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ABSTRACT

Solar radiation reaching the surface of the earth for a period of one hour contains more energy
than that consumed by mankind over an entire year. Some of this solar energy is already
collected by photovoltaic cells to cover the electricity needs of buildings but the most dom-
inant part of the total energy consumption is space heating. This thesis explores ways of
efficiently using solar radiation that penetrates buildings’ windows to intelligently manage
indoor temperatures and reduce the need for indoor heating.

Energy-efficient windows are already being used to increase the thermal insulation of a facade.
Such insulating windows contain an ultra-thin, multilayered, transparent silver coating that
acts as an infrared mirror which significantly reduces thermal losses that occur through ra-
diation from inside the building. These so-called low-emissivity coatings revolutionized the
field of building insulation since the early '80s, but also come with some drawbacks, such
as (i) decreased solar heat gain coefficient which reduces the potential for energy savings
during winter; (ii) lack of adjustability in reflectivity/heat retention during different seasons;
and (iii) the metallic nature of the coating negatively affects signal transmission of modern
telecommunication.

The purpose of this work is to explore what properties can be achieved by laterally structuring
a coating or multilayer and investigate how these novel properties can be exploited in various
applications for window glazing in buildings. It is shown that structuring the coating into a
patch array acts as a high-pass filter and makes a window more transparent to microwaves. In
contrast, a wire mesh behaves as a low-pass filter, creating a glazing that selectively lets in solar
radiation. Finally, the ability of modulating the transparency of window glazing according
to seasonal variations in solar radiation is demonstrated using large-band electrochromic
windows that can adapt the color of the glazing depending on the situation.

These technologies are expected to contribute to the development of optimized electrochromic

window that modulates solar heat gains and daylight inside buildings, enabling also to reduce
indoor space heating energy needs.
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RESUME

Le rayonnement solaire qui atteint la surface de la terre durant une heure fournit plus d’éner-
gie que toute I’énergie consommeée par I'humanité pendant une année entiere. Une partie de
cette énergie solaire est déja collectée par des cellules photovoltaiques pour couvrir les be-
soins en électricité des batiments mais la partie la plus importante de la consommation totale
d’énergie est le chauffage des locaux. Cette these explore les moyens d’utiliser efficacement
le rayonnement solaire passant par les fenétres des batiments pour gérer intelligemment les
températures intérieures et réduire le besoin de chauffage.

De nos jours, les fenétres modernes sont utilisées pour augmenter l'isolation thermique d'une
facade. Ces fenétres isolantes comprennent un revétement transparent multicouche composé
de plusieurs films d’argent ultrafins agissant comme un miroir infrarouge qui réduit considé-
rablement les pertes thermiques par rayonnement provenant de I'intérieur du batiment. Ces
revétements dits a faible émissivité ont révolutionné le domaine de l'isolation des batiments
depuis le début des années 80, mais présentent également certains inconvénients, tels que
(i) ils réduisent le gain de chaleur solaire, ce qui réduit le potentiel d’économies d’énergie
en hiver; (ii) le manque d’ajustement de la réflectivité de chaleur au cours des différentes
saisons; et (iii) la nature métallique du revétement qui affecte négativement la transmission
des signaux des télécommunications modernes.

Lobjectif de ce travail est d’explorer les propriétés qui peuvent étre obtenues en structurant
latéralement un revétement ou une multicouche et d’étudier comment ces nouvelles pro-
priétés peuvent étre exploitées dans diverses applications pour les vitrages des batiments. 11
est démontré qu’en structurant le revétement en un réseau de patchs, il agit comme un filtre
passe-haut et rend une fenétre plus transparente aux micro-ondes. A l'inverse, un treillis métal-
lique se comporte comme un filtre passe-bas, créant un vitrage qui laisse sélectivement entrer
le rayonnement solaire. Enfin, la capacité de moduler la transparence des vitrages en fonction
des variations saisonniéres du rayonnement solaire est démontrée a ’aide de fenétres électro-
chromiques a large bande qui peuvent adapter la couleur du vitrage en fonction de la situation.

Ces technologies devraient contribuer au développement de fenétres électrochromes optimi-
sées qui modulent les gains de chaleur solaire et la lumiére du jour a 'intérieur des batiments,
permettant ainsi de réduire les besoins en énergie pour le chauffage des espaces intérieurs.
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I8 INTRODUCTION

This thesis is based on a compilation of articles published (or submitted) in scientific

refereed journals and is structured as follow:

an introduction that puts the project into context, giving the motivation and
global objectives of the research

each chapter is presented with a short description of its purpose within the
project, a literature review, a complete list of authors, a detailed description of
the doctoral candidate’s contribution and a full bibliographic reference.

a general conclusion chapter, summarizing the main contributions of the thesis

a section presenting possibilities for future development of the work

1.1 Motivation

In 2021, space heating was the dominant part of Swiss final energy consumption (256.4 PJ),
corresponding to a share of 33.8 % of the total energy consumption (758.6 PJ) (see Fig. 1.1).
166.2 PJ (22 %) are consumed for space heating in private households. In comparison, the
energy for lighting and air conditioning, ventilation and cooling in the households contributed
to, respectively, 4.6 PJ (0.6 %) and 4.5 PJ (0.6 %). The heating energy is issued at 34.9 % from
fuel oil and 27.4 % from natural gas which is directly related to our dependency on fossil fuels

and produces important emission of greenhouse gases.
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Figure 1.1: Overall energy consumption in Switzerland in 2021. V)

Nowadays, the use of insulating glazing belongs to the state of the art in modern buildings as
well as in building retrofit. Transparent low-emissivity (low-e) metallic coatings are used in
combination with argon filling, decreasing the energy loss through the glazing and improving
the overall energy balance compared to standard glazing (e.g. non e-coated). Low-e coatings
are transparent in the visible (VIS) range and act as mirrors in the mid-infrared (MIR) which
reduces the energy loss through thermal radiation. However, these coatings lead to a few
disadvantages:

¢ Because of the metallic nature of the coating, it attenuates drastically (around 30
dB) the signal transmission of modern telecommunication frequencies (TF) from
0.3 up to 30 GHz.

¢ It decreases the solar heat gain coefficient (SHGC, also known as g-value) which
hinders the potential of energy saving during winter !

* The coating has a fixed transmittance value and is not adjustable during the course
of different seasons (warm/cold climates)

These shortcomings are explained more in details in the following sections and practical solu-
tions such as micro-nanostructured low-e coatings and metal mesh electrode are presented
throughout the thesis.

1.2 Mobile communication through energy-efficient windows

The demand for mobile communication between persons and more recently between objects
(Internet of Things) is continuously and rapidly increasing. As mentioned above, modern

2



1.2 Mobile communication through energy-efficient windows

energy-efficient windows (double or triple glazing) have become a standard in the building
sector. The combination of modern glazing and the large use of reinforced concrete leads to
buildings which act as a Faraday cage and are signal-proof to microwave transmission 37,
This signal attenuation is due to the conductive silver or tin oxide layer found in the (low-e)
coatings which reduces the reference signal received power (RSRP) by up to 1000 times (30 dB).
As depicted in Figure 1.2a, this leads to lower throughput and poor internet / phone call signal.
One approach to improve the radio signal transmission consists of structuring the metallic
coating to create a wide band-pass Frequency Selective Surface (FSS). As shown in Figure
1.2b, a laser ablation method is used to scribe a line pattern on the coating which greatly
increases the signal strength inside the building (see Fig. 1.2c). This innovative approach
was first implemented for application in trains where the envelope comprised of metal which
accentuates even more the effect of the Faraday cage®9. In Part I, this method is further
investigated with the fabrication of new glazing with various line pattern dimensions and
post-treatment processing (laser-process on double glazing windows after assembly). The
signal attenuation is then measured at low and high (5G) microwave frequency range and the
propagation of microwaves in buildings is quantified.

Silver coating Laser scribed lines

a) b) /
il /
1
<(( ))> ; \: : : F}ulsed
/ l l l aser
i /
g ol

2mm

° Jl

(w) ==
1
l/
oo

---/-

Figure 1.2: (a) Schematic representation of the strong signal attenuation in buildings with
standard energy efficient windows; (b) Drawing showing the ablation principle of the insulat-
ing transparent low-e coating; (c) Schematic representation of a building with laser-treated
energy-efficient windows.
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Figure 1.3: Two-dimensional sketch of non-resonant (a) capacitive and (b) inductive FSS
filters with equivalent circuit and spectral properties 1%,

1.3 Low-e coating with enhanced selectivity

Double-pane windows with low emissivity coating was developed shortly after the first oil
crisis in the early 1970s. It was introduced to the market with the aim of reducing the energy
loss by space heating. Compared to traditional simple glazing, Insulated glass units (IGU)
provide for a 4x reduction in heat loss, resulting in significant savings. These new windows
had an considerable economic impact and has become the industry standard for glazing in
industrialized nations. Nowadays, IGUs consist of a triple glazing with two low-e coatings.
According to the simulation tool provided by the glass company AGC '), this type of windows
achieve a thermal transmittance, also known as U-value, as low as 0.6 W/(m2K). The increase
in thermal insulation of the glazing is generally accompanied by a decrease in the total energy
transmission of the same glazing. For highly glazed buildings and warm climate, this reduction
of solar gains is desired and can be useful to reduce the risk of overheating. A previous study %
showed that, for buildings without adaptive solar shading, a lower SHGC value is to some
extent favorable: it tends to strongly reduce temperature variations inside the room, which
increases thermal comfort and limits heat rejection due to overheating. In countries with cold
climate, the additional solar gains in households could lead to energy savings in space heating.
The implementation of a selective coating could potentially increase the SHGC back to the
original value of 73 % (without low-e coating). Therefore it is interesting to investigate new
approaches which allow an increase in solar transmittance (7.) and SHGC while maintaining
a low thermal emissivity € . Table 1.1 presents typical values of SHGC and U-values for single,
double and triple glazing, with or without low-e coating.



1.3 Low-e coating with enhanced selectivity

Table 1.1: Optical properties of single, double and triple glazing taken from AGC online
configurator ', For each glazing the panes consist of a clear-white 4 mm thick float glass
and the air gap distance is always 14 mm filled with air or argon (Ar). It is compared to the
insulated glazing unite with one (or two for triple glazing) iplus 1.0 low-e coating.

Single Double Triple glazing
- Low-e - Low-e - Low-e
T, 09 0.84 0.82 0.77 0.75 0.65
SHGC 0.88 0.56 0.8 0.51 0.73 041
U-Value (air)[W/(m?K)] 58 3.2 28 14 1.8 08
U-Value (Ar) [W/(m?K)] - - 26 1.1 1.7 0.6

As mentioned in section 1.2, the FSS structure for microwave transparent windows transmits
the electromagnetic waves in the centimeter range (mobile communication) and reflects the
shorter micrometric IR waves (heat radiation of a black body at 300 K). In the case of a selective
low-e coating for high solar heat gains, the opposite effect is desired: a high transmittance
at low wavelength (VIS and NIR) and a strong reflection at higher wavelength. In fact, the
selectivity aspect of these two applications shares the same physical fundamental theory.

uv VIS NIR MIR

Transmittance (%)

100 — 1.0
: —— Transmittance

80 - : — — Reflectance 0.8
|
|

60 | 0.6
|
|

40 - : 0.4
|
|

20 | 0.2

Solar radiation | Black Body
0l _ontheground _: (300 K) 00
1000 10000

Wavelength (nm)

Figure 1.4: Transmission and reflexion spectra of an ideal solar gain coating. The solar irradi-
ance is transmitted to the building and the radiation from a blackbody at room temperature is
reflected to keep the heat inside the room. Both, the global solar irradiance at 1.5 AM and the
blackbody radiation are normalized between 0 and 1 and expressed in arbitrary unit (a.u.) as
reference.

a.u.
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As shown in Figure 1.3a, the patch array can be described (using Equivalent Circuit Modeling
Technique '>!4) as a capacitive filter which acts as high-pass filter (letting through signal with
higher wavelength, i.e. lower frequencies). This is the case for the microwaves transparent
glazing. In contrast, the mesh structure (Fig. 1.3b) is described as an inductive filter and acts
as a low-pass filter (letting through signal with lower wavelength, i.e. higher frequencies). The
ideal selectivity of a insulating windows for cold climate (reflexion and transmission spectra)
isillustrated in Figure 1.4. The red and blue lines give the theoretical most effective coating
that optimizes the transmission of solar heat gain while minimizing the radiation losses in
the mid-IR. This specific selectivity can be enhanced by structuring the low-e coating on
the windows into a metal mesh (inductive-type FSS filter). The principle of selective wave
propagation through this filter is explained in Figure 1.5 and simulated in Figure 1.6:

 For short-wavelength radiation in the spectral range of solar radiation (VIS-NIR),
the openings are comparatively large to the wavelength, and the electromagnetic
wave is transmitted. Therefore the metal mesh is transparent (see Fig. 1.5a and
1.6a).

* For long-wavelength radiation in the spectral range of thermal radiation (mid-
IR), the dimensions of the openings are comparable to the wavelength, and the
electromagnetic wave is reflected. Therefore the metal mesh has a low thermal
emissivity meaning that it is a good infrared-reflector (see Fig. 1.5b and 1.6b).

The dimension of the structures is a crucial parameter to achieve optimal selectivity. Part I
of this thesis will present a finite-difference time-domain (FDTD) simulation combined with
nano-imprint lithography process to investigate the dimensions of the FSS structure and their
application as selective coatings in buildings.

SIRRRRY
0888888 I
6535553 G
03358352\t

Figure 1.5: Wavelength selectivity achieved by a metal mesh structure. (a) Short-wavelength
radiation are transmitted and (b) long-wavelength radiation are reflected. Image taken from
M. Meier’s thesis %!,




1.4 Smart windows with adaptable selectivity

a)

= V/m
(=
g 26 c) y
E z
2.17 X
1.73 P I
x(microns) 13

b)

0.866

0.433

° wi@®

y(microns)

-20 0 20 40 60 80

x(rmicrons)

Figure 1.6: FDTD simulations of a plane wave traveling through metallic pillars with a
periodicity P = 1’875 nm and a width w = 1’000 nm. The colors indicate the E-field (in V/m)
distribution of a perpendicular (z-direction) polarized electromagnetic wave at a wavelength
of (a) 0.55 ym and (b) 15 um. (c) presents a top view of the design with xyz-axis.

1.4 Smart windows with adaptable selectivity

For highly glazed office buildings and modern houses, even in Switzerland a form of solar
protection is needed in order to avoid excessive cooling needs in summer and to provide
thermal as well as visual comfort. External blinds are susceptible to mechanical failure, and
cannot be used in high-rise buildings. Internal blinds are much less efficient, because the
solar energy enters the building and has to be later extracted. In many cases, sun protection
coatings have to be used. However, those greatly limit solar heat gains in winter. Indeed, the
type of glazing required in a building for minimal energy consumption depends greatly on the
climate. The diagram shown in Figure 1.7 depicts the performance requirement in building
glazing for various climate. On one hand, in the case of hot climate, SHGC should be kept
to a minimum in order to avoid overheating and the transmittance in the visible spectrum
(T,) should ideally stay high enough to allow for adequate visual comfort. On the other hand,
for cold climate, SHGC should be kept as high as possible to increase the solar energy gain,
leading to energy savings in space heating. It is important to keep in mind that the U-value
also plays an important role in the design of insulated glazing and is closely related to the
SHGC. In general, the thermal coefficient should be kept as low as possible to reduce energy
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loss in heating and cooling.

Electrochromic (EC) windows are good candidates to save energy by adapting the transmit-
tance of the glass to the seasonal change ', Current EC windows can be used in the hot and
tempered climate but they fail to satisfy cool climate requirements because of their low SHGC
and T, values. Part III of this thesis will focus on finding solutions to improve electrochromic
devices (ECDs) by increasing the solar heat gain in cool climate.

Ideal Window for

A g Cool Climate
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Figure 1.7: Performance requirements for various climates and performance of ther-
mochromic, electrochromic, suspended particles (SP), and gasochromic (GC) windows. Figure
taken from Dagiqeh Rezaei’s journal article!!”).

As shown in Figure 1.8, ECDs consist of two electrodes, an electrochromic material as cathode,
an ion storage as anode and ion conductor (electrolyte) in between. A voltage can be applied
between the two electrodes and the ions migrate between the cathode and the anode, leading
to coloration or bleaching. This electrochemical process is similar to an electric battery. In
present-day electrochromic windows, the time that EC windows take to reach 90% of the
minimum or maximum value of its visible solar transmittance can range between 7 - 20
minutes'®. It is not homogenous (starting from the edges of the panes) and lead to an
unnatural dark-blue tint on the colored state. The color neutrality of the device could be
improved by changing the electronic properties of the EC material and will be explored more
in details in Chapter 6. The switching speed and homogeneity depends on two parameters:
the ion diffusion in the multi-layered device perpendicular to the substrate and on the lateral
charge transport parallel to the substrate plane. The first limitation was solved by increasing
the porosity of the EC film which improves the ion diffusion !9, The lateral transport depends
mostly on the conductive electrode used in the ECD.

8



1.4 Smart windows with adaptable selectivity
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Figure 1.8: Schematic illustration of an electrochromic window.

Nowadays, most switchable window technologies are based on transparent conductive ox-
ides (TCOs). Indium tin oxide (ITO) belongs to TCOs with excellent performance regarding
the trade-off between transparence and electrical conductivity. However, its scarcity ?% and
high demand are making it increasingly more expensive 2! Moreover, because of its plasma
frequency located around 1300 nm, ITO coatings reduces the transmittance in the NIR spec-
trum 22!, Knowing that 50% of the solar heat radiation is delivered in the NIR spectrum 23!,
the ITO coating greatly reduces the potential of energy saving in the winter period. Additional
considerations about ITO used as TCOs are listed in table 1.2.

Table 1.2: Advantages and disadvantages of ITO as a transparent conductive oxide

Advantages Disadvantages

- High optical transparency (T =85 -95%) - Rare metal with rising cost
- Low sheet resistance (Rs = 10 Ohm/sq) - Limited supply and high demand
- Tunable work function (4.2 to 5.3 eV) - Low transmittance in NIR
- Brittle material (not suitable for flexible devices)
- High temperature annealing
- DC magnetron sputtering (vacuum)
- Low stability during electrochemical processes

As presented in Figure 1.9, metal meshes have a superior potential regarding the cost/conduc-
tivity ratio. The metal mesh usually covers a small fraction of the surface and stays transparent
in the NIR spectrum. Therefore, metal meshes are especially well suited for window applica-
tions where large solar heat gains are desired. This specific application is further investigated
in Chapter 5 with the introduction of a hierarchical metal mesh based ECDs.
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Figure 1.9: ITO replacement comparison chart, metal mesh is a promising candidate for high
conductivity and low cost transparent conductive films. Figure taken from ITO-Replacement
Report 201624,
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1.5 Research aims and objectives

1.5 Research aims and objectives

This doctoral thesis is aiming at the development of low-e coatings and metal meshes for
optoelectronic applications. Each part of the project aim to achieve a specific objective and is
guided along research questions about light interaction and electronic transport properties
listed below:

How do EM waves interact with different designs of laterally structured conductive
coatings and what are potential applications?

Part I: How much are centimetric waves attenuated by a window with a structured
coating and how do these waves propagate inside a building?

Method: Laser post-treatment processing of energy-efficient windows in buildings
and high signal transmission for mobile communication frequency up to 40
GHz.

PartII: How does the transmittance of a light depends on the dimensions of the
structure?

Method: Use of specific FSS to enhanced the selectivity of insulating glazing and
find the ideal dimensions of structures to achieve optimal selectivity in the
electromagnetic (EM) spectrum.

Part III: How can electrochromic devices be improved to be used as adaptive solar
protection?

Method: Increase solar transmittance by incorporation of nano/micro meshes and
doping of electrochromic material to improve the selectivity and color neu-
trality.

1.6 Structure of the thesis

To address the above research aims and objectives, this document is structured as follows:

Part I presents new research of an innovative laser treatment for high transmission of modern
telecommunication frequencies through energy-efficient windows.

Chapter 2 introduces a post-treatment laser processing of double glazing windows after as-
sembly. The linewidth of the laser-ablated pattern is reduced and their performances in the
5G high frequency range (26 - 40 GHz) is characterized.

Chapter 3 provides a quantification of the propagation of microwaves in buildings through
laser-treated energy-efficient windows. The signal attenuation of a mobile phone is measured

11



Introduction

in an office room and compared between windows with and without laser treatment.

Part I1

Chapter 4 explores the light/matter interaction through finite-difference time-domain (FDTD)
simulation with the aim of achieving highly selective low-e coatings. The theory behind the
method is first explained and then the model is validated by experimental characterization.

Part III introduces the concept of electrochromic devices for seasonal adaptive solar heat
gains.

Chapter 5 present a hierarchical metal mesh based ECD with a transmittance switching in the
full spectral range of solar radiation.

Chapter 6 investigate the use of molybdenum doping in tungsten trioxide coating to improve
the color neutrality and spectral selectivity of ECDs.

Chapter 7 concludes with the main findings and summarizes the scientific questions pre-
sented above. Finally, it gives an outlook including the the design of a multifunctional smart
window for countries with varying warm/cold climate.

12
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WIDE BAND-PASS FREQUENCY SELEC-
TIVE SURFACES

This chapter is based on the published journal paper 2%

Fleury, J., Lanini, M., Pose, C., Burnier, L., Salvade, A., Zimmermann, E., Genoud,
C. and Schiiler, A., 2020. Wide band-pass FSS with reduced periodicity for energy
efficient windows at higher frequencies. Applied Physics A, 126, pp.1-11.

Author contribution for the journal paper:

In this article, JF designed the research with the support of all co-authors. JF conducted
the laser treatment of the samples and the analysis of the results. JF carried out the
simulations based HFSS Designer and was responsible for the submission process.
ML conducted the simulations based on the Equivalent circuit theory and prepared a
first draft of the paper. JF wrote the final version of the manuscript and carried out the
submission and review process. All co-authors supported in revising and finalizing the
manuscript.

In this chapter, a computer simulation model and an experimental characterization of energy
saving glazing transparent to mobile communication frequency up to 40 GHz is presented.
A previous study done in our group showed that laser structured energy efficient windows
with a frequency selective surface greatly reduces the microwave attenuation for frequencies
below 5 GHz, while preserving the thermal insulation properties of the window. Here, the
focus is laid upon higher frequency range (26 - 40 GHz), considering the rapid evolution of the
carrier frequencies. Several energy efficient windows were built and laser scribed with a cell
periodicity varying between 2 to 0.5 mm. A computational model based on electric equivalent
circuit behavior and transfer matrix representation is shown, and compared to a real set of
measurements taken from manufactured glazing.
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Chapter 2. Wide band-pass Frequency Selective Surfaces

2.1 Introduction

The demand for mobile communication between persons and between objects (Internet of
Things, IoT) is continuously and rapidly increasing. In order to satisfy these needs, higher
frequency range in the order of 3.5 to 40 GHz are being allocated for new telecommunication
technologies such as 5G!?%!. It allows for larger bandwidth, higher data rates, lower latency
and increased capacity on the network?”). At the same time, the standards for energy efficient
buildings require the use of double or triple glazing (being the norm) with one or two low
emissivity (low-e) coatings which allows for better thermal insulation. Low-e coatings are
composed of multiple oxides and silver thin films. While being highly transparent in the visible
light, these insulated glass units (IGU) induce a strong reflectivity for shorter wavelength in
the middle and near infrared spectrum. On the one hand, this coating greatly reduces the
thermal losses due to infrared (IR) - radiation of objects at room temperature, but on the other
hand, because of the metallic nature of silver, it also attenuate drastically (around 30 dB) the
signal transmission of modern telecommunication frequencies (TF) 128!,

In order to solve this issue, signal repeaters are installed in new buildings and trains to increase
the signal strength indoors. This solution reveals several drawbacks such as, the cost, the elec-
tricity consumption and the dependency on only one technology. Furthermore, the repeaters

will have to be replaced every 5 to 8 years for each new telecommunication technology 2.
Table 2.1: Literature review about bandpass FSS on insulating glass unit.
Reference FSS design Iijirrlrllte:lzlilon :)J:rlitocdeilclity ‘li:;ir;:vmg Ablated far:;::lency Iransmission
(mm) (mm) (mm) area (%) (GHz) loss (-dB)
(28] 2 x 2 Cross-dipole 64 100 4;8 2.4;7.7 0.8-6 10-25
(30] 2 x 2 Square ring 37.5 40 0.5 7.1 0.1-3 1-54
(311 Ring 60 65 2 9 0.57-4.5 5-30
(32] Rings 21,40 100 8 6.4 0.9,1.8 5-20
(331 Slit 150 172.5 1 ~4.6 0.1-2 2-16
B34 Hexagons 16.5 60 0.82 10 0.1-6 7-35
(35] Square patch 19 20 1 9.75 0.62 - 2.02 0-20
(36] Square patch 39.965 40 0.035 0.2 0.85-5 15-33
(36] Square patch 1.965 2 0.035 <4 0.85-5 1-10

Another approach consists in using the physical properties of a frequency selective surface
(ESS). ESS are repetitive patterns designed on a thin film coating with the aim to reflect, trans-

16



2.1 Introduction

mit of absorb electromagnetic waves based on their frequency. #3371, By etching the coating
of an energy efficient window with a repetitive pattern, the attenuation in the TF domain can
be greatly reduced. There have been several examples of the application of this technique to
decrease the attenuation of the low-e coating, mostly by removing great part of the coated
surface, degrading thermal isolation 313839 A literature review on existing designs are shown
in Table 2.1. Most studies focused on FSS with a unit cell dimension from 20 to 100 mm and
engraving width from 1 to 8 mm resulting in ablation surface of 5 to 10% of the coating. In a
36 a novel design for a FSS was proposed in order to reduce the attenuation in
the TF domain from its usual 30 dB to merely 1 to 3 dB. This was achieved using a laser-scribed

recent work

grid with a cell periodicity of 2 mm and an engraving width of 35 ym, thus ablating only a
small percentage of the coating and preserving the thermal isolation properties of the window.
This solution was analyzed for frequencies up to 5 GHz, yielding satisfactory results and good
agreement with the simulation model.

As the evolution in the communication advances at a rapid pace, it should be asked if the
proposed solution will still be valid as time goes by. In the case of telecommunication tech-
nologies, the carrier frequencies increase throughout the years. The objective of this work is to
analyze the behavior of our novel design at higher frequencies, namely in the 26 - 40 GHz band.
The report is organized as follows; first, the materials and methods used for the simulation
and the experiments are thoroughly described. Then, the results are presented. Finally, a
discussion is carried out on the comparison between the experimental and simulated data.

Laser ablated
lines (width w) 21.0um

g ! Conductive 24.8 um
coating

«‘F IGU

(a) (b)

Figure 2.1: (a) IGU model used in this study, D describes the cell periodicity of the FSS and
w the engraving width. (b) Microscope image of the laser structure coating with a engraving
width of w =25 +5 um.

17



Chapter 2. Wide band-pass Frequency Selective Surfaces

2.2 Methodology

2.2.1 Equivalent circuit theory

The proposed FSS design, a D x D mm square patch grating, is described as a non-resonant
structure with capacitive behavior. Figure 2.1a illustrates the configuration of the IGU which
is composed by two 4 mm glass panes and a 12 mm air gap. One of the glass surface facing the
air gap is coated with a low emissivity transparent layer and laser-scribed.

The simulation method used in this study to analyze the frequency response of the FSS
follows the analytic averaged approach developed by Costa et al.['3!. This method consists of
an electric circuit equivalence model, where three transmission lines, TRL; » 3, are used to
simulate the glass-air-glass dielectric composition of the IGU. Between the first glass and the
air gap, a parallel circuit represents the equivalent behavior of the coating. If the coating is
non-existent, the equivalent parallel circuit is an open wire (Fig. 2.2a); if there is a full coating,
the circuit consists only of a resistor R4 (Fig. 2.2b); and if the coating is etched with the
squared pattern, it is represented as a resistor R and a capacitor Cygg in series (Fig. 2.2c¢).

Z,dy Zs,d2 Z3,ds3

Zoim| > TRL }—T—¢ TRL; || TRLs H >Zo.ou

o
o EE EE N E E N E W N

¢ T 2
r ]
n ]
1 Cfss 1
n j’ ]
u ]
: Rcoat Rfss :
n % ]
o I — — [ ]
. - - I
*oa b c ’

M T L L L L -

Figure 2.2: Possible equivalent circuits for the IGU. (a) no coating, (b) full coating, (c) FSS
surface.

Considering a incident sinusoidal-type wave normal to the IGU with structured coating, the
values of the equivalent circuit can be calculated as follows [1340):

Deg(er1 +€r2) ( 1 )
Cres = l 2.1
fss T " sin(mw/2D) 2.1)
D2
Rfss =Reoar—"= (2.2)
(D - w)?

where D is the cell periodicity of the FSS, w the engraving width, R.,4; the surface resistivity of
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2.2 Methodology

the coating and ¢,1, €2 the relative dielectric permittivities of air and glass. For the impedance
of the transmission lines, the formula for a dielectric slab is applied:

z= /o 2.3)

608;‘

which yields Zy i, = Zo,0ur = Z2 = 376.7 Q for the free space and the air gap between the glass
panes.

2.2.2 Simulation

To simulate different IGUs, a model consisting of four stacked slabs (glass - FSS coating - air
- glass) has been run using Matlab. Each slab is represented through a 2-by-2, frequency-
dependent transmission matrix, and the overall behavior is obtained by chain-multiplying
the matrices respecting the order of the slabs. The FSS coating is modeled as a capacitor in
series with a resistor according to Figure 2.2c and Eqgs. 2.1 and 2.2, using R¢oqr = 4.1 Q, a
standard value for the windows used. Both the glass and the air gap are modeled as a low loss
dielectric, the first one using values of €, = 7 and tand = 0.008 (an initial approximation for
the dielectric loss for the glass (411 "and the second one with €;1 =1and tand = 0. Additionally,
the angle dependency of the IGU is modeled using a full-wave simulation (ANSYS electronic
desktop HFSS Designer). The dielectric constant of glass is the same as the one mentioned
before. HFSS simulations is also used to validate the equivalent circuit model.

2.2.3 Manufacture of the windows

IGUs with a size of 500 x 500 mm and a precision in the construction around 1 mm were
used. A laser-scribing process was performed as post-treatment where the laser beam was
focused on the surface #3 (the internal face of the second glass) of the IGU in order to ablate
the low-e coating (soft double silver coating: iplus top N+T from AGC Group). This process
was performed using a 1064-nm nanosecond-pulsed Ytterbium fiber laser. The patterns were
drawn using a CNC-machine (at a speed of 6 m/min) guiding the movement of the laser head,
while the sample stayed motionless. The coating was ablated by laser pulses at a frequency of
10 kHz and a power of 5 W. Figure 2.1b presents a microscope image of the ablated coating. A

more detailed explanation about this method can be found in previous works [>3¢!,

Seven energy efficient windows were produced. The size and configuration of all IGUs were
the same and the engraving width for the samples with a laser structure coating was 25 + 5
um. The periodicity of the grid was varied between 0.5 mm, 1.0 mm, 1.3 mm, 1.6 mm and 2.0
mm. Finally two windows were tested as reference: one without coating and one with a full
low-e coating.
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Figure 2.3: Experimental setup for assessing the properties of the IGUs.

2.2.4 Experimental setup

The measurements were performed in a free space setup, as the wavelengths are really short
at these high frequencies. Using a pair of highly directional antennas, the multi-path effect
may be disregarded, as the signals that are not in the direct path arrive at the receiver with
high attenuation. A similar statement can me made regarding the edge effect.

The following equipment has been used:

* The IGUs were fixed to a wooden holder mounted on wheels in order to easily adjust the
incidence angle.

e Signal generator SMB100A Rohde&Schwarz, 0.1 to 40 GHz.

e Signal and Spectrum Analyzer FSW Rohde&Schwarz.

¢ BNC cable for 10 MHz reference signal.

¢ Ethernet cable for communication between the instruments.

¢ 2xHorn antennas FMI2224-20. The antennas were mounted on a tripod and surrounded
with absorbers. The distance between the emitter and receiver was 1 meter.

¢ Low noise amplifier PE15A 4050.

* 2 wave-guide coax transmission.

* 2 microwave coax cables.

The tracking signal generator and the spectrum analyzer have been synchronized. An initial
calibration of the system was performed with every instrument on site, without any window. A
representation of the setup is depicted in Figure 2.3.
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Figure 2.4: Simulation of the transmission loss (S21)for varying engraving width w and fixed
periodicity D = 2mm. Clear transmission bands due to the resonance cavity created by the air
gap can be seen at 12, 24.5 and 37 GHz. Two secondary peaks around 15 and 30 GHz are due
most likely to the finite thickness of the glass panes.

2.3 Results

2.3.1 Computer simulation

Several parametric simulations using the first method described in section 2.2 were carried
out. The most representative are shown below. All simulations consider a normal incident
wave. Regarding the FSS grid, different periodicities and scribing widths were simulated in
order to analyze how much does the frequency response change with this parameters.

Figure 2.4 presents the results of the simulation for a wide frequency range up to 40 GHz. The
simulated curves illustrate the influence of the scribing width, for a fixed 2 mm periodicity, 4
mm-wide glass panes, and an air gap of 12 mm. It can be seen that in the whole frequency
range the attenuation decreases as the engraving width increases.

The reflection respond of the FSS strucutre for varying cell periodicity is illustrated in Figure
2.6. The simulation shows a bandpass filter behavior at specific frequencies similar to the
one of a Fabry-Pérot interferometer which will be explained more in details in the discussion
section. Additionally, considering a simplified two-port lossless network, the relation between
the reflection (S11) and the transmission (S21) can be described as:

IS111% +S21> =1
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In our case, the structure can reasonable be considered lossless as the reflected signal is
dispersed outside.

In Figure 2.5, a simulation is done for a variation in cell periodicity, while maintaining the
engraving width constant at 35 um. For decreasing cell periodicity, the secondary peak
increases and finally a broad transmission band is formed. The effect can be explained by
the fact that the laser scribed coating become more and more transparent to the microwaves.
The thermal losses due to laser scribing depend on the surface fraction of the ablated area. In
the case of 0.5 mm periodicity, 13.5 % of the coating is removed which will likely reduce the
thermal performance of the glazing. Figure 2.7 presents a comparison between IGUs where
the remaining thermal coating is kept constant at 95.06 %, i.e. the relation % is the same. A
100 % filling corresponds to a full coating, without etching.

0 dB
-5dB
-10dB

-15dB |

Transmission [dB]

=d = 0.5 mm - Filling 86.49 %
-20dB - |——d = 1.0 mm - Filling 93.12 %

d = 1.5 mm - Filling 95.39 %
——d = 2.0 mm - Filling 96.53 %

25dB : : : : : : : :
5GHz 10GHz 15GHz 20GHz 25GHz 30GHz 35GHz 40 GHz

Frequency [GHz]

Figure 2.5: Simulation presenting the transmission loss (S21) for varying cell periodicity D
and fixed engraving width w = 35 pym. For narrower D, the transmission increases which leads
to broader band-pass.

For a constant % relation, the transmission improves for smaller cell periodicity. Hereby the
Rygs maintains its value. At the same time, Cy¢; decreases and the total impedance with respect
to ground of the FSS increases. Varying the width of the glass and air gap corresponds to
modifying the length of the transmission line in the equivalent electric circuit, thus producing
a shift of the response in the frequency domain. The overall attenuation can be reduced either
by increasing the engraving width or by decreasing the cell periodicity. The latter is preferred,
as it renders a lower attenuation in all the frequency range, while maintaining a higher thermal
isolation (by having less coating removed). The glass and the air gap widths do not affect the
attenuation evenly in all the frequency range. This may be critical when working at frequencies
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Figure 2.6: Simulation presenting the reflection respond (S11) for varying cell periodicity

D and fixed engraving width w = 35 ym. Very sharp reflection minima are obtained at well
defined frequencies.
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Figure 2.7: Simulation showing the transmission loss (S21) for a constant D/ w factor at 95.06
%. For smaller D and w factors, the transmission is improved.
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Figure 2.8: Simulation presenting the transmission phase variation at different cell periodicity.

near the zones where the response changes abruptly.

The phase characteristics of the FSS structures are illustrated in Figure 2.8. The phase rotates
gradually through the full range from -180° to +180°. The phase is moved by 1° for a change of
approximately 28 MHz.

2.3.2 Experiments

The experimental measurements are presented in Figure 2.9. Each set of measurements con-
sists in 1001 points spaced evenly in the 26 - 40 GHz range. As the measurements taken were
relatively noisy, and for the sake of comprehension, all the curves were smoothed using robust
local regression with weighted linear squares and the dashed lines represent the envelope of
the raw data.

2.3.3 Comparison between simulated and experimental data

To compare the experimental data sets to a simulated frequency response, some special
considerations were made. For one sample to another and at different atmospheric pressure,
the air gap may vary up to 1 mm. Small variations in this parameters would yield very different
results in the frequency domain. Additionally, the tand coefficient was not properly measured,
so the initial guess tand = 0.008 should be checked. The cell periodicity and the engraving
width are supposed to be more precise, as the first one is a result of a pattern generated by a
CNC machine, and the second one depends also on the scribing laser.
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Figure 2.9: Experimental measurements for IGU with structured low-e coating and varying
cell periodicity D. The solid lines show the smoothed measurements, while the dashed lines
represent the envelope of the raw data. The resonance peak for each IGU moves between
35.5 and 37.5 GHz due to a small different in air gap distances. Generally, the transmission
increases for narrower cell periodicity.

Table 2.2: Range of fit parameters

Parameter (unit) Min Max Step
Cell size (mm) 0.5 2.0 0.1
Engraving width (um) 15 35 10
Glass thickness (mm) 3.7 4.3 0.1
Air gap (mm) 11.8 13 0.1
tand 0.005 0.04 0.005

Then, instead of checking against one simulation model, the solution was to generate a dataset
for a great number of possible setups, doing a parametric sweep over the cell periodicity,
engraving width, glass thickness, air gap distance, and dielectric loss coefficient. The range of
each parameter is depicted table 2.2. As a result, a workspace with the frequency response of
34944 different setups was obtained. To find the best fitting curve for each experimental setup,
a comparison was performed using the squared difference sum. It is expected that, for all the
setups, the best fitting curves have all the same characteristics.

For every measurement, the best simulations shared a glass thickness of 3.8 mm, an engraving
width of 25 ym and a tané value of 0.02. As all the glass panes came from the same patch,
it was expected for them to share this values. A measurement of the glass thickness after
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Figure 2.10: Comparison between the measured and simulated signal attenuation. The solid
lines show the smoothed measurements, while the dashed lines represent the envelope of the

raw data.
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performing the experiments confirmed that the glass was indeed 3.8 mm thick and not 4 mm,
as initially designed.

The comparisons are presented in Figures 2.10a to 2.10e where the best-fitting curve for each
case is represented by the blue line. The optimal simulation for the air gap parameter is,
respectively, 12.1 mm, 12.4 mm, 12.5 mm, 12.1 mm and 12.8 mm, with a span of 0.7 mm.

tand value was higher than expected, but it was constant for all the best fits, it is believed to be
the correct value. The simulations also let us know the width of the air gap; these parameters
would not be easy no measure with precision on a finished IGU, and may be used to check the
quality of the finished window without using an invasive method.

To show the limitations of the IGUs used on trains and buildings, and the improvements
obtained with the proposed method, two additional figures are presented. In Figure 2.10f
the frequency response of an IGU without coating is shown. This means that the IGU is
composed only of two glass panes separated by an air gap, with the same characteristics as
other configurations. The best fitting curve in this case is also for a 3.8 mm thick glass, and a
tand value of 0.02; this time with an air gap of 12.4 mm. The transmission factor can never
reach 0 dB, due to a non-zero value of tand in the glass, and because of the occurrence of
peaks due to the resonance of both, the air gap and the glass.
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=—Simulated
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-15dB
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Figure 2.11: Comparison between the measured and simulated signal attenuation for an IGU
with a full coating. The fitted air gap parameter is 12.4 mm. The experimental transmission
shows a large envelope due to the strong attenuation of the IGU.

Figure 2.11 shows the same IGU with a full coating, but without any laser scribing. This
is currently the state of the art for train windows. It shows a strong attenuation in all the
measured frequency range (note that this figure has a different vertical scale). In this case,

27



Chapter 2. Wide band-pass Frequency Selective Surfaces

350

——d=0.5mm
300 - ——d=1.0mm

250

200

Group Delay [ps]

150 | |

100 [

50 ) ) | | | . '
0 5 10 15 20 25 30 35 40
Frequency [GHz]

Figure 2.12: Simulated group delay for varying cell periodicity D. The group delay remains
below 350 ps for all samples at frequencies from 1 to 40 GHz.

it can be noticed that the fit between the theoretical and experimental response is not as
precise as for the previous cases. The reason seems to be because of a noisy measurement, due
mainly to a low level signal at the receiver, as the attenuation is over 30 dB. The experimental
measurement is evidently noisier that those for the scribed IGUs. This time, the envelope of
the smoothed measurement is around 7 dB wide when the signal decreases below 30 dB, while
in the previous measurements it was no more than 2 dB wide in the worst case. For example,
the peak at 35.5 GHz, has an attenuation of 25 dB and shows less noise and a better agreement
with the theoretical response.

2.4 Discussion

2.4.1 Group delay

As shown in Figure 2.12, the group delay for each periodicity lies between 50 and 350 ps. The
variation in group delay is a result of the dispersion of the signal components when passing
through the device under test. As a comparison, modern mobile networks (i.e. 5G NR), which
uses Orthogonal Frequency-Division Multiplexing (OFDM) 4%/, can effectively compensate
signal delays up to 300 ns!*3!. This technology employs large number of narrowband sub-
carriers and equalization techniques to minimize multi-path propagation effects*. The
group delay calculated in this study are three order of magnitude below the admissible value
and consequently will not degrade the rate of transmission.
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2.4 Discussion

2.4.2 Resonance cavities

As shown for example in Figures 2.4, 2.5 and 2.7, three sharp transmission peaks can be
observed at repetitive frequencies. The occurrence of these pass bands is due to the resonant
cavity between the two glass panes which induces a constructive interference in a manner
being analogous to an optical Fabry-Pérot interferometer!®!. A resonance occurs when the size
of the cavity gy, is equal to half of the wavelength of the incident wave. It can be calculated

using equation 2.4.
g€q c ‘ c

~7]-

28mn 28nVer
with €, being the relative permittivity of the material, ¢ the speed of light and i a natural
number.

fres:i'

(2.4)

The quality of these resonators is given by its finesse, which is defined as its free spectral range
divided by the bandwidth at full width at half-maximum (FWHM) of the resonance *°!. For a
plasmonic resonance, the observed bandwidth would correspond to dephasing times between
100 and 300 ps'*547!, In the case of the IGU showed in Figure 2.4, the resulting finesse of the
Fabry-Pérot interferometer is 9.3. Similarely, the quality of each resonance peaks is described
by the Q-factor, which is defined as frequency-to-bandwidth ratio. The three resonances at
12, 24.5 and 37 GHz lead to Q-factors of, respectively, 3.7, 13.1 and 29.6. In the case of the
comparisons showed in Figures 2.10a to 2.10e, the quality-factor for the resonance between 35
and 38 GHz (depending on the air gap) is calculated for each graph and gives following results:
21.2,25.5,27.4,28.0,32.2, 27.5 and 31.9.
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Figure 2.13: Simulation of the resonance frequencies due to glass cavities (without coating)

where the air gap is varied. Specific frequencies at 14.86 and 29.81 GHz show excellent
transmission for every air gap distance.
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Equation 2.4 can be used to determine the resonance frequency due to the air gap cavity
between the two glass panes. In that case, one should use the relative permittivity of air (¢, =
1) and the glass-to-glass distance of gy, = 12 mm. The result gives a resonance frequency of
fres = 1-12.5 GHz which is similar to the large transmission peaks observed in all measurements
and simulations.

It can also be noticed that all graphs present smaller "shoulder” peaks at repetitive frequencies
(approx. 15 and 30 GHz), which is especially pronounced in Figures 2.4 and 2.10f. In order to
investigate this effect further, a large number of simulated curves are plotted in Figure 2.13
where the air gap is varying and the glass thickness is kept at 3.8 mm. This time, tand =0is
assumed in order to keep the figure understandable. Whichever the value of the air gap, the
response is contained within an envelope determined by the resonance induced by the glass
cavities. The maximum and minimum peaks are spaced equally, and the resonance frequency
can be calculated using equation 2.4. In the case of the glass cavity, g;;, =3.8 mmand e, =7

resulting in a resonance frequency of f;.s = i - 14.9 GHz which corresponds to the simulated
values.
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Figure 2.14: Simulated transmission loss at 14.86 and 29.81 GHz from normal (0°) to near-
grazing (~90°) angles of incidence. The results are plotted for TM (a) and TE (b) polarization.
The straight lines represent an IGU without any coating (only float glass) and the dashed lines
an IGU with a 1 mm cell periodicity FSS.

This knowledge is useful for future design of IGU. The position and the width of the transmis-
sion bands depend on both the width of the air gap and the thicknesses of the glass panes.
While the thickness of the glass can be controlled by the homogeneity and reproducibility of
the fabrication process and remain therefore rather constant, the width of the air gap may vary
to some extend due to variation in atmospheric pressure or temperature with a maximum
deviation in the center of the IGU 8!, According to equation 2.4, this would lead to a frequency
shift of the FSS on the some area of the window.
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2.5 Conclusion

Regarding the application of the novel glazing in trains and buildings, certain glass-to-glass
distances and glass pane thicknesses appear frequently. These dimensions will define the
positions and widths of the resulting pass bands. Therefore, specific frequency bands are
advantageous for good coverage in mobile communication.

2.4.3 Angular dependency

As illustrated in Figure 2.3, the IGU is placed perpendicular to the plane of incident. In realistic
applications, the incoming wave may reach the FSS at different angles and thus influencing
the transmission loss. A full-wave simulation on angular stability of the FSS is carried out
and illustrated in Figure 2.14. Electromagnetic-waves at frequencies of 14.86 and 29.81 GHz
are simulated for a glass pane with and without low-e coating. For transverse magnetic (TM)
mode (Fig. 2.14a) the transmission loss for a standard double glazing is especially transparent
at these specific frequencies. By adding a 1x1 mm FSS coating on the glazing, the attenuation
at incident angle is decreased to -7 and -12 dB for, respectively, 14.86 and 29.81 GHz. For
angles up to 75°, the transmission loss increases to a value of -1 and -2.5 dB and then decreases
rapidly. In regard to transverse electric (TE) mode (Fig. 2.14b), the standard glass pane shows
similar behaviour than TM-mode excepting a noticeable decrease in transmission from 50°.
The attenuation for the FSS-structured coating starts at the same value than the one for TM-
mode at incident angle. It remains stable up to 40°and then decreases significantly. In the case
of a cell periodicity of 0.5 mm, an improved transmission can be expected.

As wavelengths become smaller for higher frequencies (7.5 mm at 40 GHz), constructive
interference may appear when interacting with a similar size FSS structure. This effect, called
grating or Bragg lobes, creates secondary peaks in the signal and should be avoided. Generally,
this phenomenon only occurs when the cell periodicity is greater than one wavelength at
normal incident angle. In the case of a squared lattice type, the following grating lobe criteria
can be approximated 4%

D 1

Ao 1+sinB

D being the cell periodicity, A1y the wavelength and 6, the incident angle. Looking at the most
critical case analyzed in this study, where D =2 mm, A = 7.5 mm and theoretical grazing angle
of 8y = 90°, the above mentioned criteria is still validated (0.27 < 0.50). No grating lobes should
therefore occur at these frequencies.

2.5 Conclusion

The proposed square-FSS with narrower periodicity for energy efficient windows shows an
improvement of microwave transmission in the 26 - 40 GHz band. Laser scribed low-e coatings
were prepared, with a cell periodicity down to 0.5 mm and an engraving width of 25 + 5 ym.
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The microwave transmittance of the double-glazing was measured and simulated in the high
frequency range from 26 to 40 GHz. Excellent agreement between experiment and theory has
been obtained. In experiment and simulation, we observe high microwave transmission at
well-defined pass bands allowing good coverage in mobile communication inside trains and
buildings.

In general, laser scribing patterns with small cell periodicity and narrow engraving width
are preferable for high microwave transmission and high thermal insulation. The position
and bandwidth of the pass bands depend on the glass-to-glass distance and the glass pane
thickness.
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5] COMBINING THERMAL INSULATION AND

MOBILE COMMUNICATION IN BUILD-
INGS

This chapter is based on the published conference paper >%':

Fleury, J., Burnier, L., Delaporte, H., and Schiiler, A. (2021, November). Combining
thermal insulation and mobile communication in buildings: influence of laser-treated
glazing on microwave propagation. In Journal of Physics: Conference Series (Vol. 2042,
No. 1, p. 012181). IOP Publishing.
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figures. JF wrote the manuscript and carried out the submission and review process.
The topic was presented by JF as a talk during the 2021 CISBAT conference at EPFL,
Lausanne.

In this chapter, the attenuation of microwaves signal though laser-treated IGUs is analyzed
inside the SolAce unit in the "NEST" research building at the Swiss Federal Laboratories
for Materials Science and Technology (EMPA) in Diibendorf. Two configurations (with and
without laser-treated glazing) were carried out by interchanging two hinged windows. The
novel patterned coating can help increase the microwave signal for mobile communication
in buildings. To the best of our knowledge, this is the first implementation and testing of
laser-treated coating for energy-efficient glazing in the building sector.

3.1 Introduction

The demand for mobile communication between persons and more recently between objects
(Internet of Things or IoT) is continuously and rapidly increasing. Simultaneously, modern
energy-efficient windows (double and triple glazing) have become a standard in the building
sector. The combination of modern insulating glass unit (IGU) and the large use of reinforced
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concrete leads to bunker-like buildings which are signal-proof to microwave transmission
(acting like a Faraday cage). The signal attenuation is due to the low-e silver coating found
in IGU which improves the thermal insulation but also reduces the microwave transmission
by up to 30 dB!89:36! Several studies have been carried out to effectively measure the signal

loss caused by IGUs in buildings®~7.

This attenuation reduces the throughput which in
turn leads to poor internet and phone call quality inside modern buildings. At the same
time, the ever-increasing use of IoT in households and offices leads to higher demand for
reliable network throughout the buildings®!!. As the 5G mobile technology is rolling out, IoT
will increasingly rely on the 5G network which improves the response time and extends the
number of connected devices. The influence of IGU on 5G mmWave bands has already been
investigated in different studies, especially for double glazing windows 252,53,

The aim of this study is to show that a specific laser treatment carried out on the selective
low-e coating can strongly improve the transmission of microwaves in buildings. The focus
is laid upon further investigating the influence of triple glazing and examining the spatial

propagation of microwaves inside a room.

pp——
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Figure 3.1: (a) Architectural plan of the south-west fagade and (b) Top view of the SolAce unit
where each dot represents one measurement. In both Figures, the two windows that were
replaced with microwaves transparent windows are shown in blue.

3.2 Methodology

The study was carried out in November 2018 in the SolAce unit which is part of "NEST": a mod-
ular research and innovation building at EMPA in Diibendorf'>*. SolAce focuses on two main
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goals: maximum energy generation on the facade and optimum comfort for residents inside
the unit. The energy production is achieved by solar photovoltaic (PV) cells and solar thermal
collectors with colored glazing which are built into the facade (as shown by the turquoise
panels in figure 3.1a). In order to understand how the EM waves for mobile communication
are propagating inside a building, a series of twin measurements were performed. In the first
configuration, standard IGUs with triple glazing and two low-e coatings were used. For the
second part, two hinged windows (as shown in blue in figure 3.1a) were interchanged with
laser-treated glazings. The layout of the triple glazing window which has a U-value of 0.5
W/m?K and g-value of 59 %, can be seen in figure 3.2a. Figure 3.2b and 3.2c show, respec-
tively the laser scribing process used to treat the low-e coating and a microscope image of
the resulting coating after ablation. This treatment does not affect the energy performance
of the windows, g-value measurements and more information regarding the laser process is

provided in previous works 925361

A measurement device based on Nemo Handy software (developed by Keysight) was used
to record the reference signal received power (RSRP) for the 4G Long Term Evolution (LTE)
network over the entire surface of the unit. The receiver antenna was placed on a tripod at
a height of 1.30 m above the ground. The pattern that was followed for the measurement is
shown in figure 3.1b. It consisted of a 0.5 m square grid pattern on the right side of the unit
(where the windows were changed) and 1 m grid on the left side where no modification was
done between the two configurations. The study was carried out at a frequency of 1.8 GHz
using LTE frequency-division duplexing (FDD) band 3 (also known as DCS: Digital Cellular
System). The nearest cellular antenna (PCI 131) operated by Swisscom was situated on the
top of the nearest building and 140 meters from the facade. Each measurement was done
by averaging RSRP values over 30 seconds to reduce the possible fluctuation of the signal.
Furthermore, a reference RSRP was taken every 15 minutes outside the unit (0.4 m away from
the facade) and was used to calculate the attenuation caused by the walls and windows.

In addition to the measurement done at NEST, a simulation was carried out on Ansys HFSS
based on the same parameters presented by Burnier et al.'®). The HFSS-model was first
validated with the simulation of a double glazing unit with low-e coating based on the mea-

surements presented by Bouvard et al. 3¢,

3.3 Results & Discussion

Figure 3.3 presents a full-wave 3D EM simulation of three different types of triple glazing
windows: with two full low-e coatings, with two laser-treated low-e coatings and without
any coating. It can be seen that the IGU with two silver coatings shows a significantly higher
attenuation compared to the glazing without coating and with laser-treated coatings. At the
frequency examined in this study (1.8 GHz) the signal strength was improved by 65 dB for an
incoming wave normal to the surface of the glazing. Angskog et al.® measured the signal
attenuation of triple glazing in a semi-anechoic chamber and found values between -30 and
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Figure 3.2: (a) Schematic design of a triple glazing window installed in the SolAce unit. The
window consists of one 4 mm standard soda-lime (float) pane combined with two thicker
(5 and 6 mm) ESG (tempered glass) panes with two air-gaps of 16 mm. Two structured low-
e insulating coatings can be found on surfaces 3 and 5 (1 being the outer and 6 the inner
surface). (b) Drawing showing the ablation principle of the insulating transparent coating. (c)
Microscope image of the low-e coating after the ablation process. The width of each line is
approximately 25 um.

-60 dB, indicating a slightly lower attenuation than what we have obtained with our simulation.
This inconsistency could be due to the fact that our model does not takes into account the
framing of the window, it simulates an infinitely large glazing without any edge-effects. The
attenuation of the standard IGU with two low-e coatings may thus be overstated. It should
also be noted that the behavior of the transmission loss of the EM wave depends on the angle
of incidence, which in the case of the SolAce unit is around 30°. A comparable simulation
with an incident angle of 30° for s and p polarization was also carried out and showed similar
results. In the frequency range above 3 GHz the two IGUs (no coating and laser-treated) show
a stronger attenuation which is most likely due to resonance frequencies between the glass
cavities creating constructive and destructive interferences 2%

A contour plot of the measured values is presented in Figures 3.4a and 3.4b. It was smoothed
using thin-plate spline (TPS) algorithm with a total points increase factor of 200 and smoothing
parameter of 0.0001. On the right part of the unit (where the windows were interchanged) a
significant improvement in signal strength between the two configurations can be observed.
This increase is especially visible in Figure 3.4b where the improved signal (in green) follows
a straight line with an angle corresponding to the incident angle, i.e. 30°, starting from the
opening of the two windows, suggesting a highly directional propagation of the EM waves
inside the building. In both configurations, a green spot of higher signal power can be seen in
the bottom-middle part. A possible explanation for this might be that the wall on the edge is
made of agglomerated wood panel and wood fiber which is relatively transparent to the EM
waves.

It should be noted that the values shown in Figures 3.4a and 3.4b are the relative difference
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Figure 3.3: Simulation of EM waves propagating perpendicularly through a triple glazing unit
based on the configuration shown in Figure 3.1a at frequency ranging from 0.5 to 5 GHz. The
behavior of laser-treated window is comparable to an IGU without low-e coating, while the
low-e coated glazing strongly attenuates the signal.
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Figure 3.4: Contour plot presenting the change in RSRP values with a precision of £1.5 dB
between the inside and outside of the unit where (a) shows the first configuration with standard
IGU (triple glazing with two low-e coatings) and (b) two hinged windows on the bottom right
were replaced with laser-treated glazing. This modification resulted in a highly directional
increase of the signal strength.
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in RSRP between the inside and outside of the unit. In order to assess the quality of the
signal, the absolute RSRP value measured in dBm is more appropriate. RSRP represents a
key measure of signal level and quality for modern LTE networks. Values below 80 dBm are
described as excellent, between 80 - 90 dBm as good, 90 - 100 dBm as poor and no signal is
received above 100 dBm !, In the case of the SolAce unit, RSRP of 71 dBm was measured
outside the facade and approximately 91 dBm in the top left corner of the room (see red spots
in Figures 3.4a and b). It means that the LTE signal is described as "poor" even-though the
emitting cellular antenna is located only 140 m away from the NEST building situated in a high
population density near Ziirich. The difference in RSRP between inside and outside (20 dB)
represents a decrease in signal intensity by 100 times. This transmission loss is lower than the
simulated value presented in Figure 3.3 which may be explained by high transmission through
the wooden material used in the outer walls. As a contrast with the left side of the unit, the
right part, equipped with laser-treated windows, shows excellent RSRP values around 75 dBm
corresponding to an increase of 16 dB between the two configurations. It is thought that this
result could be replicated to the entirety of the unit if all the windows were treated with our
laser process. The reference signal received quality (RSRQ)and signal to noise ratio (SNR) were
not evaluated for each points but a single measurement was taken and gave respectively, -9.2
dB and 7.3 dB which corresponds to excellent signal quality %%

3.4 Conclusion

Laser-treated low-e coatings for energy-efficient glazing was implemented in a building and
the resulting signal strength for mobile communication was mapped. The data show a sig-
nificant improvement in signal strength for the configuration with laser-treated windows
compared to standard insulating glass units. RSRP values increased by up to 16 dB in the
area area behind the newly installed windows. A signal attenuation contour plot of the SolAce
unit shows a highly directional propagation of the wave which suggests that more than two
windows should be treated to achieve better mobile communication in the entire unit. In
conclusion, the novel laser-treated coating is especially valuable in the building sector to
increase the quality of wireless networks which will become increasingly important for loT
and 5G mobile technology.
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THEORETICAL UNDERSTANDING OF
METAL MESHES

This chapter explores the light/matter interaction through nano/micro-structured coatings
using a simulation method based on finite-difference time-domain (FDTD). The aim of these
numerical simulations is to optimize the design of a FSS coating to enhances the selectivity of
an insulating glazing.

4.1 Introduction

As mentioned in section 1.3, it is desirable for insulating windows in cold climates to achieve a
selective behavior in the transmittance of EM waves. Ideally, solar energy should be transmit-
ted and mid-infrared radiations reflected, thus reducing the heating needs in buildings. To
predict the amount of light that is passing through an object, it is needed to understand the
interaction between light and matter. This can be achieved by solving Maxwell’s equations for
EM waves. The four Maxwell’s equations are shown as a schematic drawing in Figure 4.1 and
are explained below:

(1) Gauss’ law: the divergence of an electric field is proportional to the local density
of charge p.

(2) Gauss’ magnetism Law: the divergence of the magnetic flux density is equal to
zero, meaning that magnetic monopoles do not exist.

(3) Faraday’s Law: a time-varying magnetic field induces a spatially varying electric
field.

(4) Ampere’s law (with Maxwell’s addition): a variation in time of a electric field or a
flowing electric current J will induce a rotational magnetic field.
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Figure 4.1: Illustration of Maxwell’s equation in differential form: (1) Gauss’ Law, (2) Gauss’
Magnetism Law, (3) Faraday’s Law and (4) Ampere’s Law.
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Figure 4.2: Visualization of the Yee cell and leapfrog time-stepping for (a) TM_ and (b) TE,-
mode. An unit cell of Ax by Ay is called a Yee cell. The E, components are calculated at a

distance Ax and Ay, the H components are located in the middle of the cell (in between the E
components). Illustrations are taken from M. Meier thesis (15]

For isotropic media, the relationship between the electric displacement field D and the electric
field E or the magnetic flux density B and the magnetic field H are given as follows:

D=€e¢-E=€,-€y-E (4.1)

B=u-H=p;-uo-H 4.2)
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With € being the permittivity (g, €, the vacuum and relative permittivity) and u the perme-
ability (o, ¢r the vacuum and relative permeability).

Maxwell’s equations can be solved numerically using a finite-difference in time-domain
(FDTD) method. This numerical analysis provides a full-wave solution without any physical
approximation and is often used for the simulation of nano-scale optical devices such as nano-
patterned metallic films for transparent electrodes [56-58] ' As shown in Figure 4.2, FDTD (also
called Yee’s method) consists of using a finite number of grid cells to solve Maxwell’s differential
equations by approximating derivatives with finite differences. In 2D, these equations can
be expressed by the time and spatial distribution of the E and H field in the corresponding
radiation modes TM, and TE:

TM,-mode TE,-mode
E 1[6H H H 1[6E, OE
OF, _1[0Hy OH ] (4.3) 0 Z:_[&__J’ (4.5)
6t €| Ox oy 6t ul by Oox
5H, 1[-0E, 6E, 1 [6HZ ]
== 4.4 =— - 4.6
ot p[ 5y] @4 ot €| oy / (4.6)
6y _1[0E, ot 1[0t
5t  ul| éx 5t €| ox

In TM;-mode (see Fig. 4.2a), the vertical electric field E; at t = (n+ 1/2)A¢ is calculated from
the spatial distributions of H-field (H, and Hy) at r = nAt and the initial value of E; at t = (n -
1/2)At. This is depicted by Maxwell’s third law shown in Equation 4.3. In the next time step (¢t =
2nAt), the H-field is determined from the spatial distribution of E; and Hy,, in the previous
time step (Eq. 4.4). This finite time-stepping process (leapfrog time-stepping) is repeated
as the simulated EM wave travels as a wave package through the structures. An analogous
process is carried out for the TE,;-mode presented in Figure 4.2b where the simulation starts
with a vertical magnetic field H,.

This chapter will first present the structural model used for the FDTD simulation. Its accuracy
will then be validated by comparing it to the literature and experimental measurements. In a
second step, various design parameters are optimized to achieve the optimal selectivity of a
structured coating.
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Side view

Glass Top view

Figure 4.3: (a) Schematic cross-section and (b) top view of a structured coating with w being
the width of one line, t the thickness and p the periodicity of one unit cell.

4.2 Materials and Methods

4.2.1 Numerical simulation

The optical response in transmission and reflection are simulated on a specially designed
High-Performance Computer (32 cores, 256 GB of RAM and high-end 11.2 TFLOPS graphic
card (NVIDIA Quadro RTX 5000)) using a commercial software package from ANSYS Lumeri-
cal® . The general design of the structured coating is presented in Fig. 4.3, where p stands for
the periodicity of the structure, w the width of the lines and ¢ the thickness of the coating. As
shown in Figure 4.4, the simulation consists of a glass substrate (with a fixed refractive index
of 1.52) combined with a thin film of silver with n and k values taken from the literature 5%, A
XY-normal incidence plan-wave source is placed above the structure facing downwards to the
z-direction (purple arrow). The light is polarized in the x-direction depicting the Transverse
electric (TE) mode. Two monitors are placed; one inside the substrate (transmittance) and
one behind the source (reflectance). The structured coating is designed as a unit cell com-
bined with periodic boundary conditions in x and y directions to simulate an infinity array of
openings. The simulated region is described by the orange box and is composed of perfectly
matched layers (PML) at the top and bottom which absorb the EM waves propagating out of
the box.

Since the FDTD method solves Maxwell’s equations with no approximations, the possible
sources of error comes only from the numerical error due to discretization of space and time,
use of artificial PML absorbing boundaries, and error in the broadband material fits. In this
simulation, a mesh size of one-third of the thickness is chosen for high-accuracy simulation
of the conductive film. The PML layer is placed far away from the structure and additional
absorbing layers are added to reduce possible errors. Finally the simulation is divided in two
wavelength range (250 - 1000 nm and 1000 nm - 20000 nm) to improve the fit of the material n
and k coefficients.
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Figure 4.4: Layout Lumerical Software where the large blue rectangle represents a glass
substrate of 4x4 um covered by a thin metal coating. The orange box describes the FDTD
simulation region where the purple arrow is the incoming EM wave. To extend the model to
an infinite array, periodic boundary conditions are used on the side of the model.

Optical values, T, (visible transmittance) and T, (solar transmittance), are calculated based

on Eq. 4.7 and 4.861,62],
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where D, is the relative spectral distribution of CIE Standard illuminant D65, T (A) the spec-
tral transmittance, V(A1) the spectral luminous efficiency for photopic vision and AA the

wavelength interval (in nm).
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-
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where S, is the relative spectral distribution of the global solar radiation AM 1.5 (ASTM G173).

(4.8)

The absorptance can be determined using the conservation law, saying that the addition of
the transmittance, reflectance and absorptance is equal to 1. Finally, the emissivity at 300 K is

calculated using Eq. 4.9.

25
.o ZA:’JSZM BB3pox A(M)AL

(4.9)
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with BB3gk being the distribution of a black body radiation at 300 Kand A(1) =1-T(A1)-R(A).
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Figure 4.5: Schematics of nanoimprint fabrication process. Figure taken from Mitteramskogler
et al. journal paper 63!

4.2.2 Nano-imprint fabrication

A micro-hole array based on nanoimprint lithography was produced in collaboration with
Tina Mitteramskogler from the company PROFACTOR in Austria. The nanoimprint process
used for the replication of the nanostructured is presented as a schematic in Figure 4.5. A wafer
is spin-coated with a photoresist (LORIA) (1) and imprinted using mr-NIL212FC-XP with a soft
h-PDMS/PDMS stamp (2). After oxygen plasma etching (3) and wet chemical etching (4), the
desired coating is deposited by plasma sputtering (5). Through immersion in MF24 A the mask
is lifted-off (6) and the nanoparticles are ready for particle lift-off via wet-chemical etching of
the sacrificial layer. The transmittance is measured using an ultraviolet-visible-near-infrared
spectrophotometer (Agilent Cary 5000) in the wavelength range of 200 - 2500 nm.

(a) (b)

Figure 4.6: SEM images showing the micro-holes array achieved by nanoimprint lithography.
(a) top-down view of the structures and (b) 10.5° tilted of a cross-section. The dashed rectangle
describes the unit cell chosen for the FDTD simulation, it has a size of 3 x 5.2 ym.
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4.3 Results & Discussion
4.3.1 Validation numerical model

Au nano-hole array

As shown in Figure 4.7, the simulation is based on the light/matter interaction of gold nano-
hole array as a function of nano-hole diameter presented by Q. Tong et al.[%. Similar to
their findings, a strong transmittance peak is observed around 1600 nm and rises interesting
questions about the mechanisms responsible for it. In the case of dj,y;, = 500 and 300 nm,
the curves of Fig. 4.7a and Fig. 4.7b are slightly different. This difference might be because
different n and k values are used for the materials. Moreover, small waves appear in the
curves (especially visible for d,o;. = 900 nm) which might be produced by interference at
the boundaries of the unit cell or due to internal reflections within the thick glass layer. This
side-by-side comparison of the transmittance gives reliable confidence in the model and the
simulation code.
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Figure 4.7: Simulated transmission spectra of Au nano-holes array as a function of nano-hole
diameter. Where (a) describes the results from this work and (b) simulations based on article
by Q. Tong et al. 84, The periodicity of the structure is 1000 nm.

Ag micro-hole array

In the second validation step, a micro-hole array produced by nanoimprint lithography is
investigated. SEM images in Figure 4.6 show the resulting structures made by nanoimprint
lithography. The circles (1.9 ym in diameter) are arranged in a hexagonal pattern with a center-
to-center distance of 3 um. The thickness of the film is measured on a different cross-sectional
image and gives approx. 32 nm. The dashed rectangle describes the unit cell used for the
FDTD simulation, it has a dimension of 3 by 5.2 um. Figure 4.8 presents the transmittance
spectra of the measured and simulated samples. It can be seen that, in both cases (full coating
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and structured), the simulation predicts similar transmittance in the visible spectrum as the
fabricated samples. It is shown that the structuring of the silver coating can improve the
transmittance of the sample by up to approx. 20% percentage points in the visible range.

For wavelength above 1000 nm, the simulated data for micro-holes shows less transmission in
the NIR. Two factors could explain this behaviour: (i) the silver on the nanoimprint samples
oxidized during the transport which lowered its conductivity and NIR transmittance; (ii) the
sample was not homogenous over the entire surface that was characterized leading to different
interaction with light.

These results confirm that the model created in the simulation software closely describes the
behavior of light/matter interaction on structured thin film material. The knowledge acquired
during this validation process is further utilized in the next section to optimize the spectral
selectivity of silver coatings.
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Figure 4.8: Transmittance spectra of measured and simulated 32 nm silver thin film coating
compared to a micro-hole array structured film. The simulated model fits closely the measured
data in the visible range and has a slightly higher transmittance in the NIR.

4.3.2 Optimization solar radiation vs emissivity
Perfect electrical conductor nanomesh

A model is first created with a single layer of a perfect electrical conductor (PEC) (infinite
electrical conductivity) based on sqaured geometry presented in Fig. 4.3. The aim is to
investigate the impact on the transmittance of each dimension of the design presented in Fig.
4.3 (linewidth, thickness and periodicity). Figure 4.9a shows the resulting transmittance when
the linewidth w is varied while the periodicity and thickness are kept constant. As w increases
the size of the opening in the mesh diminishes which leads to a reduction in transmittance.
The most interesting aspect of this graph is the transmission maximum located around 2’000
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nm: for a linewidth of 100 and 200 nm the peak is first located at exactly 2’000 nm which
corresponds to the periodicity of the unit cell. Then, it moves to higher wavelengths as w
increases. The 100 % transmittance peak reminds of a absentee layer founds in thin film
interference and/or metamaterial cloaking. For w = 100 nm, high transmittance peaks can
also be seen in the visible spectrum which might be due to resonance effect.

Larger openings allow higher transmittance, however the band selectivity is wider. In contrast,
smaller openings allow for fewer transmission resonance modes, resulting in sharper peaks
and a decrease in the transmission coefficients for wavelengths below the size of the periodicity.
When w reaches 1’500 nm, the transmittance falls under 20% meaning that the opening might
not be large enough for the successful transmission of light.

Figure 4.9b presents the influence of the film thickness on the transmittance. All designs
exhibit a strong maximum at 100% of transmittance around 2’000 nm. As the thickness
increases, this maximum shifts to higher wavelengths and the transmittance cutoff in the NIR
spectrum is more pronounced.
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Figure 4.9: Transmittance spectra of a structured PEC mesh with a square geometry and a
constant periodicity p = 2000 nm. (a) the linewidth w is varied from 100 to 1500 nm (t = 35 nm)
and (b) the thickness t is swept between 10 and 500 nm (w = 500 nm).

Lastly, the periodicity is varied while the p/w ratio is kept at 2.5. The resulting transmittance
is shown in Figure 4.10. Interestingly, the shape of the curves stays constant throughout all
variations and is comparable to the transmittance of nano-hole array presented in the previous
section. As the periodicity (and hence the linewidth) decreases, the maximum of the peak is
blue-shifted. This striking observation means that the transmittance peak could potentially
be tuned by modifying the dimension of the structure to achieve high transmittance in visible
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light and strong reflectance in the NIR. This effect is further investigated in the next section.
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Figure 4.10: Transmittance spectra of a structured PEC mesh with a ratio p/w = 2.5 kept
constant and a thickness of 35 nm. p is varied and w is adapted accordingly to keep the fixed
ratio. The transmission peak moves according to the periodicity.

Agnanomesh

The final design examined in this chapter consists of a structured thin Silver film placed on a
glass substrate. Figure 4.11 presents the transmittance, reflectance and absorptance spectrum
of a 10 nm silver coating and is in agreement with values reported in the literature 5556, The
graph can be divided into three parts:

(i) below 322 nm the refractive index is high, meaning that a strong reflection occurs

(ii) around 322 nm, both n and k coefficients are low and the transmittance depends on the
skin depth: for ultra-thin silver film (10 nm) the thickness of the coating lies below the

skin depth §, meaning that part of the electromagnetic field will propagate through the
metal film.

(iii) above the plasma oscillation (natural frequency of oscillation within the metal at which
free electrons and positive ions may be thought of as plasma) which, for Ag, is located

at 322 nm (3.85 eV) 157, the coefficient k is raising drastically leading to an increase in
reflection.
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The skin depth is defined according to the equation of conductivity%®!:

[ 2
S=. ) —— (4.10)
O AgWHo

in which the conductivity of Agis 0 4g = 6.30x107S/m, uo the permeability of free space and
w angular frequency of current (w = 27¢/A). The resulting skin depth in bulk Ag is plotted in
Figure 4.12.
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Figure 4.11: Transmittance, reflectance and absorptance spectra of a 10 nm Ag coating.
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Figure 4.12: The skin depth of bulk Ag for varying wavelengths of incident light.
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Figure 4.13: Transmittance spectra of two Ag coatings with thicknesses of 10 and 50 nm and
a nanomesh structured Ag film with p = 350 nm, w = 50 nm and ¢ = 50 nm. The structured
coating shows high transmittance in the visible range and decreases significantly in the MIR
region. Both, the global solar irradiance at 1.5 AM and the blackbody radiation are normalized
between 0 and 1 and expressed in arbitrary unit (a.u.) as reference.

As shown in Figure 4.13, two different thicknesses of ultrathin Ag film (10 and 50 nm) are
compared to a nano-structured 50 nm thick coating. Because of the larger thickness in the
50 nm thin film, the transmittance is smaller and the cutoff above the plasma oscillation is
more defined. The optimized nanomesh design shown in blue has a periodicity, linewidth
and thickness of, respectively, 350, 50 and 50 nm. The linewidth to thickness ratio is kept at
1:1 because of manufacturing limitations. It can be seen that the nanomesh exhibits high
transmittance in the visible spectrum which then significantly decreases in the MIR range.
As mentioned before the periodicity of the mesh plays an important role in explaining the
transmission peak around 540 nm. Above this distance, the wavelength of the EM waves
become too large to be transmitted through the mesh structure and are mostly reflected. This
means that the MIR radiation of a blackbody at room temperature (300K) are reflected, leading
to a low emissivity.

More complex interactions are taking place below 540 nm. Full-wave simulations allow to
visualize locally the E-field distributions and can help understanding the behavior of the light
when the size of the structure and the wavelengths become closer. Figure 4.14 shows the E-field
distribution at wavelengths of 363 and 540 nm. At 363 nm, the light is strongly attenuated with
a dip in transmittance. This effect reminds of coupled surface plasmon resonance occurring
on the surface of the mesh grid. It can be seen clearly in the cross-section image (see Fig.
4.14c) where the electric field increases to more than 13 V/m and shows bright resonance
effects on the surface of the film. In contrast, at 540 nm, the EM wave interacts lightly with
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4.3 Results & Discussion

Table 4.1: Visible, solar transmittance and emissivity. The value for single glazing are taken
from AGC!1l,

Design T,y[%] Te[%] €[%] Tele
10 nm Ag 65.8 53.2 35 152
50 nm Ag 29 3.1 1 3.1

Agnanomesh 91.1 78.7 4.7 167
Agnanomesh - 4% 87.1 74.7 4.7 15.9
Single glazing with low-e 84 54 ~35 154

the mesh but does not exceed 3.4 V/m. Moreover, the distribution of the E-field inside the
opening is more homogeneous (see Fig. 4.14b).

A =363 nm Vim b) A=540 nm vim
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Figure 4.14: (a,b)Top-view and (c,d) cross-section of the electric field distribution in V/m
through the mesh at a wavelength of 363 and 540 nm. The edges of the Ag structure are drawn
in white lines. The white crosses indicates the location of the monitor compared to each other.

As presented in Table 4.1, the selective behaviour of the nanomesh results in excellent visible
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and solar transmittance while achieving low emissivity at room temperature. As mentioned
by A. Faist !, a ratio U-value/SHGC allows to evaluate the thermal quality of a glazing: this
quality improves when the ratio decreases. In the case of these simulation, the factor € plays a
role in the determination of the U-value and T, of the SHGC. Hence, the ratio T,/e should be
as high as possible to improve the thermal quality of a glazing.

It should be noted that the low-e coating used in the single glazing consists of a silver thin film
combined with additional anti-reflective layer systems which increases the visible and solar
transmittance. Finally, to equally compare the low-e with the simulation an additional 4%
reflection due to the second glass/air interface (which is not simulated) should be subtracted
from the transmittance. Overall, the optimized nanomesh achieves a sightly improved visi-
ble transmittance and an increase of around 20% percentage points in solar transmittance
compared to conventional low-e coating while maintaining low emissivity.

4.4 Conclusion

In this chapter, the potential of improving the spectral selectivity of thin film by 2D structuring
has been investigated. A numerical model is used to simulate the interaction of an incident
beam of light on a thin metal coating. The amount of light passing through the film is then
monitored by measuring the E-field distributions, which, in turn, gives the transmittance.
The model is first validated by comparing it to other simulations found in the literature and
through the fabrication and characterization of nanoimprint micro-holes samples. It is then
used to optimize the size of silver meshes to achieve high transmittance in the visible range
and strong reflectance in the MIR (low-e). It is found that a mesh size of p = 350 and w = 50 nm
gives outstanding properties and represents a good candidate to achieve high solar heat gain
in low-e coatings. This study opens the pathway to the future production of nano-structured
samples using, for example, e-beam lithography in a clean room to achieve the required
definition in the nano-scale and validate the model presented in this chapter.
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ELECTROCHROMIC DEVICE WITH HIER-
ARCHICAL METAL MESH ELECTRODES

This chapter is based on the submitted journal paper:

Fleury, J., Burnier, L., Lagier M., Shukla S., Manwani K., Panda E. and Schiiler, A.,
2022. Electrochromic device with hierarchical metal mesh electrodes: transmittance
switching in the full spectral range of solar radiation, Submitted to Solar Energy
Materials and Solar Cells

Author contribution for the journal paper:

In this article, JF designed the research with the support of all co-authors. JF con-
ducted the following tasks: methodology, formal analysis, investigation, data curation.
writing—original draft preparation, writing—review/editing and visualization.

Within this chapter, hierarchical metal mesh structures are fabricated for use as transpar-
ent conductive electrodes in electrochromic devices with large-band transmittance switch-
ing. Electrochromic materials (WO3 and Ta:NiO) are deposited by plasma sputtering on
the metal mesh and characterized in a custom-made electrochemical setup allowing in-situ
photo-spectrometer measurement. Electrochromic devices based on the WO3 cathode and
Ta:NiO anode combined with the hierarchical metal mesh are fabricated. The resulting device
achieves remarkable optical modulation in the full spectral range of solar radiation compared
to conventional ITO-based devices. This study paves the way for development of hierarchi-
cal metal mesh-based electrochromic devices which offer high potential for energy savings
through wide band modulation of solar heat gain in buildings in countries with warm and
cold seasons.

5.1 Introduction

Space heating in European countries such as Switzerland corresponds to a share of around
one-third of the total energy consumption ¥, To reduce energy loss, the use of insulating
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Chapter 5. Electrochromic device with hierarchical metal mesh electrodes

glazing belongs to the state of the art in modern as well as retrofit buildings. These windows
achieve high insulation properties by combining multiple glass panes with one or several
low-emissivity (low-e) coatings. Low-e coatings are transparent in the visible (VIS) range
and act as reflectors in the mid-infrared (MIR) range, which reduces energy loss through

thermal radiation 1779,

Due to the coating, solar heat transmitted into buildings is also
greatly reduced which could be desirable in countries with hot, stable climates. However, in
countries with distinctive seasons, a more precise control of the transmittance through window
glazing is desirable. This could be achieved by implementing smart windows with switchable
electrochromic (EC) glazing!"»"?!. EC materials can modulate their optical properties in the
visible and near-IR (NIR) ranges upon application of an electrical voltage. The heating/cooling
and lighting energy loads of a building could thus be reduced significantly by optimizing
the amount of light entering the building, depending on external weather. Several studies
investigated the modulation of electrochromic devices (ECD) in the near-infrared and infrared
region of the spectrum and present promising results [73-811,

Nowadays, EC glazings are conventionally produced by utilizing indium tin oxide (ITO) as a
transparent conductive film (TCF) for electrodes. However, ITO presents a few shortcomings:
it is brittle, has limited electrical conductivity and shows degradation upon cyclic operation 82,
Moreover, its scarcity and high demand are making ITO increasingly expensive ?!!. Because
of its plasma frequency located around 1300 nm, ITO coatings also reduce transmittance
in the NIR spectrum 22!, Knowing that 50% of the solar heat radiation is delivered in the
NIR spectrum 23!, ITO coatings present significantly lower energy saving potential in the
winter period. Metal meshes are promising candidates to substitute ITO because they exhibit
high transmittance in the visible and NIR spectrum, and have excellent conductivity and
mechanical flexibility. What is more, unlike conventional TCE the thickness of the metal mesh
can be increased to improve its conductivity without reducing its transparency. A literature
review of various structures and materials used as metal meshes are presented in Table 5.1. A
figure of merit proposed by Haacke 3 is used to compare the different transparent conductive

films:
H

T,
bu= —52’"’” (103 (5.1)

N
where H = 10 is the exponent proposed by Haacke (which stipulates that the maximum ¢ g
should be optimized for a 90% optical transmission) and T55955, is the visible transmittance at
550 nm.
It can be seen that, so far, the highest figure of merit has been achieved by a hierarchical
structure composed of a nano- and micromesh 84,
In this study, a hierarchical structure composed of a platinum metal mesh and an ultra-thin
tungsten film is used to improve the NIR transmittance and electrical properties of a WO3 /
Ta:NiO ECD. The electrochromic properties are investigated through cyclic voltammetry (CV)
and chronoamperometry (CA) while performing an in-situ characterization of the transmit-
tance with a UV-VIS-NIR spectrometer.
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Table 5.1: Literature review of transparent conductive films and their physical properties.

bn Mesh design Material  Periodicity Linewidth Thickness Tss0nm = Rs Ref.
(10307 (um) (um) (nm) (%) (Q/p)

221 Hole / hexagon® Ag 2 /500 0.1/10 0.03/1 83 0.7 184]
109 Square grid Ag 50 0.607 2000 96.3 6.3 (85]
60.5 Hexagon Cu+AZO 30 1 62 90.6 6.2 (86)
46.5 Square grid Ag 10 1 600 84.3 3.9 (87]
43.7 Film? ITO - - 300 85 45 (88)
12.4 Square grid Ag 300 15 2000 ~78 20 (89)
8.9 Hole Cu 10 1.2 19 83 17.5 [90]
7.8 Hole Ag 10 0.1 300 83 20 (o1]
5.6 Hole Ag 0.590 0.177 20 85 35 92]
3.8 Square grid Cu/Ti 0.7 0.07 40/2 78 22 (93]
2.1 Square grid Cu/Ag 7 0.5 100 > 80 <50 194
0.8 Hole Pt 0.08 0.03 30 75.2 71 [95)
0.4 Nanowire Ag - - 100 65 36 (221

@ hierarchical structure composed of a nano- and micromesh, ” Commercially available

(a) (b) P
Side view
w
it
Glass Top view

Figure 5.1: (a) Schematic cross-section and (b) top view of a metal mesh with w being the
width of each deposited line, t the thickness and p the periodicity of one unit cell.

5.2 Methodology

This section presents the steps that were carried out to (i) produce and characterize transparent
mesh electrodes; and (ii) fabricate ECDs and analyze them.

5.2.1 Manufacturing of transparent mesh electrodes

UV-photolithography is used for the origination of the metal structure. The chosen metal mesh
design is presented in Fig. 5.1 and the process used to produce these structures is outlined in
Fig. 5.2. Before starting the process, 500 um thick 4" soda-lime glass wafers are cleaned in a
Piranha (a solution made of a 3:1 mixture of concentrated sulfuric acid (H»,SO4) with hydrogen
peroxide (H20,)) for 2 x 5 min at 100 °C. A Stiss ACS200 GEN3 modular cluster tool is then used
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Photoresist

Spin l
coating
Glass
(a) (b)
Exposition
+ develop
E-beam

evaporation

—

() (©)

%t-off

(e)

Figure 5.2: Step-by-step outline of the process to produce transparent mesh electrodes using
UV-photolithography. The substrate (a), consisting of soda-lime glass, and is spin-coated
with a negative photoresist (b). The sample is locally exposed to a UV-laser to harden the
photoresist. This is followed by the removal of non-exposed resist (c). A thin metal film is
then evaporated over the sample (d) and, finally, the remaining photoresist is lifted-off in a
chemical bath to produce the mesh structure (e).

to spin coat the negative photoresist AZ ® nLOF 2020 and to develop the wafer after exposition
(Fig. 5.2b and c). The UV exposure is carried out by Direct laser writing at a wavelength of 375
nm with a Mask-Less Aligner (MLA150) developed by Heidelberg Instruments GmbH. Right
after development, a O, high frequency plasma (Tepla 300) is used for 10 sec at 200 W to clean
any residues. Once the wafer is cleaned, metal films are deposited by e-beam evaporation
through a Leybold Optics LAB 600H (Fig. 5.2d). The deposition consists of an adhesion layer
of 10 nm Titanium (Ti) followed by Silver (Ag), Platinum (Pt) or Aluminum (Al). Finally, the
photoresist is lifted-off in a bath of MICROPOSIT™ Remover 1165, leading to the desired mesh
structure on the glass wafer (Fig. 5.2e).

The desired hierarchical structure is achieved by depositing a conductive thin film onto
the micrometric metal mesh. Two configurations are compared in this work: a tungsten
and a niobium-doped anatase TiO» (NTO) thin film. NTO is deposited using a Nb,O5:TiO,
compound target (6 at% Nb, purity: 99.99%). The deposited NTO film is then post-annealed at
823 K for 1 hr (with a heating rate of 3 K/min) in a vacuum (at a pressure of 2.2 x 10~ mbar) 96!,
Deposition parameters for both films are depicted in Table 6.1.
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Table 5.2: Deposition parameters plasma sputtering: the working pressure in the range of 1072
mbar allowed for the growth of a nanoporous coating which is beneficial for ions permeability
in ECDs.

Coating w WO3 Ta:NiO NTO
Target \\Y Nio_ngao‘og Nb205ZTi02
Applied power Direct Current  DC-pulsed RF
Power / W 150 100 120 60
Frequency - - 250 kHz 13.56 MHz
Pulse width / ns - - 496 -
Deposition time 10sec 140 min 180 min 180 min
Thickness / nm 6 200 175 126

Ar / sccm 28 18 62.5 50

0, / sccm - 6 2 -
Ratio O, /Ar - 33% 3.2% -
Pressure / 1072 mbar  0.43 4.1 1.7 1.25

5.2.2 Electrical and optical characterization

The experimental sheet resistance is determined by surface resistivity measurements [’ The
configuration for metal meshes consists of two equal-sized electrodes in close contact with the
mesh on each side of a square sample (the distance between the electrodes has to be equal to
the width of the sample). This configuration ensures for macroscopic sheet resistance, which
means that the size of the square is larger than the periodicity of the mesh. The transmittance
is measured using an ultraviolet - visible - near-infrared spectrophotometer (Agilent Cary 5000)
in the wavelength range of 200 - 2500 nm, combined with an integrated sphere to measure the
total and diffuse transmittance. This allows to calculate haze, which is equal to diffuse over
total transmittance.

5.2.3 Preparation electrochromic layers

The anode (Ta:NiO) and the cathode (WO3) are deposited using reactive plasma sputtering in
a sputter-up configuration of the following targets: tungsten (Kurt J Lesker 99.95 % purity) and
nickel-tantalum (Ni-Ta 91-9 at%) with a diameter of 50.8 mm (2"). The deposition parameters
are presented in Table 6.1. As previously shown 998 working pressure in the range of 1072
mbar is beneficial for ions permeability in ECDs. The EC-layers are deposited on transparent
metal meshes and ITO-coated glass from Delta Technologies (X174, X190, X307). The samples
are masked with square apertures of 14.5 x 14.5 mm to define a fixed area for electrochemical
experiments. The coatings are simultaneously deposited on a single-side polished Si (100)
substrate. This allows to monitor the thickness through a cross-section image, as analyzed by
scanning electron microscopy (SEM, Zeiss GeminiSEM 300). Finally, the porosity is verified
using spectroscopic ellipsometry by comparing the refractive index of the deposited film to
that of the bulk material. 9%-102!
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Figure 5.3: Electrochemical setup designed for optical characterization of EC half devices.
The experiment consists of three electrodes: a platinum mesh counter electrode (CE), a non-
aqueous Ag/Ag* reference electrode (RE) and a glass coated with a transparent conductive
film and WOj3 or Ta:NiO as a working electrode (WE). The electrolyte is kept under an inert
environment during the characterization through a constant flow of nitrogen within the cell.

5.2.4 Electrochemical experiments

As shown in Fig. 5.3, a custom-made data acquisition setup was built to simultaneously moni-
tor the electrochromic and optical properties of the EC coatings. Electrochemical lithiation
consists of a three-electrode cell containing a liquid electrolyte, 1M lithium perchlorate in
propylene carbonate (LiClO4-PC), and connected to a Bio-Logic SP-200 potentiostat/galvano-
stat (accuracy less than 0.5 %). A platinum mesh counter electrode is chosen for its large high
surface area, good electrical conductivity, and robustness. For a non-aqueous electrochemical
experiment, reference electrodes containing water and chloride are problematic!'%!. For this
reason, a non-aqueous silver-silver ion (Ag/Ag+ ) reference electrode is preferred. This refer-
ence is immersed in a solution of 0.01M AgNO3 and 0.1M Tetrabutyl ammonium perchlorate
(TBAP) in acetonitrile 1%, This leads to a potential of 0.54 V, as opposed to that of a normal
hydrogen electrode in water (NHE) 195197 Because of possible oxidation of the films during
the electrochemical lithiation 1%, the electrolyte is first deoxygenated with nitrogen bubbles
for 30 min and then kept in an over-pressured inert environment during characterization
through a constant flow of nitrogen within the cell. The transmittance is measured in-situ
every two seconds using a UV/VIS/NIR Zeiss diode array spectrometer (MCS 601 and 611)

62



5.2 Methodology

which analyses the electromagnetic spectrum from 380 to 2100 nm with a accuracy of +
1% 1091101 Because of strong absorption peaks from propylene carbonate above 1600 nm, the
range is limited from 380 to 1600 nm for data acquisition herein. It should be noted that for
this measurement setup, the reference was taken through the electrolyte and the platinum
counter-electrode, meaning that the resulting transmittance of the sample is overestimated by
at least 8% (reflection of two interfaces air-glass).

Double
sided
WO; tape NiTaO

From
light source

>

To

spectrometer :

l— Glass

Figure 5.4: Electrochemical setup designed for optical characterization of full devices. The
cathode and the anode are glue together with a pre-cut, squared, 0.25 mm thick double sided
tape.

This is not the case for the fully functional ECD presented in Fig.5.4. This setup with a 0.25
mm thin electrolyte allows for characterization over the entire solar spectral range. Solar
transmittance is usually determined over the full solar range from 250 to 2500 nm. As the
maximal range of the spectrometer is 2100 nm, it accounts for 97% of the total solar spectrum,
meaning that an error of about 3% should be accounted for.

Cyclic voltammetry (CV) experiments are carried out with four scan rates (10, 20, 50 and 100
mV/s) starting at the open circuit potential and applying a voltage between the working and
the reference electrode. The current, and thus the ion intercalation, is measured and gives a
"fingerprint" of the electrochemical processes. Chronoamperometry (CA) characterizations
are conducted and give useful information about the switching speed, durability, charge
density and inserted ions for a given voltage sweep.

63



Chapter 5. Electrochromic device with hierarchical metal mesh electrodes

5.3 Results & Discussion

This section is divided into three parts. First, the conductive transparent meshes will be
compared to conventional ITO films. Then, electrochromic coatings are deposited on top of
the conductive layer to create a WO3 cathode and a Ta:NiO anode which are characterized as
individual half devices in the electrolyte. Finally, the two electrodes are combined to work as a
fully switchable ECD.

100 pm

Figure 5.5: (a) Microscope and (b, ¢) SEM images of a metal mesh with a periodicity (p) of 100
um, a line width (w) of 2 um and a thickness (t) of 300 nm

5.3.1 Transparent conductive film

Figure 5.5 provides visual details of the metal mesh through microscope and SEM images. The
resulting structures are well-defined and correspond accurately to the design presented in
Fig. 5.1. Based on this Figure, 7 (the aperture parameter) can be determined as 7 =1 - %. The
theoretical transmittance of the metal mesh can then be approximated by Eq. 5.2.

(rp)?
Tesh = ppz =172 (5.2)

In addition to the metal mesh, the glass substrate which will reflect some light due to Fresnel
losses at the air/glass interface should also be taken into account. This reflection can be
calculated using Eq. 5.3,
R= (Ngiass — nair)i 5.3)
(nglass + Nair)
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5.3 Results & Discussion

Table 5.3: Optical and electrical properties of transparent conductive films. All metal meshes
have an identical aperture parameter 7 of 0.98.

Sample name Material w P Thickness T, T Rscat  Risexp ¢H Haze
(um) (um) (nm) %) (%) Qo) Qo) 1070y (%)
Ref Soda-lime glass - - - 914 90.7 - - - 0.2
ITO10 ITO - - 120-160* 80 73.8 9-15% 107 10 -
1TO20 ITO - - 60-100¢ 73.6 73.7 15-30% 20.8 2.2 -
1TO47 ITO - - 30-60¢ 78.9 777 30-60% 47.5 2 -
NTO Nb,05:TiO, - - 126 63.8 659 - 382 0.03 -
w w - - 6 86.3 86.8 - 2400 0.1 -
Pt-4-200 Pt 4 200 300 869 862 177 259 9.5 1
Pt-2-100 Pt 2 100 300 869 863 177 24.6 10 2.2
Al-2-100 Al 2 100 400 86.5 859 34 4 58.6 2.2
Ag-10-500 Ag 10 500 400 869 863 2 2.6 94.5 0.6

% Data provided by the manufacturer.
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Figure 5.6: Total transmittance spectra comparing various transparent conductive films. All
metal meshes have the same aperture parameter of 7 = 0.98 and are grouped under the blue
line. The solar radiation on the ground is plotted in arbitrary units as reference. The metal
meshes produce a spectrally flat transmittance in the full spectral range of solar radiation.

Taking r1g;455=1.52 for soda-lime-silica glass '), the reflectance is close to 4% per interface.
The absorbance of the 0.5 mm glass substrate is added and the resulting transmittance at 550
nm is 91.3% %%, A theoretical approximation of the total transmittance through the samples
can thus be made:

T=0.91372 (5.4)
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With an aperture parameter of T = 0.98, Eq. 5.4 gives a value of 87.7 %. This result is marginally
higher than the experimental visible transmittance of ~ 86.9 presented in Table 5.3 for the
metal mesh. However, it stays within the + 1 % experimental error of the spectrometer.

Table 5.3 also compares the electrical properties of the various TCFs presented in this study.
The sheet resistance R of homogeneous metal films is calculated with Eq. 5.5, where o is the
bulk conductivity and t the thickness of the film.

1

Ry= — (5.5)
ot

As shown for Ag[113], Al gnd Pl the conductivity of thin metal film remains similar
to the bulk for thicknesses above 150 nm. The sheet resistance of a squared mesh metal film

[116].
R; ca AN thus be calculated by Eq. 5.6 *°":

p 1
—R; (5.6)
T

s,cal = 1—

What stands out in table 5.3 is that the figure of merit of the metal meshes exceeds that of the
most effective ITO coating by nearly a factor of ten. It should be noted that, in the case of the
metal mesh, only a small fraction of the surface is covered by the conductive material. This
means that locally (on a microscopic scale), the conductivity will be non-existent. Depending
on the application this could be compensated by the fact that the contacted material is itself
slightly conductive (i.e. semiconductor) and is enough for the device to work properly. One
way to overcome this issue is to combine an ultra-thin conductive layer under or over the
metal mesh, creating a hierarchical structure to help transfer the electrons through the last
few micrometers. A comparable design was proposed by Gao et al.®*! (see Table 5.1) which
combines a nano and micro-structure to increase the overall conductivity and reaches an
impressive figure of merit of 221. In this work, an ultra-thin conductive layer of Tungsten (W)
and a thin film of NTO are combined to create a hierarchical structure and to improve the
interface compatibility between the mesh and the EC coating.

As can be seen in Figure 5.6, the transmittance of the metal meshes is constant and spectrally
flat over the full spectral range of solar radiation. In contrast to this, the transmittance of
ITO-coated glass decreases significantly for wavelengths above 1100 nm. This attenuation is
stronger for ITO coatings with lower sheet resistance. This cut-off in the NIR is likely due to the
excitation of electrons into a higher energy level within the same band (intraband transition).
This occurs for incident EM radiation above the plasma wavelength A, (1171 'n the case of
ITO, the plasma resonance wavelength is located around 1300 nm (depending on the doping
level) (118! which means that EM radiation above this wavelength is either reflected or absorbed.
An NTO film is selected because of its larger dielectric constant which results in a red-shift of
A, and thus restores transparency in the NIR region '), However, the high transmittance in
the VIS and NIR range of the metal meshes makes them more suited for modulating the NIR
light in an EC setup.
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Figure 5.8: Cross-section SEM images of (a,c) WO3 and (b) Ta:NiO on silicon displaying a
thickness of, respectively, 200 and 175 nm. (c¢) Pt-2-100 metal mesh with WO3 layer focusing
on the metal/semiconductor interface.
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Figure 5.7: Haze factor compared for various sizes of the metal mesh in the visible spectral
range: the smaller the structure, the more it diffracts light and thus haze is produced.

It is worth mentioning that, unlike homogenous thin film, the use of a metal grid pattern can
potentially lead to light diffraction, creating a negative haze effect through the glass. This
concern was assessed by measuring the diffuse transmittance in an integrating sphere and

67



Chapter 5. Electrochromic device with hierarchical metal mesh electrodes

dividing it by the total transmittance, leading to the haze factor. As shown in Fig. 5.7, the
haze increases as the size of the mesh decreases and is stronger for higher wavelengths. A
possible explanation for this might be that the dimensions of the metal mesh are of a similar
magnitude to the wavelength of the incident light, leading to diffraction and scattering effects.
The haze is especially noticeable for the 2 ym wide lines but stays around 2.5 % on average -
which is within the acceptable limit in large-scale production (2 % to 5 % 12%)). The patterning
of coating could also leading to an appearance of interference color effects. The latter appears
often in periodic micro-structured surfaces. In the case of metal mesh with a width of 2 ym
this effect was not observed.
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Figure 5.9: Electrochromic properties of the WO3 cathode in Li-PC measured at -1.25/+0.25
V (vs Ag/Ag*) comparing ITO and the metal mesh: (a) Transmittance spectra in colored and
bleached taken from CA measurements. (b) Cyclic voltammograms at a scan rate of 10 mV/s
where the vertical arrows give the open circuit voltage at which the scan started/ended. (c)
Chronoamperometry curves for 8 cycles of 30 s and (d) its resulting in situ visible transmittance.
Pt-2-100 achieves outstanding transmittance modulation in the NIR spectrum.
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5.3.2 Cathode & anode characterization

As presented in Table 5.3, the highest figure of merit for ITO samples is 10, which is comparable
to the value achieved by platinum meshes. For that reason, the samples ITO10 and Pt-2-100
which have a similar figure of merit are chosen to further investigate TCF in ECDs. As shown
in a previous study!'?!!, a metal film in contact with WO3 could oxidize and drastically reduce
electrical conductivity. A thin barrier layer of tungsten is shown to protect the film from
oxidation. In this work, an intermediate layer with a nominal thickness of 6 nm W is added
between the metal mesh and the EC-coating. This ultra-thin layer is thought to improve the
electrical and electrochromic performances without significantly reducing the transmittance
in the VIS and NIR range (see Fig. 5.6). The W inter-layer could play a role in modifying the
interface from a Schottky (rectifying behavior) to an ohmic contact which greatly facilitates
the switching reversibility in ECDs. As shown in Table 5.3, the ultra-thin W layer has a sheet
resistance of R’ = 2400 Q/sq which is slightly lower than the sheet resistance of a 160 nm
thick WO3 coating (R’ = 5000 Q/sq) 1%, The same tungsten thin film is applied on the ITO10
sample for the WOs3 cathode.

The samples are characterized by SEM, as depicted in Fig. 5.8. The thickness of the films can
be measured in Fig. 5.8a for WO3 and Fig. 5.8b for Ta:NiO and give, respectively, 200 and
175 nm. Fig. 5.8c shows a cross-section image where the Pt mesh and the WOs3 coating are
superposed. The WOj3 film covers the entirety of the mesh and creates a well-formed interface
between the metal and the semiconductor. It can also be seen that a columnar and porous
coating is produced. It is typically formed at higher pressures using plasma sputtering and is
desirable for electrochromic application 981231,

The porosity p of both films can be calculated by using the refractive indices from ellipsometry
measurement and the Lorentz-Lorenz effective medium approximation (EMA) (124].

ni =1\ (n?+2
p=1-P=1-|— ! (5.7)
nf+2 nb—l

with P being the packing density, ny and n,, the refractive indices of the films and of bulk,
respectively, ny=1.93 and n,=2.5 (101 for WO3 and ng=2.05 and n,=2.18 for NiO (1251 Using
Eq.5.7 results in a porosity of 25.4 % for WO3 which corroborates the findings of a previous
work "9 and 7.1 % for Ta:NiO.

The electrochemical characterization of the individual WO3 cathode and Ta:NiO anode is done
using the setup shown in Fig. 5.3. The transmittance (bleached and colored) of WO3 deposited
on ITO10 and Pt-2-100 is compared in Fig. 5.9a. In the bleached state, the transmittance
change in NIR is more pronounced for the metal mesh where the modulation of A T390, is
65.4% compared to 38.8 % for ITO. In the colored state, both samples show a strong absorption
band centered around 1000 nm, which is mostly likely associated with the reduction of Wé* to
WO+ 98,1261 ' A transmittance peak can also be seen in the blue range, a characteristic specific
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to WO3 thin films 127,

A voltammogram at a scan rate of 10 mV/s is depicted in Fig. 5.9b. It shows that, as the voltage
decreases from 0.25 V (vs Ag/Ag"), the current remains close to zero until the voltage drops
below -0.25 V (vs Ag/Ag™). At this point, the current becomes negative - corresponding to ion
intercalation (reduction/coloring). As the voltage increases, the current switches from negative
to positive, undergoes a broad maximum, and reaches zero again at 0.25 V (vs Ag/Ag™). This
represents ion de-intercalation (oxidation/bleaching) (128].

WOs3+xLi* +xe” < LiyWOs (5.8)
bleached colored

The overall behavior of the curve is comparable to a reported CV-diagram of amorphous
WO3 11031241291 " Thjg CV-shape is typical for amorphous and/or nanocrystalline WO3, with
intercalation sites showing broad distribution with different energy levels ?213% Moreover,
the metal mesh exhibits higher overall current density, meaning that, at equivalent voltages,
more ions are intercalated in the EC coating compared to the ITO10 sample. For reactions
related to ion diffusion, the diffusion of Li* ions into/out of the EC film can be determined
based the Randles-Sevcik equation at room temperature 131,

ip=2.69x10°n*2CyvVD*v (5.9)

where i, is the peak current, D* the diffusion coefficient, n = 1 the number of electron, Cy
the concentration of active ion in electrolyte and v the scan rate. The higher the diffusion
coefficient, the larger the contact area and the greater the porosity, leading to faster ion
insertion/extraction.

In the case of WO3, the relationship between peak currents and scan rates appears linear,
meaning that the reaction of the insertion and extraction of ions is a diffusion-controlled
process 132!, The resulting diffusion coefficients are in the order of 1071° - 107" ¢m?/s which
is also similar to reported values?2133-135 [t can be noted that the diffusion leading to col-
oration (intercalation) is higher than the bleaching (de-intercalation). This can be explained
by the fact that both processes are not symmetrical. It is believed that the intercalation of
Li* ions is mostly influenced by the interface between the EC material and the electrolyte,
whereas the de-intercalation is largely governed by ion transport in the film 19!,

Figure 5.9c and 5.9d present the CA experiment where the voltage is switched between -
1.25/+0.25V (vs Ag/Ag™"). As previously seen in the CV diagram, the metal mesh exhibits higher
current density than ITO10 but lower amplitude in the switching range between the bleached
and colored states. It means that ITO10 achieves higher efficiency in switching states. This is
defined (see Eq.5.12) as coloration efficiency (CE) and can be calculated using charge density
(Eq. 5.10) and optical density (Eq. 5.11). A higher CE provides a large optical modulation with
small charge insertion or extraction which increases the long-term stability of the ECD 136!,
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Figure 5.10: Electrochromic properties of the Ta:NiO anode in Li-PC measured at -1.5/+1V
(vs Ag/Ag*) comparing ITO and the metal mesh: (a) Transmittance spectra in colored and
bleached taken from CA measurements. (b) Cyclic voltammograms at a scan rate of 10 mV/s
at which the vertical arrows give the open circuit voltage where the scan started/ended. (c)
Chronoamperometry curves for 8 cycles of 30 s and (d) the resulting in situ visible transmit-
tance.

As presented in Table 5.4, the CE of Pt-2-100 and ITO10 gives, respectively, 12.5 and 36.4
c¢m?/C. These values are comparable to the reported CE for WO3 (14.9 - 140.8 cm?/C) 1371421

Q:fotidt (5.10)

with Q being the inserted charge (C) and i the current (A) .
AOD =1og(Typ/Tyc) (5.11)
CE= z% (5.12)
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where AOD is the change in the optical density, Q is the inserted charge, A the surface and
T, and T, refer to the visible transmittance of the film during the bleached and coloration
states, respectively.

Another important parameter to assess the performance of an EC coating is the intercalation
level (x in LiyWO3) which is dependent on the charge density and indicates the ability of
the film to interleave ions (see Eq. 5.13). In the case of WO3, it reaches 57.5 % and 23.8 %
for respectively Pt-2-100 and ITO10 which stays below the reported value of x = 65 % where
significant non-reversible ion trapping occurs 143/,

QMP

X=—— (5.13)
eAptNy

where Q represents the inserted charge from the CA data, M the molar mass, P the packing
density, e the elementary charge, A the area and t the film thickness.

For the anodic side of the ECD, a tantalum-doped nickel oxide was deposited on both samples.
It has been shown that tantalum doping increases the optical properties of nickel oxide, it
also renders it non-magnetic which enhances its compatibility with industrial large-scale
depositions'*4, Similarly to the cathode, it can be seen that the transmittance (Fig. 5.10a) of
the metal mesh sample exhibits higher transparency in the NIR but transmits less light in the
visible spectrum. The darkening effect for both samples remains relatively low.

In the case of the voltammetry experiment (see 5.10b), the Ta:NiO anode exhibits an opposite
coloring behavior than WO3: the ion intercalation (reduction) is correlated to the bleaching of

the sample and the de-intercalation leads to coloring'4°.

Ta:NiO + xLi* + xe~ — Li, Ta:NiO (5.14)

colored bleached

The CV-curves presented in Figure 5.10b exhibit a smooth transition and can be compared to
other CV measurements on NiO films[146:147! [n these reported voltammograms, a peak in
current density can be seen during bleaching and coloration, but is not entirely visible in the
measurements herein. Figure 5.10c and 5.10d present the CA experiment where the voltage
is switched between -1.5/+1V (vs Ag/Ag™"). As depicted in Table 5.4, the number of inserted
ions is higher in the case of the metal mesh (1.9 % and 0.95%) and the resulting CE (12.1 and
21.3 cm?/C) is lower than that of ITO10. Compared to WOs, the Ta:NiO coating provides less
ions insertion and longer switching speed. A possible explanation might be the fact that film
porosity is lower for Ta:NiO (7.1%), which reduces the mobility of Li* ions. This is consistent
with the rather low diffusion coefficients in the range of 1073 and 10~* ¢m?/s which is less
than the reported values for NiO (10710 cm?/s) 148! A more porous structure could improve
the electrolyte penetration and provide a larger surface area for charge-transfer reactions.
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Table 5.4: Electrochromic properties for the cathode, anode and fully functional ECD. ¢, and
tp give the switching time needed to reach 95 % and DY, DZ the diffusion coefficient for,

respectively, the coloration and bleaching state.

CA Ccv
CE Qins/A  Qoxi/A X t. t, AT, AT, D} D;
cm? mC mC cm? cm?
Electrode (%) ) (8 (%) (%) — —
C cm? cm? s s
Cathode Pt-2-100 125 -45.9 449 575 14 12 61 - 1.6x10°10  1.2x10°10
(WO3) ITO10 36.4 -19 18.5 238 16 12 678 - 3.3x10711  2.4x1071!
Anode Pt-2-100  12.1 -2.78 1.9 1.9 26 22 54 - 1.1x10713  7.0x10714
(Ta:NiO)  ITO10 21.3 -1.24 0.95 0.86 28 24 51 - 7.8x10714  2.4x10714
EC-device Pt-2-100 255 -15.9 14.3 19.9% 18 18 35.7 36.1 - -
107
ITO10 34.8 -10.3 7.4 1294 22 12 33.6 243 - -
5.1Y
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Figure 5.11: UV-Vis-NIR transmittance spectra of the full-device taken from the CA ex-
periment comparing the metal mesh and ITO10 in the bleached and colored states. The
modulation in solar transmittance is significantly larger for Pt-2-100 (36.1 %) compared to ITO

(24.3 %).

73



Chapter 5. Electrochromic device with hierarchical metal mesh electrodes

5.3.3 Electrochromic device

Two fully functional electrochromic devices (ITO10 and Pt-2-100) are fabricated based on
the setup presented in Fig. 5.4. The transmittance of both samples in the bleached and
colored states are compared in Figure 5.11. The black curve represents the transmittance o fa
reference sample with two glass slides and the electrolyte. From this curve, it can be seen that
weak absorption from the electrolyte still occurs at 1700 and 1900 nm, creating a decrease in
transmittance. As mentioned before, the large spectral range of this setup allows to determine
visible and solar transmittance (Eq. 4.7 and 4.8). The light modulation in the visible spectrum
(Table 5.4) is similar for the ITO10 sample (AT,=33.6 %) and the metal mesh (AT, =35.6 %).
In the NIR region, the transmittance of the metal mesh (AT,= 36.1 % is considerably larger
than ITO10 (AT, = 24.3 %). This can be attributed to the higher NIR transmittance of the metal
mesh (as explained in the TCF section). It is worth mentioning that the NIR transmittance
could be further reduced below 10 % by increasing the thickness of the film, as previously
shown 198!,

Figures 5.12a and 5.12b present the voltammograms of Pt-2-100 and ITO100. The sweep
voltage range (-2.5/4 V for the metal mesh and -2.5/2.5 V for ITO) was chosen due to the
stability of the device. It was found that for voltages above 2.5V, the device with ITO would
start to show a brownish coloration, potentially due to a reduction of the ITO layer, leading to
degradation and irreversible damage of the sample 149, A strong peak can be seen during the
bleaching of Pt-2-100. This peak is thought to be related to ion intercalation within the Ta:NiO
layer, which was previously reported for NiO 1461471/ As depicted in Table 5.4, the intercalation
level of Li* ions in Ta:NiO layer is ~ 5x larger compared to bleaching of the anode alone. This
finding suggests that the electrical potential on the anode is higher in the full device and could
be a limiting factor for switching efficiency.

During coloration, several peaks are observed in the device with a metal mesh, and these are
more pronounced at a faster scan rate. These features may be related to the reduction of W8+
— W5* or W>* — W** which results in the blueish coloration of WO53 159, The drop in current
density happening during the bleaching of the metal mesh (Fig.5.12a) might occur from side
reactions originating from the interface between the EC material and the metal mesh, such as
gas evolution or substrate decomposition.

CA experiments are carried out on the electrochromic devices and are presented in Figures
5.12c and d. It can be seen that the coloration speed of the metal mesh (t. = 18 s) is faster than
the one for ITO (t, = 22 s). This effect might be due to an unfavorable interface between the
EC material and the ITO, leading to a decrease in ion permeability.
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Figure 5.12: Electrochromic properties of full devices in Li-PC measured at -2.5/+4 V for the
metal mesh, (a,c), and at -2.5/+2.5 V for ITO, (b,d): (a,b) Cyclic voltammograms at a scan rate
of 10, 20, 50 and 100 mV/s where the vertical arrows give the open circuit voltage at which the
scan started/ended. (c) Chronoamperometry curves for 5 cycles and (d) the resulting in situ
visible and solar transmittance.

As shown in Table 5.4, AQ (Q;,s-Qexs = 2.9 mC/cm?) of ITO10 is rather large, meaning that ir-
reversible incorporation of Li+ ions is taking place. This is a well-known cause for degradation
of EC WOjs thin films ['®!), This degradation can also be seen in the transmittance spectra of
ITO10 where T, and T, slowly decrease after each cycle. On the other hand, Pt-2-100 exhibits a
low charge density difference between the inserted and extracted ions, and the transmittance
stays constant over the 5 cycles. Pictures of the coloration/bleaching process is shown in
Figure 5.13. Further investigation will be needed to determine durability over several hundred
cycles.
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Figure 5.13: Photos of the Pt-2-100 metal mesh ECD during coloration/bleaching process.
First a -2.5 V potential is applied for 30 s leading the coloration. Then it is switched to 4 V
for the bleaching phase. The black circle behind the device is the diaphragm opening to the
spectrometer.
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Figure 5.14: CIE 1931 color diagram with the x, y color coordinates of full devices in colored
and bleached states. Pt-2-100 shows a slightly more pronounced blue tint in the colored state.

Finally, the color diagram of both samples is presented in Figure 5.14. In the bleached state, the
color is similar for both samples. In contrast, ITO is slightly more color-neutral in the colored
state. As presented in Fig. 5.11, oscillations due to interference in the visible spectrum can be
seen for ITO in the bleached state. This indicates a difference in the refractive index between
the layers, which could have an influence on the color of the device. Generally, the blue hue in
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the colored state is less pronounced than in other reported values for WO3 [!%152) This can be
explained by the fact that WO3 is combined with Ta:NiO, which exhibits a slight yellow tint
(complementary color of blue) in the colored state thereby reducing the prominence of the
blue color.

5.4 Conclusion

The aim of the present research was to examine the use of hierarchical metal meshes as a
replacement of ITO transparent conductive electrodes in ECDs. Metal meshes are fabricated
and characterized, they show excellent electrical conductivity and wide-band optical transmit-
tance. WO3 and Ta:NiO electrochromic coatings are then successfully deposited on the metal
mesh electrodes by plasma sputtering, and characterized as separate cathode and anode. Both
WOj3 and Ta:NiO films deposited on the metal mesh exhibit high transmittance, not only in the
visible, but also in the NIR spectrum. Finally, an ECD based on the hierarchical metal mesh
substrate is assembled. The resulting device achieves remarkable optical modulation in the
full spectral range of solar radiation compared to conventional ITO-based devices. This study
opens up the path to hierarchical metal mesh based ECDs which have a high potential for
energy savings through wide band modulation of the solar heat gain in buildings of countries
with varying climates.
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ELECTRONIC PROPERTIES AND ION
MIGRATION OF WO3:MO THIN FILMS

This chapter is based on the published journal paper!'2¢!:

Fleury, J., Burnier, L. and Schiiler, A., 2022. Electronic properties and ion migration
of “in vacuo” lithiated nanoporous WO3: Mo thin films. Journal of Applied Physics,
131(1), p.015301.

Author contribution for the journal paper:

In this article, JF designed the research with the support of all co-authors. JF prepared
all the figures and conducted the analysis of the results as well as the redaction of
the manuscript. JF helped for the XPS and UPS characterization of the sample and
was responsible for the submission process. All co-authors supported in revising and
finalizing the manuscript.

This chapter investigates the potential of electrochromic (EC) glazing by doping the elec-
trochromic coating with molybdenum. It relates the optical and electronic properties of
nanoporous amorphous molybdenum doped tungsten trioxide thin films (WO3:Mo) in the
bleached state and upon lithiation. When such film is used as a cathode in EC devices, the color
neutrality could be improved with respect to pure WO3 and electrochromic transmittance
control could be achieved in the full spectral range of solar radiation. This will help manage
daylight and solar heat gains in building thereby allowing a reduction of energy consumption
caused by heating, cooling and artificial lighting.

6.1 Introduction

EC materials are increasingly used in buildings as smart windows to dynamically control the
heat gains by solar radiation as well as visual comfort and is often seen as the future of shading
in buildings.">1%3 They represent a promising and functional alternative to the traditional
Venetian blind facilitating glare reduction (transmittance below 1%), offering unobstructed

79



Chapter 6. Electronic properties and ion migration of WO3:Mo thin films

views and natural day lighting while, at the same time, reducing the energy consumption for
heating and cooling. As an example, in 2017, space heating was the dominant part of Swiss
energy consumption (239.2 PJ), corresponding to a share of 31.3 % of the total energy (763.4
PJ) (9. An important part of this energy is lost through the building fenestration because of
poor energy efficient glazing which are not adjustable to dynamic climate fluctuations. "8
A modulation of the transmittance in the visible and near-infrared (NIR) spectra improves
the selectivity over the solar spectrum and thus reduces the energy consumption. Previous
studies have reported a NIR-selective electrochromic device by incorporating nanocrystals
into amorphous materials. [79-81

Moreover, it is thought that a combination of molybdenum and tungsten trioxide could
also exhibit a selective behaviour. Pure tungsten trioxide is widely known for its excellent
electrochromic properties and numerous studies have reported positive further improvement,
such as color neutrality by incorporating molybdenum in this material. 1%+

that Mo-doping promotes the coloration efficiency in both visible and NIR regions, !7-16% and

156] 1t was shown

enhances the mechanical properties. 1! Although several investigations have been carried
out on molybdenum doped tungsten trioxide for electrochromic devices, [%8162-166] there has
been little scientific research regarding the lithiation process specifically. The aim of this
study is to investigate the electronic structure and optical properties of Mo doped WO3 using
X-ray and Ultraviolet Photoelectron Spectroscopy (XPS, UPS). In particular, it will focus on
the interactions between lithium ions in the material and their affinity towards tungsten or
molybdenum.

6.2 Methodology

6.2.1 Film Preparation

Reactive sputtering in a sputter-up configuration was used as the deposition method. The
setup consists of five magnetrons and allows for co-sputtering of thin films using two different
direct-current (DC) power sources. The WO3:Mo layer examined in this study was deposited on
silicon and glass substrates from the following targets: tungsten (Kurt J Lesker 99.95 % purity)
and a molybdenum (Codex-International 99.95 % purity) with a diameter of 50.8 mm (2"). The
specific deposition parameters are shown in Table 6.1. A working pressure in the range of 1072
mbar was shown to provide a nanoporosity which is beneficial for ions permeability in EC
devices. These parameters were previously optimized by Lagier et al. and further details about
the setup can be found in a recent publication. [®®! In this work, new samples were specifically
produced for an extensive XPS/UPS measurement campaign to understand the electronic
properties of WO3:Mo and the migration of ions during lithiation.

The lithiation process was conducted in a vacuum chamber connected in-line to the main
sputtering chamber. The setup consisted of a lithium dispenser (LI/NF/1.25/25 FT10 + 10) 167
which was thermally evaporated by a chemical reaction between lithium chromate (Li, CrO4)
and a getter material (Zr-Al 84-16 %). It was shown that pure alkali materials can be deposited
by evaporation with low amounts of residual oxygen and hydrogen.!'®8! The sample was

80



6.2 Methodology

Table 6.1: Deposition parameters. The working pressure in the range of 1072 mbar allowed for
the growth of a nanoporous coating which is beneficial for ions permeability in EC devices.

Mog.1Wp.903

Target W Mo
Applied power DC150W DC120W
Deposition time 3 min 30 sec
Thickness 70 nm

Ar (sccm) 18

O3 (sccm) 6

Ratio O, /Ar 33%

Working pressure 2.9 x 1072 mbar

repeatedly lithiated for short periods of time and characterized between each step. The amount
of lithium deposited was measured with a quartz crystal microbalance and the concentration
was compared to the tungsten content in the film. For accurate assessment, the lithium
content of one evaporated dispenser was determined by inductively coupled plasma mass

spectrometry. (1%

6.2.2 X-ray and Ultraviolet Photoelectron Spectroscopy (XPS, UPS)

XPS and UPS were performed in a high vacuum cluster allowing an in-situ transfer between
the deposition and characterization chamber. This setup allows for the surface to be observed
"as deposited"”, without any contamination which represents a significant advantage since
XPS and UPS are highly surface-sensitive techniques. XPS measurements were performed
on the sample after each lithiation evaporation to understand the electronic state and the
chemical environment. The XPS-setup consists of a unmonochromatized Mg Ka line at 1253.6
eV (12 keV with 25 mA anode current), an energy analyzer (Leybold EA-11) and achieves a
resolution in the order of 1.2 eV. The survey scans were measured at a pass energy of 50.4 eV
and the high-resolution core-level spectra of the elements at 29.9 eV. The spectrometer energy
scale was calibrated with a gold bulk element (99.99 % purity), taking Au 4f7/2 core level signal
at 83.8 eV binding energy (BE) as a reference. [169,170] The pressure in the characterization
chamber was kept below 4 x 10~ mbar during analysis. UPS was used to precisely analyze the
electronic states at lower binding energy (in the range of tens of eV). The setup comprises a
helium discharge lamp with a energy of hv = 21.22 (He I). UPS spectra were calibrated with
the Fermi level measured on the gold reference sample. The resolution is given by the width
of the Fermi level cut-off, which is this case is 0.4 eV. The work function and valence band
maximum were determined from, respectively, the high and low BE cutoff region of the spectra.
Concentrations of the elements and deconvolutions were obtained with CasaXPS software.
The composition of the sample was calculated from the core level signals after subtracting a
Shirley background and using the Scofield derived relative sensitivity factors (RSF).
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6.2.3 Optical Characterization

A variable-angle spectroscopic ellipsometer (SE-2000 from Semilab) was used to determined
the thickness and porosity of the sample. The data were analyzed with "SEA" software using a
Cauchy dispersion law to determine the refractive index and thickness. Transmittance spectra
were measured from 350 to 2100 nm with a Zeiss diode array spectrometer (MCS 601 and MCS
611). The light sources comprise quartz tungsten halogen lamps and ultraviolet fluorescence
lamps with a diffusing panel in the front. Both light sources were connected to a stabilized DC
power supplies to ensure a continuous stability of radiation intensity.

6.2.4 Determination of optical band gap

The calculation of the optical band gap (Eg) for indirect electron transitions in WO3:Mo
was done by means of a Tauc plot (eq. 6.1). The optical band gap can be determined by

)1/2

extrapolating the linear region of (a¢hv)"'“ curve and reading the energy value from the linear

extrapolation and the intersection with the abscissa.

(@hv)!'" = K(hv - Eg) 6.1)

with a being the absorption coefficient, h Planck constant, v light frequency, Eg optical band
gap energy and K a constant. n is related to the type of optical transition of the semiconductor
(n=2 for indirect allowed transition as it is the case for WO3). 171!

6.3 Results & Discussion

6.3.1 XPS

The chemical composition and oxidation state of lithium ions intercalated into WO3:Mo were
studied by XPS analysis. The composition was found to be Moy ;W 9Os. The survey spectra
showed no traces of C adsorbents, thus providing a contamination-free environment on the
sample surface. As reported by Dixon et al.!17?), it is of critical importance to minimize the
surface contamination to achieve high quality surface measurement and, at the same time,
avoiding the use of argon ion sputtering which could lead to a reduction of tungsten and thus
modify the measured spectra.!!”3! Because of their very small photo-ionization cross-section,
core levels due to the intercalated lithium ions could not be observed by XPS. 103!
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Figure 6.1: XPS Core-level spectra of W 4f
doublet. The curves compare the different
nominal concentrations of lithium ions over
tungsten content (cz;;w). For higher concen-
tration, the peaks are shifting to higher BE
and the doublet is broadened, the latter indi-
cating the formation of W>* oxidation states.
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Figure 6.2: XPS Core-level spectra of Mo
3d doublet. The shape of the spectrum at
cri/w = 0.07 has changed considerably, sug-
gesting a higher concentration of Mo®" oxi-
dation states. This phenomenon is further
accentuated with increasing lithium concen-
tration and a new peak appears at lower BE.

As shown in Figure 6.1, the W 4f;,, and W 4f5,, peaks for pristine Moy ;W 903 are located at
35.7 eV and 37.7 which is consistent with the values for Mog ¢g5Wy 9503 measured by Wang
et al.'”, As a comparison, W 4f;/, peak in WO3 was reported to be between 35.3 to 36
eV, [175-179] Figure 6.2 shows the high-resolution spectra of Mo 3ds,» and 3d3/, peaks which are
located, respectively, at 232.7 eV and 235.9 eV. These values are similar to those reported in the
literature for pure MoQj3. [177180-183] The O 1s photoemission peak is presented in Figure 6.3
and is located at 530.6 eV. Vasilopoulou et al. measured comparable values of 530.6 and 530.4
eV for, respectively, WO3 and MoOj3 oxides 184185 which are assigned to the typical W-O and
Mo-O bond. 186187 Ag it can be observed in all three core-level spectra, the lithiation process
causes a general tendency to increase the binding energies. This shift may be explained by the
reduction of W and Mo atoms which could yield abundant mid-gap states and lead to a blue
shift of the Fermi Level. [!63188] Indeed, it was shown that the mechanism by which intercalated
alkali atoms contribute to electrochromic nature of WOj3 exhibits similar behaviour as oxygen
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vacancies. 189191 1t is thus thought that, during the lithiation process, the electronic structure
undergoes specific changes regarding the core levels of tungsten and molybdenum oxides.

XPS-01s O1s
PE =29.925 eV 530.6

Intensity (a.u.)

536 535 534 533 532 531 530 529 528 527
Binding energy (eV)

Figure 6.3: XPS Core-level spectra of O 1s peak. A shift towards higher BE can be seen as the
lithium concentration increases.

Figure 6.4a and 6.4b depict a deconvolution of the WO3 and MoOj3 core-level spectra, obtain-
ing quantitative information on the relative number of W / Mo atoms in their corresponding
oxidation states. The deconvolution in Figure 6.4a was performed using Gaussian-Lorentzian
contributions after the subtraction of a Shirley background. The W 4f doublets were con-
strained by a W 4fs;»:W 4f;,» spin-orbit separation of 2.15 eV!1%? and the areal ratio was set
to 3:4. The full width at half maximum of both peaks were similar, therefore a constrain was
set for all other doublets. In addition to the two major peaks present in the non-lithiated
state, another doublet appeared with increasing lithium content. It is ascribed to the presence
of W* oxidation states which are associated to the blue coloration of the lithiated tungsten
oxide 1%, The small feature at 41 eV is linked to the W 5p3/, core level. In the case of MoOs
core-level (Figure 6.4b), the spectrum could not be subtracted with a Shirley background
because of the close proximity to the W 4d peaks (247 eV), hence a linear background was
used. The W 3d doublets were constrained by a Mo 3ds3;2:Mo 3d5/2 spin-orbit separation of
3.13 eV183] and the peak area ratio was set to 3:2. It can be seen that, even for small amount of
intercalated lithium ions, the shape of the spectrum was modified considerably.
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Figure 6.4: Deconvolution of (a) W 4f and (b) Mo 3d doublet at different nominal lithium
concentration cz;;w = 0, 0.07 and 0.38. Experimental data are displayed in blue dots, contri-
butions of W 4f and Mo 3d peaks in dark and W 5p in light grey. Both non-lithiated spectra
(criyw = 0) reveal a well-resolved doublet, attributed to the 6+ oxidation states. As the lithium
concentration increases, the core levels change in line shape caused by the occurrence of 5+
oxidation states.

To compare the oxidation between the two core level spectra, the contribution of 6+ and 5+
oxidation states were calculated from the relative area under each doublet. The results are
presented as a plot in Figure 6.5. It should be noted that the oxidation states are measured
on the surface of the material (XPS) whereas the lithium content was calculated for the bulk
film (nominal Li concentration). For lithium concentration below c; ;i = 0.07, the lithiation
process appears to occur predominantly in the Mo core level with a up to 25% difference of
occupation states. Therefore it is thought that lithium ions have a higher affinity towards the
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molybdenum atoms. This specific behaviour opens possibilities such as selectively lithiate
one element at a time allowing for an adjustable coloration in electrochromic glazing.
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Figure 6.5: Relative number of tungsten and molybdenum atoms in 5+ state (W>* /W,
Mo°*/Mo;,;) vs. the bulk nominal concentration of lithium ions. The ratio of W>* oxidation
states increases slowly at cr;;w = 0.07 and more significantly at the end of the lithiation
process. In contrast, the number of Mo®* oxidation states increase rapidly at the beginning of
the lithiation and slower towards the end.

6.3.2 UPS and optical spectrometry

In this section, an attempt of describing the relation between the electronic structure and the
spectral absorption of the material will be given using UPS and VIS-NIR spectrometer mea-
surements. First the results from the He I measurements are presented and then a discussion
is held about the energy levels.

Figure 6.6a shows the secondary-electron cut-off region of the spectra. As the number of
intercalated ions increases, the onset edge of the valence band shifts towards higher binding
energies, indicating a decrease of the work function. Figure 6.6b presents the full-range
valence band spectra. The main features between 15 and 3 eV are generally associated to the
oxygen orbitals in WO3 '8193] and MoO5 (185, The peak at approximately 6 eV is assigned to
O 2p derived band and the bump between 12.0 and 14.0 eV corresponds to the hybridized
W 4d and Mo 3d — O2p band. Figure 6.6c shows the valence band edge which is located
around 3 eV below the Fermi level and shifts to 3.4 eV. The pristine WO3:Mo film shows a
pronounced Urbach tail extending down to 1 eV. Since such features was not reported for
crystalline WO3 194 it is thought that large band tail originates from the amorphous nature
of the coating. !'%%! Additionally, two striking features are the peaks around 2.2 and 0.8 below
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Figure 6.6: UPS photoemission spectra of Moy ; Wy 9O3 with varying concentration of lithium
ions crjyw switching from as-deposited transparent to colored state with (a) being the
secondary-electron cut-off region, (b) the entire view of the valence band spectra and (c)

the near Fermi level region.
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Figure 6.7: Plot of the work function at different nominal Li concentration. The work function
declines rapidly with few intercalated lithium ions and then decreases linearly at higher ions

content.
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the Fermi level whose intensity increases under ion intercalation. These peaks match those
observed in earlier studies for WO3 1841961 and MoQs. [185.188,197]

Figure 6.7 shows the evolution of the work function for varying lithium concentration. Initially,
the work function decreases rapidly which may be correlated to the density of donor states
from the increase of 5+ oxidation states. The linear decrease that follows could be caused by
the addition of low electronegative cations in the material. A similar behaviour of the work
function was described by Greiner et al. for WO3 and MoOs3. 197!
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Figure 6.8: Schematic diagram of the energy levels in the valence and conduction band with
increasing ion intercalation. The red and blue stripes describe partially localized states near
the valence band and conduction band edge. The values in orange give the energy of VBE and
in black the optical band gap. The dotted arrows represent the work function (®). The Fermi
level (Er) was set to a fix value of 0 eV.

Figure 6.8 provides an overview of the energy levels in the valence and conduction band for
varying lithium concentration based on the UPS spectra presented in Figure 6.6. The work
function was calculated from the onset value in Figure 6.6a and the valence band edge (VBE)
from the onset in Figure 6.6c. The optical band gap was derived from the transmittance spectra
using the Tauc plot method described in section 6.2.4. It differs from the electronic band gap
from the fact that it represents the threshold for photons to be absorbed, in contrast to the
threshold of electron-hole pair creation. This difference is illustrated by the partially localized
states (Urbach tail) above the VBE and the excitonic states!'% below the CBE. Both are
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6.3 Results & Discussion

described by, respectively, the red and blue stripes in Figure 6.8 and 6.9. For Moy ; Wy 903, the
optical band gap starts at 3.1 eV and decreases to 2.9 eV which is consistent with other studies
reporting values between 2.91 and 3.15 eV for WO3 [19%199,2001 and 2 78 for Mog g Wo.9903. [15¢!
As mentioned before, a shift towards higher BE can be observed (pushing the Fermi-level
closer to the conduction band) which is indicative of the creation of new occupied states inside
the band gap. This phenomenon can be explained by examining the crystal structure of Mo
doped WOj3: pure tungsten and molybdenum trioxide are known to be a defect perovskite-like
ReOj3 octahedral crystal structure surrounded by six oxygen atoms. 171201,292] This structure
was demonstrated through first-principles density functional calculations 2320 and also
holds true for the short-range amorphous metal oxides like WO3 and Moj thin films. 2%°! This
specific crystal structure and electric fields give rise to a split of the W 5d and Mo 4d orbitals
into partially delocalized t2¢ and eg levels. The created orbitals are located near the edge of
the conduction band and within the band gap, near the Fermi level. 71!

- Occupied VB \wss Unoccupied CB

T~ Occupied mid-gap states

Nom. Li concentration (c i)

Figure 6.9: Energy level schematic of lithiated Mog 1 Wy.9O3 with O 2p, Mo 4d and W 5d bands.
First the Mo®" gap states are preferentially filled with the electrons from the lithium ions. In a
second phase, the W°* gap states are filled.

As shown in Figure 6.9, in pristine WO3:Mo, the O 2p band is filled and the conduction band is
empty, the optical band gap is thus wide enough to render it transparent. At the initial stages
of lithiation (cz;yw = 0.07), charges are preferably transferred from lithium to molybdenum t,¢
bands of Mo 4d leading to the reduction of Mo®* to Mo®*. As observed previously in UPS, this
is energetically favorable because the corresponding t»¢ states have higher BE in Mo than W.
This might also be related to the smaller extent of the d orbitals of Mo relatively to W meaning
that the Li electrons are more confined near the Mo than the W ions. This is in agreement
with the formation enthalpies from oxides obtained by Matskevich et al. 2%, The creation of
these mid-gap states in the oxide’s electronic structure leads to a wide absorption peak due
the Mo-Mo (d-d) transition. The wide absorption maximum is located in the visible spectra
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with a energy around 2.2 eV (560 nm) providing color neutrality. The optical absorption is
strong due to sufficient overlapping of bonding and anti-bonding wave functions leading to
high oscillator strengths. During this first stage of lithiation, the Fermi level is shifted towards
the conduction band, as it occurs for n-type semi-conductors. 297!

At higher Li concentrations, W8* ions are more numerous than the Mo®* ones, which suggests
a reversing mechanism where the t¢ bands of W 5d are successively filled, creating another
mid-gap band and an absorption peak between 1.3 and 0.8 eV (950 and 1550 nm). This leads
to a shift of the overall absorption maximum towards higher wavelength. These observations
are compatible with the model proposed by Greiner et al. and Vasilopoulou et al. for WO3
and MoQ3. 981851971 A5 demonstrated in the past for molybdenum 28! and tungsten 299 the
occurrence of two bands within the gap also happens when reduced and when doped with
hydrogen. Therefore this effect is not related to the nature of the dopant but rather to that of
the materials.

The selective reduction of W and Mo, could potentially be used to build color neutral elec-
trochromic glazing with tunable light transmittance in the visible and NIR spectrum. It is
therefore especially interesting to investigate bilayer configurations and characterize the
behaviour of each layer.

WO, 1200 nm
ITO ITO

Glass Glass

Bilayer 1 Bilayer 2

MoWO, WO, 600 nm

WO3 600 nm
ITO

Glass Glass

Figure 6.10: Cross-section schematic of the four combinations chosen to study the propaga-
tion of lithium in the material. The two configurations on the upper half are used as reference
and the two at the bottom are the investigated bilayers.

6.3.3 Lithiation bilayers

To further investigate the propagation of lithium ions in the material, four type of samples
with different configurations were prepared. As show in Figure 6.10, Moy ; Wy 903 and WO3
layers were deposited on glass and ITO with alternating layers sequence. The first sample
consists of a single layer of WO3 and the second one, of a single layer of WO3:Mo. Bilayer 1 and
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2 are double layers of each material with, respectively, WO3:Mo or WO3 on top. All samples
were then dry-lithiated in vacuo and the optical transmittance was measured for bleached
and colored states (see Figure 6.11). It can be seen that both bilayer samples exhibit relatively
similar transmittance spectra no matter which material is on top of the device. The optical
density in the visible range (OD ;) for WO3, WO3:Mo, Bilayer 1 and 2 was, respectively, 1.57,
1.93, 1.72 and 1.59. The most striking distinction can be found in the visible range of the
spectra in the colored states where pure WO3 feature a sharp peak around 400 nm and a strong
absorption in the NIR compared to the other samples. It is therefore likely that, in the case
of bilayer 2 (WO3 on top), the lithium ions diffuse through the WO3 layer thanks to its high
nano-porosity and columnar morphology. ®® These findings also support the idea that Mo
induced states have lower energy and act as a trap for the electrons.
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Figure 6.11: Spectral transmittance of the four investigated samples in bleached and colored
states, where the right side shows a magnification of the curves in colored state. Bleached
samples show oscillations due to interference fringes. Upon lithiation, all samples show
similar transmittance with the exception of pure WO3; which strongly transmits in the blue
and absorbs in the NIR range. Bilayer 2 (with pure WO3 on top) shows a VIS absorption in the
blue range, which is characteristic to the WO3:Mo layer.

6.4 Conclusion

The present study contributes to existing knowledge on electrochromic material by providing
XPS, UPS and optical characterization of Moy ; Wy 9Os. It was shown that Li ions preferably
fill the molybdenum 5+ states (energetically lower) and then, at higher concentration, the
tungsten 5+ gap states are filled with a up to 25% difference of occupation state. The optical
transmittance spectrum is in agreement with this statement and show a gradual rise in absorp-
tion in the amorphous molybdenum-doped tungsten trioxide film. The absorption band is
first located around 550 nm (2.25 eV) and progressively shifts towards higher wavelength, up
to 800 nm (1.55 eV). This variation in light absorption can be associated to the intercalation
of lithium ions in newly formed partially delocalized t>g mid-gap states. It was found from
the UPS spectra that,upon lithiation, the VBE shifts to higher binding energies which leads
to a decrease in the work function. Finally, it was shown that lithium ions are able to diffuse
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through the WOs; in a bilayer configuration due to the high nano-porosity and columnar
morphology of the coating. To the best of our knowledge, this is the first time that the lithiation
process and more specifically the lithium affinity for WO3:Mo is investigated by means of
in-situ photoelectron spectroscopy. These findings could pave the way to future applications
such as color neutral electrochromic windows with dual-band modulation of visible and NIR
light. A natural progression of this work will be to investigate the practical application of
WO3:Mo as an electrochromic layer in a working device.

92



74 CONCLUSION

This chapter summarizes the highlights of the thesis and presents the contributions
that this work has provided in regard to the research questions proposed in Section
1.5. Finally, an outlook provides suggestions about a multifunctional smart window
design and further research directions.

In this doctoral thesis, the potential of reducing energy consumption by improving architec-
tural glazing is studied. It is shown that commercially available low-e coatings in insulated
glass unit (IGU) improve the energetic performance of the window but also have shortcomings.
The main idea of this work is to look for solutions to overcome these disadvantages using
laterally structured conductive coatings. This led to the first scientific question:

"How do EM waves interact with different designs of laterally structured conductive
coatings and what are potential applications?"

It is demonstrated that metal coatings can be structured into patch arrays or mesh structures.
These designs share similar physical properties where the patches act as a high-pass filter and
the meshes as a low-pass filter. This translated into two specific applications: a microwave
transparent window using patch arrays and selective high solar gain glazing using a mesh
design.

Regarding the first application, several studies have been done on the topic of microwave
transparent glazing but some questions remained open, one of them being:

"How much are centimetric waves attenuated by a window with a structured coat-
ing and how do these waves propagate inside a building?"

As presented in Chapter 2, a patch array with small cell periodicity and narrow engraving
width are preferable for high transmission of microwaves in the range of 26 - 40 GHz while
maintaining thermal insulation. It is shown that the thickness of the glass pane and the air
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gap distance play an important role in the position and bandwidth of the transmission peaks.
Afield test experiment done at the SolAce unit in NEST, Diibendorf showed a highly directional
propagation of EM waves from mobile telecommunication inside buildings (see Chap. 3). This
suggests that a large part of a glazing facade should be laser-treated to achieve optimal signal
for mobile communication. Overall it is shown that novel laser-treated coating is especially
advantageous in the building sector to improve the quality of wireless networks which will
become increasingly important for the Internet of Things and = 5G mobile technology.

Concerning the second application, the understanding of the interaction between an incoming
beam of light and matter is crucial to predict how a structured coating will transmit the EM
wave:

"How does the transmittance of a light depends on the dimensions of the structure?”

A full-wave simulation using FDTD is presented in Chapter 4. This method provides the
E-field distributions of the EM waves by solving Maxwell’s equations, giving the transmittance
of an incident plane wave after passing through the structured coating. The model is first
compared to results published in the literature and validated using samples produced by nano
imprint lithography. Various parameters (linewidth, periodicity and thickness) are optimized
to achieve high transmittance in the solar spectral range while reflecting infrared radiation in
the MIR spectrum.

The resulting structured coating increases solar heat gains and thus helps reduce the space
heating energy in buildings during cold months. However, the risk of glare and overheating
increases considerably. For that reason, adaptive solar protection such as electrochromic
windows is studied and leads to the last scientific question:

"How can electrochromic devices be improved to be used as adaptive solar protec-
tion?"

In Chapter 5, hierarchical metal meshes are introduced in place of ITO transparent conductive
electrodes in electrochromic devices (ECDs). Metal meshes achieve low sheet resistance and
large-band transmittance allowing for remarkable optical modulation in the full spectral range
of solar radiation compared to conventional ITO-based devices. Moreover, the electronic
structure of electrochromic material (tungsten trioxide) is investigated in Chapter 6. It is
shown that the color neutrality and broadband modulation of the spectral transmission
can be improved by doping WO3; with Molybdenum. In-situ Photoelectron Spectroscopy
measurements reveal that the coloration mechanism is related to the reduction of W% to W>*
and Mo®* to Mo®". In the initial stages of lithiation, Mo is preferably reduced followed by the
reduction of W which could provide a dual-band modulation of visible and near-infrared light.
Both of these findings pave the way for next-generation EC devices with color neutral and
broadband modulation of the solar spectrum and provide a high potential for energy savings
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by controlling the solar heat gains in buildings.

7.1 Outlook

The work presented within this thesis proposed individual suggestions to improve the func-
tionality of insulated glazing. Some questions remains open on the application side, e.g. where
do we still need improvement, how to manufacture and what is the balance of cost and benefit.
In the following, an design is provided on a multifunctional smart window that is particularly
effective for seasonal modulation of the solar radiation in buildings.

As shown in Figure 7.1, this proposed glazing consists of a metal nanomesh similar to the
one studied in Chapter 4. The transparent conductive layer acts as a conductor in the last
hundreds of nanometers and, at the same time, as a selective coating to reflect the MIR. A
larger micrometric metal mesh is added on top of the nanomesh to achieve high conductivity
on large-scale devices while keeping a high visible transmittance. In that sense, the linewidth
of the mesh should remain below 10 um to ensure that the structures are not visible to the
bare eye. As explained in Chapter 5, an ultrathin metal layer is then added on top the hybrid
meshes to improve the interface with the electrochromic layer and to protect the metal mesh
from degradation. A enhanced electrochromic coating based on doping of tungsten trioxide
(see Chapter 6) is evaporated above the hierarchical structure and acts as light modulator for
adaptive solar protection. A solid ion conductor is placed above the EC layer and the same
process is then repeated to produce the ion storage on top of the existing multilayer. Both, the
EC layer and ion storage can easily be interchanged.

... TN

lon storage
Solid ion conductor Thin film
EC layer
Micromesh
Glass Nanomesh

Figure 7.1: 2D cross-section combining multiple hierarchical structured layers for multifunc-
tional electrochromic application.

The combination of these technologies results in an electrochromic window with a full solar
spectral range, color neutrality, fast switching speed, and low emissivity in the MIR resulting in
excellent thermal insulation. This multifunctional glazing thus represents an ideal candidate
for the modulation of solar heat gain in varying climates.
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At the same time, it also rises several further research questions regarding large-scale manu-
facturing of nanometric structures. Nowadays, sample production in the nanoscale is mostly
limited to the size of silicon wafers used in the clean room environment. Promising technolo-
gies such as gravure printing (micrometric scale) and nanoimprint lithography (nanometric
scale) are closing the gap towards large-scale manufacturing and represents promising meth-
ods for producing the proposed design.
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