Solid State Ionics 341 (2019) 115045

Contents lists available at ScienceDirect
SOLID STATE IONICS

IFFUSION & REACTIONS

Solid State Ionics

journal homepage: www.elsevier.com/locate/ssi

Effects of anodic layer thickness on overall performance of all-solid-state R

Check for

electrochromic device

Gamze Atak, Ozlem Duyar Cogkun®

Hacettepe University, Department of Physics Engineering, Thin Film Preparation and Characterization Laboratory, 06800 Beytepe, Ankara, Turkey

ARTICLE INFO ABSTRACT

Keywords: In the present study, the effects of the anodic electrochromic layer employed in the all-solid-state ECD in the
All-solid-state electrochromic device structure of ITO/NiO/Ta;05/WO3/ITO/glass on the optical and electrochromic performances of the device are
NiO film investigated. For this purposes, the nickel oxide films with various thicknesses were deposited onto glass and
Electrochromism

ITO-coated glass substrates by RF magnetron sputtering technique using a NiO target in pure Ar atmosphere at
room temperature. The optical, structural and electrochromic properties of the NiO films with various thick-
nesses (140 nm, 230 nm, 310 nm and 480 nm) were investigated. The optical transmission of the films decreased
as the thickness of the films increased. The X-ray diffraction patterns showed that the films were polycrystalline
phase and the peak density increased with the film thickness. The optical band gap was found to decrease from
3.71 to 3.50 eV with increasing film thickness. The root-mean-square (rms) surface roughnesses of the films
increased (from 1.43nm to 2.94nm) with increased film thickness. Coloration efficiencies and optical mod-
ulations of the NiO films were obtained for a wide spectral range. The amount of inserted/extracted charges
into/from the films during bleaching/coloring were obtained as a function of the film thickness. The highest
coloration efficiency (40.7 c¢m?/C) and optical modulation (27.8%) at a wavelength of 550 nm were obtained for
the NiO film with a thickness of 480 nm. Finally, all-solid-state electrochromic devices were fabricated by using
the thinnest and thickest NiO films with a configuration of ITO/NiO/Ta,0s/WO3/1TO/glass. The ECD-1 device
with a thinner NiO layer showed a high optical modulation (36.4%). On the other hand, the ECD-2 with a thicker
NiO layer showed a very low optical modulation (1.5%) at 550 nm. Our results indicated that the thicker NiO
film exhibited better electrochromic properties in the half-cell configuration, while the thinner one showed
higher optical modulation in electrochromic device fabrication with a complete-cell configuration. Therefore,
the effect of the thickness of a NiO layer on the electrochromic performance of both the half-cell and complete
cell configuration electrochromic coatings were investigated in detail.

Magnetron sputtering
Optical modulation
Coloration efficiency

1. Introduction

Nickel oxide (NiO) is a transition metal oxide, which has a wide
band gap and shows p type semiconductor characteristics. NiO is a
promising material for applications in electrochromic devices, p-type
transparent conductive films and gas sensors due to its low cost, che-
mical stability and unique electrical and optical properties [1-4].

Optical properties of electrochromic (EC) materials such as trans-
mission, absorption and reflection can be reversibly changed when an
external potential difference is applied to them. Electrochromic mate-
rials and devices have been developed as an alternative technology for
light and heat management. Nickel oxide films are one of the most
promising anodic electrochromic materials, which are colored via ion
extraction from the film surface during the electrochromic cycle. WO3
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and NiO are widely used as an active and a counter electrochromic
layer in a full device configuration, respectively. WO3 and NiO can be
colored and bleached instantaneously under the applied voltage to the
device. Thus the overall optical modulation increases than those ob-
tained in the half-cell configuration for each individual layer of film.

NiO films change their color reversibly from transparent to brown
by electrochemical cycling in an electrolyte solution (e.g. LiClO4/PC).
Electrochromic reaction of nickel oxide thin film exhibits a two-stage
reaction mechanism in Li* containing electrolytes [4]:

NiOy + yLi* + ye~ — Li,NiO, (€D)]
colored
[ranparen[
LiyNiO, &  Li,_;NiOx + zLi* + ze~ 2)

NiO films have valuable characteristic EC properties such as higher
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coloration efficiency and good durability during EC cycles [4]. How-
ever, their electrochromic properties have not been fully understood
yet. Since these films are widely used in EC applications, there are many
ongoing researches on NiO films.

Nickel oxide films have been deposited by using different techni-
ques such as sputtering [5-9], electron beam evaporation [10], che-
mical vapor deposition [11] and sol-gel [12]. Among these, sputtering
technique is widely used due to its high growth rate capability, ap-
plicability to large areas and easy control over the composition of de-
posited films [13-16]. Properties of the deposited films mainly depend
on the deposition parameters such as working pressure, sputtering
power, substrate temperature and oxygen partial pressure. It is evident
that optical, structural and electrochromic properties can be improved
by optimization of the preparation conditions. There is a very limited
literature related with the effects of thickness of an electrochromic layer
on device output [17,18]. However, the thickness of electrochromic
layer is one of the main parameters of half-cell and full-cell electro-
chromic device performance.

In this study, the variations in the optical, structural and electro-
chromic properties of the NiO films with various thicknesses deposited
by RF sputtering technique were investigated in detail. Finally, all-
solid-state electrochromic devices with a configuration of ITO/NiO/
Ta,05/WO3/ITO/glass were fabricated in which various thicknesses of
NiO films used to understand the effect of the thickness of an anodic
layer used in it.

2. Experimental studies

The NiO films were deposited on glass substrates by using a
Nanovak RF magnetron sputtering system at room temperature. The
deposition chamber was evacuated to a base pressure of
2.8 x 10~ ®Torr. The NiO target (99.9% in purity) was 2” in diameter
and 1/4” in thickness. The deposition was performed in an Ar plasma
without a reactive gas. The distance between the target and the sub-
strate was 7 cm. The sputtering pressure and power was maintained at
35mTorr and 75 W, respectively. Homogeneity of the films was pro-
vided by rotating the substrate holder at a constant speed during the
deposition process. The deposition was started by opening the shutter
between the target and the substrate holder following 10 min of pre-
sputtering process.

The NiO films were also deposited on ITO coated glass substrates in
order to perform the electrochemical measurements. The ITO thin films
with a thickness of 165nm were deposited by using RF magnetron
sputtering technique. The deposition was performed at 36 mTorr Ar
plasma by using an ITO target at 200 °C. The sputtering power was
maintained at 50 W. Their sheet resistance was 125 Q/[]. The average
optical transmission of the films was about 82% in the visible spectrum.

Finally, the unique design all-solid-state electrochromic devices
with various thicknesses of NiO were fabricated by using RF magnetron
sputtering technique. The main configuration of the devices was ITO/
NiO/Ta,05/WO3/ITO/glass.

The optical transmission and reflection measurements of the films
were performed using an Aquila nkd-8000e spectrophotometer over the
wavelength range of 350-1100 nm. The film thicknesses were measured
by using a quartz crystal monitor during the deposition process.

The crystallographic structures of the films were investigated by
using a Rigaku Ultima-IV X-ray diffractometer with Cu K, radiation
(A = 0.15418 nm). The surface morphologies of the films were in-
vestigated by a XE-100E Park System atomic force microscope (AFM).

In order to investigate electrochromic properties of the structures in
both half-cell and full-cell configuration, a CHI 600C model electro-
chemical analyzer and a conventional three-electrode cell were used.
An Ag/AgClkon and a platinum wire were used as a reference electrode
and a counter-electrode, respectively. A 0.01 M solution of LiClO4 in
propylene carbonate (PC) was used as an electrolyte. The cyclic vol-
tammetry (CV) measurements of the films were performed with a scan
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Fig. 1. The optical transmission and reflection spectra of the NiO films de-
posited on glass substrates with various thicknesses.

rate of 50 mV/s over the voltage range of + 2V. The corresponding
chronoamperometry (CA) measurements of the films were performed
by applying +2V and —2V with a duration of 20s.

The optical absorbance spectra of both the bleached and colored
states of the films were measured by using a Hitachi U0080D diode
array spectrophotometer over the spectral range of 190-1100 nm at
normal incidence during the EC cycles.

The electrochemical impedance spectroscopy (EIS) was used to
understand the kinetics of electrochemical reactions at the electrodes.
The electrochemical impedance measurements of the NiO films were
performed at 0.05 V over a frequency range of 0.01 Hz-0.2 MHz using a
three-electrode cell.

3. Results and discussion
3.1. Optical and structural properties of the NiO films

The optical transmission and reflection spectra of the NiO films
deposited with various thicknesses (140nm, 230nm, 310nm and
480 nm) were shown in Fig. 1, respectively. The figure clearly indicates
that the optical transmission of the film decreased as thickness of the
film increased. The optical transmission of the films decreased from
75.2% to 56.5% at 550 nm when the film thickness increased from
140 nm to 480 nm as seen in the figure. The optical transmission of the
films is expected to depend on the film properties such as oxygen de-
ficiencies, impurity centers, grain sizes, structural homogeneity, and
level of crystallinity [19,20]. A lower optical transmission for the
thicker films may be related with higher surface light scattering due to
increase in surface roughness [16].

The optical transmission and reflection measurement were used to
calculate the optical losses which include absorptions and scatterings
(Optical loss = 1-T-R). Fig. 2 shows the optical losses of the NiO films.
It is clear that the thicker NiO film has the highest optical losses. The
optical losses of the films can be originated from the absorption and the
scatterings from grain boundaries, voids, surface roughness or micro-
cracks [21].

Fig. 3 shows the optical absorbance spectra of the films with various
thicknesses. The optical absorbance spectra of the films were used to
determine the optical band gap by Tauc formula given in Eq. (3):

ap, = A (hv — Ep)" 3
where a is absorption coefficient, A is band edge constant, hv is photon

energy, E, is optical band gap, and r is power which takes values of 1/2,
3/2, 2 and 3 for direct allowed, direct forbidden, indirect allowed and
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Fig. 2. The optical loss spectra of the NiO films with various thicknesses.
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Fig. 3. The optical absorbance spectra of the films with various thicknesses.

indirect forbidden transitions, respectively [22,23]. r = 1/2 is chosen
due to the direct allowed transition of NiO. (ahv)? versus hv plot, called
Tauc plot, has a linear region with slope A% and whose extrapolation to
a(hv) = 0 gives value of E;. The optical band gap of the film decreased
from 3.71 eV to 3.50 eV with increased film thickness. This can be at-
tributed to the improvement in crystallinity, morphological changes of
the films, structural defects in the films, changes in atomic distances
and grain size [24,25]. Similar band gap narrowing effect has been
reported by many other researchers and this effect is attributed to the
increase in absorbance for thicker films in which large numbers of
atoms available to absorb incident photon energy [26-29].
Determination of spectral optical constants are crucial to under-
stand optical characteristics of materials. The complex refractive index
is denoted by n* (n* = n + ik where, n is a real part called as a re-
fractive index, and k is an imaginary part called as an extinction coef-
ficient, respectively). Extinction coefficient is related with total optical
losses caused by both absorption and scattering. For an ideal trans-
parent material, k should be zero in visible and infrared region, as the
films do not absorb light. However, NiO films are semi-transparent
hence; they have relatively higher k compared to the highly transparent
ones [30]. The wavelength dependence of refractive index n(\), ex-
tinction coefficient k(A) and the thickness of the films were determined
by fitting the transmission and reflection spectra simultaneously, using
Harmonic Oscillator Model. The measured and calculated (fitted)
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transmission and reflection curves of NiO films with respect to the
wavelength are shown in Fig. 4.

Fig. 5 illustrates the estimated refractive index as a function of
wavelength for the films with various thicknesses. The inset of the
figure also shows the extinction coefficient of those films as a function
of wavelength. It is seen that the films have higher extinction coeffi-
cients in the order of 10~ 2 that is also the indication of the observed
higher absorption of the films.

The AFM images and X-ray diffraction patterns were analyzed to
investigate the structural properties of the NiO films with different
thicknesses. The root-mean-square (rms) values of the surface rough-
ness of the films increased (from 1.43nm to 2.94 nm) with increased
film thickness. Surface roughness strongly effects the optical, electrical
and mechanical properties of the films. Surface roughness is an im-
portant parameter to understand the light scattering at the film surface.
The increase in surface roughness of the film causes the increased light
scattering reducing the optical transmission of the film. The decrease in
the optical transmission of the film can be also attributed to the increase
in crystallinity of films, which results in the higher scattering of light
[25,31,32].

The estimated optical band gap (E,), refractive indices (n) by fitting
process and rms surface roughnesses (Rys) of each film were given in
Table 1.

The X-ray diffraction patterns of the films were shown in Fig. 4. In
the figure, two basic diffraction peaks ((111) 26 = 37.7°, (200)
20 = 42.7°, JCPDS 79-0423) from the planes of the cubic structure of
NiO were observed with a higher intensity [33]. The substrate tem-
perature increased from 25 °C up to 67 °C as the growth time increased
up to 210 min. So the increase in the crystallinity with the increased
film thickness could be attributed to the plasma heating effect during
the deposition [34]. It was found that the plasma heating effect was an
important factor for the crystallinity of the films even there is no sub-
strate heating. In the literature, the effects of the film thickness on the
diffraction intensity was explained by Chen et al. [9]. As the film
thickness increased, the diffraction intensity increased due to the more
crystallites grown in the structure. The average crystallite size (D) is
determined from the full width at the half maximum (FMHM) of the
XRD peaks using the Debye-Scherrer equation:

_xA
~ BcosH 4

where « is the shape factor with a typical value of 0.9, A is the wave-
length of the incident beam, f is the full width at the half maximum of
the XRD peak corresponding to the diffraction angle 6. As seen in the
Fig. 6, the (200) peak has the highest intensity indicating that (200) is
the preferred orientation of the films. The (200) peak was used to
calculate the average crystallite sizes. The estimated values of the
average crystallite size were given in Table 2. It is observed that the
crystallite size increased with increased film thickness. As the film
thickness increases the (200) peak becomes narrower suggesting that
the increase in thickness leads to an increase in grain size. The crys-
tallite size of the thinner NiO film was estimated to be 10.72 nm, which
was 14.42 nm for the thicker NiO film. The increase in grain size with
increasing film thickness is an indication of the improved crystallization
degree of the film [35]. Corresponding lattice constants of these sam-
ples were calculated as 3.60 A and 3.59 A, respectively.

3.2. Electrochromic and electrochemical properties of the NiO films

The three main parameters are generally used to characterize EC
performances of materials: optical modulation (AT), optical density
(AOD) and coloration efficiency (CE). Optical modulation is the dif-
ference between the transmission in bleached and colored state at a
specific wavelength. Coloration efficiency is the ratio of change in op-
tical density (AOD) at a specific wavelength to the amount of charge
inserted into/extracted from unit area of the film:
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Fig. 5. The variation of refractive index (n) with NiO film thicknesses. Inset
shows the wavelength dependence of extinction coefficient of those films.

Table 1
The optical band gap (E,), refractive index (n) and rms surface roughness (Ryms)
of each film.

Film d (nm) Dy 550 nm Eg (eV) Rims (nm)
NiO-1 140 1.97 3.71 1.43
NiO-2 230 1.98 3.62 2.03
NiO-3 310 2.00 3.60 2.19
NiO-4 480 2.03 3.50 2.94
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Fig. 6. The XRD patterns of the NiO films with various thicknesses.

Table 2
Structural parameters of the NiO films with various thicknesses obtained from
XRD patterns.

Film FWHM () 20 () Crystallite size Lattice Unit cell
(D) (nm) constant (A) volume (A%)
NiO-1 0.796 42.672 10.72 3.599 46.6
NiO-2 0.660 42.707 12.92 3.596 46.5
NiO-3 0.610 42.769 13.99 3.588 46.2
NiO-4 0.592 42.825 14.42 3.593 46.4
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Fig. 7. The cyclic voltammetry and chronoamperometry curves of the NiO films
with various thicknesses.

AT =T, — T, %)
AOD = log(ﬁ)

T. (6)
CE = AOD/AQ @)

where T}, and T, are the bleached and colored state transmissions of the
films at a specific wavelength, respectively [33,36].

Fig. 7 shows the cyclic voltammetry (CV) and chronoamperometry
(CA) curves at the end of 20th cycle of the NiO films with various
thicknesses, respectively. The NiO films deposited on ITO coated glass
were used as a working electrode in a three-electrode cell to perform CV
and CA measurements. The areas of the curves cyclic voltammetry in-
creased with increased film thickness that is the indication of the in-
creasing charge storage capacity of the NiO film with the increase in
film thickness.

The cathodic and anodic charges were calculated by integrating the
corresponding region of the CV curves. The total injected charge into
the film (AQc) and the total extracted charge from the film (AQ,) were
obtained by integrating the area under the CA curves. The coloration
efficiencies (CE) of the films were calculated by using AQa values for
the NiO films due to their anodic coloration. Qc, Qa, Ic, Ia, AQc and
AQ, values were listed in Table 3.

Spectral coloration efficiencies and spectral optical modulations of
the NiO films were seen in Fig. 8 and Fig. 9, respectively. The highest
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Table 3
The electrochromic parameters of the NiO films with various thicknesses.
Film d (mm) Qc Qa Ic (mA/cm?) Iy AQc AQa
(mC/ (mC/ (mA/ (mC/ (mC/
cm?) cm?) cm?) cm?) cm?)
NiO-1 140 2.398 3.492 —0.037 0.076 3.866 -3.770
NiO-2 230 2.397 4.171 —0.031 0.074 4.194 —4.066
NiO-3 310 1.779 3.480 —0.030 0.076 3.276 —-3.155
NiO-4 480 1.943 3.869 -0.111 0.088 4.076 —3.418
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Fig. 8. The coloration efficiency spectra of the NiO films with various thick-
nesses.
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Fig. 9. The optical modulation spectra of the NiO films with various thick-
nesses.

CE and AT values and corresponding wavelength values were marked
on the figures. The coloration efficiency and the optical modulation of
the films improved with an increase in film thickness. The highest va-
lues of coloration efficiency and optical modulation were observed at
the ultraviolet and the beginning of the visible regions. Both coloration
efficiency and optical modulation were found to be lower in the in-
frared region. The highest coloration efficiency and optical modulation
were obtained for the film with a thickness of 480 nm. The highest
coloration efficiency of the film was 57.2 cm?/C at 394 nm. The highest
optical modulation of the film was 31.5% at 491 nm.

The bleached state and colored state optical transmission spectra of
the NiO films with various thicknesses were shown in Fig. 10.
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A rough surface along the grain boundaries is one of the key para-
meters for electrochromic activity that is more pronounced as the grain
size increases, which can be beneficial for the ion insertion/extraction
[37]. A rough surface allows easier diffusion of ions and provides larger
surface area for charge-transfer reactions. The improvement in the
electrochromic activity of the porous inorganic oxides has been re-
ported in the literature [4,38]. In the present work, the surface
roughness of the films increased with increased film thickness. It is
observed that the ion insertion/extraction mechanism became more
difficult at the smoother surfaces compared to the rougher surfaces.

Electrochromic behavior of the metal-oxide EC layers generally
shows an improvement with increasing film thickness. As the film
thickness increases, depth of diffusion also increases. Thus, the amount
of charges contributing to electrochromic activity become dependent
on the thickness of the film during the EC cycling [37]. Li* diffusion
coefficient limits its intercalation/deintercalation properties in NiO
films. Diffusion constants of the films for the Li™ ions (Dy;*) are cal-
culated by using Randles-Sevcik equation given in Eq. (8):
ipa = 04463 1 F C A\}f% ®
where I, is anodic peak potential, n is number of electrons involved in
the reaction of the redox couple, F is Faraday's constant (96,485.33 C/
mol), C is concentration of the electrolyte (mol/cm®), A is area of
working electrode (cm?), v is swept rate of potential (V/s), D is diffusion
coefficient (cm?/s), R is universal gas constant (8.314 J/mol'K) and T is
absolute temperature (K) [39]. It is observed that the diffusion con-
stants of the NiO films for the Li* ijons (Dy;*) increased from
1.37 x 107310 1.36 x 10 '° cm?/s with increased film thickness. The
diffusion coefficient was reported to be between 1 x 107!° to
1 x 10" *em?/C in the literature [40,41].

The Nyquist plots for the NiO films deposited on ITO coated glass
substrates were shown in Fig. 11. The equivalent circuit used to analyze
the impedance curves was inserted in figure. The Nyquist plots for the
films showed a semicircle in the high frequency region, which can be
ascribed to the mass-transfer of the electroactive ionic species such as
Li™ within the electrolyte and to a vertical linear spike in the low fre-
quency region, which indicates the diffusion-controlled transfer of the
electroactive ionic species within this region [42]. A smaller semicircle
means a lower charge-transfer resistance, whereas a lower slope implies
a higher diffusion rate [43]. The film with a thickness of 140 nm and
480 nm thick films have the lowest charge-transfer resistance and the
highest diffusion rate, respectively. When the diffusion rate increased,
the electrochromic efficiency of the films (e.g. coloration efficiency and
optical modulation) also increased. The resistance of electrolyte solu-
tion, which is also called as ohmic resistance (Ro), is independent of the
films properties and its value equals to the high frequency intercept of
the semicircle on the real impedance axis. In other words, the value of
Ro (550 Q2) can be observed at the starting point on the Nyquist plot.
The resistance between ITO and NiO is called the contact resistance
(R;). Lower R; value was observed for the sample with a thickness of
480 nm. R, represents a charge transfer resistance, while CPE is a
constant phase element.

The ionic conductivity of the film can be calculated by the following
equation (Eq. 9):

_1d
Ry, A (C)]

i

where o; is ionic conductivity, d is film thickness, A is area of the film
and Ry, is bulk resistance of the film [44]. The highest ionic conductivity
was obtained as 6.05 x 10~°S/cm for the 480 nm thick NiO film.

3.3. Characterization of the all-solid-state electrochromic devices

The thinnest and thickest NiO films were used to fabricate the all-
solid-state electrochromic devices (ECDs). The ECDs assembled by
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Fig. 10. The optical transmission spectra for the bleached state and colored state of the NiO films with various thicknesses.
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Fig. 11. The electrochemical impedance spectra of the NiO films with various
thicknesses.

using NiO film with thickness of 140 nm and 480 nm were called as
ECD-1 and ECD-2, respectively. The films used in the device fabrication
were deposited by RF magnetron sputtering technique. The all-solid-
state electrochromic devices were fabricated with a configuration of
ITO/NiO/Tay05/WO53/ITO/glass. In the device, ITO film acted as a
transparent electrode, while the NiO film was used as an anodic elec-
trochromic layer, Ta,Os film as an ion conducting layer and WOj5 film
as a cathodic electrochromic layer. Firstly, the WO; film was deposited
onto the ITO coated glass substrates at room temperature by using a
tungsten (W) target. The deposition process was performed in a plasma
consisting of Ar (87.5%) and O (12.5%) mixture. The sputtering power

Table 4
Detailed deposition parameters of the ECDs.
Target Working  Oxygen Power (W) Temperature (°C) Film
pressure concentration thickness
(mTorr) (%) (nm)
ITO 36 - 50 200 165
NiO 35 - 75 RT 140/480
TayOs5 40 - 75 RT 215
w 20 12.5 40 RT 360
ITO 36 - 50 RT 175

RT = Room Temperature.

was maintained at 40 W. Then the Ta,Os films were deposited on the
structure of WO3/ITO/glass. Afterwards, Ta;0s5/WO3/ITO/glass struc-
ture was exposed to the wet lithiation process. It was investigated that
the EC performance of the all-solid-state device were significantly im-
proved with this additional process. The process is given in detail in our
previous studies [45-47]. Li* ions were injected by the electrochemical
cycling into the structure by applying a voltage of 2.5V in a 0.01 M
LiClO4/PC electrolyte solution. Then, the structure was cleaned and
dried with Ar gas and was placed into the vacuum chamber to deposit
the NiO as an anodic layer and the ITO as a top contact electrode. The
deposition parameters of each layer were given in Table 4. Finally, the
devices were sealed with transparent epoxy resin to prevent the ab-
sorption of moisture in the atmosphere. The only difference between
these two devices was the thickness of the NiO film while the main
device configuration kept same.

The optical transmission of the as-deposited all-solid-state ECD-1
and ECD-2 were 84.2% and 68.5% at 550 nm, respectively. The optical
transmission spectra for the colored and bleached states of the devices
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Fig. 12. Optical transmission spectra for the colored and bleached states of the devices at a voltage of + 5V for a) ECD-1, b) ECD-2.

at a voltage of + 5V were given in Fig. 12. The ECD-1 device, which
has thick NiO layer, has a higher optical modulation compared to the
ECD-2. The optical modulation of the ECD-1 and ECD-2 were found to
be 36.4% (from a colored state of 36.7% to a bleached state of 73.1%)
and 1.5% (from a colored state of 54.4% to a bleached state of 55.9%)
at 550 nm, respectively. The results indicated the importance of the
thickness of the individual EC layer in the overall performance of the EC
device. In general, ECDs have been fabricated by the sequential de-
position of the layer with individually best EC properties. However, in
the current study, it is investigated that the device with the thickest
anodic layer having a lower EC performance compared to the thinnest
one having better overall EC performance. The results in this study
describe a new approach for designing and fabricating of the all-solid-
state ECDs with enhanced performance.

4. Conclusion

The optical, structural and electrochromic properties of the NiO
films with various thicknesses, which were deposited by using the RF
magnetron sputtering technique, were investigated in detail. It was
observed that the optical transmission decreased with the increase of
film thickness. The coloration efficiency and optical modulation of the
films increased with increasing film thickness. The highest coloration
efficiency and optical modulation were obtained for the NiO film with a
thickness of 480 nm. The highest diffusion rate and ionic conductivity
were also obtained for the NiO film with a thickness of 480 nm.

Two all-solid-state electrochromic devices were fabricated by using
the NiO results. The thickest NiO film had a high coloration efficiency
in the half-cell configuration. On the other hand, it is observed that the
thinnest NiO film was more suitable for the fabrication of the device. In
addition, when no voltage is applied, a lower transmission was found in
the as-deposited device with a thick NiO layer. Therefore, a thicker NiO

film performs a better electrochromic performance in a half-cell con-
figuration, while electrochromic device fabrication with a complete-cell
configuration could be done with a thinner layer of NiO.
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