10-10Torr. The optical
transmittance was  recorded with  UV-visible
spectrophotometer  (Shimadzu UV-2450) in the
wavelength range 300-900 nm. The EC properties of NiO
thin films were investigated in an aqueous alkaline
electrolyte (1M KOH) with the help of two-electrode
electrochemical cell, in which the NiO/ITO on glass
substrate, acts as the working electrode and a stainless
steel plate was used as a counter electrode. Cyclic
voltammetries (CV) of the films were performed in
potential between —1.5V and 1.5V with different scan
rates. For transmittance modulation (AT) and coloration
efficiency measurement a constant current density of
0.2 A/lcm? was applied for 25s and the transmittance
spectra of the samples for both colored and bleached
states were recorded in the wavelength range of 400-
1200 nm using the transmittance measurement setup.
The electrochromic switching time of NiO thin film was
determined by chronoamperometry measurement at
potential of +15V and 0.05Hz frequency and,
concurrently, the transmittance was recorded using a
650 nm laser diode and a Si photo detector.

Proc. NAP 2, 01PCSI30 (2013)

3. RESULT
3.1 Structural Properties

The XRD spectra of NiO thin films deposited on
glass substrates held at different temperatures are
shown in Fig. 1. It is observed that the NiO thin films
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Fig. 1 — The XRD spectra of NiO thin films at different sub-
strate temperatures

deposited from RT to 400 °C are polycrystalline in na-
ture with a cubic structure. The films deposited at RT
to 300 °C shows the (111) preferred orientation with
(200) and (220) minor orientations. The intensity of the
(111) peak decreases while the intensity of the (200)
peak increases with the substrate temperature i.e. the
(200) preferred orientation improves with the substrate
temperature. The intensity of (220) peak increases up
to 200 °C and then a decrease in intensity is observed
with further increase in substrate’s temperature. At
400 °C the preferred orientation changed from (111) to
(200) directions. At the higher substrate temperature
(400 °C) in NiO thin films the non-stoichiometry de-
creases and thus the films orientation changes from
(111) direction into (200) directions [13]. At the higher
substrate’s temperature, the deposited atom or mole-
cules have enough kinetic energy to produce a better
crystalline film.

3.2 Compositional Properties

The compositional characterization of NiO thin
films deposited on the glass substrates is determined
using the XPS spectra measurements. From survey
scan spectra, the Ni 2psz and 2ps2 peaks were detected
at nearly 854 eV and 872 eV, respectively, and the O 1s
peak was detected at 529.2 eV. Thus, detailed scan
spectra were recorded in the range of 840 to 890 eV for
Ni 2p and 524 to 536 eV for Ols peak as shown in
Fig. 2.

Fig. 2a shows the Ni 2ps2 and 2psz peaks, which
were located at 854.0 eV and 871.9 eV, respectively,
with their respective satellite peaks located at 860.8 eV
and 879.5eV. The satellite peak in NiO is may be
caused due to various reasons: the multi-electron exci-
tations, multiple splitting or surface plasmon loss [14].
The as-deposited NiO contained not only Ni2+ but also
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Fig. 2 — The XPS spectra of the (a) Ni 2p and (b) O1s for different substrate temperatures

some amount of Ni3* ions so the Ni 2ps2 peak fitted two
peaks located at nearly 853.5 eV and 855.5 eV for Ni2*
and Ni3+*, respectively. Although the fitted peaks do not
give exactly the peak values but analyze which part of
the spectra having larger influence. As the substrate’s
temperature increases, the fraction of Ni2+ state in-
creases with respect to Ni3+ in the films due to excess
Oxygen. This was also supported by the O1s XPS spec-
tra of the NiO thin film deposited at different substrate
temperatures as shown in Fig. 2b. The O1s spectra also
got fitted in two peaks, the higher binding energy peak
at nearly 529.2 eV is due to the Ni2* and the lower
binding energy peak is due to the Ni3*. The excess Ox-
ygen in the NiO film produces the Ni2+ vacancies and
some of the Ni2+ ions are oxidized to Ni3* ions to keep
the overall charge neutral [15].

3.3 Optical Properties

The optical transmittance spectra of NiO thin films
deposited on glass substrates at different substrate
temperatures are presented in Fig. 3. It can be seen
that the film prepared at RT, which exhibits a light
brown color, has ~ 50 % transmittance. The increase in
substrate temperature of the films causes an increase
in the transmittance. The lower transmittance is
associated with an excess of oxygen in the lattice,
which creates Ni3+* ions and the formation of color
centers. This is also supported by our XPS data: an
increase in transmittance with substrate temperature

is due to the less defect-scattering (Ni3*) and
improvement of crystalline microstructure of the films.
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Fig. 3 — The transmittance spectra for NiO thin films deposit-
ed at different substrate temperatures

Strong absorption in the UV region is observed at
wavelength ~ 325 nm, due to the fundamental absorp-
tion edge of NiO.

3.4 Electrochromic Properties

The coloration and bleaching in NiO thin film is due
to the transition between Ni2* and Ni3+, which in turn
is associated with insertion and de-insertion of OH-
ions and electrons in the film. To evaluate the EC
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behavior of NiO thin films cyclic voltammetry
measurements were recorded in 1M KOH electrolyte at
different scan rates of 10-50 mV/s as shown in Fig. 4.
During the anodic scan the current density is due to
the oxidation of Ni2+* to Ni3+, which causes colouration
of the film, while during the cathodic scan, the
increment in current density is due to the reduction of
Ni3* to Ni2+, which results in bleaching of the thin film.
Two different peaks appear in CV, due to a couple of
redox processes taking place in NiO thin film [16].
Usually the redox processes are caused by the
transition between NiO, Ni(OH)2, NiOOH, or Ni2Os.
From Fig. 4 it is seen that the anodic peak current
density (jpa) and the cathodic peak current density (jpc)
increases with the scan rate according to Randles-
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Servcik equation, which is further used to estimate the
diffusion coefficient of ions in the NiO films.

3 1 1
jp:2.72><105><n2><D2><C0><v2 (6)

where, D is the diffusion coefficient in cm2s-1, Co is the
concentration of the active ions in the electrolyte
solution in terms of mol cm-3, v is the potential scan
rate mV/s, jp is the peak current density in Acm-2,
which is obtained from the CV measurement, and n is
the number of electrons involved in the reaction. The
peak current density and the diffusion coefficient at
different substrate temperatures for 20 mV/s scan rate
are shown in Tabl. 1.
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Fig. 4 — Cyclic voltammogram for NiO thin film grown at (a) RT (b) 100 °C (c) 200 °C (d) 300 °C and (e) 400 °C substrate tempera-

ture recorded at different scan rates
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Table 1 — Electrochemical parameters anodic peak current density (jpa), cathodic peak current density (jpc), and diffusion coeffi-

cients (D) of NiO thin films grown at different substrate temperatures in 1M KOH electrolyte at the scan rate 20 mV/s

Substrate Anodic current Cathodic current Diffusion coefficient D (cm?/s)
Temperature (°C) density jpa (A) density jpc (A) D for jpa D for jpc
RT 7.6846 x 10-4 5.6924 x 10-4 4,0896 x 10-10 2.2440 x 10-10
100 1.2056 x 10-3 6.4165 x 10-4 10.06 x 10-10 2.8512 x 10-10
200 1.0467 x 10-3 5.4237 x 10-4 7.5872 x 10-10 2.0372 x 10-10
300 1.0075 x 10-3 49357 x 10-4 7.0295 x 10-10 1.6871 x 10-10
400 9.0072 x 10-4 3.8830 x 10-4 5.6184 x 10-10 1.0442 x 10-10
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Fig. 5 — The transmittance spectra in the color and bleach state and the ce of nio thin films grown at different (a) RT, (b) 100 °C,

(c) 200 °C, (d) 300 °C, and (e) 400 °C substrate temperatures

The current densities at the anodic and cathodic
peaks decrease with increase in substrate temperature,
i.e., the diffusion of ions in the film decreases. At the
higher substrate temperature, the crystallinity of the
NiO thin films increases and thus the space between
crystallites decrease, which makes it difficult for the
ion intercalation or de-intercalation and leads to a de-
crease in the diffusion coefficient.

In the measurement of transmittance modulation
(AT) and coloration efficiency, the transmittance spec-

tra of the samples for both colored and bleached states
were recorded in the wavelength range of 400-1200 nm
at RT. Coloration and bleaching processes were carried
out at a constant current density of 0.2 mA/cm?2 applied
for 25s. The coloration efficiency and changes in the
optical density, (AOD), with the charge density (Q) per
unit area at certain wavelength (1) is shown in the
equation below:
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A0D(2) log(T,/T,)
Q  ql/A

where, AOD is the change in the optical density, Q
is the charge injected per unit electrode area of the thin
film, and Tp and T¢ are the transmittance in the
bleached and the colored state, respectively.

Fig. 5 shows the spectral transmittance of the NiO
thin films deposited at different substrate tempera-
tures in the colored and bleached states. It is seen that
the variation in the colored and the bleached state de-
creases with increase in substrate temperature. The
films deposited at RT and 100 °C substrate tempera-
ture show the highest variation in the colored and the
bleached states. The transmittance modulation (AT)
and CE at 650 nm and 1000 nm wavelengths for NiO
thin films, grown at different substrate temperatures,
are summarized in Table 2 for comparison.

The CE and AT decreases with increase in substrate
temperature for a given wavelength. It is believed that
the higher substrate temperature is favorable to the
formation of compact crystalline nickel oxide films. The
EC process is associated with the double injection

CE(1) = (7)

Proc. NAP 2, 01PCSI30 (2013)

(extraction) of ions and electrons to (and from) the film.
At the lower substrate temperature the crystalline size
are small and the spacing between the crystals are
large enough for ion intercalation. However, with the
increase in the substrate temperature the crystalline
structure of the sample improves and thus the spacing
between crystallites decreases, which is unfavorable for
the ion intercalation or de-intercalation [17].

The EC switching time (t) of NiO thin film was
determined using chronoamperometry measurement
with concurrently measuring the transmittance at
~ 650 nm wavelength by applying square wave poten-
tial of + 1.5V and frequency 0.05 Hz. Fig. 6 shows the
response of optical power and current density with time
during pulse potential for the NiO thin films deposited
at different substrate temperatures.

The switching time, at 650 nm wavelength, is esti-
mated from Fig. 6, for the NiO thin films grown at dif-
ferent substrate temperatures and presented in Tabl. 3.

The coloration and bleaching process is associated
by the ion intercalation / deintercalation and thus the
composition of the films. The films grown at 100 °C to
200 °C substrate temperature show low bleaching time,

Table 2 — The transmittance modulation and CE for NiO thin films grown at different substrate temperatures

Substrate Transmittance modulation, AT (%) Coloration ?Cﬁ,:zl ?91/) CE
temperature, Ts (°C) 2 =650 nm 2 = 1000 nm 2 =650 nm 2 = 1000 nm
RT 29 16 345 22.8
100 30 17 27.9 19.7
200 25 13 22.8 15.1
300 18 11 13.2 10.0
400 15 8 14.3 8.6
100 0.02
(@
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g NE 0.00 1
8 60 - <
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Time (5)
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Fig. 6 - The variation in the optical transmittance at 650 nm (a) and the current density for NiO the thin films, grown at differ-
rent substrate temperature (b), when the electrochemical cell is subjected to a square-wave potential of + 1.5 V and frequency

0.05 Hz is applied

Table 3 — Switching time data of NiO thin films for different

substrate temperature at 650 nm

tem esgl:itr;a:-(?-) °c Bleaching | Coloration
P ” time (tv),s | time (t),s

RT 2 10

100 15 0

200 15 0

300 3 0

400 3 10

1.5s, and as the substrate temperature increases the
bleaching time increases up to 3s for films grown at
400 °C. The increase in bleaching time due to crystalli-
zation or improvement in composition. The coloration
switching time is directly affected by several factors
such as applied potential, crystal structural, or the
time for all the samples is same as ~ 10 s. The response
time during the coloring process was higherthan that
during the bleaching process, due to differences in con-
ductivity between Ni(OH)2 and NiOOH. The conductiv-
ity of Ni(OH)2 was lower than that of the NiOOH.
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Therefore, it would be expected that the coloring pro-
cess, which involves the transition of Ni(OH)2 to
NiOOH, is slower than the bleaching process, which
results in the transition of NiOOH to Ni(OH)2.

4. CONCLUSION

NiO anodic EC thin films are prepared by the e-
beam evaporation technique at different substrate
temperatures. From the GIXRD measurement, we find
that the preferred orientation changes from (111) to
(200) direction with increase in substrate temperature.
The XPS spectra results show improvement in the
composition, which was also confirmed by the optical
data i.e. the transmittance of NiO thin film increases
with substrate temperature. The EC result shows that
the films prepared between RT to 100 °C give good
electrochromic performance compared to films grown at
higher substrate temperatures. In general, the
electrochromic characteristics can be related to the
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