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A B S T R A C T   

WO3/Cu/WO3 coatings are transparent electrodes, but conductivity and transmittance have been observed to 
decrease with time. This paper reports the improved stability of WO3/Cu/WO3 coatings deposited by magnetron 
sputtering on glass and polyethylene terephthalate substrates. The stability issues due to Cu oxidation and 
migration can be addressed by adjusting the deposition parameters. Lowering the sputtering pressure results in 
denser WO3 films, confirmed by spectroscopic ellipsometry, and thus more stable coatings. The coatings retain 
their properties in an inert atmosphere, indicating that Cu oxidation is the main reason for the decrease in 
conductivity, rather than its migration observed by X-ray photoelectron spectroscopy. Optical property modeling 
is used to optimize the thickness of the three-layer coatings to obtain the highest figure-of-merit for a transparent 
electrode. A structure of glass/WO3 (70 nm)/Cu (10 nm)/WO3 (45 nm) gives a sheet resistance of 14 Ω/sq. and a 
light transmittance of 65% at 600 nm. In addition, the antimicrobial properties of these coatings are revealed. A 
decrease up to 105 of the gram-negative Escherichia coli and gram-positive Staphylococcus aureus bacterial colony 
formation units is found for several WO3/Cu/WO3-based coatings. In the case of the MS2 (Emesvirus zinderi) 
bacteriophage, a decrease in infectious particles for up to 104 plaque-forming units is obtained. The results 
indicate that more stable samples also had higher antimicrobial activity.   

1. Introduction 

Dielectric-metal-dielectric (DMD) coatings have been demonstrated 
as possible transparent electrodes in flexible optoelectronic devices [1] 
to replace the most commonly used indium tin oxide (ITO), which is 
brittle, requires high production temperatures to achieve high conduc
tivity and has a supply risk due to the natural scarcity of In [2]. To 
improve the flexibility of the single-layer ITO electrode, the thickness 
must be very small, which compromises the electrical conductivity. 
DMD coatings have high conductivity and transparency, excellent flex
ibility, simple fabrication and good compatibility with various sub
strates, including polyethylene terephthalate (PET) [1]. In DMD 
structures, a thin metallic film is sandwiched between two dielectric 
films to promote high transparency and to protect the metallic film from 
degradation. The conductivity of these coatings is mainly controlled by 
the conductivity of the metal film. The ductility of the metal film im
proves the robustness under mechanical stress and allows the deposition 

of thinner electrodes than single-layer electrodes [3]. The 
figure-of-merit by Haacke [4] for DMD coatings can reach a value of 
~10− 2 Ω− 1. Although PET/DMD structures can be more stable than 
PET/ITO, degradation of the DMD itself due to the agglomeration and 
oxidation of metal atoms is a problem that is still under investigation [5, 
6]. 

There has been a tremendous increase in interest and research into 
antimicrobial coatings (AMCs) due to the COVID-19 pandemic [7]. 
Contaminated high-touch surfaces in healthcare or other public areas 
are an extra source of bacteria and other microorganisms and play an 
important role in the chain of transmission [8]. In many cases, these 
pathogens can survive on surfaces for a sufficiently long time to accu
mulate and cause a variety of serious infectious diseases, thereby 
threatening human health and creating a heavy economic burden. 
Although cleaning and disinfecting surfaces can be effective methods to 
prevent this, they are time-consuming and their effect is only temporary 
[9]. Another method is the use of self-disinfecting surfaces or so-called 
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AMCs. Several mechanisms with different functional principles are 
known to cause surface antimicrobial activity: (i) biocide release, (ii) 
active contact, (iii) anti-adhesive (superhydrophobic), and (iv) repulsion 
[10,11]. In principle, these effects can be combined to increase effi
ciency. Inorganic antibacterial agents, such as Cu, Ag, TiO2, ZnO and 
WO3, are more stable than organic compounds under various adverse 
conditions. However, the toxicity level of these materials, especially 
metals in the form of nanoparticles, is still being investigated [12,13]. 
Referring to a literature survey published in 2019 [14], silver-based 
AMCs relying on the biocide release mechanism are the most used and 
studied. 

The antimicrobial properties of metal oxides depend on their pho
tocatalytic activity. Under proper light irradiation, reactive oxide spe
cies can be produced that can cause damage to microorganisms. 
Tungsten oxide (WO3) is a well-known material due to its photocatalytic 
activity. In addition, WO3 nanoparticles have been shown to be bio
logically safe [15]. A relatively narrow band gap of 2.6 eV in the crys
talline phase, together with a deep valance band edge, makes it possible 
to use WO3 in visible-light-driven photocatalysis. However, WO3 alone 
shows low photocatalytic activity because its conduction band is not 
sufficient to reduce oxygen [16]. To overcome this issue, different 
interface designs, co-catalysts, sub-stoichiometric compositions and 
nanostructuring have been employed to increase the photocatalytic ef
ficiency of WO3. Metal-WO3 (e.g., Pt-loaded WO3) and semi
conductor-WO3 (e.g., WS2/WO3⋅H2O) interfaces can greatly suppress 
electron-hole recombination [17,18]. Intercalated Cu2+ ions have been 
shown to be promising co-catalysts based on a multi-electron oxygen 
reduction mechanism [19–21]. 

The growing applications of AMCs have led to interest in multi
functional coatings that can provide other useful properties, such as 
visible light transparency and electrical conductivity, in addition to 
antimicrobial activity. For example, visible-light transparency is crucial 
for touch panels and solar controlled glasses [22]. WO3/M/WO3 elec
trodes have been studied previously [23,24] because they can be 
deposited by thermal evaporation, which does not degrade organic 
materials in transparent OLEDs. 

In this study, after optimizing and stabilizing the electrical and op
tical properties of WO3/Cu/WO3 coatings, we show that they also 
exhibit antimicrobial properties. More precisely, we show how the 
deposition pressure, layer thickness and storage conditions influence the 
properties and stability of the coatings. We demonstrate that the coat
ings are active against gram-negative and gram-positive bacterial spe
cies, E. coli and S. aureus, respectively, as well as the positive-sense 
single-stranded enveloped RNA virus MS2 (Emesvirus zinderi). The 
coatings are deposited by direct current magnetron sputtering. Magne
tron sputtering is a vacuum plasma technology and among the most 
widely used types of deposition by the glazing industry because it can be 
scaled up to large-area substrates together with a high growth rate, 
which is highly important for large-scale production. These coatings can 
be synthesized at room temperature, thereby enabling their deposition 
on flexible substrates and roll-to-roll production. 

2. Experimental details 

2.1. WO3/Cu/WO3 deposition conditions 

WO3/Cu/WO3 coatings on soda-lime glass and PET substrates were 
deposited by DC magnetron sputtering from W (purity 99.95%) and Cu 
(purity 99.99%) targets. Two ION’X® planar balanced magnetrons 
(Thin Film Consulting) with target dimensions of 200 × 100 × 9 mm 
were used. Both magnetrons were placed symmetrically against the 
substrate holder at a distance of 20 cm. The substrates were cleaned 
using an ultrasonification bath in acetone and 2-isopropanol sequen
tially for 15 min each and then drying under blown N2 gas. The thin film 
deposition was performed using a vacuum PVD coater G500M.1 
(Sidrabe Vacuum, Ltd.). Before the deposition process, the chamber 

(~0.1 m3) was pumped down to a base pressure below 1.3 × 10–5 mbar 
by a turbo-molecular pump backed with a rotary pump. 

The three-layer WO3/Cu/WO3 coatings were obtained in three 
consecutive deposition processes. WO3 films were deposited by sput
tering the W target with a power of 300 W in an Ar (99.9999%) and O2 
(99.999%) atmosphere. The depositions were performed at different 
sputtering pressures from 0.67 to 4.00 Pa and different O2 to Ar gas flow 
ratios of 1/2, 2/3, and 5/6 to study the influence on the physical 
properties of the coatings. A ratio of 2/3 provides the stoichiometric 
WO3 films as shown in the previous study [25]. The pumping speed was 
altered by a throttle valve to set the necessary sputtering pressure. Cu 
films were deposited by sputtering the Cu target with a power of 300 W 
at a total pressure of 0.67 Pa in an Ar (30 sccm) atmosphere. Cu films 
with different thicknesses from 10 to 35 nm were deposited between 
WO3 films. Higher Cu thickness significantly decreases visible light 
transmittance; lower thickness leads to low electrical conductivity due 
to film discontinuity. The most promising samples were synthesized 
several times to verify the antimicrobial activity and reproducibility. All 
characterizations of the physical properties were performed on the 
samples on glass substrates except for the antimicrobial activity tests. 
These were carried out on the coatings on PET because a larger number 
of samples, obtained by cutting a larger piece of PET into smaller ones, is 
required for high accuracy. 

2.2. Characterization of physical properties 

The growth rate of WO3 and Cu under all growth conditions was 
determined with a profilometer (CART Veeco Dektak 150) by measuring 
the thickness of the test samples. The deposition time of each film was 
adjusted accordingly to obtain the planned (hereinafter nominal) layer 
thickness of the WO3/Cu/WO3 coatings (Table 1). For the first set of 
samples, the WO3 thicknesses were refined after spectroscopic ellips
ometry (SE) analysis of the single-layer WO3 (bottom) films. 

The electrical properties of the coatings were measured differently 
for the two types of sample geometries. To measure the sheet resistance 
of the inner Cu film (RS,Cu) with a simple multimeter, the coatings were 
deposited on previously prepared glass substrates (25 × 50 mm) with 
electrical contacts (Cu 100 nm) on the sides so that the Cu film was in 
contact with them (first set of samples in Table 1). The geometry of these 

Table 1 
Deposition parameters and thicknesses of three-layer WO3/Cu/WO3 coatings. 
The deposition pressure and O2 flow rate during growth are the same for both 
WO3 (bottom and top) films. The nominal thicknesses are rounded to the nearest 
five. The thickness structure obtained from the SE modeling of three-layer 
coatings is also presented.  

Sample WO3 

deposition p 
(Pa) 

O2 flow rate 
during WO3 

deposition 
(sccm) 

Nominal WO3/ 
Cu/WO3 

thicknesses 
(nm) 

WO3/Cu/WO3 

thicknesses 
obtained from SE 
(nm) 

First set of samples 
1 0.67 20 95/20/95 94/15/98 
2 1.00 20 75/20/75 67/24/87 
3 1.35 15 90/20/90 73/40/99 
4 1.35 20 50/20/50 50/22/51 
5 1.35 20 85/20/85 – 
6 1.35 20 90/20/90 83/24/95 
7 1.35 20 95/20/95 – 
8 1.35 20 115/20/115 124/20/112 
9 1.35 20 90/35/90 99/34/87 
10 1.35 20 115/50/115 86/52/113 
11 1.35 25 90/20/90 79/25/110 
12 2.00 20 85/20/85 72/34/89 
Second set of samples 
13 0.67 20 25/10/35 – 
14 0.67 20 25/15/35 – 
15 0.67 20 25/15/50 – 
16 0.67 20 70/15/45 – 
17 4.00 20 20/15/35 –  
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samples can be seen in Fig. S1(a). It was a three-step process: (a) 
deposition of Cu contacts, (b) deposition of first WO3 film, and (c) 
deposition of the rest of the coating, that is, Cu/WO3. After each step, the 
chamber was opened to readjust the deposition masks in front of the 
substrate. After the second step, the single-layer WO3 samples were 
measured and analyzed by SE. 

The second type of samples were deposited on 10 × 10 mm glass 
substrates (Fig. S1(b)) and the sheet resistance of the three-layer surface 
(RS,WCW) was measured in the van der Pauw configuration using an 
HMS-5000 system, Ecopia. In this case, all three films were deposited in 
consecutive deposition runs without venting the chamber (second set of 
samples in Table 1). After the samples were removed from the chamber, 
four small ohmic contacts at the corners of the samples were made of 
high-purity silver paint (SPI-PAINT). 

X-ray photoelectron spectroscopy (XPS) was used to study the 
chemical composition of the samples. The XPS measurements were 
carried out using a ThermoFisher ESCALAB Xi+ instrument using a 
monochromatic Al Kα X-ray source. The calibration of the binding en
ergy scale was confirmed by examining sputter-cleaned Au, Ag and Cu 
reference samples that place Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 peaks at 
83.96, 368.21 and 932.62 eV, respectively. The charge neutralization by 
flow of low energy electrons was used in the reported experiments. The 
spectra were recorded using an X-ray beam size of 650 × 100 μm with a 
pass energy of 20 eV and a step size of 0.1 eV. Data from all materials 
were referenced using the main signal of the carbon 1s spectrum 
assigned to occur at 284.8 eV. The carbon 1s spectrum was collected 
using high-energy-resolution settings. A monatomic Ar+ ion gun (energy 
of 2 keV) was used to study the depth distribution of W, O and Cu. 

The structure of the samples was examined by an X-ray diffractom
eter with Cu-Kα radiation (Rigaku MiniFlex 600). The film surfaces were 
characterized by scanning electron microscopy (SEM) and the lamella 
were prepared using a focused ion beam (FIB). Before lamella prepara
tion on the sample surface, a 30 nm thick Au layer was sputtered and a 
300 nm thick Pt layer was deposited above to protect the surface from 
FIB exposure. The lamella cross sections were visualized by both SEM 
(Thermo Scientific Helios 5 UX dual-beam) and transmission electron 
microscopy ([TEM], Fei Tecnai G2 F20). 

The transmittance and reflectance of the coating, in the range of 250 
to 2000 nm, were determined by a spectrophotometer (Agilent Cary 
7000). The sample was placed at an angle of 6◦ against the incident 
beam and the detector was placed at 180◦ behind the sample to measure 
transmittance and at 12◦ in front of the sample to measure specular 
reflectance. 

The optical properties and layer thicknesses were obtained by 
employing a WOOLLAM RC2 ellipsometer in a range from 210 to 1690 
nm (5.9 to 0.7 eV). The main ellipsometric angles Ψ and Δ were 
measured at the incident angles from 55◦ to 70◦ with a 5◦ step. The 
evolution of the Ψ and Δ spectra was studied together with in-depth SE 
modeling only for the first set of samples (Table 1). Refractive index n 
and extinction coefficient k dispersion curves were modeled using 
Gaussian and Tauc-Lorentz oscillator (TLO) functions [26]. The surface 
roughness was modeled utilizing the Bruggeman effective medium 
approximation (EMA) [27]. The optical gradient of (n; k) was calculated 
by dividing the film layer into sub-layers with smaller thicknesses to 
vary the (n; k) dispersion curves from the bottom to the top of the film 
[28] and by applying the EMA, considering the films as a mixture of (i) 
WO3 and voids or (ii) WO3, voids, and CuO for both WO3, and (iii) WO3 
and Cu for the middle Cu film. Fig. S2 schematically illustrates the ideal 
and non-ideal three-layer systems considering the EMA and depth pro
file described above. SE experimental data model-based regression an
alyses were performed with the WOOLLAM software CompleteEASE®. 
The substrate and films were modelled as isotropic materials. 

2.3. Antimicrobial testing 

The anti-bacterial testing methodology was based on the JIS Z 2801 

"Antimicrobial products-Test for antimicrobial activity and efficacy" 
testing standard. Identical testing steps were performed for the E. coli 
ATCC 25,922 and S. aureus ATCC 25,923 bacterial cultures received 
from the microorganism culture collection of the Latvian Biomedical 
Research and Study Centre (LBMC). Testing samples with dimensions of 
15 × 15 mm and thin PET film pieces with dimensions of 10 × 10 mm 
were prepared following immersion in 96% ethanol, dried out and held 
in a sterile environment before bacterial culture application. Bacterial 
suspensions of 1 × 107 colony-forming units (CFU)/mL were prepared in 
a liquid Luria-Bertani (LB) broth with 12 h of growth at 37◦C and 
shaking at 220 rpm using the standard optical density calibration 
method. A 50 µL bacterial suspension was applied on testing surfaces 
and covered with a PET film. After 2 h of incubation at room tempera
ture (RT), the testing surface was washed by adding 1 mL of LB broth 
and the re-suspended bacteria were plated on LB agar plates. After in
cubation, colonies on agar were counted and A=N/C×V equation was 
applied, where A - CFU/ml, N - colonies quantity on plate, C - plated 
decimal dilution, and V - plated suspension volume. To measure the log 
reduction rate caused by samples application, CFU/mL after contact 
with samples were subtracted from CFU/mL after contact with control 
PET substrate. 

The MS2 (Emesvirus zinderi) bacteriophage and E. coli XL1-Blue target 
cell cultures for infection were also received from the microorganism 
culture collection of LBMC. To evaluate the antiviral properties of the 
test samples, a 50 µL MS2 suspension with a concentration of 108 plaque- 
forming units (PFU)/mL was added to the test surface, covered with PET 
and incubated for 2 h at RT. After incubation, the samples were washed 
from the surface with LB broth and decimal dilutions were prepared and 
plated using a double-layer agar method with E. coli XL1-Blue for stan
dard plague count evaluation. PFU/mL counting and calculation is 
similar to CFU/mL data acquisition. 

All samples were tested at least three times and the log reduction 
calculations were represented as mean values. 

3. Results and discussion 

3.1. Sheet resistance and its stability 

The deposited WO3/Cu/WO3 coatings were partly transparent in the 
visible-light range with good adhesion to soda-lime glass substrates. The 
surface conductivity of the first set of samples (Table 1) was extremely 
low or in most cases unmeasurable. This was caused by several factors. It 
was discovered later that the thicknesses (≥50 nm) and sputtering 
pressures (≥1 Pa) of both WO3 films were not favorable for achieving 
stable conductivity, as discussed in more detail below. However, we 
were able to measure the sheet resistance of the inner Cu film (RS,Cu) for 
the samples produced in the geometry shown in Fig. S1(a). The RS,Cu 
measured immediately after deposition ranged from ~10 to ~40 Ω/sq. 
depending on the deposition parameters and the thickness of the sam
ples. In one case, the resistivity of the inner Cu film was monitored 
during the growth of the upper WO3 film to check for possible oxidation 
due to the reactive deposition process of WO3; however, no change in 
resistance was observed, meaning that the possibility of strong Cu 
oxidation can be dismissed. In contrast, the RS,Cu increased over a longer 
period of time after exposure to air, as can be seen in Fig. 1. 

The instability of WO3/Cu/WO3 coatings produced by thermal 
evaporation has been reported previously and explained by Cu 
migrating into the WO3 layers [29]. Cu can diffuse through the entire 
upper WO3 film and accumulate on the surface at up to 10–20 at.% [30]. 
It has been shown that the diffusion of Cu can be prevented by alloying it 
with Ni, Al or Ag [30,31], or reduced by introducing a diffusion barrier 
[32]. When Cu diffusion is suppressed, not only is the conductivity 
stabilized but higher visible-light transmittance can also be achieved. In 
our case, we could stabilize the coatings by adjusting the deposition 
parameters, for example, reducing the deposition pressure of the WO3 
films to 0.67 Pa (Fig. 1(a)). A lower deposition pressure during 
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magnetron sputtering generally results in denser films that inhibit Cu 
migration into them. Magnetron sputtering is a more energetic deposi
tion technique compared to evaporation. It ensures a more uniform 
coverage due to the higher adatom mobility on the surface of the 
growing film and thus higher electrical conductivity of ultrathin films 
due to the continuing percolation path. The thickness of the 
WO3/Cu/WO3 coatings also influences their stability. As can be seen in 
Fig. 1(b), thinner WO3 or thicker Cu films improve the stability. 

To investigate the effect of ambient conditions on the evolution of RS, 

Cu, two twin samples of sample 6 (Table 1) were placed in an Ar- 
containing glovebox. One of them was kept in the dark to prevent 
possible photocatalytic processes in the WO3 films. Samples that would 
otherwise be unstable in air were found to be stable in an inert atmo
sphere (Fig. 1(c)). The difference in RS,Cu between the samples stored in 
the glovebox was small and within the error range of this study. 
Therefore, we conclude that the exposure of the coatings to daylight is 
not responsible for the sample degradation. When one of them was 
removed from the glovebox, the increase in resistance was initiated. The 
sample became insulating within ~60 d of exposure to air, while the 
twin sample kept in the glovebox maintained high conductivity (Fig. 1 
(c)). This indicates that the oxidation of Cu is the main reason for the 
decrease in conductivity rather than its migration only. 

The high susceptibility of Cu to oxidation in air is well known. The 
oxidation kinetics of Cu films depend on several factors, including their 
microstructure and thickness. The thickness of the native oxide on the 
surface of a polycrystalline Cu film ranged from ~3.5 to ~6.0 nm after 
100 d of oxidation in air [33]. Point defects, such as oxygen vacancies 
and interstitials, can facilitate the diffusion of oxygen into oxides [34]. 
Considering that the gradual penetration of oxygen and water into 

electronic devices is inevitable even with encapsulation [35,36], there 
was a strong possibility that oxygen could pass through the upper WO3 
film to oxidize the Cu film. It can be seen in Fig. 1(b) that the stability of 
the coating was improved by increasing the thickness of the inner Cu 
film. In contrast, the samples were less stable for an unknown reason 
when the thickness of both WO3 films was increased, indicating that 
additional mechanisms were involved. 

To achieve low surface resistance (RS,WCW), the second set of samples 
was produced by decreasing the thickness of both WO3 films and 
keeping the thickness of the Cu film in the range of 10 to 15 nm (see 
second set of samples in Table 1). The thickness of the WO3/Cu/WO3 
structure was modeled by CompleteEASE software to achieve the 
highest possible light transmittance at 550 nm. The optical constants of 
WO3 and Cu used in the model were taken from SE measurements of the 
pure Cu film and the bottom WO3 film of sample 8 (see Section 3.5 
below). The modeling suggested a structure of 70/15/45 nm. The 
transmittance and specular reflectance spectra of the second set of 
samples are shown in Fig. 2. Indeed, the thickness structure proposed by 
the model (sample 16) provided the highest optical transmittance of 
65% at 600 nm due to the suppressed reflectance. The performance of 
the deposited WO3/Cu/WO3 films was estimated using the figure-of- 
merit of Haacke (T10/RS,WCW) [4]. Sample 6 exhibits a figure-of-merit 
of 5 × 10− 4 Ω− 1. Fig. 1(d) shows the evolution of RS,WCW for the sec
ond set of samples. The RS,WCW measured immediately after deposition 
ranged from ~14 to ~200 Ω/sq., again depending on the deposition 
parameters and the thickness of the samples. Higher deposition pressure 
during the WO3 film growth (4.00 Pa in this case) or a thinner Cu film 
(10 nm) were observed to result in less stable coatings with higher RS, 

WCW, similar to the first set of samples. 

Fig. 1. Evolution of sheet resistance of inner Cu film (RS,Cu) in WO3/Cu/WO3 coatings over time as a function of (a) deposition pressure of both WO3 films (samples 
1, 2, 7 and 12), (b) thickness (samples 4, 5, 7, 8 and 9) and (c) storage conditions (sample 6). (d) Evolution of sheet resistance of WO3/Cu/WO3 surface (RS,WCW) as a 
function of the thickness and deposition pressure of both WO3 films (samples 13–17). 
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3.2. XPS measurements 

XPS measurements, including depth profiling of the composition, 
were performed with the intention of confirming the migration of Cu 
and determining the chemical states of Cu and W. Fig. 3(a) and 3(b) 
show the depth profiles for sample 6, which was exposed to air, and its 
twin sample, which was stored in an Ar atmosphere, respectively. The 
XPS analysis shows the presence of W, O and Cu signals in the coatings 
and the three-layer structure is clearly distinguishable. In both cases, the 
presence of Cu (~1 at.%) in the upper WO3 films was observed. As can 
be seen, Cu migration in WO3 films occurs regardless of the storage 
conditions and was not responsible for the increase in the sheet resis
tance RS,Cu of the inner Cu film. In addition, on the surface, Cu accu
mulates up to ~25 at.% for the sample exposed to air and only up to ~2 
at.% for the sample stored in Ar. Although this difference is significant, 
the values are approximate because they vary depending on the location 
of a measurement spot on the sample. 

High-resolution spectra of the Cu 2p transitions are shown in Fig. 3 
(c) and (d). The Cu 2p chemical state on the surface differs between the 
two samples. The Cu 2p3/2 peak in Fig. 3(c) contains at least two sub
peaks with binding energies (BEs) of 933.0 and 934.7 eV, which corre
spond to cupric oxide (CuO) [37] and another Cu2+ containing 
compound or mixture of compounds, for example, Cu(OH)2 [38] or 
CuCO3 [39,40], respectively. The strong satellite feature centered at 
~943 eV is additional strong evidence that supports the presence of 
predominantly divalent copper in the very outer layer [37]. The Cu 2p 
spectra measured for the sample stored in an Ar atmosphere (Fig. 3(d)) 
reveal a narrow peak centered at 932.6 eV, which could be attributed to 
cuprous oxide (Cu2O) or metallic Cu0 [37]. The shape of the Auger 
spectrum (inset of Fig. 3(d)) measured for the L4M4,5M4,5 transition and 
the value of the modified Auger parameter (~1848.4 eV) suggest that 
the copper-containing compound present at the very surface of the 
sample is Cu2O. The presence of a very weak satellite feature at 947 eV 
indicates the vanishingly small content of divalent Cu compounds in the 
sample. Since copper-containing compounds are prone to reduction 
during Ar-ion etching, it was not possible to reliably determine the 
chemical state of Cu deeper in the coating. 

The BEs of the peaks corresponding to W 4f7/2 and W 4f5/2 for both 
samples were determined at 36.2 and 38.3 eV, respectively (Fig. 3(e) 
and 3(f)). The additional peak centered at 42.1 eV is ascribed as a loss 
feature of W. The positions of the peaks correspond to W with the 
oxidation state of 6+ (WO3) [25,41]. Detailed data of Cu 2p and W 4f 
peaks detected from the surface of sample 6 can be found in Table S1. 
Based on the measured intensities, the chemical composition of the 
upper tungsten oxide film for the sample stored in Ar is close to 

stoichiometric WO3 (W 24 at.% and O 74 at.%). 

3.3. X-ray diffraction measurements 

X-ray diffraction measurements of the samples show only one low- 
intensity peak at 2θ = 43.3◦, which originates from the metallic Cu 
film between the dielectric WO3 films, which are X-ray amorphous. The 
evolution of this Cu (111) peak for sample 9 was studied over a longer 
period of time (Fig. 4). The peaks were fitted with the Voigt function to 
remove noise and accurately determine the peak parameters. The in
tensity of the peak decreases with time together with increasing resis
tance of the inner Cu film (Fig. 4(b)). This is a clear result of the 
oxidation and Cu migration into the WO3 films. Other peak parameters, 
such as position and full width at half maximum (FWHM), did not show 
a clear correlation with the sheet resistance RS,Cu or time. On average, 
the FWHM value is 1◦, which corresponds to a Cu crystallite size of 
approximately 10 nm according to the Scherrer equation. 

3.4. SEM and TEM measurements 

The surface morphology and cross-sectional images of the WO3/Cu/ 
WO3 samples obtained by electron microscopy are shown in Fig. 5. A 
dense surface microstructure was confirmed by SEM of the upper WO3 
films, as shown in Fig. 5(a). The surface consists of randomly shaped 
nanosized grains with round edges and an average size of less than ~20 
nm. The observed microstructure is as expected since the magnetron 
sputtering technique is known for producing dense coatings. The cross- 
sectional image in Fig. 5(b) clearly shows the distinct three-layer 
structure of WO3/Cu/WO3. No cracks or large voids were observed 
either on the surface or in the cross-sectional images. The high- 
resolution TEM image of the WO3/Cu interface in Fig. 5(c) reveals 
randomly oriented crystallites with a size of ~5 nm in the WO3 film. Due 
to the small size, XRD does not show the nanocrystalline nature. Raman 
spectroscopy also revealed the nanocrystalline WO3 structure in a pre
vious study [25]. 

3.5. SE analysis 

First, the single-layer WO3 samples were measured by SE. The data 
analysis revealed that the thickness non-uniformity estimation was 
sufficient by applying a depolarization measurement (Table 2). For 
small samples, such as 25 × 25 mm (Fig. S1), it is not necessary to 
measure the sample in different places. Most of the samples have 
thickness non-uniformity of ~10%. This is an acceptable value when the 
deposition is performed without movement of the substrate. No voids or 

Fig. 2. (a) Transmittance and (b) specular reflectance of WO3/Cu/WO3 coatings on soda-lime glass substrates in the range of 250–2000 nm.  
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strain-induced effects (e.g., optical gradient) are found within the single- 
layer WO3 samples. The only inhomogeneities are the thickness non- 
uniformity and the small surface roughness of ~4 nm. Refractive 
index n and extinction coefficient k dispersion curves as a function of 
photon energy E for single-layer WO3 thin films are given in Fig. 6(a) and 
6(b), respectively. The Tauc band gap is ~3.2 eV, which is comparable 
with the data found in the literature. Stoichiometric WO3 is transparent 
and insulating with a band gap of 3.0 to 3.3 eV [42,43], while the 
presence of O vacancies results in optical absorption (blue color due to 
gap narrowing) and electrical conductivity [44,45]. In addition, the 
electronic properties, in particular the band gap, are found to be 

sensitive to the spatial arrangement of the W and O atoms [42,43]. The 
linear increase of refractive index with decrease of deposition pressure 
was observed (inset of Fig. 6(a)) which is clearly related to densification 
of the films at lower pressures. 

The main ellipsometric angles Ψ and Δ of the three-layer WO3/Cu/ 
WO3 coatings are shown in Fig. 7 for samples 6 and 9. Changes in optical 
properties over time are clearly visible. They are more pronounced for 
the unstable sample 6 and less pronounced for the much more stable 
sample 9. The Ψ and Δ spectra of other samples produced in this study 
can be found in Table S2. The amplitudes of Ψ change over the entire 
spectral range with time, indicating a change in effective n of the three- 

Fig. 3. XPS depth profiles and high-resolution X-ray photoelectron spectra of Cu 2p and W 4f for WO3/Cu/WO3 (90/20/90 nm) sample 6 (a, c, e) exposed to air and 
(b, d, f) stored in Ar. 
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layer structures. The peak at ~1.3–1.7 eV is mainly affected by the 
middle Cu film. The decrease in amplitude of this peak indicates that the 
thickness of the metallic Cu film and/or the Cu EMA volume fraction is 
decreasing. This can be seen in most samples measured after one month. 
The reason for this can be both Cu migration in the WO3 films and/or its 
oxidation. The peak positions in the Ψ and Δ spectra are almost un
changed (Fig. 7 and Table S2), indicating that the total thickness of the 
three-layer coatings remains the same when comparing the spectra of 
newly deposited samples and after one month. The small variation in 

peak positions could be related with the thickness non-uniformity 
measured by depolarization, as summarized in Table 2. It is very 
likely that when re-measuring the sample after a month, the measure
ment spot on the sample was slightly different from the first measure
ment immediately after deposition. In contrast, the thickness of each 
film is expected to be slightly different due to the Cu migration and 
oxidation processes after one month. For most samples, the CuO EMA 
volume fraction increased and the Cu EMA volume fraction decreased 
over time. It was not sufficient to keep EMA volume fraction as the only 

Fig. 4. (a) Evolution of X-ray diffraction (111) Cu peak for WO3/Cu/WO3 sample 9, and (b) its intensity as a function of sheet resistance RS,Cu.  

Fig. 5. (a) Surface SEM image of WO3/Cu/WO3 sample 16. (b) High-resolution TEM images of cross section (lamella) of (b) three-layer structure (sample 10) and (c) 
the interface between Cu and WO3 films for sample 6. 

Table 2 
Thickness values (d1, d2 and d3) of single-layer WO3 thin films measured by SE at three different places, mean values and standard deviation for (d1, d2 and d3), 
thickness non-uniformity obtained from d measurements at three different places compared to values obtained from single depolarization measurement by SE, as well 
as Tauc band gap Eg (obtained directly from the TLO oscillator) and refractive index value at 632.8 nm.  

Sample Thickness d excluding roughness (~4 nm), nm Mean ± St. Dev. + Error Thickness non-uniformity (%) Eg, eV n@632.8, nm 

d1 d2 d3 3 spots Depol. 

1 93.37 98.23 88.17 93.3 ± 5.1 5 12 3.23 2.16 
2 73.13 79.29 66.57 73.0 ± 6.4 9 8 3.18 2.14 
3 91.02 82.01 99.45 90.8 ± 8.8 10 8 3.20 2.11 
4 53.68 62.59 47.21 54.5 ± 7.9 15 – 3.22 2.11 
6 89.12 81.65 95.60 88.8 ± 7.1 8 11 3.24 2.09 
8 113.62 104.03 124.87 114.2 ± 10.6 9 9 3.22 2.10 
9 88.08 77.64 99.59 88.4 ± 11.2 13 11 3.24 2.11 
10 113.43 104.76 125.16 114.5 ± 10.3 9 9 3.25 2.09 
11 87.15 81.23 95.87 88.1 ± 7.4 8 10 3.22 2.10 
12 86.60 93.94 78.59 86.4 ± 7.8 9 7 3.26 2.08  
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fitting parameter in the model. To compensate for this variation, it was 
necessary to also vary the thickness of all three films; however, the total 
thickness variation was still within the range of thickness non- 
uniformity values. 

From the SE measurements, only samples 9 and 10 show relatively 
small variations in the spectra over time, indicating that these two 
samples experience little change in optical properties when comparing 

the newly deposited samples and the samples measured after one month. 
The samples also showed only a slight increase in RS,Cu over time (Fig. 1 
(b)). The main difference between these and other samples is the higher 
Cu thickness value of 35 and 50 nm, respectively (Table 1). 

During the modeling of the EMA depth profile, the fitting parameters 
of the newly deposited samples were thickness, roughness, thickness 
non-uniformity and the EMA volume fraction of voids, CuO and Cu in 

Fig. 6. (a) Refractive index n and (b) extinction coefficient k dispersion curves as a function of photon energy E for single-layer WO3 thin films. The inset in (a) shows 
n at 2 eV as a function of deposition pressure. 

Fig. 7. Ψ and Δ spectra of samples (a, b) 6 and (c, d) 9 at an incident angle of 55◦ measured immediately after deposition and after 43 or 30 d, respectively.  
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the WO3 films. For the re-measured samples (after one month), some 
fitting parameters were kept constant (EMA volume fraction of voids, 
roughness and thickness non-uniformity), since it would be rather 
difficult for these values to change over time. The lowest mean square 
error (MSE) values were found for the depth profile EMA models, as 
illustrated in Fig. S2(b). The best model fits showed that some samples 
contain a WO3 and CuO mixture, while all samples have a WO3 and void 
mixture and for the middle film, a Cu and WO3 mixture. The MSE of the 
model increased when the middle film was considered as a mixture of Cu 
and CuO. The MSE error also increased when the WO3 films were 
considered as a mixture of void and Cu. The depth profile in each film 
arrives from the variation of the EMA volume fraction of voids and/or 
CuO within the WO3 films and with the variation of Cu EMA volume 
fraction in the middle film of Cu. 

The depth profiles of refractive index n and extinction coefficient k at 
1.96 eV for samples 1 and 2 are presented in Fig. 7. The depth profiles of 
the remaining samples can be found in Table S3. Depending on the 
sample, the n values of both WO3 films varied widely from ~1.7 to ~2.3 
at 1.96 eV and exhibit a more or less pronounced gradient perpendicular 
to the substrate surface. This is due to the migration of Cu and/or the 
consequent presence of CuO in the WO3 films. The k values of the WO3 
films are in most cases close to zero with a slight tendency to increase 
after one month (Table S3). In the middle Cu film for the newly 
deposited coatings, n at 1.96 eV decreases and also vary significantly 
from sample to sample in the range of ~0.4–1.5. After one month, there 

is a strong tendency for n to increase. In the less stable coatings, values as 
high as 2.2 could be found. In the Cu films, k values are of 2–3, while 
after a month, they decrease to ~1–2. The exception is sample 1, for 
which WO3 films were deposited at a lower pressure of 0.67 Pa. 

In summary, samples 1 (Fig. 8](a) and (b)), 4, 9 and 10 have much 
smaller changes in optical properties over time in respect to other 
samples. The change after one month mainly appears only in the Cu film. 
The optical properties of the WO3 films essentially do not change. These 
samples again appear more stable in accordance with the evolution of 
RS,Cu, as summarized in Fig. 1. Sample 2 is an example of an unstable 
sample for which n and k in the average Cu film change significantly 
after a month (Fig. 8(c) and (d)). 

There is reasonable agreement between the nominal thicknesses of 
each film and those obtained by SE (Table 1). The exceptions are sam
ples 3, 10 and 12, where the estimated thicknesses for the first and 
second films do not match the nominal thickness, even considering the 
non-uniformity of the thickness. In contrast, the total thickness of the 
coatings obtained by SE is in good agreement with the nominal value, 
again considering the thickness non-uniformity. 

3.6. Antimicrobial activity 

The CFU log reduction and reduction in percentage after 2 h of in
cubation on the test sample surfaces of both E. coli and S. aureus bacterial 
culture suspensions is visualized in Fig. 9(a,b). The E. coli log reduction 

Fig. 8. n and k depth profiles (at 1.96 eV) of WO3/Cu/WO3 samples (a, b) 1 and (c, d) 2.  
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rate of 4 was achieved by the application of sample 1 and the pure 
copper (reference) film. Samples 3, 6 and 11 with oxygen flow rates of 
15, 20 and 25 sccm, respectively, and the sputtering pressure of 1.35 Pa 
during the WO3 film deposition were less effective against E. coli with 
the log reduction rates between 1.0 and 1.7. The S. aureus bacteria were 
generally more vulnerable under the same test conditions compared to 
E. coli. The S. aureus CFU log reduction rates after the contact with 
sample 1 and the reference (Cu sample) were above 4 and exceeded the 
measurement range of the testing methodology showing complete 
inactivation or destruction of bacterial cells. The log reduction rates of 
3.6, 3.0 and 3.3 for samples 3, 6 and 11, respectively, were smaller. The 
pure WO3 coatings showed no antimicrobial activity against both bac
terial cultures, indicating the key role of Cu in killing bacteria. Never
theless, other authors have reported that tungsten oxide may possess the 
growth inhibition properties against S. aureus and bacteriophage T4, 
which is likely due to a photo-killing mechanism [46]. 

The results of the tests with MS2 bacteriophage are presented in 
Fig. 9(c,d). The application of sample 1 and the pure copper (reference) 
film causes a PFU log reduction rate of 4.5 in both cases. In contrast, the 
log reduction rates for samples 3, 6 and 11 are only in the range from 1 
to 1.5. A lower sputtering pressure is, therefore, advantageous because 

the samples are not only more stable but also have higher antimicrobial 
properties. 

Samples 14 and 17 from the second set with the optimized optical 
and electrical properties (higher figure of merit) were tested only by 
E. coli gram-negative bacteria due to the higher level of culture dura
bility against the samples. In addition, the concentration of the initial 
bacterial suspension was lowered to 1 × 105 CFU/mL to indemnify test 
selectivity. Under these conditions, the tests were also carried out with 
sample 1 and the pure Cu reference (Fig. 10) to properly compare the 
samples from the second set, with the best sample from the first set. 
Sample 1 showed a log reduction rate of 1.75 under the new testing 
conditions. In contrast, sample 14 with the higher figure-of-merit also 
exhibits a larger log reduction of >2.8. Again, by increasing the sput
tering pressure during WO3 growth (sample 17), the log reduction de
creases down to 1.39. 

4. Conclusions 

The oxidation and migration of Cu in WO3 films over time causes 
changes in the physical properties of three-layer WO3/Cu/WO3 coatings. 
This instability can be reduced by using denser coatings, usually 

Fig. 9. Antimicrobial tests of samples 1, 3, 6 and 11, pure Cu (reference) and pure WO3. (a) CFU log reduction and (b) reduction in percentage of E. coli and S. aureus 
compared to a pure PET substrate. (c) PFU log reduction and (d) reduction in percentage of MS2 bacteriophage compared to a pure PET substrate. Error bars 
represent the standard deviation between three separate iterations. 
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obtained at lower pressures by magnetron sputtering, to protect the thin 
inner Cu film from environmental influences. The thickness structure 
also strongly affects the stability of the coatings, as well as the optical 
and electrical properties. The main reason for the decrease in electrical 
conductivity is the oxidation of Cu. The coatings show decent antimi
crobial activity against E. coli and S. aureus bacteria, as well as the MS2 
(Emesvirus zinderi) bacteriophage virus. In the framework of this study, it 
was observed that more stable samples also showed higher antimicrobial 
activity. The multifunctionality consisting of transparent conductive 
properties and antimicrobial activity can be effectively used where it is 
needed as a single three-layer coating. 
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