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A B S T R A C T   

The use of the oxide-metal-oxide (OMO) structure is one of the key strategies for enhancing the sheet resistance 
and flexibility of large-area flexible displays. Various combinations of OMOs with indium-tin oxide (ITO) and 
zinc-tin oxide (ZTO) for the oxide layer and a metal layer with silver (Ag) are discussed. Four-types of OMO are 
fabricated and the electrical characteristics of each are confirmed through electrochromic devices. The type of 
oxide layer affects the electron transfer from the metal layer to the oxide layer. Thus, the position of the oxide 
layer depends on the band structure and should be considered to achieve better performance. The ITO/Ag/ITO 
(IAI) type of electrode demonstrated the lowest sheet resistance at an average of 8 Ω sq− 1 as well as high 
transparency above 80% at a wavelength of 650 nm. Electrochromic transparency differences between the 
bleached and colored states were maintained at 52.1% after 200 cycles, and the times required for coloration and 
bleaching were 0.5s and 8.1s, respectively. A stable redox reaction was confirmed after storing the devices at 
− 30 ◦C and 85 ◦C for 18 h.   

1. Introduction 

Electronic devices are deeply embedded into our everyday lives and 
are becoming absolutely necessary given the numerous applications we 
use. Most mobile, vehicle and household appliances are electronic de
vices that use batteries and a display. Specifically, the demand for 
flexible transparent displays is growing because one feature of electronic 
devices is turning from a two-dimensional (2D) plane to three- 
dimensional (3D) curvature [1–4]. Furthermore, folding and unfolding 
is becoming an important issue given the need for transparent displays 
with good flexibility, low sheet resistance and high resistivity to external 
sources of strain [3,5,6]. 

To meet these characteristics of transparent displays, the transparent 
conducting electrode (TCE), which has high conductivity, high trans
parency, good stability and good flexibility is required [7–10]. One of 
the candidates for next-generation TCEs is the oxide-metal-oxide (OMO) 
electrode given its low sheet resistance, high transparency and good 
mechanical properties [11–14]. Many researchers have studied typical 
combinations of oxide materials and metal layers, such as zinc oxide 

(ZnO) and indium-tin oxide (ITO) for the oxide layer and silver (Ag) or 
copper (Cu) for the metal layer [15–20]. Among these combinations, the 
most commonly used material in the middle metal layer is Ag because it 
shows very limited color when used in the form of extremely thin layers 
and has good conductivity. These types of OMO TCEs have successfully 
been applied to diverse electronic devices, including sensors, solar cells 
and electrochromic devices [11,14,21–24]. Nonetheless, optimized 
modifications of the layer contents for each application should be done 
to realize the best performance. 

Among several matched electronic devices, OMO TCEs are effective 
in electrochromic devices (ECD), i.e., a color-switchable display that 
allows control of the incident light [25]. Generally, ECDs are fabricated 
with glass substrates given their long-term stability and adaptability to 
various environments. The large difference in the transmittance be
tween the colored and bleached state is advantageous; however, 
improving the slow reaction time has been a major research topic in 
recent years, especially for flexible and bendable ECDs [26–29]. The 
main issues are the diffusion kinetics of alkali ions and the electron 
transfer [30–32]. Particularly, the electron transfer is related to the 
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sheet resistance of electrodes and the transfer at the interface between 
the electrode and the material. These movements show the in-plane 
direction through the crystal plane in crystalline materials [33]. The 
typical TCE for the flexible ECDs such as ITO on a PET (polyethylene 
terephthalate) substrate has sheet resistance of around 30–100 Ω sq− 1, 
which decreases with an increase in the thickness of ITO films but easily 
cracks due to continuous bending, an issue that remains to be overcome. 
In addition, indium is a rare and earth-abundant material [9,10,14]. On 
the other hand, OMO TCEs have mixed resistance generated from hor
izontal (through the metal layer) and vertical direction transfers (metal 
to oxide materials, oxide layer), with values below 10 Ω sq− 1 [12,13]. It 
has a thin metal layer, known as a decision layer of the main sheet 
resistance of the electrode, which guarantees rapid horizontal electron 
transfers through the entire area and mechanical strength under a 
bending condition [13]. Vertical transfers are managed by the oxide 
layer and metal-oxide interfaces. The critical point here is the electron 
transfer through the metal-oxide interface, which is controlled by the 
work function of the oxide materials and the metal species. The oxide 
layer is sufficiently thin for electrons to pass through; thus, the interface 
effect is negligible. A smooth moving path or a blocking barrier can form 
depending on the level differentiation. In the barrier case, it is possible 
to overcome this by the stacking of a transition-metal oxide that effec
tively reduces the hole injection barrier by increasing the work function 
of the electrode [10,34–37]. Typical electrochromic devices use tung
sten oxide (WO3) as the main electrochromic layer, which also regulates 
the work function of OMO TCEs. 

Here, four types of transparent OMO TCEs were studied with 
different oxide materials of zinc-tin oxide (ZTO) and indium-tin oxide 
(ITO) and WO3-based electrochromic devices were fabricated to confirm 
the effects of the layer contents of OMO TCEs on ECDs. The optimized 
structure of the OMO TCEs was selected and its electrochemical and 
optical properties were investigated with an electrochromic WO3 layer. 
Its electron transport through the metal-oxide interfaces is hypothesized 
according to the band structure. Furthermore, an optimal Prussian blue 
counter electrode was selected and fabricated, showing good long-term 
stability over 20,000 cycles and thermal stability at 85 ◦C and − 30 ◦C. 

2. Experimental 

2.1. Oxide-metal-oxide electrode deposition  

2.2. Oxide-metal-oxide electrode deposition 

Four different stacking schemes were used to create the ITO/Ag/ITO 
(IAI), ITO/Ag/ZTO(IAZ), ZTO/Ag/ITO(ZAI) and ZTO/Ag/ZTO(ZAZ) 
layers on the glass substrate; bottom oxide/metal/top oxide form. The 
detailed content of the ITO and ZTO target was In2O3 90 wt%/SnO2 10 
wt% and ZnO 50 wt%/SnO2 50 wt%; both targets were three inches and 
the purity level was 99.99%. The sputter system used for OMO electrode 
deposition is illustrated in Fig. 1(a). The deposition process involved 
transferring the substrates from chamber to chamber; therefore, the film 
thickness was controlled by the velocity of movement. With ZAZ, for 

example, the deposition process started in chamber 1, with ZTO 
(chamber 2) then sputtered onto the substrate with a moving velocity of 
0.7 rpm and the sample transferred to chamber 4 to wait for the depo
sition of Ag. It moved at 3.7 rpm for Ag deposition toward chamber 3 
and stopped at chamber 1. Lastly, the ZTO layer was deposited onto the 
ZTO/Ag layer using the same procedure used for the first deposition, and 
the process stopped at chamber 3 and then returned to chamber 1. 
Targets were sputtered in the respective order and the machines were 
turned off. The designed thicknesses of the top/bottom oxide and metal 
layer were 40 nm and 10 nm, respectively. All schemes for the four OMO 
electrodes and the detailed sputtering conditions are described in 
Tables S1 and S2. The structure of the successfully deposited OMO 
electrode is displayed in Fig. 1(b). 

2.3. Fabrication of electrochromic devices 

The electrochromic (EC) layer was coated by the sol-gel method. 
Tungsten oxide (WO3) and Prussian blue (PB) were used as the working 
and counter materials, respectively. The detailed synthesis method for 
Prussian blue is described in the Supplementary Document. Each so
lution was spin-coated onto the OMO (working electrode, WO3) and ITO 
(counter electrode, PB) with different spin rates of 2000 rpm for WO3 
and 1000–2000 rpm for PB, as shown in Fig. S1(a). The acceleration 
time was 2s, and the process was maintained for 20s. The coated layer 
was dried on a 130 ◦C hot plate for 2 min and allowed naturally to cool 
down. The working and counter electrode were attached with two pieces 
of thermal adhesive tapes (60 μm) and these were melted at 110 ◦C on a 
hot plate. Liquid electrolyte (1 M LiClO4 in propylene carbonate) was 
injected through the hole in the counter electrode and the holes were 
sealed with 3 M tape. The structure of the full device is shown in Fig. S1 
(b). 

2.4. Measurements 

The sheet resistance of the OMO electrodes was confirmed using a 
four-point probe (CMT-SR2000 N, AIT Co., Ltd., Korea). The current 
flow versus the potential of the EC layer on the OMO electrodes was 
measured by cyclic voltammetry (CHI1030, CH Instrument Inc.) with a 
scan rate of 50 mVs− 1. The electrochemical properties were measured 
with a liquid electrolyte consisting of 1 M LiClO4 in propylene carbonate 
(PC). Ag/AgCl and Pt wire were used as the reference and counter 
electrode, respectively. The optical characteristics were investigated by 
UV–vis spectrophotometry (Ocean Optics, DH-2000-BAL) to ascertain 
the transmittance of the sputtered OMO electrodes and the electro
chromic characteristics. The applied voltages for the EC performance, i. 
e., the coloration and bleaching processes, were − 1.8 V and 1.8 V, 
respectively, with application for 10s in each case. 

3. Results and discussion 

Low resistance is a primary required property for the broad appli
cation of TCEs. The resistance of typical TCEs, such as ITO and FTO, is 
determined by the thickness of the doped-metal oxide layer. On the 
other hand, the resistance of the OMO electrode depends on the metal 

Fig. 1. (a) Sputtering system for the OMO electrodes. Chambers 1 and 5 are the stop chambers, chambers 2 and 4 are designed for the oxide target (ZTO and ITO, 
respectively), and an Ag layer is sputtered in chamber 3; (b) structure of the OMO electrodes. 
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layer between the two oxide layers. The resistance and thickness of the 
metal layer are inversely proportional; therefore, a trade-off between the 
resistance and transmittance exists. To determine the proper thickness of 
the metal layer and the oxide layer, the structure of the OMO TCEs was 
simulated using simulation software (The Essential Macleod, Thin Film 
Center Inc., USA). The simulation results with various thicknesses of the 
Ag layer (metal layer) for clear transmittance led to the selection of a 
thickness of 10 nm. In fact, a thickness of 10 nm of the metal layer was 
confirmed in many related studies, as it showed the best performance 
[10,14]. The oxide layer was 40 nm thick, as this value shows the best 
transmittance clearness. 

The simulated transmittance graphs with diverse oxide layers are 
shown in Fig. 2(a). The simulation results verified that all of the 
designed structures are transparent in the visible wavelength range from 
400 nm to 700 nm. Peaks of the transmittance were located at 600 nm in 
all cases. However, Fig. 2(b) shows the transmittance graphs after the 
actual deposition processes, showing different results from the simu
lated data. The highest transmittance was gained in ZAZ, followed by 
IAI, IAZ and ZAI in that order. A homogeneous oxide layer has higher 
transmittance than a heterogeneous layer. The location of the plateau 
does not change; however, the transmittance value was lower than in the 
simulated data. This was due to the effect of layer-by-layer interference 
and the environmental condition of the sputtering process, which is 
challenging to consider in simulations. Constructive and destructive 
interference can occur at each thin layer. The refractive index of a ma
terial is a unique value and the reiteration of different values could 
create losses in or reinforce the transmittance. A surface profilometer 
was used to confirm the thickness of the fabricated OMO TCEs (Fig. S2 
(a)). The fabricated OMO TCEs were taller than their designed 

counterpart owing to the sputtering condition. This also suggests that 
the simulated and fabricated OMO TCEs have different properties. 
Furthermore, Fig. S2(b) and (c) show cross-sectional scanning electron 
microscopy (SEM) images of ZAZ and IAI, respectively Three layers were 
found, and the thickness matches the data from the surface profilometer. 
The middle layer is difficult to designate due to the reiteration with both 
oxide layers. This indicates that the transmittance may affect the reit
eration between the layers. It should be noted that the ZAZ combination 
shows the best performance in terms of the transmittance. 

The sheet resistance outcomes with different combinations of metal 
oxides were investigated by four-probe measurements (Fig. 2(c)). As 
mentioned above, the sheet resistance of OMO TCEs depends on the 
metal layer. However, the measured resistance showed different values 
through the bottom/top oxide layer combination. The ITO top-oxide 
layer (8 and 12 Ω sq− 1 for IAI and ZAI, average values, respectively) 
has lower resistance than the ZTO top-oxide layer (14 and 18.5 Ω sq− 1 

for ZAZ and IAZ, average values, respectively), indicating that the ITO 
top-oxide layer could have better performance as an electrode than the 
ZTO top-oxide layer. The lowest and highest values are 5–17 Ω sq− 1 with 
ITO as the top-oxide layer, but they are approximately 8–23 Ω sq− 1 with 
ZTO as the top-oxide layer. It is possible to suspect that the sheet 
resistance in all cases is affected by both the metal layer and the oxide 
layer. In addition, homogeneous combinations of the bottom/top oxide 
layer, IAI and ZAZ, outperformed the heterogeneous combinations of 
IAZ and ZAI. These factors suggest that the combination of the ITO top- 
oxide layer and homogeneous oxide layers would result in excellent 
performance as an electrode. 

The optical band gap of the OMO TCEs (Fig. 2(d)) was calculated 
from the transmittance data using the following formula of the Tauc 

Fig. 2. Resistance and transmittance of four types of OMO electrodes: (a) simulated, (b) sputtered transmittance, and (c) sheet resistance graphs; (d) calculated 
optical band gaps of four types of OMO structures overall. 
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relationship [38,39]: 

(αhν)1/2
=A

(
hν − Eopt

gi
)

Here, A is the parameter for transition, Eopt
gi is the optical band gap of the 

material, and hν is the incident photon energy [38]. This equation is 
used to determine the indirect band gap (equal to the optical band gap) 
of materials. The band gap of the OMO thin film is not verified as a direct 
band gap; therefore, it is considered as a materials with an indirect band 
gap. As it is difficult to determine the band gap of a multi-layer structure, 
the optical band gap is a reasonable replacement [40,41]. In Fig. 2(d), 
ZAZ has the largest band gap value, IAZ and ZAI have similar or identical 
values, and the smallest value is assigned to IAI. 

To confirm the effect of electron transport into the electrode, cyclic 
voltammogram (CV) measurements were taken (Fig. 3) with an elec
trochromic layer of WO3. Current flow through the OMO/WO3 thin films 
was graphed with the applied voltage range of − 1.5 V–1 V and a scan 
rate of 50 mV s− 1. It is suggested electrochemical characteristics of 
materials on different electrodes. Clearly, the graph depicts that the IAI 
and ZAZ show stabilized voltammetry movements. In the IAI case, the 
current exceeds the possible detection area of the machine, and a flat 
area was found during the reduction process. On the other hand, ZAZ 
formed a typical WO3 CV graph because the amount of current was very 
low [42]. IAZ and ZAI have noise peaks throughout the CV graph, but 
the noise peaks are much stronger in IAZ. Such noise peaks can occur 
due to an interrupt in the electron transport pathway, as will be dis
cussed later. The outcomes suggest that the current flow through the 
homogenous OMO TCEs was more stabilized than that of the hetero
geneous OMOs. The noise peaks are noticeable during the reduction 
process as compared to oxidation. Furthermore, the current amounts are 
also larger in ZAI than in IAZ. This phenomenon is related to the band 
structure of OMO films; therefore, the hypothesis that the band diagram 
differs in the four types of OMO structures is expressed in Fig. 4(a)-(d). 

The work function ranges of ITO and ZTO are 4.22–4.40 eV and 
4.95–5.16 eV, respectively, according to the literature [43–46]. The 
work function of Ag is 4.26 eV; therefore, the bottom and top sides 
nearly have ohmic contact. The ohmic contact indicates smooth electron 
transport in the band structure. In the four structures, only the height of 
the ohmic contact differs. Because band structure and Fermi level (Ef) 
depend on the material, the height of the ohmic contact of ZTO is higher 
than that of ITO. The band bending of ITO is not critical because the 
work function of ITO is similar to that of Ag. However, that of ZTO is 
much higher due to the heavily doped Sn in the ZnO structure. This 

structure suggests that electrons are easily transported from the oxide 
layer to the metal layer. The main point here is that the work function of 
ITO is similar to that of Ag, meaning that electrons easily move toward 
the metal to oxide layer with a small amount of power. On the other 
hand, the barrier between Ag and ZTO is too large to jump. This can 
cause unstable electron transport from the substrate to the functional 
electrode, here from the OMO substrate to the WO3 electrode. This is 
discussed later in the paper. From this hypothetical diagram, with the 
homogeneous electrode (IAI and ZAZ), it is equally easy or difficult to 
transfer the electron from/to the WO3 electrode. However, the hetero
geneous electrode (IAZ and ZAI) is different. ZAI is the easier case 
because the flow of electrons is similar to a falling cliff from the bottom 
to the top side, whereas IAZ incurs some difficulty as a rising cliff. It 
should be noted that more energy is needed for electron transport. 
Furthermore, electrons can stagnate in the metal layer. As a result, the 
electron transportation of IAZ is most challenging among the four OMO 
TCEs. In relation to this, Kim et al. studied OMO electrodes and a-IGZO 
channel layer band diagrams [13]. Similar ohmic contact was formed in 
the OMO/a-IGZO channel layer. They suggested that a high electron 
concentration could lower the effective barrier height and increase the 
probability of tunneling at the junction. For OMO TCEs and the WO3 
electrode, the relationship is also as an ohmic barrier. It has been re
ported that the OMO structure has a lower work function; therefore, the 
electron movement could be smooth between OMO TCEs and the WO3 
electrode [47,48]. 

As shown in Fig. 4, electron transport can be influenced by the band 
structure. A path for electrons is not provided for natural transfers; 
therefore, the resistance changes with each electron path. 

Therefore, the resistance between the layers could be one of the 
causes of the irregular behavior through the electrode-thin films. The 
total resistance (Rtotal) consists of the parallel resistance of the three out- 
path resistances of Rout1, Rout2 and Rout3. Each out-path resistance con
sists of the resistance of each layer on the electron path. This refers to 
series resistance, as explained by the sum of the layer resistance; for 
example, Rout2 at ZAZ (Fig. 5(a)) is the sum of R1 (first ZTO), R3 (metal, 
Ag), R1 (last ZTO) and R4 (WO3). 

Rout2 =R1 + R3 + R1 + R4 

If the resistance of the metal and the WO3 has identical values, the 
out-path resistance will be distinguished by the resistance values of the 
oxide layer, ZTO and ITO. Clearly, this is the main cause of the differ
ences in the total resistance. In the OMO structure, the electrons are 
known mostly to move through the metal layer, which indicates that 
Rout2 is the main path. For the calculation, the R3 (metal, Ag) and R4 
(WO3) are considered as a constant factor, c. Therefore, the total resis
tance Rout2 is changed as follows: 

Rout2 =R1 + c+R1 + c= 2(R1 + c)

With the same mechanism, the calculation of Rout1 and Rout3 is displayed 
below. 

Rout1 =R1 + c  

Rout3 =R1 + c+R1 + c+R1 + c= 3(R1 + c)

The total resistance Rtotal is described as shown below, 

1
Rtotal

=
1

Rout1
+

1
Rout2

+
1

Rout3
=

11
6

(
1

R1 + c

)

which indicates that Rtotal increases with an increase in R1. The typical 
resistance values of ITO and ZTO are around 30–100 and 5 × 105 Ω sq− 1, 
respectively [49–52]. These values depend considerably on the thick
ness; however, ZTO still has much higher resistance than ITO. It should 
be noted that the total resistance of the electron transfer through the 
OMO electrode-WO3 thin film is high in the ZTO case. Hence, this also 
explains the noise peaks of the CV graph in Fig. 3. Both the single line 

Fig. 3. Cyclic voltammogram of OMO/WO3 from − 1.5 V to 1.0 V with a scan 
rate of 50 mV s− 1 in 1 M LiClO4 in propylene carbonate (PC) as an electrolyte. 
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resistance (each Rout) and the total resistance change in proportion to 
the resistance of the metal oxide layer. On the other hand, IAZ (Fig. 5(c)) 
shows a different result as it is dominated by the top metal oxide 
resistance. The calculation was identical, but Rtotal changes due to the 
existence of both R1 and R2. 

Rout1 =R1 + c  

Rout2 =R1 + c+R1 + c= 2(R1 + c)

Rout3 =R1 + c + R2 + c + R1 + c = 2R1 + R2 + 3c  

1
Rtotal

=
1

Rout1
+

1
Rout2

+
1

Rout3
=

8R1 + 3R2 + 11c
2(R1 + c)(2R1 + R2 + 3c)

Rtotal =
4R2

1 + 2R1R2 + 12R1c + 2R2c + 6c2

8R1 + 3R2 + 11c 

This suggests that Rtotal is much more dominated by R1 than by R2. 
Therefore, the resistance of the top metal oxide is affected by the total 
resistance more than that of the bottom layer. Clearly, a few factors are 
excluded that can influence the resistance and electron transfer. First, 
the electron transfer is considered as a single-line transfer through each 
out-line. Natural electron transfers do not show a linear transfer; 
therefore, the transfers should have partial differences. Another factor is 
the hindrance due to layer resistance. OMO has layer-by-layer structures 
with resistance between the layers. In this calculation, it was ignored for 
simplicity. Therefore, for an exact calculation, those factors should be 

Fig. 4. Theoretical band diagrams of OMO structures with different combinations of oxide materials: (a) IAI, (b) ZAI, (c) IAZ and (d) ZAZ.  

Fig. 5. Complex resistance through the OMO electrode and WO3 thin films: (a) ZAZ structure, (b) IAI structure and (c) IAZ structure.  
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considered. Nevertheless, the results mean that the OMO structures are 
dominated by the top metal oxide. Electrons can easily be transferred 
through the top metal oxide layer and the metal layer as compared to the 
bottom metal oxide layer. With the ZTO top oxide layer, it is difficult to 
transfer electrons into the electrochromic layer. Therefore, the size of 
the CV graphs of the ZTO top-oxide OMOs is decreased compared to that 
of the ITO top-oxide OMOs, as shown in Fig. 3. It gradually decreases 
depending on the addition and position of the ZTO, which confirms that 
the ZTO-Ag interface influences the current flow. To ensure stable and 
high electrochromic performance, the ITO top oxide is preferred. 

The electrochromic properties during the in-situ process with the CV 
measurements are defined. Fig. 6(a) shows the features of the coloration 
and bleaching states of WO3 on ITO and each of the four types of OMO 
TCEs, as captured during cyclic voltammetry. Blue is shown in all 
samples, with the only difference being the brightness. The darkest blue 
was obtained from the IAI sample, and the lightest was from ZAZ. More 
interesting is the color of WO3 from the bare-ITO to OMO TCEs, which 
shifted slightly toward dark navy or grey. This occurred due to the large 
amount of the redox reaction of the WO3 species. In addition, the fea
tures and flexible properties of the coated OMO/WO3 electrode are 
shown in Fig. S3(a) and (b) in the colored state. After the bleaching 
process, the slightly blue color remained due to the unfinished oxidation 
of WO3. This stems from the trapping effect of the strongly connected 
electrons and ions, which cannot leave the WO3 structure [53]. Unfin
ished bleaching appears with ZAZ, IAZ, and ZAI, and part of the area of 
IAI. Nevertheless, the IAI/WO3 showed good cycleability, meaning that 
it is a viable candidate for electrochromic devices. The transmittance of 
the colored/bleached and as-made states of the ZAZ/WO3 (Fig. 6(b)), 
ZAI/WO3 (Fig. 6(c)) and IAI/WO3 (Fig. 6(d)) specimens are compared. It 
was found that the as-made transmittance was much higher in ZAI/WO3 
and that the transmittance difference is greater than that of IAI/WO3. 
However, the durability in this case was too low to maintain the primary 
electrochromic properties. As shown in Fig. 3, the electrochemical 
properties of ZAI/WO3 are not stable, leading to the trapping of elec
trons and ions in the electrochromic layer. Scattered and stray electrons 
along the major electron path cause a noise current flow, with the 

electrochromic coloration and bleaching reaction therefore unable to 
finish completely. Moreover, trapped electrons and ions through the 
uncompleted reactions decrease the cycleability [53–55], meaning that 
the colored state is not perfectly bleached through several cycles and 
that a significant amount of blue remains. As indicated in the electron 
movement and current flow in Figs. 3 and 5(a) and (b), the injection and 
extraction of electrons is difficult in both cases with the heterogeneous 
type of OMO electrode. Despite the fact that the electrochromic trans
mittance difference of IAI/WO3 is smaller than that of the heterogeneous 
type, the homogeneous type showed stable cycleability and significant 
charge insertion/extraction properties. Generally, as the electrochromic 
properties are enhanced with a proper counter electrode and several 
cycles, the device properties should be investigated. 

To determine the electrochromic properties of a full device, Prussian 
blue (PB) was selected as a counter electrode, with IAI/WO3 electrode as 
the working electrode. The detailed fabrication process is described in 
the Supporting Information. The optical properties of a full device are 
characterized in Fig. 7(a) and (b), with complete graphs and a time 
series at a wavelength of 650 nm, respectively. In the complete graphs, 
the bleached transmittance appears in a similar range; however, dif
ferences are observed in the colored state. This case gradually decreases 
from the thinnest (1800 rpm, PB 1800) layer to the thickest (1000 rpm, 
PB 1000) layer. The increase in an electrochromic material can enhance 
the coloration properties. This improvement is clearly shown in the time 
series graphs. The transmittance is distinguished in the colored state. 
Moreover, it is possible to compare the initial stability. Bleached 
transmittance reaches its maximum level after several cycles, from PB 
1800 to PB 1200. Either PB 1000 or PB 1800 can show a stable state 
within ten cycles. PB 1800 has the smallest transmittance differences 
due to its thin electrochromic layer, which can easily react with nearly 
all reactors in thin films at the initial stage. Moreover, the reduction and 
oxidation charges are unbalanced due to the different charge capacities 
of the working and counter electrodes. This causes differences between 
the insertion and extraction charges, leaning toward one side of the 
reaction. Through these results, it was found that PB 1000 is well 
matched with the IAI/WO3 working electrode. Thus, the performance of 

Fig. 6. Optical properties of OMO/WO3 half-devices: (a) colored and bleached states of the four types of OMO/WO3 and transmittance graphs of (b) ZAZ/WO3, (c) 
ZAI/WO3 and (d) IAI/WO3. The applied voltages for the coloration and bleaching steps are − 1.5 V and 1 V, respectively. 
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the device is tested for more than 200 cycles, as shown in Fig. 7(c). 
The applied potential levels for coloration and bleaching were − 1.8 

V and 1.8 V, respectively, and were both maintained for 20s. The 
bleached transmittance increased progressively with the cycling when 
the coloration transmittance was kept in a steady state. It reached its 
maximum state after 100 cycles and maintained this state for more than 
100 cycles. The bleached state transmittance was 58.9% and that of the 
colored state was 6.8%, showing a difference of 52.1%. This is much 
greater than that of the half-device data, as discussed in relation to Fig. 6 
(b). The optical properties are compared in Table 1. The lower values in 
the bleached state for the full devices stem from the presence of the 
counter electrode and electrolyte. A remarkable effect here is the 
transmittance difference (ΔT), which is improved in the full devices 

compared to the half devices. This is an effect of the complementary 
electrochromic layer that induces better properties for both the working 
and counter electrode. The complementary-type electrochromic device 
is colored at the same time in both layers, resulting in low coloration 
transmittance. It is possible to balance the insertion/extraction charges 
between the two electrodes. Because the resistance of IAI has a low 
value, the coloration and bleaching times (falling/rising times) are short 
at less than 1 s, especially the falling time. This indicates that the rate of 
the injection of electrons and ions is fast enough to cause a fast switching 
rate. Though these results, the fast electron transfer from the OMO TCEs 
is confirmed. Another issue related to the application of electrochromic 
devices is outdoor usage. Therefore, the thermal stability should be 
confirmed from a cold to a hot environment. 

Fig. 7. Optical properties of a full device with a Prussian blue counter layer spin-coated at 1000, 1400 and 1800 rpm. The working electrodes for all devices were the 
IAI/WO3 type. (a) Complete graphs of the colored/bleached states, (b) time series at a wavelength of 650 nm with the PB1000 counter electrode. (c) Stability test at a 
wavelength of 650 nm for 200 cycles. For all measurements, the applied voltages for the colored/bleached state were − 1.8 V/1.8 V for 20 s each. (d) Large-area (A4 
size) colored and bleached devices with applied voltages with − 2.2 V/2.5 V for 100 s and 120 s, respectively. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Optical properties of the half devices and full devices.a.   

ZAI/WO3 (half 
device) 

IAI/WO3 (half 
device) 

IAI/WO3-PB 1800 (full 
device) 

IAI/WO3-PB 1400 (full 
device) 

IAI/WO3-PB 1000 (full 
device) 

IAI/WO3-PB 1800 (full 
device) 
After 200 cycles 

Bleaching transmittance 
(Tb, %) 

66.9 65.4 57.2 59.0 60.0 6.8 

Colored transmittance (Tc, 
%) 

27.4 34.2 16.9 11.3 6.4 58.9 

Tb–Tc (ΔT, %) 39.5 31.2 40.3 47.7 53.6 52.1 
Rising time(tr) – – 5.8s 7.4s 9.6s 8.1s 
Falling time(tf) – – 0.5s 0.5s 0.6s 0.5s  

a tr: rising time (time to reach at 90% of ΔT from the colored state).tf: falling time (time to reach at 90% of ΔT from the bleached state)1. 
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The full devices with the IAI/WO3 working electrode and the PB 
1000 counter electrode were stored in a 80 ◦C oven and in a − 30 ◦C 
refrigerator for 18 h. The time series was measured after the storage step 
in the same potential range with long-term stability, − 1.8 V and 1.8 V 
for 20s each, as illustrated in Fig. S3(a) at 85 ◦C and (b) at − 30 ◦C. The 
time series in each case was recorded for 20 cycles, resulting in 
remarkable data. It was noted that despite the storage in the harsh en
vironments, the electrochromic performance improved (Fig. S4). The 
fact that coloration/bleaching properties are enhanced in a cold envi
ronment is well known; however, these properties generally decrease in 
a hot environment. Nevertheless, the transmittance differences 
increased, and the main influential factor is the bleached transmittance. 
The bleached state was much clearer than it was before storage, pre
senting a change from a yellowish color to a clear state. Stabilization of 
the OMO/electrochromic thin films in the hot environment also 
occurred. Fig. 7(d) shows the colored/bleached state of electrochromic 
devices, presenting an increased active area from 2 × 1.5 cm2 to 24 × 21 
cm2. This is a trial product that consists of two electrochromic layers on 
a flexible OMO layer and solid polymer electrolyte, with a mixture of 
polyvinyl butyral (PVB) and lithium ions. It worked at − 2.2 V for 120s in 
the coloration case and at 2.5 V for 150s in the bleached case. The large 
active area caused the increase in the applied voltage and time. Because 
the electrochromic device with the same area fabricated with the ITO- 
PET electrode required 300s for coloration and bleaching, significant 
results were noted. 

4. Conclusion 

Four types of oxide-metal-oxide transparent conducting electrodes 
were fabricated using a rail-type sputtering system and were success
fully applied to electrochromic devices to enhance the switching rate. 
The sheet resistance of OMO TCEs was found to be from 5 to 23 Ω sq− 1, 
lower than that of commercial ITO-PET electrodes. The fabricated thin 
films showed more than 70% transparency, and their calculated band 
gaps were differentiated by the combination of the oxide layer. The 
electron transfer was better and the lowest sheet resistance was revealed 
in IAI as compared to ZAZ due to the depletion region between the Ag 
metal and the ZTO oxide layer, even if ZAZ had the highest trans
parency. The electrochromic layer, WO3, was stably constructed on IAI 
and its chemical redox reaction was also performed in half and full de
vices. The switching speed of the full devices with a PB 1800 counter 
electrode was 0.5s and 8.1s for the coloration and bleaching states, 
respectively, after 200 cycles. It was confirmed that feasible electron 
transfers from the OMO TCEs were possible. An environment test that 
involved storing the devices at − 30 ◦C and 85 ◦C for 18 h was conducted, 
revealing that the redox reaction was not affected by the harsh tem
peratures. A4 size-electrochromic devices were fabricated and found to 
operate well; however, they require more optimization and better sta
bilization before their common usage. Nevertheless, the OMO TCEs are 
likely the best candidate for an electrode for large-area flexible and 
transparent displays. 
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