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Abstract: We investigated the photochromic (PC) and electrochromic (EC) properties of tin-doped
nickel oxide (NiO) thin films for solution-processable all-solid-state EC devices. The PC effect
is shown to be enhanced by the addition of Sn into the precursor NiO solution. We fabricated
an EC device with six layers—ITO/TiO2 (counter electrode)/SnO2 (ion-conducting layer)/SiO2

(barrier)/NiO doped with tin (EC layer)/ITO—by a hybrid fabrication process (sputtering for ITO
and TiO2, sol–gel spin coating for SnO2 and NiO). The EC effect was also observed to be improved
with the Sn-doped NiO layer. It was demonstrated that UV/O3 treatment is one of the critical
processes that determine the EC performance of the hydroxide ion-based device. UV/O3 treatment
generates hydroxide ions, induces phase separation from a single mixture of SnO2 and silicone
oil, and improves the surface morphology of the films, thereby boosting the performance of EC
devices. EC performance can be enhanced further by optimizing the thickness of TiO2 and SiO2

layers. Specifically, the SiO2 barrier blocks the transport of charges, bringing in an increase in anodic
coloration. We achieved the transmittance modulation of 38.3% and the coloration efficiency of
39.7 cm2/C. We also evaluated the heat resistance of the all-solid-state EC device and found that
the transmittance modulation was decreased by 36% from its initial value at 100 ◦C. Furthermore,
we demonstrated that a large-area EC device can be fabricated using slot-die coating without much
compromise on EC performance.

Keywords: all-solid-state; electrochromic devices; nickel oxide; tin dioxide; sol-gel process

1. Introduction

Chromic phenomena such as thermochromism, photochromism, electrochromism,
and solvatochromism occur in a material by various external stimuli [1]. Of those, pho-
tochromism (PC) can change its optical properties reversibly through interactions with
sunlight or UV radiation, and electrochromism (EC) can be obtained through redox re-
action under electric field [2,3]. The former phenomenon is commercially applicable in
ophthalmics, sensors, optical memory, and switches, and the latter phenomenon is still ex-
tensively studied for the applications of car mirrors, smart windows, transparent displays,
and solar protection. A typical EC device requires liquid- or gel-type electrolytes due to the
inherent advantage of high diffusion rates of ions through fluids. Since the incorporation of
those electrolytes may have the issue of leakage and durability, or a limitation in fabricating
large-area devices, all-solid-state EC devices are highly demanded for practical applica-
tions [4]. A typical all-solid-state EC device consists of a transparent electrode/ion-storage
layer/ion-conducting layer(solid-state electrolyte)/EC layer/transparent electrode [5]. For
the ion-storage layer serving as a counter electrode, IrO2, TiO2-V2O5, TiO2-CeO2, and Li2O-
FeO were used [6,7]. For the ion-conducting layer (solid-state electrolytes), ZrP, Ta2O5,
TiO2, ZrO2, LiNbO3, LiAlF4, and LiBSO were usually employed [8,9]. EC materials can
be divided into two types: anodically coloring materials (NiO, IrO2, Cr2O5, etc.) and
cathodically coloring materials (WO3, MoO3, TiO2, Nb2O5, etc.) [10,11]. Of those, NiO
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and WO3 have been intensively investigated because of their high coloration efficiency,
low material cost, excellent durability, and electrochemical stability [12,13]. EC devices
with NiO and WO3 have great benefits in terms of energy savings because of low driving
voltage (0–5 VDC), low power consumption, and memory effect by bistability even after
the power supply is disconnected [14–17].

Of many all-solid-state EC devices, a Li+ ion-based device consisting of ITO/WO3/
LiBSO/NiO/ITO was reported by Yang et al., which exhibited the transmittance mod-
ulation (∆T) of 52.2% and response time of 8 s and 20 s for bleaching and coloring, re-
spectively [18]. Song et al. fabricated an all-solid-state EC device having the structure of
ITO/NiO/LiTaO3/WO3/ITO. It showed an excellent transmittance modulation exceeding
67% and response time of 42 s and 85 s for bleaching and coloring states [19]. Moreover, Li
et al. reported a novel four-layered structure of ITO/Li-NiO/Li-WO3/ITO fabricated using
thermal evaporation to inject lithium ions, which had the modulation of 32% and response
time of 1.7 s and 8.6 s for bleaching and coloring [20]. Yoshimura et al. introduced a H+

ion-based EC device where a thin SiO2 film embedded between WO3 (EC layer) and Ta2O5
(solid electrolyte) enhanced not only the transmittance modulation but also the response
speed, all of which were fabricated by a sputter in vacuum [21]. Wang et al. prepared
an all-solid-state EC device as a multilayer structure of ITO/WO3/Ta2O5/NiO/ITO and
the maximum ∆T was 56.7% [22]. So far, most all-solid-state EC devices are based on
Li+ or H+ ions using solid electrolytes. There has been some research on all-solid-state
EC devices based on the hydroxide ion (OH−) [23]. The EC effect occurs by the reaction
of hydroxide ions with NiO films. It is greatly affected by the annealing temperature,
crystallinity, porous surface, and doping materials in the NiO films [24]. Namely, a porous
NiO film doped with Zn, Cu, and Al exhibited higher EC performance. However, most
of them were demonstrated using a KOH aqueous electrolyte. To our best knowledge, no
extensive study on all-solid-state EC devices based on OH− ions has been conducted. In
this work, we investigated a hydroxide-ion-based all-solid-state EC device without any
aqueous electrolyte included, which consisted of ITO/TiO2 (counter electrode)/SnO2 (ion-
conducting layer)/SiO2 (barrier)/NiO doped with tin (EC layer)/ITO. The EC device was
fabricated using a hybrid process: sputtering deposition for transparent electrodes includ-
ing TiO2 and sol-gel deposition for SnO2 and NiO. The sol-gel process enables large-area
coatings at a relatively low temperature and cost-effective production. It also allows easy
control of the doping concentration [25]. Although NiO thin films have been extensively
studied in literature, the use of SnO2 as a dopant is little investigated. It was shown that
EC performance can be improved by the addition of tin (Sn) into a NiO solution due to an
increase in active sites. It was found that UV/O3 treatment applied after coatings of SnO2
and NiO layers is the most critical process to achieve the EC effect. We also demonstrated
that a UV-treated silicon oil mixed into a precursor SnO2 solution is converted into an
insulation layer between SnO2 and NiO layers, enhancing EC performance.

2. Materials and Methods

We first fabricated a NiO film using the sol-gel process to investigate the doping effect
of Sn on its PC property. Then, we fabricated all-solid-state EC devices with a Sn-doped
NiO EC layer using spin and slot-die coatings.

2.1. Fabrication of Sn-Doped NiO Films for Photochromism

The NiO solution was obtained by dissolving 5 wt% of nickel acetate tetrahydrate
(Sigma Aldrich, St. Louis, MO, USA, 98%) in 2-dimethylaminoethanol (Sigma Aldrich,
99.5%) for 2 hrs at 60 ◦C using a hotplate (MSH-20D, Daihan Scientific, Wonju, Korea).
The Sn-doped NiO solutions were obtained by adding Tin(II) 2-ethylhexanoate (Sigma
Aldrich, 92.5–100.0%) into the NiO solution as a dopant. The mixture was then stirred for
20 min. The solution was coated on a glass substrate as large as 25 × 25 mm2, which was
cleaned with 2-propanol anhydrous (Sigma Aldrich, 99.5%) for 15 min in an ultrasonic
bath (Powersonic 410, Hwashin, Seoul, Korea). Spin coatings were performed at 3000 rpm
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for 5 s, and the coated films were dried at 80 ◦C for 1 min and then at 115 ◦C for 9 min.
The photochromic properties of the films were measured using UV-VIS spectrophotometer
(T 70+, PG Instruments, Lutterworth, UK) and UV/O3 Cleaner (Model 24, BESSCO, Seoul,
Korea). The samples were irradiated with UV light from a mercury lamp (Jelight Inc., Irvine,
CA, USA, 35 mW/cm2, 184 nm and 254 nm wavelength) for 70 min while maintaining the
plate temperature at 60 ◦C. The thickness and surface morphology of the NiO films were
measured using scanning electron microscope (SEM, JSM-7500F, JEOL Ltd., Tokyo, Japan)
and atomic force microscope (AFM, XE-100, Park Systems Corp., Suwon, Korea).

2.2. Fabrication of All-Solid-State EC Devices

Presented in Figure 1 is the layer structure and energy band diagram of the all-solid-
state EC devices (six layers). The upper part of the rectangle represents the conduction
band minimum and the lower part the valence band maximum, and the values below each
layer represent the band gap [26]. ITO/TiO2 serves as a counter electrode, SnO2 acts as an
ion-conducting layer, SiO2 is a barrier layer, and Sn-doped NiO is the optically functional
EC layer. The TiO2 and anodic ITO layers were fabricated using a sputter, and the other
layers were formed by the sol–gel process. TiO2 was deposited on the ITO pre-coated glass
substrate by RF magnetron sputtering (The1-MSS2, TheONE Science) using a TiO2 target
(3′′ diameter × 1/8′′ thickness, 99.99% purity). The base pressure was 8.0 × 10−6 torr.
Argon was utilized as a sputtering gas with a flow rate of 15 sccm, and the working
pressure was maintained at 5 × 10−3 torr. The distance between the target and substrate
was 7 cm, and the substrate was rotated at 10 rpm. The deposition was carried out for 15
min at the power of 200 W to obtain the 83 nm thick films. Anodic ITO was deposited by
direct-current (DC) magnetron sputtering using ITO target (3” diameter × 1/8” thickness,
99.99% purity). The flow rate of argon was 15 sccm, and the working pressure was
maintained at 2 × 10−3 torr. The deposition was performed for 7 min at a power of 50 W,
providing a 100 nm thick ITO film.

Figure 1. Layer structure and energy band diagram of all-solid-state EC device.

2.2.1. Spin Coating

As a precursor for the SnO2 film, 22 wt% of Tin(II) 2-ethylhexanoate was dissolved in
Xylene (Sigma Aldrich, 98.5%), and the mixture was stirred for 30 min at room temperature
(Figure 2). In the SnO2 solution, 3 wt% of silicone oil (Esung Materials) was added to form
the SiO2 barrier. The solution was spin-coated at 3000 rpm for 5 s onto the TiO2 substrate,
and the film was dried on the hotplate at 80 ◦C for 10 min. Then, the film was exposed to
UV light using a UV/O3 Cleaner for 70 min while maintaining the plate temperature at
20 ◦C using a chiller. NiO was deposited on the SnO2 film in the same way described in
Section 2.1.
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Figure 2. Fabrication process flow of all-solid-state EC device using a spin coater.

To enhance the EC properties of the devices, we fabricated them by varying different
parameters such as the Sn concentration in the NiO solution, the concentration of silicon
oil in the SnO2 solution, and the TiO2 thickness. The electrochemical property of the
EC devices was measured by Autolab PGSTAT 302N potentiostat/galvanostat, and the
transmittance of colored and bleached states was measured by UV-vis spectrometer within
the range of 250–800 nm. The applied voltages for bleaching and coloring were set to be
0 V and 2.5 V, respectively. The layer thickness of the EC device was measured by SEM.

2.2.2. Slot Coating

To investigate the scalability to large-area EC devices, we fabricated the SnO2 and NiO
films using a table coater (TSDC-KTEU, DCN), as shown in Figure 3. The table slot coater
consists of a moving plate (400 mm × 500 mm) with a plate heater (up to 150 ◦C), dry
unit (NIR lamp up to 400 ◦C), syringe pump system (flow rate 0.1~10 mL/min), and slot
head module (head size: 40 mm × 30 mm × 105 mm, lip length: 20 mm, surface flatness:
±3 µm, coating gap: 3~2000 µm with a resolution of 1 µm). In the slot-die head with
the effective coating width of 20 mm, a shim with the thickness of 25 µm was embedded,
which was fabricated using a polyimide (PI) film by a laser cutter. To obtain the same layer
thickness as fabricated by spin coating, we increased the weight percentage of Tin(II)
2-ethylhexanoate in the SnO2 solution to 30 wt%, doubled the weight percentage of
Nickel(II) acetate tetrahydrate and Tin(II) 2-ethylhexanoate in the NiO solution (the ratio
of them remained unchanged), and then performed slot coatings at the coating speed of
5 mm/s, coating gap of 200 µm, and flow rate of 0.02 mL/min.

Figure 3. Image of a table slot-die coater and slot-die head used for experiments.
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3. Results
3.1. Photochromic Properties of Sn-Doped NiO Films

We first investigated the photochromic property of the undoped NiO thin film fab-
ricated on a bare glass substrate. As seen in Figure 4, the undoped NiO film exhibits the
transmittance of 92% at a wavelength of 550 nm before UV/O3 irradiation, but it is reduced
to 85% after UV/O3 treatment. The color of the film was changed to brown, indicating the
emergence of the photochromic effect (transmittance modulation of 7%). Photochromism
in WO3 is known to be connected to optically excited electron (e−)-hole (h+) pairs, which
can decompose water incorporated in WO3 [27]. The light-induced decomposition of
H2O can be written as H2O + 2h+ ⇔ O + 2H+. The protons together with the optically
excited electrons lead to the formation of colored tungsten bronze HxWO3. Meanwhile,
the photochromic effect in NiO can be explained as follows [28,29]. Moisture residing on
the thin films during UV/O3 irradiation is decomposed into OH− and O2 (Equation (1)).
The hydroxide ions react with the NiO film, causing NiOOH that is colored into brown
(Equation (2)) [30].

O3(H2O) + hv → 2OH− + O2 (1)

NiO + OH− → NiOOH + e− (2)

Figure 4. UV-vis spectra of undoped NiO film before and after 70 min UV/O3 irradiation.

It is well known that UV/O3 treatment reduces the surface energy (change contact
angle) of thin films, shifts the Fermi level upward (band alignment), and increases the
conductivity of films (i.e., quality of films). As such, it is likely that the UV-treated NiO
films have more hydroxyl groups (-OH) involved in oxidization and reduction processes,
inducing the photochromic effect. In addition, UV/O3 treatment brings in the sintering
effect [31], making the NiO films denser and more uniform. To confirm it, we measured the
thickness of NiO films before and after UV/O3 treatment using SEM. As evident in Figure 5,
the film thickness was 122 nm before UV/O3 treatment, whereas it was reduced to 50 nm
after UV/O3 treatment. Such a dense film is expected to enhance the film conductivity.
Although the sintering effect would also appear by thermal annealing, it may degrade
the device performance if the annealing temperature is too high (affecting the underlying
layers). Therefore, UV/O3 treatment is preferred because it can be performed at a relatively
low temperature.
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Figure 5. SEM images of undoped NiO film (a) before and (b) after UV/O3 treatment.

To further enhance the PC effect of the NiO film, we doped Sn into the NiO solution.
The doping concentration was varied within the range of between 0.5 wt% and 3 wt%.
Presented in Figure 6a are the transmittance spectra of Sn-doped NiO films and in Figure 6b
the images of the color change of those films after UV irradiation. At a doping concentration
of 2 wt%, we achieved the lowest optical transmittance (63% at 550 nm). By the addition
of Sn, the transmittance modulation was improved by 22% (7% to 29%) compared with
the undoped NiO film. The enhancement in the PC effect can be explained using the
band diagram of NiO, as depicted in Figure 7. Under UV irradiation, electrons are excited
from the valence band to the conduction band and then move to the lower side formed
by the addition of Sn, where they are more stable. Since NiO is the anodically coloring
material, it is colored by charge ejection (oxidization process). By the addition of Sn, such
an oxidization process becomes more pronounced, causing an increase in the transmittance
modulation. A similar effect can be found in [32], which demonstrated that enhancement of
charge-transfer kinetics and cyclic stability can be achieved for complementary WO3-NiO
electrochromic devices by incorporating a thin SnOx (~5 nm) interfacial layer. By the
doping of Sn, the Fermi level (EF) shifts toward the conduction band of NiO [33].

Figure 6. (a) Transmittance spectra and (b) images of Sn-doped NiO films for different Sn concentrations after 70 min
UV/O3 treatment.



Coatings 2021, 11, 1431 7 of 17

Figure 7. Energy band diagram showing the effect of Sn doping into NiO.

Figure 8 shows the transmittance spectra of 2 wt% Sn-doped NiO films as a function
of UV/O3 irradiation time. When the irradiation time was between 40 and 60 min, a big
change in the optical transmittance was observed in the PC effect. Based on this result, we
chose the optimum UV irradiation time to be 70 min in the fabrication of the EC device.
The doping of Sn also affects the surface morphology of the NiO films. To confirm this,
we measured their X-ray diffraction (XRD, Empyrean, Panalytical, Malvern, UK) and
surface roughness values and present the results in Figure 9. As evident in Figure 9a
showing the XRD patterns of NiO films with and without UV/O3 treatment and with
2 wt% Sn doping, no crystalline peaks were observed regardless of UV/O3 treatment
and Sn doping. Namely, NiO films with and without UV/O3 treatment and with Sn
doping were completely amorphous with no orientation. The average roughness (Ra) and
peak-to-valley roughness (Rpv) of the undoped NiO film were measured to be 1.1 nm and
31 nm, respectively. The average roughness is the average of how far each point on the
surface deviates in height from the mean height, and the peak-to-valley roughness value
measures the maximum depth of the surface irregularities. They affect the stability of the
device because the short-circuit phenomenon would occur if those values were too high
compared with the layer thickness. By the addition of 2 wt% Sn, the Ra and Rpv values were
reduced to 0.7 nm and 21 nm, respectively. Namely, the surface morphology of the NiO
film was enhanced with increasing Sn concentration. A similar result was also observed
in [31], showing that the incorporation of the impurity (Sn) into NiOx films annealed at
lower temperatures suppressed the grain growth and thus smoother surface. From those
results (Figures 6–9), it is expected that the addition of Sn into NiO would enhance the EC
performance of all-solid-state devices.

Figure 8. UV-vis spectra of 2 wt% Sn-doped NiO films for different UV/O3 treatment times.
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Figure 9. (a) XRD patterns of NiO films and AFM images of (b) undoped, (c) 0.5 wt%, (d) 1 wt%, and (e) 2 wt% Sn-doped
NiO films.

3.2. Electrochromic Properties of EC Devices

Presented in Figure 10a is the SEM image showing the layer thickness of the EC device
fabricated by spin coating. Even though a hybrid process (sputtering and coating) was
employed to fabricate the device, each layer is shown to be well defined. The thickness of
the TiO2 and Sn-doped NiO layers was measured to be 83 nm and 32 nm, respectively. In
particular, phase separation appeared during UV/O3 irradiation from a single mixture of
SnO2 and silicone oil, causing the separated layers of SnO2 (~62 nm) and SiO2 (~10 nm).
The thin SiO2 layer was formed atop the SnO2 layer. In fact, such a conversion process was
applied to form the SiO2 film [34]. It was demonstrated that ozone and atomic oxygen,
produced by exposure of atmospheric oxygen to UV radiation, remove organic portions of
siloxane polymers as volatile products and leave a thin silicon oxide surface film. UV/O3
treatment removes up to 89% of the carbon from the resultant surface film, leading to an
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overall stoichiometry close to that of SiO2. Therefore, UV/O3 treatment can also provide
a facile means of generating silicon oxide films. To demonstrate its effect more clearly,
we added more silicone oil (from 3 wt% to 12.5 wt%) to the precursor SnO2 solution and
spin-coated it under the same condition described in Section 2.2. As evident in Figure 10b,
phase separation occurred, and the thickness of the SiO2 layer increased to 93 nm. The
thickness of the SnO2 layer also increased because more high-viscosity (450 cSt) silicone oil
was added into the precursor SnO2 solution with the viscosity of 306 cSt, by which less
solution may be expelled from the substrate during spin coating. UV/O3 treatment may
cause the photodiffusion phenomenon (the emergence of a discontinuity or discrete islands
of the overcoated layer by the UV-induced diffusion process). As evident in Figure 10,
however, such a phenomenon was not observed.

Figure 10. SEM image of (a) the EC device with 2 wt% Sn-doped NiO layer and (b) SnO2 layer on
which the separated SiO2 layer is formed after UV treatment.

We investigated the EC property of the device with the same structure as in Figure 10a.
Figure 11 shows the measured transmittance spectra and response time of the EC device
with a 2 wt% Sn-doped NiO film. Summarized in Table 1 is the ∆T value measured at
a wavelength of 550 nm for different Sn concentrations. The ∆T value of the EC device
with the undoped NiO film was as low as 5.1%, whereas it was increased to 25.7% with
the 2 wt% Sn-doped NiO film, a consequence similar to the PC effect in Figure 6. We
obtained a transmittance of 77.6% in the bleached state and 51.9% in the colored state at
550 nm. The insets in Figure 11a are photographs of the EC device in bleached and colored
states. Compared to the PC properties, the EC device shows a dark gray color rather than
brown. One may speculate that it is because the SnO2 layer also acts as an EC layer. In
fact, electrochromism was also observed in SnO2 films, and its EC effect was sensitively
dependent on their crystallinity and preferred orientations [24]. However, the EC effect
was extremely low using an amorphous SnO2 film. Furthermore, no photochromism was
observed in the SnO2 film. It seems that the dark gray color is induced by the multi-layer
structure. Although there may be some EC effect by the SnO2 layer, the NiO layer is
the main EC layer. The response time for bleaching (tb) and coloring (tc), defined as the
time required to reach 90% and 10% of the final and initial transmittance values [32], was
measured to be 12 s and 20 s, respectively, as evident in Figure 11b, which is close to that (8 s
for tb and 20 s tc) of the EC device with LiBSO. Shown in Figure 12a,b is the measured cyclic
voltammogram performed between 0 V and 2.5 V at a scan rate of 100 mV/s for different
Sn concentrations and optical density (∆OD) versus charge density for the calculation of
the coloration efficiency, respectively. The optical density and coloration efficiency (CE) are
expressed as

∆OD = log
tb
tc

(3)

CE =
∆OD
Qd

(4)
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where Tb is the optical transmittance in the bleached state, Tc is the transmittance in the
colored state, and Qd is the charge density. The current density (CE value) was measured
to be 0.08 mA/cm2 (3 cm2/C) with the undoped NiO film, 0.21 mA/cm2 (8.4 cm2/C) with
the 1 wt% Sn-doped NiO film, 0.77 mA/cm2 (29.2 cm2/C) with the 2 wt% Sn-doped NiO
film, and 0.59 mA/cm2 (16.3 cm2/C) with the 3 wt% Sn-doped NiO film. Namely, the
addition of dopants brings in an increment of anodic current density and thus coloration
efficiency. Similar to the PC effect, the optimum amount of Sn dopant exhibiting the highest
coloration efficiency was 2 wt%.

Figure 11. (a) Transmittance spectra measured after applying a voltage for 2 min and (b) response
time of the EC device with 2 wt% Sn-doped NiO film (the dash lines indicate the time required for
the transmittance to reach 0% to 90% or 100% to 10%).

Table 1. Transmittance modulation of the EC device at 550 nm for different Sn concentrations in the
NiO layer.

Sn Concentration (wt%) ∆T (%)

Non-doped 5.1
1 20.5
2 25.7
3 21.0

Figure 12. (a) Measured cyclic voltammogram performed between 0 V and 2.5 V for differ-
ent Sn concentrations and (b) optical density versus charge density for the calculation of the
coloration efficiency.

As depicted in Figure 13, the SnO2 film is an n type and the NiO film is a p type. The
hydroxyl protons are generated during UV irradiation on the surface of the SnO2 and NiO



Coatings 2021, 11, 1431 11 of 17

films because UV-treated films have more hydroxyl groups (-OH) that modify the surface
energy. Under a forward bias, electrons and holes are blocked by the SiO2 barrier, causing
a charge accumulation (electrons in the SnO2 layer and holes in the NiO layer). At the same
time, electrons are extracted from the NiO layer or trapped to the lower side formed by the
addition of Sn (Figure 7), increasing the anodic charge density. Furthermore, the hydroxide
ions are transported to the EC layer through SiO2, and thus reaction occurs, causing anodic
coloration. It is apparent that Sn doping improves EC performance (anodic coloration)
due to an increase in the reaction sites in the EC layer. A similar effect was observed in
the CV measurement using an aqueous electrolyte (KOH). In [23], the quantity of ions
and electrons extracted from the NiO film increased with increasing doping concentration,
indicating that the reaction activity of the Zn-doped NiO thin film was better than the
undoped NiO film. In [35], the Al-doped NiO film also showed an increase in the anodic
and cathodic peak currents. It was demonstrated that Al doping augmented the specific
surface area and active sites, and a moderate amount of Al doping could be conductive for
ion transport. In [25], the addition of the dopant (V2O5) caused a significant improvement
in charge density values. The anodic charge density increased from 25.5 mC/cm2 for the
NiO film to 52.8 mC/cm2 for the 10 mol% V2O5-doped NiO film. The V2O5-doped NiO film
also improved the optical properties and kinetics of the insertion and extraction process.

Figure 13. Energy band diagram of all-solid-state EC device with SiO2 layer.

In our device structure, UV/O3 treatment is one of the critical processes that determine
EC performance. We found that no EC effect was observed if UV/O3 treatment was
removed even once in our fabrication process (first treatment for SnO2 and second treatment
for NiO). As discussed above, UV/O3 treatment played a key role in phase separation,
forming the separated SiO2 layer on the SnO2 layer. Moreover, it generated the hydroxyl
protons that react with the NiO film. It also enhanced the surface morphology of the
NiO film. Such positive effects that appeared in the NiO film were also observed in SnO2
films [36]. The intensity of the -OH bond in UV/O3-treated amorphous SnO2 increased,
compared with that in amorphous SnO2 without UV/O3 treatment. It indicates that the UV-
treated SnO2 films have more hydroxyl groups. Furthermore, the UV-untreated SnO2 film
had an irregular surface with distinct valleys, but the UV-treated SnO2 film had a dense and
more uniform surface. It was also demonstrated that the UV-treated SnO2 showed better
charge transport and less recombination due to the high electronic conductivity and the
smooth surface [36]. The EF of UV-treated SnO2 was found to be shifted upward because
the UV treatment affected the electron density by the formation of -OH chemisorption.
Therefore, the UV/O3-treated SnO2 layer is expected to enhance the EC performance of
the device. However, much care should be taken in selecting the UV power and time
during the UV/O3 treatment process. For the SnO2 film, the optimum UV power and time
were 35 mW/cm2 and 70 min, which was also applied for the NiO film. When the UV
power was too high or time was too long, the film was colored and never returned to its
original color.

In an attempt to improve the performance of the EC device, we varied the TiO2 layer
thickness within the range of between 16 nm and 95 nm, which was done by controlling
RF sputtering time. As presented in Figure 14 and Table 2, the ∆T value of the EC device
was increased from 21.3% to 38.3% when the TiO2 thickness was decreased from 95 nm to
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48 nm. However, when the TiO2 thickness was less than 48 nm, the ∆T value was rather
decreased. The optical transmittance of the EC device with the 48 nm thick TiO2 layer
was 85.5% in the bleached state and 47.2% in the colored state at 550 nm. The response
time for bleaching (tb) and coloring (tc) was measured to be 10 s and 14 s, respectively. It
was observed that the response time (tc) was reduced by about 30%, compared to the EC
device with the 83 nm thick TiO2 film in Figure 11. Since TiO2 is not only an ion-storage
layer but also an insulating material, a thick TiO2 layer reduces the response speed of the
EC device. Therefore, the optimum TiO2 thickness in this work was observed to be about
48 nm. Through a comparison between the insets in Figures 11a and 14a, we can see that
the color of the device becomes darker in the colored state when the TiO2 layer is thinner.
We also measured the chromaticity of the EC device using a spectrophotometer (ColorMate,
SCINCO, Seoul, Korea) and present the result in Figure 14c. The chromaticity coordinate
lies in the second quadrant (yellow-green region, a* = −8.0275, b* = 4.5311) in the bleached
state, showing yellowish-green color. It shifts to the first quadrant (yellow-red region,
a* = 8.0468, b* = 5.1983) in the colored state, exhibiting dark grayish-brown color.

Figure 14. (a) Measured transmittance spectra, (b) response time, (c) chromaticity diagram of the EC
device with 48 nm thick TiO2 layer.
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Table 2. Transmittance modulation of EC devices at 550 nm for different TiO2 thicknesses.

TiO2 Thickness (nm) ∆T (%)

95 21.3
83 25.7
63 26.9
48 38.3
32 23.1
16 15.4

For the same purpose, we varied the amount of silicon oil from 0 to 4 wt% in the
precursor SnO2 solution. Summarized in Table 3 is the measured ∆T value for different
silicon oil concentrations. We found that the EC device without silicone oil had the lowest
transmittance modulation of 4.4%. The ∆T value increased as the silicon oil concentration
increased. It was due to the fact that the barrier layer prevents electrons from injecting
into the EC layer, and at the same time, the accumulated holes in the EC layer promote the
transport of the hydroxyl ions into the EC layer (Figure 13). A similar phenomenon (effect)
was also demonstrated in a WO3/SiO2/Ta2O5 EC device fabricated by the sputtering
process [21]. When the silicone oil concentration exceeds 3 wt% (thicker SiO2 layer), the
hydroxide ions do not easily move through the SiO2 layer, degrading EC performance.
Therefore, the optimum silicon oil concentration (SiO2 layer thickness) was 3 wt% (~10 nm).
With the optimum device structure (NiO doped with 2 wt% Sn, TiO2 = 48 nm, SiO2 = 10 nm),
we achieved the transmittance modulation of as high as 38.3% and the coloration efficiency
of 39.7 cm2/C. Figure 15 shows the in situ transmittance curve during the continuous
potential cycling test of the optimized EC device. The in situ transmittance change gradually
degrades and then saturates at about 60,000 s, at which time the transmittance modulation
is about 23%.

Table 3. Transmittance modulation of the EC device at 550 nm for different silicon oil concentrations.

Silicone Oil Concentration (wt%) ∆T (%)

0 4.4
1 8.4
2 32.9
3 38.3
4 31.5

Figure 15. In situ transmittance curve during the continuous potential cycling test of the optimized
EC device (NiO doped with 2 wt% Sn, TiO2 = 48 nm, SiO2 = 10 nm).

One of the main advantages of all-solid-state EC devices is their heat resistance. To
demonstrate it, we measured the change in the ∆T value of the optimized EC device
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(TiO2 = 48 nm, SiO2 = 10 nm, NiO doped with 2 wt% Sn), which is induced by the heat
applied to the device using a hotplate for 2 hs. As evident in Figure 16, the ∆T value
decreased with increasing temperature. The ∆T value was 38.3% at 25 ◦C, 33.2% at 60 ◦C,
24.6% at 100 ◦C, and 2.7% 140 ◦C. At 100 ◦C, the ∆T value was decreased by 36% from its
initial value.

Figure 16. Transmittance in the bleached and colored states as a function of temperature.

3.3. Comparison between Spin and Slot Coatings

To demonstrate the scalability to large-area EC devices, we also fabricated the EC
devices using slot-die coating under the same process condition described in Section 2.2.2.
The thickness of each layer (SnO2 = 61 nm, NiO = 30 nm) fabricated by slot-die coating
was almost the same as that (SnO2 = 62 nm, NiO = 32 nm) by spin coating. As shown in
Figure 17, ∆T value was measured to be 34.1% (the transmittance of bleached and colored
states was 80.7% and 46.6%, respectively), which was very close to that of the spin-coated
EC device. We also made a comparison between them in terms of the surface morphology
of the coated films. As seen in Figure 18 and Table 4, the surface morphology of the
slot-coated SnO2 on TiO2 and NiO on SnO2 was better than that of spin-coated films. The
Rpv value (43 nm) of spin-coated SnO2 was reduced to 16 nm by slot-die coating, and
a similar effect was observed in the slot-coated NiO film. It was because more coating
defects occur in spin coating, as evident in Figure 18e. Such a defect is attributed to that
aggregation occurs or the film drying has progressed considerably under centrifugal force
during spin coating. Therefore, slot-die coating can be employed in the fabrication of
large-area all-solid-state EC devices without much compromise on the EC performance.

Figure 17. Transmittance spectra of the EC device fabricated by slot–die coating (the insets are photo
images of the bleached and colored states).
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Figure 18. AFM images of (a) spin-coated SnO2, (b) spin-coated NiO, (c) slot-coated SnO2, (d) slot-coated NiO films, and (e)
image of defects in the spin-coated SnO2/NiO films.

Table 4. Surface roughness of spin/slot-coated SnO2 on TiO2 and NiO on SnO2.

Layer Spin Coating Slot Coating
Rpv (nm) Ra (nm) Rpv (nm) Ra (nm)

SnO2 43 1.6 16 0.9
NiO 32 1.3 15 0.6

4. Conclusions

By a hybrid fabrication process (sputtering and sol-gel spin/slot coatings), we fabri-
cated all-solid-state EC devices with Sn-doped NiO as an optically functional EC layer. It
was found that the PC effect was enhanced from 7% to 29% and the EC effect from 5.1% to
25.7% by the addition of 2 wt% Sn into the precursor NiO solution. As a critical process for
hydroxide-ion-based EC devices, UV/O3 treatment was shown to enable (1) the formation
of high-quality (dense and smooth) films, (2) the generation of hydroxide ions, (3) the
conversion (phase separation) of silicon oil into the SiO2 barrier at a low temperature, and
(4) the enhancement of the overall device performance. The EC performance was also
varied depending sensitively on the thickness of TiO2 and SiO2 layers, and the optimum
thickness was 48 nm and 10 nm, respectively. With the optimum device structure (NiO
doped with 2 wt% Sn, TiO2 = 48 nm, SiO2 = 10 nm), we achieved the transmittance modu-
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lation of 38.3% and the coloration efficiency of 39.7 cm2/C. The EC device also exhibited
good heat resistance (36% decrease in the transmittance modulation at 100 ◦C for 2 h).
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