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In this work, a detailed study is conducted on the visible transmittance, solar reflectance, and emissivity prop-
erties of low-emissivity coatings composed of one, two, and three layers of silver. The results demonstrate sig-
nificant enhancements in both optical and thermal properties achievable by increasing the number of silver
layers, leading to coatings that are more transparent in the visible spectrum, more reflective in the near-infrared,
with lower emissivity and lower sheet resistance. The aesthetic adjustment possibilities of the different structures
are also examined, with coatings composed of three layers of silver being more flexible.

1. Introduction

The utilization of energy and its efficient management are gaining
significant importance. One way to enhance building efficiency is
through the application of low-emissivity coatings on their glass surfaces
[1,2]. These coatings should allow visible sunlight to pass through,
enabling natural illumination inside the building, while reflecting the
infrared portion of the solar spectrum. Additionally, they must exhibit
high reflectance in the thermal infrared region. Fig. 1a presents the solar
spectrum alongside the ideal transmittance curves of low-emissivity
coatings for both warm and cold climates. In cold climates, there is a
desire for high transmittance of infrared solar radiation to heat the
interior of the building [3]. The figure also illustrates the blackbody
emission at room temperature, demonstrating that nearly all thermal
radiation concentrates within wavelengths ranging from 3 to 50 pm. In
Fig. 1b, the transmittance spectrum of a window glass is shown,
revealing a high transmittance up to a wavelength of 3 pm, while for
longer wavelengths, the glass becomes opaque. Additionally, the
reflectance coefficient of the glass is also shown, indicating consistently
low values across the entire range. These properties lead to significant
energy losses in the glass due to the absorption and emission of thermal
radiation. Finally, the reflectance spectrum of a glass with a
low-emissivity coating is presented, showing a remarkable increase in
reflectance, approaching unity.

One of the main methods for applying low-emissivity coatings is by
depositing layers of noble metals onto the glass, such as Au, Ag, and Cu
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[4-7]. These metals possess high reflectance in the thermal infrared
region. Furthermore, combining these metals with Transparent Layers
(TL) allows for the adjustment of transmittance and reflectance spectra,
especially in the visible region. Thus, by selecting the appropriate
multilayer configuration, visible spectrum transmittance can be maxi-
mised while maximising infrared reflectance. Among the noble metals,
silver (Ag) exhibits the most suitable optical properties for
low-emissivity coatings [8]. It has been extensively studied and is widely
used in the glass industry.

In the past, low-emissivity coatings have been developed using
various transparent oxide materials such as SnO5 [9,10], ZnO [5,11],
AZO [12,13], TiOz [14], among others [15]. In this study,
Aluminium-doped zinc oxide (AZO) has been utilized due to its favor-
able wetting properties for silver, leading to superior outcomes
compared to other TL.

The basic structure of a low-emissivity coating is Substrate/TL
(30-60 nm)/Ag (10-30 nm)/TL (30-70 nm), Fig. 2a. In other words, it
consists of a layer of silver (Simple silver, SAG) sandwiched between TL
layers with carefully adjusted thicknesses to enhance optical properties
[16-18]. The first TL layer also improves adhesion and wetting of the
silver, while the outer TL layer acts as a protective barrier against
exposure to the atmosphere, thus improving the coating’s durability
[19-21].

Moreover, it is common to deposit a thin barrier layer of a metal like
Ti, NiCr, to prevent silver oxidation during the deposition process [3,
22]. However, in the current study, the application of such a barrier
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Fig. 1. (a) Solar and room temperature blackbody spectra along with ideal transmittance spectra for the coatings in warm and cold climates. (b) Transmittance and
reflectance for the glasses that are used in this study, together with the reflectance of a low-emissivity coating.

layer was not deemed necessary as a ceramic AZO target was used, and
only argon gas was utilized during the deposition process. This type of
structure has also been employed in the production of transparent and
conductive layers with low sheet resistance [23,24].

One way to enhance the photoenergetic properties of low-emissivity
coatings is by depositing a multilayer composed of two silver layers
(Double silver, DAG), with a structure of Substrate/TL/Ag/TL/Ag/TL [2,
8,25], Fig. 2b. In this case, higher visible transmittance and infrared
reflectance can be achieved, resulting in improved photoenergetic
properties of the coating. Low-emissivity coatings with DAG enable a
higher degree of customization for transmittance and reflectance
spectra. The effect of the double silver layer can be likened to a
Fabry-Perot interferometer, allowing us to adjust the wavelength of high
transmittance [26].

To achieve improved properties, the deposition of coatings with a
triple layer of silver (TAG) can be considered, with a structure like
Substrate/TL/Ag/TL/Ag/TL/Ag/TL [27,28], Fig. 2c. These types of
structures are suggested by various low-emissivity glass manufacturers
[29,30], yet there is scarce scientific literature available concerning
these specific configurations.

Another crucial aspect concerning low-emissivity coatings is their
aesthetic appearance, given that these glazings are prominently featured
on building facades [31].

This study presents a detailed analysis comparing the properties of
low-emissivity coatings composed of multilayers with single, double, or
triple layers of silver. An assessment of their photoenergetic properties is
conducted based on the total thickness of the deposited silver, and
finally, the potential for adjusting the aesthetic appearance of the
coatings is explored. The coatings were deposited using an in-line
sputtering deposition system with a geometry similar to that of indus-
trial deposition systems (Fig. S1 in supplementary material).

2. Experimental setup

In this study, thin films were produced using a prototype industrial
magnetron sputtering setup. The minimum pressure that can be ob-
tained in the process chamber is on the order of 1077 mbar. This
installation features eight distinct magnetrons, four on each side,
granting the ability to deposit up to four different materials onto sam-
ples. Each target used has dimensions of 600 x 100 mm. In this study we
use silver and AZO. Silver has a purity of 99.99 %. AZO is a compound
formed by doping Zinc Oxide (ZnO) with Aluminium Oxide (Al;O3) at a
concentration of 2 % by weight and with 99.95 % of purity.

Two power supplies with a capacity of 10 kW were available. 2 kW
and 500 W were used for AZO and silver deposition, respectively. Precise
control of gas flows was achieved with mass flow controllers (MFCs). In
this study, both AZO and silver were deposited using 300 sccm of argon

AZO
Ag
AZO AZO
Ag Ag
AZO AZO AZO
Ag Ag Ag
AZO AZO AZO
Glass Glass Glass
(a) SAG (b) DAG (c) TAG

Fig. 2. Multilayer structure of (a) single, (b) double, and (c) triple silver layers.

for non-reactive sputtering deposition, which corresponds to a pressure
of approximately 2:1077 mbar in the chamber.

A 5 x 5 cm low-iron sodium-calcium glass (Pilkington Optiwhite™)
with a thickness of 4 mm was used as substate. Substrates were firstly
cleaned with a special glass detergent (ACEDET 5509). To further
enhance the adhesion of the layers and ensure optimal performance and
quality of the thin films, an ion gun was employed in the sputtering
chamber. For that specific purpose, a voltage of 2 kV and an argon flow
rate of 50 sccm were employed.

The substrate holder of the installation was engineered to move
linearly at a consistent velocity, guaranteeing uniform exposure for each
point at the same height during the deposition process. Additionally, due
to the magnetrons’ larger dimensions compared to the samples, points
along the same vertical line received equal exposure as well.

Under constant power and argon flow conditions, the thickness of the
deposition is inversely proportional to the speed of the carrier. In order
to calibrate this relationship, a monolayer of the material was deposited
and then its thickness was measured with a profilometer, (DektakXT®
model), which has a precision on the order of nanometres.

In order to identify the crystalline structure of materials, X-ray
diffraction measurements are conducted at room temperature using a
Ru2500 RIGAKU diffractometer, which has a rotative Cu anode, oper-
ated at 40 kV and 80 mA. A graphite monochromator is used to select K,
radiation (A = 0.15406 nm). The diffraction angle, 260, ranges from 20° to
80° with a 0.03° step and t = 3s/step. The peaks that are obtained with
this analysis allow for the calculation of the crystalline sizes, D, using the
Debye-Sherrer equation:
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where K is the Scherrer constant (0.90), 4 is the X-ray wavelength
(0.15406 nm in this case), f is the full width at half maximum (FWHM)
of the peak, and 0 is the Bragg diffraction angle.

A morphology analysis is done with the Field Emission Scanning
Electron Microscope (FESEM) Carl Zeiss MERLIN™. This FESEM
equipment facilitates high-resolution observations down to 0.8 nm and
accommodates a wide range of acceleration voltages, from 0.02 to 30
kv.

In order to conduct a compositional analysis of the samples, a time-
of-flight secondary ion mass spectrometry (TOF-SIMS) is carried out
using the TOF-SIMS 4 from ION-TOF GmbH. Bi** is used as a primary
ion at 25 kV and 0.15 pA with an analysis area of 300 x 300 pm? and a
cycle time of 100 ps. Cesium dual beam sputter gun is set to 2 keV
energy.

Transmittance and reflectance spectra in UV-Vis/NIR were
measured with a spectrophotometer which was developed by the Pho-
tonic Technologies Group from University of Zaragoza. It is capable of
measuring wavelengths in a range of 300-2500 nm with an interval of
10 nm and the measurements are taken with an angle of incidence of 8°.

Transmittance spectra, T(4), from that spectrophotometer were used
to calculate Tyis and Tsorar, two of the photoenergetic factors that
characterize low-emissivity and solar control coatings:

[, T(A)Des(A)V(2)da
s = Damviddz @
[, T()S(2)dA
TSOLAR = W (3)

where Dgs(4) is the standard illuminator defined by CIE, V(1) is the
normalized human eye spectral sensitivity curve and S(4) is the solar
spectrum. The wavelengths that we use in this study are the ones that the
EN 410:2011 standard specifies [32].

A FTIR spectrophotometer with resolution of 16 cm™ " is used to
measure reflectance spectra from 5000 to 200 em! (2-50 pm). From
this data the emissivity of the sample can be determined as

1

e=1—Rp, @

where Ry is calculated as an average of the reflectance in 30 wave-
lengths, as indicated in the EN 12898:2019 standard [33].

Sheet resistance was determined using a 4-point probing method
with a Jandel RM3000 instrument, which can measure from 1 mQ/[] to
100 MQ/[]. Sheet resistance, R, is a very commonly used parameter in
the field because it has a relationship to emissivity, given by Ref. [34]:

£=0.0106-R, 5)

which is an approximation for metallic or semiconductor coatings that
have a low sheet resistance (Rg<<zo, where 2o = 377 Q is the impedance
of vacuum) in the wavelength range A > 3 pm.

In the study, a thermal camera was utilized to observe the variations
in emissivity among different samples. The thermal camera, with a
specific emissivity value set at 1 for this study, determines the apparent
temperature of objects based on the radiation it receives. The camera
receives less radiation from the samples with lower emissivity, resulting
in a lower apparent temperature assignment. The FLIR AX8 camera was
used in the study and it has a thermal sensitivity of 0.1 °C at 30 °C.

3. Results
3.1. Structural and TOF-SIMS analysis

First of all, we show the results of X-ray diffraction of a monolayer of
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Fig. 3. X-ray diffraction results for a monolayer of AZO and a double silver
layer of 50 nm total silver thickness.

Table 1
Results for the peaks of the X-ray diffraction measurements.
20 (°) FWHM (°) D (nm)
AZO 34.10 0.86 9.71
Ag 38.09 0.63 13.44

100 nm of AZO in order to analyse the structure of AZO transparent
layers. The black line of Fig. 3 shows that we obtain a peak in 34.10°,
corresponding to the (002) plane of ZnO. This is consistent with
[35-38], in which (002) plane is obtained preferentially when depos-
iting AZO through sputtering even if pressure, temperature or power are
modified. In other studies [39], it has been observed that the growth
orientation shifts between (002) and (103) with an increase in sputter-
ing power. Other planes such as (100), (101) and (110) are obtained in
Ref. [40] with a change of the annealing temperature.

X-day diffraction measurements are also conducted in a DAG sample
which has a total of 50 nm of silver. The result of the analysis is the red
line of Fig. 3, in which there are three peaks. The first one corresponds to
plane (002) of ZnO and the next two correspond to planes (111) and
(200) of Ag. This is also consistent with other works, such as [41].

Adjusting the first two peaks to a Gaussian shape, we obtain the
centre and the FWHM, with which we can obtain the crystalline sizes. In
Table 1 we show the results.

Following the analysis with X-ray diffraction, Fig. S2 of the supple-
mentary material shows FESEM images of a 60 nm TAG.

Finally, we present the TOF-SIMS measurements of the 50 nm double
silver sample, which has also been analysed with X-ray diffraction
(Fig. 4a), and the 60 nm triple silver sample, which has undergone
FESEM analysis (Fig. 4b). The blue line represents the respective two
and three silver layers, while the AZO layers are indicated by the ZnO™
red line and the Al™ green line. The orange line indicates that the sub-
strate has Si~. The thicknesses of the layers are coherent with those
presented in Tables S4 and S5 of the supplementary material.

In Figs. S3 and S4 of the supplementary material we present the 3D
cross sections map of ZnO~, Ag™, Si~ and Al™ of the samples and in Fig. 5
we overlay the maps of the TAG sample in order to better visualise the
layer structure of the samples.
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Fig. 4. Compositional analysis through TOF SIMS as a function of depth for (a) a 50 nm DAG sample and (b) a 60 nm TAG sample.
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Fig. 5. Overlay of the 3D cross sections of ZnO~, Ag~ and Si~ of a 60 nm
TAG sample.

3.2. Comparison of Tyjs and ¢ balance

In Fig. 6, we present the transmittance spectra of single, double, and
triple silver layers with the same total silver thickness (40 nm) and AZO
thicknesses that maximise the Ty factor. This criterion for the AZO
thicknesses will be used in all the samples that are presented in this
subsection. When additional silver layers are added, the observed effect

0.9 A —

DAG —
0.8 TAG ——

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
300 400 500 600 700 800 900 1000
A (nm)

Fig. 6. Transmittance spectra for single, double and triple silver layers with the
same silver thickness (40 nm) and AZO thicknesses that maximise the
Ty;s factor.

is a sharper rise and fall of the transmittance spectrum peak in the visible
region. Moreover, the upper part of the peak exhibits a more rectangular
appearance, approaching closer to the ideal case. It is important to
clarify that it may seem that the structure with three layers of silver has a
lower peak than the structure with two layers, but Ty;s is higher for the
three layers structure because the peak is wider.

If we study the evolution of these spectra with the quantity of silver,
Fig. 7, the same tendency can be observed for each structure: the more
the total thickness of the silver, the narrower the peak in the trans-
mittance spectrum and the lower of the maximum transmittance in the
peak (the thicknesses of the layers comprising the low-emissivity coat-
ings are presented in Tables S1-S5 in the supplementary material). This
implies that Ty;s and Tsorar are lower. However, this effect is much more
noticeable in the case of single silver layers. In double silver structures,
the width of the peak narrows considerably, but the decrease in the

(a) SAG (b) DAG (c) TAG
! Ag thickness ! Ag thickness ! Ag thickness
10nm — 25'nm — 300nm —
15 nm 30 nm 35 nm
0.8 20 nm 0.8 35nm 0.8 40 nm
25 nm — 40 nm — y 45 nm
38 hm 50 nm / 2 hm —
nm —— — —
0.6 48 nm — 0.6 55 nm 0.6 4l 60 nm
65 nm —
T T T 70 nm —
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
300 600 900 1200 300 600 900 1200 300 600 900 1200
% (nm) A (nm) A (nm)

Fig. 7. Evolution of transmittance spectra for single (a), double (b) and triple (c) silver layers with the total tickness of silver.
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transmittance of the centre of the peak is not as accentuated as in the
single silver structure. Moreover, regarding triple silver structure, the
width of the peak does not decrease so much as in double silver layers.

Both Tyis and Tsorar decrease with the increasing amount of silver.
However, it is desirable for Ty;s to be as high as possible, while Tsorar
should be relatively lower. It is important to consider that the visible
range is also a factor in the Tsorar calculation, making it impossible for
Tsorar to be zero. To assess this balance, we calculate the Tyrs/ Tsorar
ratio, which should ideally be high, indicating that a significant portion
of the solar radiation passing through the sample is visible light. This
ratio is presented in Fig. 8 for single, double and triple silver layers.

4
)=
35 A
=1 *
o 3 /,D e
%2.5 =
e o o A
2 oo ®
,ri/ 4
15 -
p SAG e
DAG ©
TAG ~

1
10 20 30 40 50 60 70
Silver thickness (nm)

Fig. 8. Tvis/Tsorar ratio as a function of the total silver thickness for single,
double and triple silver layers.
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Single silver layers have a very low ratio compared to double and triple
layers, as they allow minimal transmission of both solar radiation and
visible light. In the case of double and triple silver layers, double silver
layers demonstrate a higher ratio for each silver thickness, making them
superior in that aspect. However, it must be emphasised that this is a
result of the transmittance peak being very narrow (Fig. 6), this is un-
desirable because it has a colour with a very high chromatic component,
which will be further explained in subsection 3.2.

Regarding reflection, spectra are closer to 1 when the thickness of
silver is greater, which implies that emissivity will be lower with the
total amount of silver. VIS-NIR spectra are shown in Fig. 9, and thermal
infrared spectra are included in Fig. S5 of the supplementary material.

The objective of low-emissivity structures for solar control is that the
transmittance peak is as rectangular and as high as possible. Therefore,
the more the total tickness of silver, the worse for the transmittance
spectrum in the visible region. Nevertheless, the reflectance should be as
close to 1 as possible in infrared, so the more the tickness of silver, the
better.

To do a further study of this relationship, in Fig. 10 we represent Tys
on one axis and emissivity on the other axis (emissivity has been
calculated based on the measurements of thermal infrared reflectance).
For double and single silver layers, the thicker the silver layers, the less
the Tyis factor and the less emissive the samples are. Regarding single
and double silver structures, we can see that for the same thickness of
silver, single silver layers have lower emissivity than double silver
layers. Nevertheless, double silver layers with higher amount of silver
get the same emissivity with higher Ty, so the balance is better. Taking
into account triple silver layers, the balance does not enhance as clearly
as before: if triple silver layer have less than 55 nm (a value of emissivity
higher than 0.018), double silver layers get the same emissivity with

(a) SAG (b) DAG (c) TAG
1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
R R R 3%9 thickness
. . nm —
04 R IR fafcnes| o4 B
1% nm 30 nm 45 nm
R - o —
0.2 30 nm 0.2 \/\’ 45 nm 0.2 60 nm
35nm — 50 nm — 65nm —
0 40 nm — 0 55 nm — 0 70 nm —
300 600 900 1200 300 600 900 1200 300 600 900 1200
A (nm) A (nm) A (nm)

Fig. 9. Evolution of reflectance spectra on the coating side in VIS-NIR for single (a), double (b) and triple (c) silver layers with the total tickness of silver.
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Fig. 10. Ty versus ¢ for the three types of structures with different total silver thicknesses.
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Fig. 11. Ty versus sheet resistance balance for the three types of structures.

better Ty;s and with less amount of silver; if triple silver layers have more
that 55 nm, they do improve the balance.

The measurements of thermal infrared reflectance (and conse-
quently, the emissivity) are highly noisy due to the lack of perfect uni-
formity in samples and the pattern, the drift of the spectrophotometer
lamp power, and the presence of CO5 and H50 in the environment,
among other factors. For this reason, we also measure sheet resistance,
which is commonly studied in similar works due to its relationship to
emissivity. In Fig. 11, we replot the graph from Fig. 10, replacing
emissivity with sheet resistance. We can observe that the trend remains
the same, but triple silver layers show an improvement compared to
double silver structures at every point except for the first one. The
measurements of sheet resistance are more accurate, but the relationship
between emissivity and sheet resistance is obscured by the presence of
layers that have infrared absorption bands. As a result, the fact that sheet
resistance measurements exhibit a monotonic trend with the amount of
silver does not necessarily imply the same trend for emissivity. This
result shows that this type of multilayer structures with a triple layer of
silver can also be used to obtain coatings that are more transparent and
conductive. This could be applicable in other areas, for example, in the
production of transparent electrical contacts.

Another way to compare the emissivity of different structures is by
using a thermal camera. We placed a glass without any coating and
glasses with single, double, and triple silver layer structures with the
same total silver thickness on a heating plate at approximately 215 °C.
The camera image is presented in Fig. 12. Firstly, the uncoated glass
exhibits the highest temperature in the image, indicating that it emits
the most. Additionally, the borders of the coated samples (without any
coating) display the same colour, implying the same apparent temper-
ature. Regarding the centers of the coatings, the structure with a single

One silver layer
38.3°C

Uncoated glass
>180 °C
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silver layer exhibits a lower apparent temperature than the one with two
layers, and similarly, lower than the one with three layers. This implies
that the single layer is the least emissive of the three. This observation
aligns with the findings shown in Fig. 10.

Besides studying different structures, we take images of the same
structure but with different silver thicknesses. Simple, double and triple
silver layers structures are shown in Fig. 13. In all of them, apparent
temperature decreases with increasing amount of silver in the sample.
This suggests that the more silver thickness of the sample, the less
emissive the sample is, just like in sheet resistance.

3.3. Chromatic behaviour of double and triple silver layers

It is not only important to study what happens when the AZO
thicknesses maximise the Tys factor but also what happens when the
thicknesses result in a specific colour for the sample.

As an example of chromatic objective, we aim for the samples to be
neutral in colour. Ideally, they should be neutral in the colours of
transmittance and reflectance on both sides. However, achieving this is
challenging, even theoretically. Therefore, we decided to make them
neutral in transmittance and reflectance on the glass side.

We use CIELab colour space to mathematically describe differences
in colour due to its homogeneity. Let AE describe the difference between
the chromatic coordinates, a* and b*, of certain colour and those of the
neutral colour (a* = b* = 0):

AE=+a? + b . )

The objective is to achieve AE < 3 for neutral colours, as that is the
sensitivity of the human eye.

An iterative adjustment process is carried out, in which the experi-
mental samples are progressively fitted to the simulations that have been
previously conducted and represent the objective. These simulations
were performed to find the AZO thicknesses that maximise the Tys
factor among those that achieve AE < 3 for transmittance and reflec-
tance on the glass side.

Table 2 displays the CIELab coordinates of the samples that maximise
the Tys factor and those of the neutral samples for four values of silver
thickness for the case of two silver layers. It is evident that the objective
has been achieved, as the AE values in transmittance and glass reflec-
tance are very low for neutral samples (let us remember that colour in
coating reflection has not been optimised). For the case of 25 nm of
silver, we observe a minimal difference between the colours of the
sample that maximise Tyjs and the neutral one. This is due to the fact
that the spectra are already very flat in the samples that maximise Ty;s,
as shown in Fig. 14a. However, for larger silver thicknesses, such as 50
nm, there is a significant difference. This is because the spectra that
maximise Ty;s have a very narrow peak, resulting in a colour with very

Three silver layers
42.4°C

Two silver layers
40.1°C

Fig. 12. Image from the thermal camera for uncoated glass, and single, double and triple layers with 30 nm of silver, when they are on a heating plate at

around 215 °C.
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Fig. 13. Image from the thermal camera for several single, double and triple layers with different thicknesses of silver, when they are on a heating plate at

around 215 °C.

Table 2

CIELab coordinates of the transmission and reflection in both sides’ colours of the two silver layers samples of subsection 3.1 and the neutral ones.

Samples with max Tys

Neutral samples

Silver thickness (nm) 25 30 40 50 25 30 40 50
T L* 91.9 91.0 87.0 81.1 88.8 81.2 68.8 57.8
ax -3.7 -7.8 -17.0 -30.4 -3.4 -1.6 -4.3 —-8.0
b* 3.2 4.0 36.6 40.0 -0.5 1.8 2.5 3.7
AE 4.9 8.8 40.4 50.2 3.4 2.4 5.0 8.8
Raglass L* 29.1 32.4 49.5 59.2 32.2 50.1 69.2 80.7
a* 6.0 21.2 28.8 38.1 3.7 -5.9 0.4 2.8
* —8.6 -11.0 —46.2 -37.8 2.8 -6.9 -2.1 1.5
AE 10.5 23.9 54.4 53.7 4.6 9.1 2.1 3.2
Reoating L* 26.6 28.6 45.8 54.4 28.3 49.6 39.3 67.6
a* 4.6 20.5 28.4 38.0 —16.1 -35.7 -41.9 -39.8
b* 0.6 -6.4 —54.3 —45.2 -0.3 -9.1 -15.9 -21.9
AE 4.6 21.5 61.3 59.1 16.1 36.8 44.8 45.4

high chromatic coordinates. This is shown in Fig. 14b.

The same analysis can be done for triple silver layers, leading to the
results of Table 3. There is a substantial improvement in the coordinates
for neutral samples, even for the reflection on coating side, although
those coordinates are not so low as transmission and glass reflection
because they were not considered in the optimisation. Specially trans-
mission has very low values of AE, even lower than 3. It is important to
note that triple silver structures are more challenging to adjust experi-
mentally because they have more layers to take into account.

Tables 2 and 3 demonstrate that it is possible to achieve samples that
satisfy the chromatic objective with both double and triple silver layers.
It is worth studying how the Ty factor and emissivity have changed to
attain this goal.

In Fig. 15 the relative difference between the samples that maximise

Tyis and those that are neutral is illustrated. We consider the value for
the samples that maximise Ty;s as the reference. We observe that for
both double and triple silver layers, the relative difference increases
with the thickness of silver. This is because the transmittance spectrum
of the samples that maximise Ty;s and have lower silver thicknesses is
quite flat, leading to a lesser difference with the spectrum of the neutral
sample. Conversely, the transmittance spectrum of the samples that
maximise Ty;s but have higher silver thicknesses exhibits a narrower
peak. As a result, when adjusting it to be flatter in the visible region, Ty;s
decreases more. This can be seen in Fig. 14. Although the tendency with
the silver thickness is the same for double and triple silver layers, the
relative difference is lower with triple silver layers.

In Fig. 16, a similar analysis is conducted, but for emissivity. Neither
double nor triple silver layers exhibit a monotonous trend with the
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Fig. 14. Transmittance and glass reflectance spectra for DAG samples that maximise Ty;s factor and DAG neutral samples for (a) 30 nm of silver and (b) 50 nm

of silver.

Table 3
CIELab coordinates of transmission and reflection in both sides’ colours of the
three silver layers samples of subsection 3.1 and the neutral ones.

Samples with max Tyrs Neutral samples

Silver thickness (nm) 40 50 60 40 50 60

T L* 88.8 87.8 85.7 78.7 72.9 68.3
a* —6.5 —14.8 -23.1 —-4.1 -1.3 -1.1
b* 7.3 17.8 29.5 1.6 1.9 2.8
AE 9.8 23.1 37.5 4.4 2.3 3.0

Raglass L* 28.3 33.0 38.7 37.5 56.8 65.8
a* 16.7 39.3 50.2 1.1 -1.3 -0.7
b* —24.8 —40.7 —50.4 -5.6 10.0 14.0
AE 29.9 56.6 71.1 5.7 10.1 14.0

Reoating ~ L* 22.4 27.2 34.4 54.4 63.3 68.0
a* 15.9 43.5 50.2 -17.8 —24.6 —30.1
b* -27.0 -50.9 -59.1 -5.3 4.7 2.5
AE 31.3 67.0 77.5 18.6 25.0 30.2

60 =
50 g
8 o o
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Fig. 15. Relative difference of Ty;s between samples that maximise Ty;s and
neutral samples, taking as reference the samples that maximise Ty;s.

amount of silver, but the relative difference is lower for triple silver
layers.

Therefore, the conclusion is that both double and triple silver layers
can achieve a chromatic objective, but with triple silver layers there is
less compromised in terms of Ty;s and emissivity.

50
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Fig. 16. Relative difference of ¢ between samples that maximise ¢ and neutral
samples, taking as reference the samples that maximise Tys.

4. Conclusions

This study began by investigating the visible transmittance factor
and emissivity in samples in which AZO thicknesses were chosen to
maximise Tyzs. The results demonstrate that the same amount of silver in
a single silver layer leads to a lower emissivity compared to a double
silver layer, and similarly, to a triple silver layer. By conducting series of
samples with different total silver thicknesses and studying their Ty
and emissivity, the conclusion was that triple silver structures only
provide an improvement if they have more than 55 nm of total silver
thickness, resulting in an emissivity of 0.0188. For higher emissivity
values, the better option is to use a double silver structure, which not
only uses a lower silver thickness (reducing costs), but also achieves
higher visible transmittances.

The sheet resistance measurements and the thermal camera readings
make it evident that within each type of structure, as the amount of
silver used increases, the resulting emissivity decreases. The triple silver
layer structures could also be a good option for manufacturing trans-
parent and conductive electrical contacts.

It has also been attempted to achieve a specific chromatic objective
for the samples, which, as an example, has been chosen to be the neutral
colour. Samples with neutral colours in transmission and reflection on
the glass side have been designed for both two and three layers of silver.
It has been found that it is possible to achieve such samples for both
structures, but this comes with a decrease in visible transmission and an
increase in emissivity compared to its optimum values. However, the
worsening required for samples with three layers of silver is lower than
that for two layers of silver, indicating that these structures do represent
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an improvement in this aspect.
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