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Abstract

Low-emissivity (low-e) coatings are used in architectural and automotive glazing for energy-
saving applications. These are used to minimise heat transmission through the windows by
reflection. Low-e coatings are semi-transparent coatings that typically comprise a metallic
layer that reflects infrared light, sandwiched between two dielectric layers that protect
the metal and enhance its visible transmittance. Ag is usually used as the metallic layer
because of its colour neutrality and low optical absorption in the visible range. However,
Ag-based low-e coatings easily degrade upon atmosphere exposure; therefore, they need to
be placed inside the cavities of multiple-pane windows. In this paper, Au was used as an
alternative to Ag and was sandwiched between WO3, SnO2 and Nb2O5 dielectric layers.
The thickness of each layer was optimised to achieve the highest visible transmittance and
infrared reflectance. The durability of the coatings was assessed by means of corrosion
and abrasion resistance tests. We demonstrate that the Nb2O5/Au/Nb2O5 coating system
provides a visible light transmittance of 56%, an emissivity as low as 0.04 and outstanding
corrosion resistance (1000 h of salt spray testing), indicating its excellent potential to be
used as first surface low-e coating.

Keywords: low emissivity; thin-film coatings; magnetron sputtering; energy-saving windows;
first surface low-e coatings; corrosion-resistant low-e coatings

1. Introduction
Low-emissivity (low-e) coatings are generally used in energy-saving windows to

reduce electricity consumption and improve comfort when air-conditioning or heating
is required. These coatings allow the visible light of the solar spectrum to go through
but reflect infrared (IR) radiation [1,2]. Low-e coatings consist of a multilayer system, in
which metallic (M) and dielectric (D) layers are combined in a DMD configuration (as
shown in Figure 1). The metallic layer is responsible for reflecting IR radiation and needs
to be thin enough (typically 10–20 nm) to be visually transparent. The dielectric layers
(approximately 40 nm thick) are used to improve the visible light transmittance and protect
the metallic layer from environmental degradation [2–5]. The metallic layers are comprised
of high-electrical-conductivity metals, such as Ag, Cu or Au. Ag has arguably been the
most often used because of its low absorption in the visible range, high conductivity and
colour neutrality (blue hue rather than yellow) [2,3,6–12]. Dielectrics that are typically
employed in DMD structures are WO3, SiO2, ZnO and SnO2, amongst others, which,
when combined with Ag, have been proven to achieve high-visible transmittance and high
infrared reflectance [3,13,14]. A major disadvantage of Ag is that it tarnishes very easily
upon atmosphere exposure. For example, Ross et al. [15] demonstrated that Ag-based
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low-e coatings formed white casts when exposed to humidity, and Ando et al. [16] reported
on interfacial adhesion issues in ZnO/Ag/ZnO coatings because of Ag interface migration.
Shamsuddin et al. [17] also showed white cast and adhesion issues on TiO2/Ag/Ti/TiO2

low-e coatings after long exposure in a salt spray corrosion chamber.

Figure 1. A typical basic low-e coating design: dielectric/metal/dielectric (DMD).

An alternative to Ag in low-e coatings is Au, which exhibits higher electrical conductiv-
ity and higher environmental stability. However, Au thin films present a reflectance peak in
the visible region (520 nm) [18], contributing to the gold colour [19]. Some authors [20] have
combined Au with Bi2O3 and SiO2 in DMD systems, resulting in visible transmittances of
73% and 68%, respectively, at 560 nm. Al-Kuhaili et al. [21], for example, also presented a
study on thermal evaporated WO3 (34 nm)/Au (36 nm)/WO3 (34 nm), which provided a
maximum transmittance of 84% at 680 nm. The same authors [18] reported a comparison
of the optical properties of different Au-based bi-layer systems (glass substrate/Au/D),
theoretically and experimentally, using 10 different dielectrics. The best bi-layer system
found was WO3 (32 nm)/Au (17.6 nm), which exhibited 69.4% reflectance in the infrared
range and 65.7% transmittance at 564 nm [22]. To the best of the authors’ knowledge, the
environmental durability of Au-based low-e coatings has not yet been reported in the
literature [23]. Therefore, a key novelty of the present study lies in the evaluation of the
environmental stability and durability of Au-based low-e coatings, providing valuable
insight into their potential for long-term practical applications.

In general, low-e coatings are fabricated on glass substrates, but more recently, in
the architectural and automotive sectors there is growing demand to use plastic-based
substrates due to their lightweight and flexibile design [24], particularly in the case of
flexible films that use roll-to-roll fabrication processes. To date, only a few studies have
been published on the development of low-e coatings on polymer-based substrates [17,25].

In this study, Au was investigated as a potential metallic layer with three different
dielectrics, WO3, Nb2O5 and SnO2, in DMD systems on polymeric substrates. The thickness
of the metallic and dielectric layers was varied to achieve maximum transmittance in
the visible range and maximum reflectance in the IR region. To improve the corrosion
and abrasion resistance, the need for a transparent hard-coat resin on top of the DMD
systems is discussed in detail. This study demonstrates the potential of Nb2O5/Au/Nb2O5

as a weather-resistant low-e coating, as proven by the optical and corrosion resistance
characterization. This robust and simple coating design exhibits an excellent choice over
Ag-based low-e coatings and opens up the possibility of being used in flexible plastic films.

2. Experimental Procedure
2.1. Sample Preparation

Au-based low-e coatings (Nb2O5/Au/Nb2O5, WO3/Au/WO3, SnO2/Au/SnO2) were
sputter-deposited on commercial hard-coated polycarbonate (PC), Makrolon AR, from
Bayer MaterialScience, Germany (7 × 7 × 0.4 cm). The PC substrates were cleaned thor-
oughly for 6 min in an ultrasonic bath in OP164 detergent from Deconex and deionised
water (ratio 3:97), then rinsed with deionised water and dried using compressed air. Before
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the sputter deposition, the substrates were further treated with RF air plasma in a Diener
Electronic plasma surface treatment machine for 2 min. The coatings were deposited in a Di-
rect Current (DC) magnetron sputtering system, which was evacuated to 1.3 × 10−6 mbar
base pressure prior to deposition. The pure Au metallic coating was deposited with the
assistance of Ar gas, while the dielectric layers were deposited from respective metallic
targets through reactive sputtering, with oxygen gas added during deposition. All the
targets were 99.99% pure and supplied by Plasmaterials, USA. The deposition parameters
for each of the layers can be seen in Table 1.

Table 1. Sputtering deposition parameters for Au, WO3, SnO2, Nb2O5 and SiO2.

Material Power (W) Ar (sccm) O2 (sccm) Working Pressure (mbar) Deposition Rate (nm/min)

Au 300 15 0 3.0 × 10−3 7.32
WO3 200 15 50 6.5 × 10−3 0.84
SnO2 50 15 23 4.0 × 10−3 0.72

Nb2O5 1500 50 70 3.3 × 10−3 4.67
SiO2 2000 230 45 3.3 × 10−3 6.67

The deposition of Au, WO3 and SnO2 was performed using 3-inch-diameter mag-
netron targets of Au, W and Sn. The substrates were placed 12 cm from the target on a
rotary stage that rotated at 20 rpm during deposition to produce a uniform coating. The de-
position of Nb2O5 films was performed with the substrate rotated at 40 rpm and positioned
at 15 cm from the target. The Nb target was rectangular and measured 12.7 × 30.5 cm.

Some of the Au-based multilayer coatings (as described further in the manuscript)
were additionally protected with 10 nm of SiO2 and a 5 µm thick transparent hard coat (HC)
resin. The SiO2 film acted as an adhesion layer to promote the adhesion of the multilayer
coating to the HC. These SiO2 films were deposited in a custom-made inline sputtering
system from a rotatable cylindrical Si target (80 cm in height and 7.5 cm in diameter). In
this case, the speed of the substrate carrier determined the thickness of the films.

A transparent hard-coat resin, CrystalCoat MP101 from SDC Technologies, USA (solid
content 32.5%), was dip-coated onto the DMD coating system with SiO2 as an adhesion
layer. The dip coater used for this process was the Qualtech QPI-168, Canada and the
coating was performed at a withdrawal rate of 500 mm/min, which resulted in a thickness
of 5 µm. After dip-coating, the samples were hung vertically in a fume cupboard for 20 min
at controlled humidity of 25–30% to evaporate the solvents, and then cured in an oven at
130 ◦C for 1 h.

2.2. Sample Characterisation
2.2.1. Optical and Electrical Properties

A Cary 5000 spectrophotometer from Agilent Technologies, CA, USA was used to
measure the transmittance and reflectance of the samples in the range from 380 nm to
3300 nm. The visible solar-weighted transmittance (Tvis) and the infrared solar-weighted
reflectance (RIR) were calculated as per Equations (1) and (2), respectively.

TVIS=
∫ 780

380

(%T·Idλ)
Idλ

·100 (1)

RIR=
∫ 3300

785

(%R·Idλ)
Idλ

·100 (2)

where I is the solar irradiance, and dλ is the wavelength interval of integration.
High Tvis and high RIR are equally important in determining an optically efficient

low-e coating. To assess the best thickness combination of materials, a Figure of Merit
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(Φ) was calculated as per Equation (3). The higher the Φ, the more optically efficient the
low-e coating.

Φ =
Tvis·RIR

100
(3)

A CIE L*a*b* coordinate system with a D65/10 standard illuminant/observer was
utilised to evaluate the colour of the coatings. The colours were quantified with L*, a* and b*
parameters, which denote luminescence, green/red colour and blue/yellow colour, respec-
tively. These values were extracted from the transmittance measurement performed with
the Hunterlab (VA, USA) UltraScan Pro spectrophotometer between 380 nm and 1050 nm.

The conductivity (σ) of the samples was calculated using the sheet resistance (Rs),
which was measured with a RM3 4-point probe, from Jandel Engineering, UK, at 1 mA
constant current flow. The σ, in S·cm−1, was calculated as follow Equation (4):

σ =
1

Rs·t·10−7 (4)

where Rs is in Ω/□, and t is the coating thickness in nm.
The emissivity (ε) of the coating was measured with a FLIR E75 thermal camera, OR,

USA as per the FLIR manual. The samples were heated on a hot plate at 70 ◦C, together
with black electrical tape with a known emissivity of ε = 0.97. The tape was then imaged
through the thermal camera, and its temperature was measured at the control emissivity
ε = 0.97. Then, the camera was used to image the sample surface, and the emissivity setting
was adjusted until the camera measured the same temperature as the tape. The emissivity
recorded corresponds to the emissivity of the sample.

2.2.2. Morphology

The thickness of the films was measured with a Bruker (Germany) Dektak XT Sty-
lus profilometer.

The surface morphology was analysed using an Atomic Force Microscope (AFM)
from Bruker Multimode 8. The images were taken in tapping mode using a tip from
Budget Sensors, Bulgaria (f = 300 kHz, k = 40 N/m). The images were analysed using
the Gwyddion software, Version 2.60. to calculate the root mean square roughness (RRMS)
values of the films.

2.2.3. Abrasion Resistance and Adhesion

Bayer and Steel Wool tests were employed to assess the abrasion resistance of the
samples. The Bayer test was performed using a Taber Oscillating Abrasion Tester (Model
6100), NY, USA as per the ASTM F735 standard. The coated samples were loaded in a tray,
with 500 gr of alundum chips, which moved back and forth for 300 cycles at a speed of
2.5 cycles/second. A Sutherland Rub Tester 2000 (Danilee Co, OH, USA) instrument was
employed to conduct the Steel Wool test. The test was performed using grade 0 steel wool
at a load of 2 kg for 3 sets of 25 cycles at a speed of 0.7 cycles/second with 1 min pauses
between the cycles. To evaluate the damage to the coating after both tests, the samples
were visually inspected, and the transmitted haze before and after the tests (∆H%) was
measured using the Hunterlab (VA, USA) UltraScan Pro spectrophotometer. The lower the
∆H%, the more abrasion-resistant the sample.

The adhesion of the coatings to the substrate was evaluated using the cross-hatch tape
test according to ASTM D3359-09e2. The coating was cross-cut with a sharp blade and
covered with 3M (MN, USA) Scotch 600 tape for 1 min. The tape was then removed, and
the cross-hatch pattern was visually inspected and rated on a scale from 0B (more than 65%
delamination) to 5B (no coating removed).
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2.2.4. Corrosion Resistance

A salt spray chamber from Ascott was used to expose WO3/Au/WO3, SnO2/Au/SnO2

and Nb2O5/Au/Nb2O5 samples with and without HC to salt spray (5% NaCl solution)
at a pH of 6.5–7.5 at 35 ◦C (as per the ASTM B117-18 standard). The tested samples were
monitored regularly by measuring the change in the optical properties (∆TVIS and ∆RIR)
with a Cary 5000 spectrophotometer (Agilent Technologies, CA, USA). Surface changes
were also observed through an Olympus (Japan) SC 50 optical microscope. A pass criterion
was applied if the samples showed no visual changes after 1000 h of testing (the criterion
used in the automotive industry for exterior components).

3. Results and Discussion
3.1. Optical Analysis

WO3, SnO2 and Nb2O5 were selected as the dielectric layers because of their low ab-
sorption, high transmittance in the visible, and high refractive index [3,26]. For application
in low-e coatings, dielectrics with a refractive index of at least 1.96 are recommended [3,27].

To maximize the optical performance (high Tvis, high RIR) of the different DMD
systems, the thickness of each layer was varied around previously reported optimum
thicknesses in similar systems, which are 10–45 nm for metal, and 30–60 nm for the
dielectric layers [3]. Firstly, the thickness of Au was varied while keeping the dielectric
thickness constant at 40 nm, and then the Au thickness was kept constant while varying
the thickness of the dielectric layer. A Figure of Merit (Φ) was used to consider both high
Tvis and high RIR for each multilayer design (Equation (3)). The higher the Φ, the higher
the overall optical performance of the low-e coating.

3.1.1. Metallic Layer

DMD coatings were fabricated with 40 nm thick WO3, SnO2 and Nb2O5 dielectric
layers, and the thickness of Au was varied from 10 to 45 nm. The resultant optical properties
of the DMD systems, summarised in Table 2, demonstrate that the thicker the Au film, the
lower the TVIS and the higher the RIR, which is in agreement with Beer’s law. The optimum
thickness values for Au, as determined by Φ, were 15, 40 and 20 nm for WO3, SnO2 and
Nb2O5, respectively. Although 15 to 20 nm of Au was sufficient to provide high Tvis and RIR

(Φ > 0.4) for WO3 and Nb2O5, respectively, SnO2 required at least 40 nm to achieve similar
values (Φ > 0.38). To further understand such behaviour, the surface morphology of 40 nm
thick WO3, SnO2 and Nb2O5 with and without 10 nm of Au on top, was characterised
using AFM. The resultant 3D topography images are presented in Figure 2, together with
the RRMS values.

The lowest roughness value was presented by the WO3 coating with a RRMS of 0.25 nm,
followed by Nb2O5 with an RRMS of 1.07 nm and SnO2 with an RRMS of 2.21 nm. Although
the RRMS of SnO2 was only 5% of the thickness, the peak-to-valley values (z axis) were as
high as 38 nm for the 40 nm thick SnO2 dielectric layer. Given that the Au film is only 10 nm,
and with magnetron sputtering being a line-of-sight deposition method, this suggests that
the metallic film may not be completely continuous at the nano-scale. Data from previous
studies indicate that the growth of SnO2 is temperature-sensitive, and in the range of
100–200 ◦C, the film may result in agglomerated irregular particles [28,29] and clusters [30].
In this study, the deposition rate of SnO2 was 0.72 nm/min and required 57 min to grow
a 40 nm thick film. This is long enough to reach 100 ◦C (due to heat radiation from the
magnetron); hence, this might be the reason SnO2 formed clusters and resulted in higher
film roughness values.
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Table 2. Visible transmittance (Tvis), infrared reflectance (RIR) and Figure of Merit (Φ) of different
thickness values of Au combined with 40 nm thick dielectric films in DMD designs on polycarbonate
substrates. Thickness values are reported with the standard deviations based on the average of six
measurements. Highlighted in green are the best-performing samples for each configuration.

Thickness of Au Layers (nm) Standard Deviation (nm) Tvis (%) RIR (%) Φ

WO3(40 nm)/Au/WO3 (40 nm)

10 1.26 73 35 0.26
15 0.75 63 63 0.40
17 0.82 57 70 0.40

SnO2 (40 nm)/Au/SnO2 (40 nm)

10 0.89 69 15 0.10
20 1.03 67 40 0.27
30 1.04 62 51 0.32
40 1.32 53 71 0.38
45 1.41 29 87 0.25

Nb2O5 (40 nm)/Au/Nb2O5 (40 nm)

10 1.17 70 21 0.15
15 1.05 66 63 0.42
20 0.75 56 76 0.43
25 1.03 48 83 0.40

Figure 2. Three-dimensional AFM 1.6 × 1.6 µm topographic images and RRMS values of 40 nm thick
dielectric layers sputtered on glass, with and without 10 nm of Au on top: (a) WO3; (b) WO3/Au;
(c) SnO2; (d) SnO2/Au; (e) Nb2O5; (f) Nb2O5/Au on glass substrates. Different colour scales are used
in all images to highlight the peak-to-valley height of each film.
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The roughness of the dielectric layers affects the optical properties of the DMD coatings.
When the dielectric films were coated with 10 nm of Au, the topography was replicated
to the Au films. The RRMS values of this bilayer (SnO2/Au) were more than double
that of Nb2O5/Au and almost four times higher than that of WO3/Au. As the optical
properties are related to both the roughness and conductivity, the conductivity of Au
deposited on top of the dielectrics was also measured. Figure 3 presents the conductivity
as a function of roughness of the three dielectrics coated with 10 nm thick Au films. The
coating presenting the highest conductivity value was Au deposited on WO3, followed by
Nb2O5/Au and SnO2/Au. It was also observed that the smoother the surface, the more
conductive the coating. The relationship between roughness, conductivity and optical
properties of thin films is also explained by the Fund–Sondheimer and Mayadas–Shatzkes
scattering models [31–33]; the smoother and more conductive they are, the higher the
reflectance in the infrared range.

Figure 3. Conductivity vs. surface roughness of 40 nm thick dielectric films coated with 10 nm of Au.

Due to the relatively high roughness of the SnO2 film, the SnO2/Au/SnO2 coating
system required a thicker Au film to achieve a comparable RIR to those of WO3/Au/WO3

and Nb2O5/Au/Nb2O5. However, increasing the Au thickness resulted in a trade-off with
the Tvis, as can be observed in SnO2 (40 nm)/Au (40 nm)/SnO2 (40 nm) in Table 4, with
71% RIR, but 53% Tvis.

Other factors that might be contribute to the electrical and optical properties of low-e
coatings have been discussed in other studies [3,34]. Other than the surface roughness,
the residual gases present during sputtering [34], the percolation threshold of the metallic
layer [3,35] and the sputtering deposition parameters might play a role.

In conclusion, the optimum thickness values for Au, as determined by Φ, are 15, 40
and 20 nm for WO3, SnO2 and Nb2O5, respectively.

3.1.2. Dielectric Layer

The optimisation of the thickness of the dielectric layer in a DMD system is critical
to achieve low emissivity and high transmittance in the visible range [36]. DMD coating
systems with different dielectric thickness combined with 15 nm of Au in the case of WO3,
40 nm of Au for SnO2 and 20 nm of Au for Nb2O5 were prepared. The key performance
parameters, such as the Tvis, RIR and Φ, were then measured and are presented in Table 3.
The WO3/Au/WO3 system exhibited the highest Figure of Merit (Φ = 0.40) when the WO3

was 40 nm. For the SnO2/Au/SnO2 system, the optimal performance was achieved with
50–60 nm SnO2 layer, yielding to Φ = 0.39. And the Nb2O5/Au/Nb2O5 system, achieved
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the highest Figure of Merit (Φ = 0.43) of all systems with 40–50 nm Nb2O5 layer, making it
the best-performing configuration in terms of optical properties.

Table 3. Visible transmittance (Tvis), infrared reflectance (RIR) and Figure of Merit (Φ) of various
dielectric thicknesses combined with 15 nm of Au for WO3, 40 nm of Au for SnO2 and 20 nm of
Au for Nb2O5 DMD coatings. Thickness values are reported with the standard deviations based
on the average of six measurements. Highlighted in green are the best-performing samples for
each configuration.

Thickness of Dielectric Layer (nm) Standard Deviation (nm) Tvis(%) RIR(%) Φ

WO3/Au (15 nm)/WO3

30 1.47 54 69 0.37
35 0.82 57 69 0.39
40 1.03 63 63 0.40
45 1.17 63 62 0.39

SnO2/Au (40 nm)/SnO2

40 2.07 53 71 0.38
50 1.72 57 68 0.39
60 0.75 59 66 0.39

Nb2O5/Au (20 nm)/Nb2O5

35 1.47 51 79 0.40
40 1.03 56 76 0.43
50 0.75 60 72 0.43
60 1.37 60 66 0.40

The Transmittance (T) and Reflectance (R) spectra of each of the three coating systems
with optimised thickness are plotted in Figure 4a, and the conductivity vs. the emissivity
is presented in Figure 4b. The highest Tvis value was demonstrated by WO3/Au/WO3

with 63%, followed by the system with SnO2 (57%) and the system with Nb2O5 (56%).
The highest RIR (76%) was exhibited by the coating system with Nb2O5 as the dielectric,
followed by SnO2 and WO3, with 68% and 63%, respectively. The visible transmittance of
the multilayer coatings, while lower than that of some commercial low-emissivity coatings
(>70%), still remain suitable for applications requiring moderate light transmission and
solar control. Previous studies, such as Boyce et al. [37], indicate that glazing with a
transmittance range of 25–38% still allows approximately 85% of subjects to be clearly
seen, suggesting that the current Tvis provides adequate visibility for architectural or
automotive applications. Further improvements in optical performance could be achieved
in future work through strategies such as antireflective designs or optimization of multilayer
dielectric structures.

The infrared optical properties of materials are dictated by the combination of factors
from the electronic structure to the thermal emission characteristics. IR reflectance values
are related to the conductivity and emissivity by the Hagen Ruben Equation, where emis-
sivity, ε, is defined as the ratio of thermal radiation emitted by a surface to the thermal
radiation emitted by a blackbody [4]. This link is explained by the Drude theory [38], where
electron clouds in a metal shield the electromagnetic field (such as the incident light) by
reflecting it. Hence, the higher the conductivity, the higher the IR reflectance and the lower
the emissivity. This can be observed in Figure 4b, where the highest conductivity and
lowest emissivity also resulted in the highest infrared reflectance (RIR) which is the case
of the Nb2O5/Au/Nb2O5 coating system with a conductivity of 2.8 × 104 S cm−1 and
emissivity of 0.04.
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Figure 4. WO3 (40 nm)/Au (15 nm)/WO3 (40 nm), SnO2 (50 nm)/Au (40 nm)/SnO2 (50 nm) and
Nb2O5 (40 nm)/Au (20 nm)/Nb2O5 (40 nm) coatings on polycarbonate substrates: (a) Transmittance
(T) and Reflectance (R) spectra and (b) conductivity vs. emissivity.

Equally important to the optical performance parameters, such as the TVIS, RIR and ε,
is the colour of the coating, especially in consumer applications. The colour of the coating
systems was measured and plotted in the CIE L*a*b* D65/10 colour space. As presented
in Figure 5a, the SnO2/Au/SnO2 coating system displayed a pale yellow colour, which
was also the most neutral (a* and b* close to 0). Figure 5 also presents a photograph of
the coating systems against a white background (Figure 5b) and in outdoor conditions
(Figure 5c). Even though the Au-based coating systems display a golden/yellow colour,
especially against a white background, all coating variations demonstrated a neutral and
transparent colour in outdoor conditions, which makes the coating barely visible to the
human eye.

Figure 5. Colour evaluation of the prototypes of Au-based coatings on polycarbonate substrate:
(a) CIE L*a*b* D65/10 colour values and (b) photographs of the prototypes against a white back-
ground, and (c) outdoor condition.

3.2. Environmental Durability

Optical properties are not the only factor to be considered when designing low-e
coatings for real-world applications. Coatings should also be environmentally durable and
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able to withstand humid and corrosive conditions during their service lifetime (at least
20 years) [39].

To evaluate the resistance of the coatings against corrosion, three different DMD
systems were tested in a salt spray chamber under the conditions defined in ASTM B117-
18. The visual and optical changes of the samples were first inspected after 24 h and are
presented in Table 4. After just 24 h, the only DMD system without any visual or optical
changes was Nb2O5/Au/Nb2O5. SnO2/Au/SnO2 displayed a minor optical change with
only 2% decrease in the RIR and no change in Tvis. However, this coating started fading
at the edge of the sample. WO3/Au/WO3 demonstrated significant deterioration with a
reduction of 12% and 54% for Tvis and RIR, respectively, due to the coating dissolution as a
result of severe corrosion. This could be attributed to the adhesion issues between WO3

and PC also reported by Vernardou et al. [40].

Table 4. Photographs and optical parameters of Au-based low-e coatings after 24 h in the salt spray
corrosion chamber.

WO3/Au/WO3 SnO2/Au/SnO2 Nb2O5/Au/Nb2O5

∆Tvis = −12%, ∆RIR = −54% ∆Tvis = 0%, ∆RIR = −2% ∆TVvis= 0%, ∆RIR = 0%

The superiority of Nb2O5 in protecting the Au might be related to a denser film in com-
parison to SnO2 and WO3. It is well established for DC magnetron sputtering that increasing
the target power (and thus the energy flux to the substrate) enhances adatom mobility and
ion bombardment during growth, producing films with lower porosity, smoother surfaces
and a denser microstructure, which can in turn improve barrier performance [41–43].

As previously reported by Llusca et al. [44], 10 nm of sputtered SiO2 adhesion layer
with 5 µm of a transparent HC resin improved the corrosion and abrasion resistance of
Ag-based low-e coatings. Therefore, the SiO2/HC system was applied on top of the WO3

(40 nm)/Au (15 nm)/WO3 (40 nm), SnO2 (50 nm)/Au (40 nm)/SnO2 (50 nm) and Nb2O5

(40 nm)/Au (20 nm)/Nb2O5 (40 nm) coating systems. All three coating systems achieved an
adhesion rating of 5B and showed no optical changes after the application of the SiO2/HC
protective layers. The samples were subsequently tested in the salt spray corrosion chamber.
As shown in Figure 6, with the additional SiO2/HC, WO3/Au/WO3 extended its lifetime
from 24 h to 48 h; however, after 48 h, the coating delaminated (Figure 6a). This can be again
linked to the lack of WO3 adhesion to the PC substrate and the low corrosion resistance of
WO3 towards NaCl. Micro-pitting corrosion was observed and grew larger with the salt
spray exposure and remarkably degraded the optical properties of the sample with −15%
in Tvis and −40% in RIR.
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Figure 6. Photographs and microscope images of Au-based multilayer coatings after salt spray
exposure: (a) WO3/Au/WO3/SiO2/HC after 48 h; (b) SnO2/Au/SnO2/SiO2/HC after 1000 h;
(c) Nb2O5/Au/Nb2O5 after 1000 h. Thescale bars of all microscope images represent 500 µm
in length.

More importantly, the additional SiO2/HC protective coating on top of SnO2/Au/SnO2

improved the longevity of the coating system up to 1000 h (minimum test duration re-
quired for exterior automotive components). The tested coating system showed no optical
changes and demonstrated a superior corrosion resistance to previously reported Ag- and
Ag-Cu-based low-e coatings on PC substrates [17]. However, the improved coating system
started to exhibit white casts on the edges (see Figure 6b) due to the corrosive medium
penetrating from the unsealed edges or through pin-hole defects in the coating. Based on
previous studies [16,17,45], the corrosion of similar coatings also initiated from white casts
that grew larger and ended up forming cracks and wrinkles.

Nb2O5/Au/Nb2O5 demonstrated no optical or visual changes in the salt spray cham-
ber up to 1000 h without SiO2/HC, suggesting that the hard-coat protection was not
necessary in this case. Nevertheless, the hard-coat protection provided abrasion resistance
to the multilayer coating system. Table 5 presents the results of the Steel Wool and Bayer
abrasion resistance tests of the Nb2O5/Au/Nb2O5 coating system with and without the
SiO2/HC protective layer. As shown in the table, a slight improvement was observed
by adding a SiO2/HC protective layer, which reduced the ∆H% from 5.2% to 1.5% for
the Steel Wool test and from 9.8% to 5.9% for the Bayer test. Although these quantitative
improvements were evident from the haze measurements, no visible differences were
observed between the samples with or without the SiO2/hard coat after either the Steel
Wool or Bayer abrasion tests.

The corrosion and abrasion resistance results suggest that the Nb2O5/Au/Nb2O5/
SiO2/HC low-e coating system could be used as a first surface coating, without the need
to isolate them from the environment. The fact that these have been optimised for plastic
substrates opens up the possibility of applying them in flexible films via roll-to-roll pro-
cesses. However, to fully affirm that these coatings could be employed for commercial use,
further testing and validation should be performed. In addition, for large-scale production,
spray-coating may be more suitable than dip-coating, as it can produce more uniform
coatings over larger areas and has been reported to achieve higher adhesion strength [46].
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Table 5. Changes in haze (∆H%) of Nb2O5/Au/Nb2O5 with and without SiO2/HC topcoat after
Steel Wool and Bayer abrasion tests.

∆ H%

Multilayer Samples Steel Wool Bayer

Nb2O5/Au/Nb2O5 5.2 9.8
Nb2O5/Au/Nb2O5/SiO2/HC 1.5 5.9

Commercial abrasion-resistant polycarbonate (Makrolon AR) 0.9 3.0

4. Conclusions
Au-based low-e coating systems were grown on PC substrates using magnetron

sputtering. Thin Au films were sandwiched between WO3, SnO2 and Nb2O5 in DMD
structures and investigated and optimised thoroughly by varying the thickness of both
the metallic and dielectrics layers. The best combination of materials determined by high
IR reflectance and high visible transmittance was found to be for the Nb2O5 (40 nm)/Au
(20 nm)/Nb2O5 (40 nm), which resulted in 56% Tvis and 76% RIR. This coating system
also proved to be the most corrosion-resistant, as it survived as long as 1000 h in the salt
spray test (minimum test duration required for automotive components) without observed
changes. An additional SiO2 (10 nm)/hard-coat (5 µm) protective coating was then applied
to further enhance the abrasion resistance without affecting the optical properties. The
simplicity and robustness of the presented coating design suggest this to be a promising
alternative to Ag-based low-e coatings. In addition, the fact that these have been optimised
for plastic substrates opens up the possibility of applying them in flexible films via roll-to-
roll processes.
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