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1. Introduction 
 

 Tungsten oxide has been studied for decades 

because its unique properties regarding a variety of 

optical-electrical properties such as electrochromism, 

photochromism, gas sensing and photocatalysis [1]. 

Reversible electrochromic color between bleached 

state and colored state is exploited intensively in 

electrochromic applications such as smart window for 

uses in buildings and automobiles, ski goggles, visor 

for motorcycle helmets [2], variable reflectance mirror 

and display devices [1]. Tungsten oxide is the most 

common for electrochromic devices because it is a 

superior inorganic electrochromic material regarding 

coloration efficiency and cyclic durability [1]. It has been 

prepared using various methods such as electrodeposition 

[3,4,5], sputtering [1,6,7,8,9,10], evaporation [11,12,13], 

chemical vapor deposition [14,15,16] and spray pyrolysis 

[17,18,19]. The coloration of tungsten oxide films is 

explained by the formation of tungsten bronze by the 

double injection of cations and electrons into the films 

using electric field. During the electrochromic process, 

intercalation and deintercalation of cations and electrons 

changes the optical properties of films at the colored state 

and bleached state. The electrochromic phenomenon of 

tungsten oxide can be expressed by the following equation: 

WO3 + xM+ + xe- ⇌ MxWO3 where M+ is the cation such 

as H, Li, Na, K etc. [1]. 

 As reported in the previous studies, the crystal 

structure, the oxygen and tungsten content in tungsten 

oxide films, film density and porosity showed key 

roles in controlling the intercalation and deintercalation 

process causing the change of coloration efficiency of 

tungsten oxide films [6,20]. Therefore, in this study, a 

systematic attempt to adjust structural and optical 

properties was conducted by varying oxygen flow 

rates and sputtering powers of DC-magnetron sputtered 

tungsten oxide films. The oxygen flow rate was varied at 

3, 6, 9, 12, 15 and 18 sccm and deposition power was 

varied at 5, 15 and 25 W. The tungsten oxide films 

prepared at appropriate deposition conditions with high 

differential optical density can be a potential material for 

developing high performance electrochromic application. 

 

2. Experimental 
 

2.1 Sample preparation 
 

 Oxygen partial pressures and sputtering power 

densities had showed the significant effects on the film 

quality [9,21,22]. Therefore, to control the film quality 

in the sputtering system, oxygen gas flow rates and 

sputtering powers had been varied. The deposited 

tungsten oxide thin films were prepared by reactive 

DC magnetron sputtering from a metallic tungsten 

target (3 inches and 99.99% purity). Deposition was 

operated under based pressure of 10-6 mbar with 3 

sccm of Ar (99.99% purity) flow rate at room 

temperature. High purity O2 gas (99.99% purity) was 

employed as reactive gas with the flow rates of 3, 6, 9, 

12, 15 and 18 sccm. The oxygen partial pressure (PO2) 
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was then calculated and varied from about 1 × 10-3 

mbar to about 2.75 × 10-3 mbar. The sputtering power 

was set at 5, 15 and 25 W corresponding to the power 

density of 0.11, 0.33 and 0.55 W/cm2. The films were 

deposited on indium tin oxide (ITO) coated on 

borosilicate glass substrates and silicon wafers. The 

thickness was controlled using quartz thickness 

monitor about 200 nm. The deposition conditions 

including the deposition rate were listed in Table 1.  

 

 
Table 1. Deposition conditions for WO3 films. 

 

O2 flow rate 

(sccm) 

Power 

(W) 

Working pressure 

(× 10-3 mbar) 

PO2 

(× 10-3 mbar) 

Power density 

(W/cm2) 

Deposition rate 

(angstrom·s-1) 

 5 3.12 2.60 0.110 0.38 ± 0.07 

15 15 2.96 2.47 0.329 1.22 ± 0.22 

 25 2.96 2.47 0.548 1.68 ± 0.16 

 5 3.21 2.75 0.110 0.32 ± 0.04 

18 15 3.12 2.67 0.329 0.88 ± 0.08 

 25 3.09 2.65 0.548 1.56 ± 0.16 

 

2.2 Characterization 
 

 The preliminary optical properties were visually 

observed. While the transmission spectra of the films were 

studied using Halo vis-20 visible spectrophotometer. 

Surface morphology and RMS roughness of the films 

were obtained by scanning electron microscope (SEM, 

FEI Nova Nano SEM) operated at 5 kV and atomic 

force microscope (AFM, Bruker icon) with ScanAsyst 

mode. AFM images were characterized using WSxM 

4.0 Beta 8.5 software. The elemental composition of 

films was analyzed by an energy dispersion spectrometer 

(EDS) equipped on SEM. The crystallographic and 

structure of the films were carried out from X-ray 

diffraction pattern measured using x-ray diffractometer 

(XRD, Bruker AXS). The refractive index was measured 

by ellipsometry technique (J.A. Woollam VASE 2000) 

and analyzed using Wvase 32. The relative film density 

was calculated through Lorentz-Lorenz relation based on 

the obtained refractive index.  

 The films were colored and bleached using 

electrochemical technique to determine transmission 

modulation and differential optical density (∆OD). 

The sputtered films were used as the cathode and the 

Cu foil was used as the anode. The electrode potential 

was adjusted to - 1.5 V for 60 s for colored state and 

then switched to +1.5 V for another 60 s for bleached 

state in 0.1 M HCl electrolyte solution. In addition, the 

electrochemical properties were evaluated based on 

the cyclic voltammograms (VersaSTAT 4 Potentiostat 

Galvanostat). The potential range and electrolyte 

solution were similar to the colored and bleached 

experiment with a scan rate of 50 mV·s-1. The counter 

electrode and the reference electrode were Pt and 

Ag/AgCl, respectively. Finally, the diffusion coefficient 

was extracted and reported.  

 

3. Results and discussion 
 

3.1 Optical properties of bleached and colored 

as-deposited tungsten oxide films  
 

 Figure 1 showed the photographs of as-deposited 

films on the ITO/glass substrates at various oxygen 

flow rates (3 - 12 sccm) and sputtering powers (5 - 25 

W). The photographs showed that the as-deposited 

films at the oxygen flow rate of 3 sccm had gray and 

dark blue colors for all sputtering powers of 5, 15 and 

25 W and tended to be darker with increasing 

sputtering power. 

 

 
Figure 1. As-deposited WO3 films with O2 flow rate 3, 6, 9 

and 12 sccm and sputtering power 5, 15 and 25 W. 

 

 The color started to become clear as the oxygen 

flow rates increased. At the power of 5 W, the film’s 

color changed to light blue and clear starting at the 

oxygen flow rate of 6 sccm. While at the power of 15 

and 25 W, the film changed from opaque to clear films 

at the oxygen flow rate of about 9 and 12 sccm, 

respectively. The opaque film at lower oxygen flow 

rate was possibly due to insufficient oxygen atoms 

incorporated into the films [23]. For the as-deposited 

films at 25 W with the oxygen gas flow rate of 3 sccm, 

the opaque films showed metal-like properties whose 

resistance can be easily measured. When the oxygen 
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gas flow rate increased to 15 and 18 sccm, the films 

(not shown here) were clear. Therefore, the focus of 

this study was at these oxygen gas flow rates with 

sputtering powers of 5, 15 and 25 W.  

 Figure 2. showed the transmission spectra of 

tungsten oxide films deposited with the O2 flow rates 

of 15 and 18 sccm under the variation of sputtering 

powers of 5, 15, and 25 W at colored state and 

bleached state with the scan range from 320 to 1100 

nm. For both O2 flow rates, the transmittance in 

bleached state of tungsten oxide films changed slightly 

with increasing sputtering power from 5 to 25 W. 

However, the transmittance in colored state of 

tungsten oxide films significantly increased as the 

sputtering power increased. Therefore, the colored 

state was suggested to be the key factor controlling the 

transmission modulation (the difference of 

transmittance between the colored and bleached 

states). In addition, the increase of O2 flow rate with a 

constant sputtering power led to the increase of 

transmission modulation of tungsten oxide films. The 

results indicated that the film with low sputtering 

power of 5 W and high O2 flow rate of 18 sccm 

displayed the highest transmission modulation.  

 

 
Figure 2. Transmission spectra of WO3 films with the O2 flow rate of 15 sccm and the sputtering powers of (a) 5, (b) 15 and 

(c) 25W and those with the O2 flow rate of 18 sccm and the sputtering powers of (d) 5, (e) 15 and (f) 25W at colored state and 

bleached state. 
 

 For the quantification of transmission modulation, 

the average transmittance of the films in visible region 

was calculated and shown in Table 2. In the bleached 

state, the films with the oxygen flow rate of 15 sccm 

and the powers of 5, 15 and 25 W exhibited the 

transmittance (Tb) in visible region of 60.75, 66.05 and 

62.15%, the films with the oxygen flow rate of 18 

sccm and the powers of 5, 15 and 25 W exhibited the 

transmittance in visible region of 58.24, 64.22 and 

65.58%, respectively. In the colored state, the films 

with the oxygen flow rate of 15 sccm and the powers 

of 5, 15 and 25 W showed the transmittance (Tc) in 

visible region of 45.27, 49.51 and 55.46%, the films 

with oxygen flow rate of 18 sccm and the power of 5, 

15 and 25 W showed the transmittance in visible 

region of 34.89, 45.80 and 51.41%, respectively.  

 The differential optical density (∆OD) was then 

calculated from the average transmission ratio 

between the bleached and colored states using the 

following equation. 

  ∆OD = log
Tb

Tc
 (1) 

Tb and Tc are the average transmittance of the films in 

visible region at bleached and colored states. The data 

are illustrated in Table 2. The ∆OD of the samples 

increased with decreasing sputtering power and 

increasing oxygen flow rate. From these results, the 

highest ∆OD of 0.223 was obtained at the oxygen flow 

rate of 18 sccm and the power of 5 W. As mentioned 

previously that the colored state of tungsten oxide film 

with a low sputtering power controlled the 

transmission modulation. Since the colored states 

involved with the intercalation and deintercalation 

process, the film properties must promote these 

phenomena. According to Table 2, it was found that 

the ∆OD corresponded with the changes of surface 

roughness and film density. We then believed that 

these two parameters played important roles in 

enhancing the intercalation and deintercalation of the 

ions and electrons into the films [7,8]. 
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Table 2. The transmittance at bleached (Tb) and colored (Tc) states, differential optical density (∆OD) in visible region, RMS 

roughness, O/W ratio, relative density and diffusion coefficient of WO3 films. 

 

O2 flow 

rate (sccm) 

Power 

(W) 

Tb 

(%) 

Tc 

(%) 

∆OD RMS roughness 

(nm) 

O:W Relative 

density 

Diffusion coefficient 

(× 10-10 m2s-1) 

 5 60.75 45.27 0.128 3.10 ± 0.18 3.50 0.872 18.92 

15 15 66.05 49.51 0.125 2.33 ± 0.08 3.45 0.867 35.90 

 25 62.15 55.46 0.049 2.33 ± 0.15 3.53 0.863 42.17 

 5 58.24 34.89 0.223 3.09 ± 0.15 3.70 0.867 57.81 

18 15 64.22 45.80 0.147 2.58 ± 0.37 3.33 0.866 22.73 

 25 65.58 51.41 0.106 2.92 ± 0.18 3.42 0.864 53.82 

 

3.2 Physical properties of as-deposited 

tungsten oxide films  
 

 This section is devoted to describe the physical 

properties including the morphology, RMS roughness, 

relative film density, chemical content and structure of 

as-deposited tungsten oxide films. The SEM 

micrographs of as-deposited WO3/ITO/glass substrate 

with various conditions are shown in Figure 3. The 

SEM and AFM measurements reviewed that the 

surface of tungsten oxide film with the O2 flow rate of 

15 sccm and the power of 5 W consisted of the large 

grain sizes with 3.10 ± 0.18 nm of RMS roughness. 

Figure 3(b) showed the SEM image of tungsten oxide 

film with the O2 flow rate of 15 sccm and the power of 

15 W. The surface showed high roughness with small 

grain sizes and pores. The RMS roughness decreased 

to 2.33 ± 0.08 nm due to the increase of sputtering 

power. Figure 3(c) showed the SEM of WO3 with the 

O2 flow rate of 15 sccm and the power of 25 W, the 

surface morphology of tungsten oxide film was quite 

smooth with the RMS roughness of 2.33 ± 0.15 nm. 

From the results, it indicated that the roughness of the 

WO3 films decreased with increasing sputtering 

power. Typically, the mobility improvement of 

adatoms on the substrate surface is required to form a 

smooth surface. It is believed that the high DC 

sputtering power in magnetron sputtering system 

energizes inert argon gas by momentum transfer 

process. These adatoms with sufficient kinetic energy 

then enhanced the surface diffusion and the nucleation 

to form smooth film surface [24].  

 Figures 3(d), (e) and (f) showed the SEM of 

tungsten oxide films with the O2 flow rate of 18 sccm, 

the morphology of these conditions with increasing 

sputtering power looked similar to the films deposited 

under the O2 flow rate of 15 sccm. The roughness of 

the films decreased from 3.09 ± 0.15 to 2.92 ± 0.18 nm 

with increasing sputtering power. Comparing the 

RMS roughness of the samples between the O2 flow 

rate of 15 sccm and 18 sccm, the RMS roughness of 

the films increased at the same operation power. 

Except at the power of 5 W, the films deposited with 

both O2 flow rate showed the similar value of RMS 

roughness. The increasing O2 flow rate could increase 

the working pressure during deposition process which 

causes the rough surface morphology [25].  

 

 

 
 
Figure 3. Surface SEM micrographs of WO3 with the O2 flow rate of 15 sccm and the sputtering powers of (a) 5, (b) 15 and 

(c) 25W and those with the O2 flow rate of 18 sccm and the sputtering powers of (d) 5, (e) 15 and (f) 25W. 
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 The refractive index at 550 nm of as-deposited 

tungsten oxide on silicon wafers was measured using 

the spectroscopic ellipsometry technique. Then the 

relative densities were calculated based on the 

obtained refractive index using the Lorentz – Lorentz 

relation according to the following equations [7, 8].  

  𝑃 = (
𝜌𝑓

𝜌𝑏
) = (

𝑛𝑓
2−1

𝑛𝑓
2+2

) (
𝑛𝑏
2+2

𝑛𝑏
2−1

)  (2) 

P is a relative density of tungsten oxide film, ρf and ρb 

are density of tungsten oxide film and bulk, 

respectively. nf and nb are refractive indices of film 

and bulk material at 550 nm (nb = 2.5). According to 

Table 2, as the sputter power increased from 5, 15 to 

25 W, the relative density of tungsten films decreased 

from 0.876, 0.867 to 0.863 for the specimens with the 

oxygen flow rate of 15 sccm and 0.867, 0.866 to 0.864 

for those with the oxygen flowrate of 18 sccm, 

respectively. The decrease of relative density showed 

the correlation with the deposition rate. As the 

deposition rate increased (Table 1.) according to the 

increase of sputtering power, sputtered atoms from the 

target quickly reached the substrates. There was not 

sufficient time for the atomic arrangement causing the 

decrease of relative density. While, lower deposition 

rate showed higher relative film density.  

 The increase of oxygen flow rate increased the 

total pressure of the system causing the shorter mean 

free path of sputtered atoms which lowered the energy 

of the sputtered atoms for the arrangement at the 

substrates. The increase of oxygen partial pressure had 

a similar effect to the increase of total pressure 

reported by [26] causing the reduction of the 

deposition rate as shown in Table 1. In addition, the 

decrease of relative film density could also be related 

to the percentage of oxygen atoms within the films. 

However, in our case, the ratio of oxygen to tungsten 

did not change significantly. Therefore, lower energy 

of sputtered atoms was suggested to be the main effect 

of lowering the film density.  

 Tungsten oxide films deposited at a constant O2 

flow rate showed that the increase of sputtering power 

led to both relative density and ∆OD decreased. From 

this result, it indicated that ∆OD decreased 

proportionally with relative density reduction. The 

insufficient density of tungsten oxide molecules would 

decrease the performance of colored state of films due 

to low concentration of tungsten bronze during 

coloration of electrochromic reaction. 

 The elemental analysis of WO3 films was studied 

using EDS. Figure 4 showed the EDS spectrum of 

WO3 film with the O2 flow rate of 18 sccm and the 

sputtering power of 5 W. The analysis of EDS spectra 

confirmed the presence of W and O in the films. The 

obtained O/W ratios were listed in Table 2. Tungsten 

oxide films sputtered with various sputtering powers 

and 15 sccm of O2 flow rate showed small variation of 

O/W ratio which insignificantly affected the 

differential optical density. In addition, the films 

sputtered with O2 flow rate of 18 sccm showed a large 

variation of O/W ratio as sputtering power changed. 

However, tungsten oxide films deposited at 18 sccm 

of O2 flow rate and 5 W of sputtering power with the 

highest O/W ratio showed the highest ∆OD. The 

higher of O/W ratio with appropriate stoichiometry 

might permit the generation of H+W5+ states (tungsten 

bronze) and relatively lower trapping of charges which 

promoted the electrochromic efficiency. [27]. It indicated 

that tungsten oxide films with optimal oxygen 

concentration was favorable to increase ∆OD. [28] 

 

 
 

Figure 4. EDS spectrum of an as-deposited WO3 film with 

the O2 flow rate of 18 sccm and the sputtering power of 5W. 

 

 

 
 

Figure 5. XRD pattern of WO3 films with various sputtering 

powers and O2 flow rates. 

 

 Figure 5 showed XRD patterns of WO3 films 

deposited on ITO/glass substrate at O2 flow rate 15 and 

18 sccm and sputtering powers of 5, 15 and 25 W. It 

clearly showed that all films were amorphous because 

no diffraction peak of WO3 were observed except the 

diffraction peaks of the ITO substrate. As shown in 

Figure 5, when compared the XRD spectra of 200-nm 

WO3/ITO/glass with that of 200-nm WO3/glass, the 

broad peak of the glass without remarkable XRD 

peaks of WO3 films was also observed.  

 The ions and electrons injected into WO3 films 

cause the color change. The process is faster in 

amorphous films than crystalline films due to lower 

density of amorphous films [29]. The orderly structure 

of atoms in crystalline structure would not favor the 
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intercalation and deintercalation of the charges into 

the films. The diffraction patterns indicate an 

amorphous structure which is usually a feature of the 

films prepared by sputtering deposition at room 

temperature [30].  

 
Figure 6. Cyclic voltammograms (third cycle) of WO3 films 

with O2 flow rate 15 sccm at different sputtering powers. 

 
Figure 7. Cyclic voltammograms (third cycle) of WO3 films 

with O2 flow rate 18 sccm at different sputtering powers. 

 

3.3 Electrochromic properties of tungsten 

oxide films  
 

 Figures 6 and 7 showed the cyclic voltammograms of 

tungsten oxide films with O2 flow rates of 15 and 18 sccm 

and sputtering powers of 5, 15 and 25 W. The anodic 

peak current of the samples was utilized to calculate 

diffusion coefficient which were used to analyze 

intercalation and deintercalation of cations and electrons 

across the films in electrochromic process. The diffusion 

coefficient was calculated as following equation [31]. 

 ip = (2.69 × 105) × n3/2 × A × C × D1/2 × V1/2  (3) 

where ip is the peak anodic current (A), n = 1 is number 

of electrons involved in the process, A is area of electrode 

(m2), C is solution concentration (mol m-3), D is diffusion 

coefficient (m2 s-1), V is scan rate (V s-1) and 2.69 × 105 

is constant in the unit of A s V-1/2. The anodic peak current 

and diffusion coefficient of tungsten oxide films with O2 

flow rate of 15 sccm increased with increasing sputtering 

power from 5 to 25 W as shown in Table 2. The increase 

of diffusion coefficient could also be the results of the 

decrease of relative density which corresponded to the 

increase of charge mobility in intercalation process. 

 Tungsten oxide films with 18 sccm of O2 flow rate 

showed the decrease of diffusion coefficient when the 

sputtering power increased from 5 W to 15 W then it 

increased again when the sputtering power increased to 

25 W. In this part, the diffusion coefficient was not 

related to the relative density which might occur from 

film surface roughness. Normally, the diffusion 

coefficient presented the diffusion transport of charges 

into the films for injection/ejection in electrochromic 

process which would affect ∆OD. However, the diffusion 

coefficient was not related to ∆OD in ours experiment 

because there was an effect from the surface roughness. 

The films with higher RMS roughness exhibited high 

surface area for electrochromic reaction which facilitated 

charges intercalation and led to increase in diffusion 

coefficient. 

 

4. Conclusions 
 

 In conclusion, the optical properties of tungsten 

oxide films can be tuned by the modification of oxygen 

flow rate and sputtering power using reactive dc 

magnetron sputtering. The differential optical density of 

the films was enhanced by the increase of film density 

and roughness corresponding to the decrease of 

sputtering power and the increase of oxygen flow rate. 

The obtained amorphous structure and high RMS 

roughness with high diffusion coefficient would 

facilitate the intercalation and deintercalation of ions 

and electrons for the enhancement of the electrochromic 

and optical properties. In this experiment, the highest 

differential optical density and diffusion coefficient of 

0.223 and 57.81×10-10 m2 s-1 were obtained at the 

oxygen flow rate of 18 sccm and the power of 5 W. 

These films have potential for developing high 

performance electrochromic devices. 
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