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ABSTRACT  

The demand for transparent conductive films (TCFs) is dramatically increasing. In this work tungsten oxide (WO3-x) is 
studied as a possible option additional to the existed TCFs. We introduce WO3-x thin films fabricated by a non-reactive 
magnetron RF-sputtering process at room temperature, followed by thermal annealing in dry air. Films are characterized 
morphologically, structurally, electrically, optically, and dielectrically. Amorphous WO3-x thin films are shown to be n-
type conductive while the transparency extends to the near-IR. By evaluating a figure of merit for transparent-conductive 
performance and comparing to some most-widely used TCFs, WO3-x turns out to outperform in the near-IR optical range.  
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1. INTRODUCTION

Transparent conductors, which simultaneously require the high transmission of optical light and electric current, have been 
widely used in a variety of advanced applications, including information displays1, light-emitting diodes2, photovoltaic 
modules3, and smart windows4. In recent years with the fast-growing market demand, the consumption of transparent and 
conductive films (TCFs) is dramatically increased. This trend is believed to become even more intense in the coming years. 
In this situation, various classes of transparent and conductive materials have been investigated, and some of them have 
reached good commercial availabilities. Among the different available categories of transparent conductors, metal oxides 
have gained widespread attention and domination in the markets. Indium tin oxide (ITO), due to its very low electrical 
resistivity (of the order of 10-4 Ω·cm) and very high optical transmittance (>85%) from visible to near-ultraviolet spectral 
range, is probably the best transparent conductive oxide (TCO) in market today5. However, this kind of notably well-
performed TCO is also facing some intractable problems, apart from its high prices: difficulties in fabrication due to its 
instability with temperature and the presence of hydrogen6; relative high risk of long-term sustainability, due to rarity of 
indium element and its low recycling rate; as well as the limited transparency in the near-infrared range. The competitive 
metal-oxide products such as impurity-doped zinc oxide7 and tin oxide8, and other categories including conductive 
polymers and nanostructures9, although have reached various degrees of success, are confronted with different 
unsatisfactory questions like durability, flexibility and so on.  

In this study, tungsten oxide (WO3) thin films are analyzed as a new type of TCO additional to the existed TCFs, and for 
compensating the shortcomings of ITO. WO3 is a multi-functional semiconducting material that exhibits wide 
polymorphism and stoichiometries10. By manipulating the tungsten-to-oxygen compositional ratio and the microstructure, 
the material can be modulated to show a variety of interesting properties, thus applying to many different applications such 
as smart windows4, gas sensors11, as well as photo-electro and chemical uses12. Co-existence of good optical transparency 
in the near-infrared and electric conduction can also be obtained from oxygen deficient tungsten oxide (WO3-x)13. For WO3-
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x thin films preparation, magnetron radio-frequency (RF) sputtering is adopted among the various possible film-growth 
methods for its high stability and controllability. Post-thermal annealing treatments in dry air are followed after deposition 
to modify the structure and stoichiometry of the material, therefore optimizing the balance between light transmission and 
current transport. Characterizations in morphological, structural, electrical, optical, and dielectric aspects are carried out 
to rate the transparent and conductive performance of WO3-x thin films in comparison with some popular and commercially 
available TCOs.  

2. EXPERIMENTAL SECTION

2.1 Sample preparation 

WO3-x thin films were deposited on fused silica slide and doped silicon wafer substrates through non-reactive magnetron 
RF-sputtering in argon atmosphere14. Before starting the deposition, ethanol rinse and pre-chamber heating at 120 ℃ for 
10 min in vacuum were conducted to clean the substrates. Then the two substrates were simultaneously transferred into 
the deposition chamber, bearing the same film-growth environment, therefore forming nominally the identical WO3-x thin 
films. A stoichiometric WO3 target with purity higher than 99.9% was place at a distance of 25 cm away from the substrates. 
The target was pre-sputtered for about 10 mins to ensure no contaminants would be mixed to the film. Growth of the WO3-

x films started when the chamber pressure was stabilized at 5.4·10-3 mbar and power at 81 W. During the sputtering, both 
target and substrates were kept at room temperature with the cooling system. Figure 1 simply shows the scheme of RF-
sputtering for depositing WO3-x thin films.  

Figure 1. Schematic representation of RF-sputtering for depositing WO3-x thin films. 

After deposition, samples were divided equally into three pieces and brought two of them to the thermal annealing 
treatments. Annealing temperature at 300 ℃ was selected, which is below the crystallization temperature for WO3

15. For 
comparison, annealing at a temperature above the crystallizing transition was also performed (400 ℃). All the post-thermal 
treatments were carried out in dry air for 8 hours. Eventually three samples were prepared for the study, namely the as-
deposited, the annealed at 300 ℃ and the annealed at 400 ℃, and each sample was prepared on two different substrates. 

2.2 Characterization methods 

The assessment of the prepared WO3-x thin films was performed from morphological, structural, electrical, optical, and 
dielectric aspects. High-resolution scanning electron microscope (SEM, Tescan MIRA3) and atomic force microscope 
(AFM) in taping mode were applied to samples deposited on Si substrate, in order to evaluate the thickness, morphology, 
and surface roughness of the films. Structures regarding the degree of atomic periodicity was determined by means of X-
ray diffraction (XRD, Panalytical X’Pert Pro) using samples deposited on Si substrate. Sheet resistance was tested with 
samples deposited on fused silica substrate in direct current (DC) mode at room temperature, using 4-probe method in Van 
der Pauw configuration16. Optical transmittance from ultraviolet (UV) to near-infrared (NIR) was characterized with 
samples deposited on glass substrate by UV-NIR spectrophotometer (Varian-Cary 5000). Optical constants in the spectral 
range from 350 nm to 1700 nm of the films were retrieved through variable angle spectroscopic ellipsometry (VASE, J.A. 
Woollam Co.,Inc.), using samples on both substrates. Models were built accordingly to fit the VASE data and thus 
extracting the dielectric functions.  



3. RESULTS AND DISCUSSION

3.1 Morphology and structure 

The SEM cross-sectional image for the as-deposited WO3-x thin film is shown in Figure 2(a), indicating its smoothness, 
compactness, and good attachment to the substrate. Thickness is estimated to be around 90 nm and is not varied by the 
post-thermal treatments. Figure 2(b) shows the SEM image for the sample annealed at 300 ℃ at the front view. The 
artificial defect verifies the plane of focus on the sample surface, but no feature is observed. The as-deposited sample 
shows the same featureless surface, thus it is not presented here. Conversely, the annealed sample at 400 ℃ in Figure 2(c) 
presents clear grains, in good agreement with the AFM image and XRD pattern shown below.  

Figure 2. SEM images for the WO3-x thin films:(a) SEM cross-sectional image for the as-deposited sample; (b) SEM 
surficial image for the annealed sample at 300 ℃; (c) SEM surficial image for the annealed sample at 400 ℃. 

Surface morphology and roughness of the WO3-x thin films were analyzed through AFM. Scans were taken over 4 µm2 
area at different spots. Figure 3 illustrates the AFM topography images for the as-deposited and posted-annealed WO3-x 
thin films. Figure 3(a) and 3(b), correspond to the as-deposited and annealed sample at 300 ℃, respectively. AFM images 
for both these samples highlight a very uniform surface and an extremely low roughness (root mean squared roughness Rq 
< 1 nm). Figure 3(c) shows some specific features that can also be found from the SEM image of the same sample annealed 
at 400 °C. The discussion on this part is not going to expand in this work. However, surface roughness results to be a bit 
higher by annealing at 400 ℃ (Rq < 2 nm), comparing to the previous two cases.  

Figure 3. AFM topography images for the as-deposited (a), annealed at 300 ℃ (b), and annealed at 400 ℃ (c) WO3-x thin 
films. The color bar indicates the vertical distance between peaks and valleys of roughness. 

Figure 4 reports the XRD patterns of as-deposited and post-annealed samples over the angle range 20°~100°. Small humps 
centered at around 24° and 68° in all three traces are believed to be caused by the Si substrate. For the as-deposited sample, 
the XRD pattern looks rather smooth, suggesting its amorphous structure, that is, the absence of long-range order of atomic 
periodicity. Annealing at 300 ℃ does not promote the formation of evident peaks, thus as expected, amorphous state is 
remained in this case. In contrast, narrow and sharp peaks appears when the heat-treatment temperature rises to 400 ℃. 
These peaks dominantly centered at 23.175° and 34.025° match the monoclinic phase, space group P21/n, according to 
JCPDS 72-1465. Results are consistent with the elsewhere reports14.  



 
Figure 4. XRD patterns for the RF-sputtered WO3-x thin films with and without post-thermal treatments. 

3.2 Optical and dielectric responses  

The as-deposited sample exhibits a dark blue, which is the typical color of sub-stoichiometric WO3-x. Transparency is 
increased by annealing, as the dark color fades with annealing temperature, and eventually turns to yellowish when 
annealing temperature is raised to 400 ℃. Figure 5 shows the spectral transmittance of the WO3-x thin films in the range 
from UV to NIR. Transmittance is almost doubled with thermal treatments comparing to the as-deposited sample. Both 
annealed samples reach around 80% of transmittance in the NIR, while the as-deposited sample transmits only about 40% 
of NIR light. A higher annealing temperature results in a better optical transmission, but the contribution is very limited.  

Figure 5. Spectral transmittance for the RF-sputtered WO3-x thin films at different post-growth processing conditions. 

The differently treated WO3-x thin films are furtherly analyzed for their dielectric dispersions using VASE ellipsometry. 
Firstly, the two substrates are characterized in the same spectroscopic range as the WO3-x samples and simple models are 
built. For silicon wafer substrate, the pseudo refractive index (n) and extinction coefficient (k) are directly inverted from 
the experimental data and are used as a reference to model the general oscillator with Tauc-Lorentz and Gaussian functions. 
The strategy for fused silica substrate is different: transmittance is appended to the VASE fitting and a simple Cauchy 
function is used, where zero absorption in the examined spectral range is assumed. For WO3-x samples, since films 
deposited on to different substrates are nominally identical, dielectric dispersion is assumed to be the same. In this case in 
order to optimize the modeling, the results of fitting from samples deposited on Si substrate (WO3-x_Si) are saved as a 
reference for modeling the counterpart deposited on fused silica substrate (WO3-x_SiO2). The as-deposited WO3-x_Si is 
modeled simply with Gaussian functions starting from the pseudo n and k. The obtained dispersion is then referred to the 
fitting of as-deposited WO3-x_SiO2 in appendence with optical transmission intensity, where Lorentz and Drude functions 
are employed. For the annealed WO3-x_Si at 300 ℃, zero absorption is assumed in the NIR, in which range a Cauchy 
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function is used to fix the film thickness. Subsequently n and k are directly fitted through point-by-point fitting and are 
used as a reference for a general oscillator that includes Tauc-Lorentz and Drude functions. The obtained dispersion 
relation is then applied to the fitting of annealed WO3-x_SiO2 at 300 ℃, also appended with transmittance. In this final step 
Tauc-Lorentz and Drude functions are again used. In case of annealed sample at 400 ℃, when fitting the film on Si 
substrate, an Urbach tail function is added in addition to Cauchy function in order to account for the absorption near the 
band gap. Then n and k are saved as a reference for modeling the annealed WO3-x_SiO2 at 400 ℃, with only one Tauc-
Lorentz function.  

The final dielectric function dispersions for the three samples are shown in Figure 6, where the blue curve represents 
refractive index (n) and red curve represents extinction coefficient (k). Figure 6(a) and Figure 6(b), which correspond 
respectively to the as-deposited and the annealed sample at 300 ℃, show the similar abnormal dispersions of refractive 
index and peaks of extinction coefficient in the NIR. The major difference between the two samples is that for the annealed 
film at 300 ℃, the absorption peak is narrowed and reduced. Instead, the annealed sample at 400 ℃ shown in Figure 6(c) 
presents a normal dispersion relation, which is the typical dispersion shape for the dielectric materials, thus suggesting the 
dielectric nature of WO3-x thin film annealed at 400 ℃.  

Figure 6. Dielectric functions for the as-deposited (a), annealed at 300 ℃ (b), and annealed at 400 ℃ (c) WO3-x thin films. 
Blue curve represents refractive index (n) and red curve represents extinction coefficient (k). 

3.3 Figure of merit 

In order to quantitatively rate the transparent and conductive performance, various evaluation methods have been 
proposed5,17,18. Among the methods, the most popular evaluation way is based on Haacke’s figure of merit (FOM)18, the 
expression of which is shown in Equation 1, 

FOM =  T
10

Rs
(1) 

where T is the transmittance (%) and Rs is the sheet resistance (Ω/□). A larger value of FOM always suggests a better 
transparent-conductive performance. Sheet resistances for the three WO3-x thin films are reported in Table 1.  

Table 1. Sheet resistance and resistivity of the WO3-x thin films at different post-processing conditions. 

sheet resistance resistivity 

as-deposited 7.4 kΩ/□ 0.0666 Ω·cm 

annealed at 300 ℃ 15 kΩ/□ 0.135 Ω·cm 

annealed at 400 ℃ 80 MΩ/□ 720 Ω·cm 

Figure 7 compares the logarithmic FOM of WO3-x thin films in the NIR up to 2500 nm, with some popular and most-
widely used TCFs, including ITO, aluminum-doped zinc oxide (AZO) and fluorine-doped tin oxide (FTO)19,20. The FOM 
for these popularly used TCFs starts to decay quickly when wavelength comes to NIR. Instead, the WO3-x thin films show 
a steady enhancement of FOM as wavelength increases in the NIR, and eventually outperform tin oxide and zinc oxide at 
wavelength higher than 2000 nm. In particular, the amorphous WO3-x thin films perform better than the crystallized one, 
and the annealed film at 300 ℃ shows the best transparent-conductive performance among the three samples.  



Figure 7. Logarithmic figure of merit for WO3-x thin films based on Haacke’s evaluation method, in comparison with ITO, 
FTO, and AZO19,20. 

4. CONCLUSIONS

Smooth and compact WO3-x thin films with very low surface roughness are produced by a non-reactive magnetron RF-
sputtering process. Post-thermal treatment in air at 400 ℃ promotes the crystallization of WO3-x thin film, and make the 
film behave more dielectrically. At this annealing condition, both optical transparency and electrical resistivity increases 
dramatically, eventually the figure of merit that evaluates the transparent-conductive performance decreases. While post-
annealing in air at 300 ℃ enhances the optical transparency and does not raise much the resistivity. Thus, amorphous WO3-

x thin film after low-temperature annealing behaves the best as a transparent and conductive film and is suitable for the 
near-infrared range.  
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