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Abstract: The combination of transparent and conductive SnO2 with colored WO3 thin films has interesting uses in 
electrochromic windows, photovoltaic cells and photocatalytic systems, where the SnO2/WO3 bilayer can improve 
the device efficiency by increasing the charge separation and extending the energy range of photoexcitation. In this 
work, SnO2 and WO3 thin films were prepared by reactive DC sputtering from Sn and W targets, respectively. Single 
layers and bilayers deposited on glass substrates have been analyzed by X-ray diffraction, atomic force microscopy, 
spectrophotometry, and electrical measurements. SnO2 crystallizes in the cassiterite structure, whereas amorphous WO3 
is obtained on bare and SnO2-coated glasses, showing higher surface roughness on the SnO2 layer. Different oxygen 
vacancy defects have been identified in WO3 by analyzing photoconductivity transients. The oxygen vacancy defects 
are responsible for the sub-bandgap absorption that causes coloration in the WO3 films. Regarding SnO2, it shows a high 
transmittance of about 90% in the visible and near-infrared spectral ranges.
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1. Introduction
Metal oxide thin films are being developed for multiple applications, from electronics to energy harvesting and 

hydrogen storage, including flat panel displays, photovoltaic cells, electrochromic windows, and thin-film transistors [1, 
2]. Two types of oxide materials are mainly used for these thin-film devices: Transition Metal Oxides (TMO) [2] and 
Transparent Conductive Oxides (TCO) [1]. SnO2 belongs to the TCO group, with high transparency in the visible region 
owing to its wide bandgap energy (about 3.6 eV), and intrinsic n-type conductivity due to a low formation energy for 
donor defects (tin interstitials and oxygen vacancies) [3]. Besides, WO3 is a typical TMO with an empty W 5d derived 
conduction band, and a valence band constituted by O 2p hybridized with filled W 5d orbitals [2]. The band-to-band 
transition is about 3.0 eV, but oxygen vacancy defects introduce additional electronic states in the bands, leading to 
chromogenic properties [4]. More specifically, SnO2/WO3 bilayers are used in electrochromic windows [5], photovoltaic 
devices [6], gas sensors [7] and photocatalytic applications [8], where the coupled semiconductor system has shown 
high efficiency in increasing the charge separation and extending the energy range of photoexcitation. Although the 
effect of SnO2/WO3 bilayers on the performance of various devices has been proven, a detailed study of the physical 
properties of the bilayer itself in comparison with the constituent layers is lacking. The main issue addressed here is to 
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determine the properties of the bilayers as a function of the preparation conditions.
Among the various deposition methods that have been used to prepare SnO2/WO3 bilayers, the sputtering technique 

stands out, either in the Radio Frequency (RF) mode with ceramic targets [6] or in the reactive Direct Current (DC) 
mode with metallic targets [7]. The sputtering technique is suitable for the large-scale fabrication of cost-effective metal 
oxide films, allowing a high degree of controllability of the oxygen vacancy defects [4]. Reactive DC sputtering is 
especially attractive due to the low cost of metal targets and easy control of film stoichiometry via oxygen gas flow [9, 10]. 

In the present work, SnO2/WO3 bilayers have been prepared by reactive DC sputtering from Sn and W targets, 
adjusting the flow of oxygen gas to obtain high transparency and conductivity for SnO2 and visible light absorption 
for WO3. The structure, morphology, optical and electrical properties have been analyzed for each individual layer and 
for the stack deposited on glass substrates. The goal is to gain a better understanding of the interrelationship between 
the different features and their modification by deposition conditions, which can contribute to the further expansion of 
SnO2/WO3 bilayers for multiple applications. 

2. Experimental procedure
2.1 Synthesis

Thin films were deposited by reactive DC magnetron sputtering on unheated Soda-Lime Glasses (SLG). The targets 
were discs of 15 cm diameter, provided by Mateck under request for Sn (purity 99.99%) and W (purity 99.99%). After 
the evacuation of the deposition chamber to a base pressure of 4 × 10-4 Pa, oxygen and argon gases were introduced by 
independent mass flow controllers. SnO2 layers were deposited with a discharge power of 200 W and an oxygen partial 
pressure Opp = p(O2)/(p(Ar) + p(O2)) = 0.24, giving a growth rate of 50 nm/min, as has been reported in a previous 
paper [11]. WO3 films were prepared with a discharge power of 200 W and an oxygen ratio Opp = 0.12 or Opp = 0.10, at 
a growth rate of 25 nm/min, according to previous works [12, 13]. For each case, the deposition time was adjusted to 
obtain the same film thickness of about 0.4 μm.

2.2 Characterization

The crystallographic properties were examined by X-Ray Diffraction (XRD) with radiation Cu K-α1 (λ = 1.54056 
Å) in a Philips X’pert instrument, using Bragg-Brentano θ-2θ configuration. The standard Powder Diffraction Files (PDF) 
were consulted to identify the crystalline phases in the diffractograms. The mean crystallite size was calculated from the 
full width at half maximum of the diffraction peak, applying the Scherrer formula [14]. The atomic composition was 
measured with a Fischer X-ray fluorescence analyzer using a tungsten anode. The topography was inspected by Atomic 
Force Microscopy (AFM) with a Park XE-100 system, which allows for quantifying surface roughness from digital 
images.

Electrical measurements were made with a Keithley 2635A nanoammeter and a Keithley 2420 voltage source. 
Photosensitivity was determined using a 50 W halogen lamp placed 7 cm above the sample, which was turned on and 
off successively during I-V data acquisition. In addition, sheet resistance was obtained using a four-point probe system 
Veeco FPP5000. The optical characterization was based on transmittance (T) and reflectance (R) measurements done 
with a double beam spectrophotometer Perkin-Elmer Lambda 9 at wavelengths from 250 to 2,500 nm, taking the air as 
a reference. The absorption coefficient has been calculated by the expression α = (1/ t) ln{(100 – R (%)) / T(%)} [15], 
including the film thickness value (t) measured with a Dektak 3030 profilometer.

3. Results and discussion
The most relevant characteristics of the samples are summarized in Table 1. These WO3 films are amorphous, as 

deduced from the absence of diffraction peaks in the XRD patterns. On the other hand, the SnO2 exhibits diffraction 
peaks from the (110), (101), (200) and (211) planes according to the tetragonal cassiterite structure (PDF 41-1445). 
They are shown in Figure 1 for the isolated film and in the bilayer with WO3-A (deposited at Opp = 0.12) or WO3-B 
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(deposited at Opp = 0.10). The peak intensities are in accordance with the SnO2 powder standard, I(110)/I(200) ~ 4.9 
and I(110)/I(211) ~ 1.7, except I(101) which is higher than expected from the standard ratio: I (101)/ I(110) > 0.7. An 
increase in (101) orientation has been observed for other polycrystalline SnO2 films prepared by reactive sputtering at 
relatively low oxygen pressures [16, 17]. This is explained because in reducing environments (poor in oxygen) the (101) 
surface is more stable than the (110) surface [17]. The mean crystallite sizes obtained for SLG/SnO2 (S110 = 5 nm, S101 = 
8 nm, S211 = 8 nm), SLG/SnO2/WO3-A (S110 = 4 nm, S101 = 7 nm, S211 = 7 nm) and SLG/SnO2/WO3-B (S110 = 4 nm, S101 = 
7 nm, S211 = 7 nm) are the same with an experimental error of ± 1 nm. They are within the range reported for analogous 
tin oxide films prepared by reactive sputtering [16], for which limited crystallite growth is related to the abundance of 
intrinsic defects, such as oxygen vacancies and/or tin interstitials.

Table 1. Summary of the most relevant characteristics of the samples, including the oxygen partial pressure during sputtering (Opp), film thickness 
(t), oxygen to the metal atomic ratio (O/Me), root-mean-square roughness (r), sheet resistance (Rs), average transmittance in the visible and near-
infrared (Tvis, Tir), and optical bandgap (Eg)

Sample Opp t (μm) O/Me (at %) r (nm) Rs (Ω/sq) Tvis (%) Tir (%) Eg (eV)

SnO2 0.24 0.46 1.95 0.6 102 91 89 3.42

WO3-A 0.12 0.38 2.95 0.3 8 × 105 58 48 3.34

WO3-B 0.10 0.40 2.85 0.4 6 × 104 17 30 3.08

SnO2/WO3-A - 0.84 - 1.1 102 62 48 3.35

SnO2/WO3-B - 0.86 - 1.1 102 16 24 3.12

Figure 1. XRD patterns corresponding to the individual films and SnO2/WO3 bilayers prepared on soda-lime glasses

The surface morphology of the different samples and the corresponding root-mean-square roughness (r) is 
illustrated in Figure 2. Individual films show smooth surfaces with a lower roughness value for amorphous WO3 (r 
= 0.3-0.4 nm) than for polycrystalline SnO2 (r = 0.6 nm). Flat surfaces, with r < 1 nm, have been found for similar 
WO3 and SnO2 films sputtered on glass substrates, with a slight increase in roughness as oxygen content decreases 
[9, 18]. The SnO2/WO3 stacks exhibit a rougher surface (r = 1.1 nm), as has been observed for evaporated bilayers in 
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comparison with the individual evaporated films [8]. This is attributed to compressive/tensile stresses at the interface of 
the bilayers [19], which are not important because cracks or adhesion failures have not been detected in any case. An 
increase in the effective surface of the SnO2/WO3 bilayer can be useful for several applications, such as photocatalytic 
devices and gas sensors [8, 20].

Figure 2. AFM images taken on 2 μm × 2 μm areas for the individual films and SnO2/WO3 bilayers. The root-mean-square roughness (r) value for 
each sample is included

The sheet resistance and thickness data in Table 1 show that the electrical conductivity, σ = (Rst)
-1, is much 

higher for SnO2 (102 S/cm) than for WO3-A (10-2 S/cm) and WO3-B (10-1 S/cm). For the SnO2/WO3 samples, the total 
resistance agrees with a parallel connection of the respective resistances: Rbilayer = (1/RSnO2 + 1/ RWO3)

-1 ≈ RSnO2, with a 
clear predominance of the most conductive material as reported for other bilayers [21]. Regarding photosensitivity, the 
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SnO2 layer and the SnO2/WO3 bilayers have not presented appreciable changes in conductivity under dark and light 
conditions. This is common in highly conductive materials where the concentration of photogenerated carriers is several 
orders of magnitude lower than that of free carriers in the dark. Comparing the individual WO3 films, Figure 3 shows 
that the photoresponse is higher for WO3-A (with Δσlight /σdark = 5.4 × 10-2) than for WO3-B (with Δσlight /σdark = 1.5 × 10-3). 
The contribution of photogenerated carriers is less important in WO3-B, which has a higher conductivity in the dark due 
to a higher proportion of donor oxygen vacancies. On the other hand, the lower conductivity of WO3-A slowly increases 
under illumination and also slowly decays when the light is turned off. This is due to traps related to intrinsic defects [22], 
which have been investigated according to the rise and decay equations [23, 24]:

{ }( ),1  /rise dark light i i on r iA exp tσ σ σ τ= + ∆ −∑ −

{ }( ), /decay dark light i i off d iA exp tσ σ σ τ= + ∆ ∑ −

where σdark is the conductivity in dark, Δσlight is the steady-state photoconductivity, ton is the time with the light on, toff the 
time after illumination turned off, Ai is a proportionality factor (ΣiAi = 1) and ti the time constant for the different trap 
levels acting in the photoconductivity transients. The time constant is related to the trapped energy by the equation [25]:

(1/ ) ( / )tv  exp E kTτ =

where Et is the trap energy, kT the thermal energy (25.68 meV) and v is the lattice vibration frequency (1013 s-1) [26].

Figure 3. Electrical conductivity of the films grown under different oxygen pressures (WO3-A at Opp = 0.12 and WO3-B at Opp = 0.10) as a function of 
time under dark or light conditions

The experimental data fit for SLG/WO3-A in Figure 3 give three levels with time constants t1 = 114 s, t2 = 480 s 
and t3 = 4,830 s; corresponding to trap energies Et1 = 0.89 eV, Et2 = 0.93 eV and Et3 = 0.99 eV. Different models for the 
electronic structure of oxygen-deficient WO3 predict the occurrence of various defect states in the range 0-1 eV below 
the conduction band, which are due to oxygen vacancies (VO) at different charge states [27, 28]. The obtained Et values 
are in agreement with the transition levels VO

+/VO
0, VO

++/VO
+ and VO

++/VO
0, located at increasing energies from the 

conduction band [27, 29]. 
The optical transmittance and reflectance of the individual and stacked layers are plotted in Figure 4 as a function 

(1)

(2)

(3)
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of the light wavelength, including data for the bare SLG substrate. SnO2 shows high transmittance in both the visible (λ 
= 400-800 nm) and near-infrared (λ = 800-2,500 nm) ranges, with Tvis = Tir = 90 ± 1% taking as reference the bare Soda 
Lime Glass (SLG) substrate. Lower transmittances are obtained for WO3-A (Tvis = 60 ± 2%, Tir = 48 ± 1%) and WO3-B 
(Tvis = 17 ± 1%, Tir = 27 ± 3%) as detailed in Table 1. The decrease in transmittance in WO3 is related to an increase of 
oxygen vacancy defects (VO

+ and/or VO
++) bound to tungsten atoms in a lower oxidation state (W5+ and/or W4+), which 

cause sub-bandgap absorption [30]. Therefore, the lower optical transmittance values confirm that the proportion of 
oxygen vacancies is higher for WO3 grown at lower Opp. 

Figure 4. Optical transmittance and reflectance measured for the various samples as a function of the light wavelength. Data for the bare SLG 
substrate are added for comparison

The corresponding optical absorption coefficients (α) are plotted in Figure 5 as a function of the light Energy (E). 
The absorption growth in the high energy region (E > 3.3 eV) is due to interband transitions over the semiconductor 
bandgap, showing a good fit to the relationship αi = (A/E) · (E – Eg)

2, which is typical of indirect transitions. The 
bandgap energy is obtained from the plot of (αE)1/2 vs. E, by prolonging the linear part of the curve to the E axis. The 
calculated value is Eg = 3.42 eV for SnO2, Eg = 3.35 ± 0.01 eV for WO3-A and Eg = 3.10 ± 0.02 eV for WO3-B. These 
bandgap energies (included in Table 1) are in agreement with those reported for analogous thin films of SnO2 [31] and 
WO3 [12, 32].

Figure 5. Optical absorption coefficient obtained for the different samples as a function of light energy, including bare SLG substrate data. The lines 
represent the absorption due to the indirect bandgap transition 
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Furthermore, the WO3 layers show a pronounced absorption below the bandgap energy, related to oxygen 
deficiency [30]. The sub-stoichiometric compound is considered a mixture of W6+ with W5+ and W4+ states, sub-bandgap 
absorption increasing by around 1.5 eV with the W5+ content and above 3 eV with the W4+ ratio [12]. For SnO2, some 
sub-bandgap absorption is also detected at energies below 0.8 eV. This is due to the absorption of near-infrared radiation 
by free electrons, typical of conductive metal oxides [33, 34], which has been analyzed for analogous sputtered SnO2 
films in previous work [35].

4. Conclusions
SnO2/WO3 bilayers were prepared by reactive DC sputtering on glass substrates. Their structure, morphology, an 

optical and electrical properties were analyzed in comparison with the individual films. According to X-ray diffraction, 
the addition of WO3 onto SnO2 does not lead to the appearance of crystalline phases other than tetragonal SnO2 one, 
which has a mean crystallite size of 4 nm in the (110) orientation and 8 nm in the (101) and (211) orientations. The WO3 
layers are amorphous on the bare and SnO2-coated glasses, showing a higher surface roughness on the SnO2 film (r = 1.1 
nm) than on the uncoated glass (r = 0.3-0.4 nm). The increase in roughness is attributed to some stress at the interface of 
the bilayer, which is low enough to keep the samples well-adhered and free of cracks. 

The total resistance of the SnO2/WO3 bilayers is consistent with a parallel connection of the two materials, being in 
fact the same as that of SnO2 due to its high conductivity (102 S/cm) compared to WO3 (10-1 – 10-2 S/cm). On the other 
hand, the optical transmittance of the bilayers is dominated by WO3, which reaches high absorption coefficients in the 
visible and near-infrared. This optical absorption is due to the presence of sub-stoichiometric states W5+ and W4+, which 
can be increased by decreasing the oxygen partial pressure during WO3 deposition. 

These SnO2/WO3 bilayers show improved characteristics respecting the individual films, with an overall 
transmittance analogous to the WO3 layer and electrical conductivity as SnO2. They are prepared by a scalable method, 
which facilitates their application in electrochromic windows and other electro-optical devices that require good 
electrical conductivity and light absorption in the visible and near-infrared. 
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