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Introduction

To improve the standard of living in our modern society, research can be devoted to trans-
parent conducting materials. They are relevant in many sectors, such as health, safety,
communication, energy, comfort, and entertainment. One prominent example of techno-
logical applications are smart windows, which become smart by adding electronic features
to glass. Some applications are windows with variable light transmission, involving on
demand or automatic switching from clear to dark, automobile windshields that project
a virtual image containing important road information, automobile windshields contain-
ing transparent heaters, and windows incorporating photovoltaic cells for electric energy
production [1]. Furthermore, the increasing demand for foldable and wearable electronics
has led to a need for flexible optoelectronic components. Some applications include skin
sensors for healthcare, foldable screens for smartphones, rollable electronic papers, and
large-sized curved screens to improve side vision. Other important characteristics for the
production of optoelectronic devices are raw material and production costs, scalability of
the fabrication method, stability and environmental friendliness of materials.

Independently of the targeted optoelectronic device, a common crucial component in all
examples cited above is a transparent electrode; allowing light to enter or leave the device,
while ensuring a good electrical conductivity between the active layers and the external
circuit. The real challenge is to combine optical transparency and electrical conductiv-
ity in the same device, since highly optically transparent materials (glass, plastic) are
insulating, while highly electrically conducting materials (silver, gold) are opaque.

Optoelectronic components are made of active layers sandwiched between two electrodes.
To ensure a good transmission in the visible spectral range while ensuring a sufficient
electrical conductivity, two approaches are possible to replace the usually opaque elec-
trode at the top of the device. The first possibility is to strongly dope highly transparent
semiconductors, which are called Transparent Conductive Oxides (TCO). The other solu-
tion is to start from highly conductive metals and to make them transparent by reducing
their dimensions. Examples belonging to this second approach are Ultra Thin Metallic
Films (UTMF) and Metallic Nanowires (MNW). The bar graph displayed in Figure 1
shows the annual publications involving the keywords “Transparent electrode” between
2010 and 2019. The increasing data, reported by Scopus citation database, show that
transparent electrode is a current research topic.
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Figure 1: Number of publications concerning the keywords “Transparent electrode”
reported by Scopus citation database.

The active layers sandwiched between the electrodes can be either made of organic or
inorganic semiconductors. Inorganic semiconductors have been extensively studied and
implemented in optoelectronic devices thanks to their long lifetime, brightness, efficiency,
and color purity, but present a rigid character [2]. Organic semiconductors, like con-
ductive polymers, recently emerged due to the increasing demand for flexible devices.
In addition to being flexible, organic materials are low cost and compatible with large-
scale manufacturing. Nevertheless, they suffer from oxidation and temperature-induced
degradation. Another approach to meet the flexibility requirements, is to grow ultra-thin
inorganic semiconducting layers by epitaxy and to transfer them on flexible substrates.

In view of transparent electronic components, the semiconducting active layers must
also transmit a high percentage of the incident light. In the category of n-type inor-
ganic semiconductors, TCO present the best compromise between good conductivity and
transparency. Unfortunately, the lack of p-type TCO, delays the emergence of transparent
inorganic optoelectronic components based on pn-junctions |[3].

An interesting combination of p-type and n-type inorganic semiconductors that is cur-
rently studied is the CuyO-ZnO pn-junction, made of transparent aluminum doped zinc
oxide and yellowish magnesium doped cuprous oxide [4]. These materials exhibit a good
transmittance thanks to their wide gap compared to other inorganic semiconductors.
Their conductivity is enhanced by substitutional doping. This pn-junction can, for ex-
ample, be used as a solar cell, in which electron-hole pairs are generated to generate a
current, or as a light-emitting diode, in which the recombination of electron-hole pairs
generates light. A schematic illustration of this type of junction acting as a solar cell is
shown in Figure 2. The electrodes, made of a thin metallic copper layer and a transparent
conductive material like Indium Tin Oxide (ITO), are fabricated at the top and bottom
of the active layer to collect the excess carriers and produce a current in the external
circuit.
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Figure 2: Schematic of the structure of a solar cell [5]. The goal of this thesis is to
fabricate the Cu,O layer by magnetron sputtering and to replace the opaque copper
electrode by a transparent network of silver nanowires.

The goal of this thesis is to fabricate the upper part of the solar cell displayed
in Figure 2. While the Cu,0O layer will be deposited on the glass substrate
by magnetron sputtering, the upper electrode will be made of a spin coated
transparent network of silver nanowires. The advantage of a silver nanowire
network, compared to other types of transparent electrodes like UTMF or
TCO, is its possibility to be integrated in flexible devices.

At first, the silver nanowire networks and the Cu,0O films will be treated in-
dependently. The parameters chosen during the deposition processes are the
keys to achieve good quality layers. Their optical and electrical properties will
be measured and compared to results found in the literature. Finally, both
layers will be assembled in order to better understand the physical mecha-
nisms occurring at the interface between the electrode and the semiconductor.

In the introductory chapter, we give an overview of Transparent Conductive Materials
(TCM) that can be used as transparent electrodes. Firstly, we describe the physical
principles that are responsible for the electrical and optical properties of metals and
semiconductors. Then, we discuss how to assess the performances of a transparent elec-
trodes and thin films, since a compromise must be made between optical transparency
and electrical conductivity. Specific attention is devoted to the influence of doping on
the electrical and optical properties of TCO, which can be used both as transparent elec-
trodes and active layers. The impact of the metallic film thickness on the optoelectric
properties of UTMF is also discussed. Finally, the advantages and drawbacks of a silver
nanowire network are compared to TCO and UTMF. A wide range of applications of
silver nanowire electrodes is presented to show that they are promising candidates to
replace TCO and UTMF in view of flexible transparent optoelectronic devices.
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The second chapter presents the state of the art of silver nanowire networks. We start
by explaining how to synthesize long-aspect ratio silver nanowires and how to fabricate
a silver nanowire network by spin coating. Understanding the spin coating process is im-
portant, since the fabrication process affects the quality of the resulting network. After
that, we give a brief introduction to percolation theory, in order to define the percola-
tion threshold. This threshold is crucial, since it determines whether the network will be
conductive or not, hence whether the network can be used as an electrode. The main
parameters affecting the electrical and optical properties of the network are the nanowire
network density and the nanowire size. A theoretical study is performed to predict which
nanowire network density should provide the best compromise between optical trans-
parency and electrical conductivity. We end this chapter by explaining how to improve
the conductivity of the silver nanowire network by post-deposition thermal annealing.

In the third chapter, we compare various physical vapor deposition methods for the
fabrication of thin films. Several methods are presented in detail to justify the choice of
Radio-Frequency (RF) magnetron sputtering of CuyO. Specific attention is devoted the
sputtering parameters and conditions, as they greatly influence the structural, optical,
and electrical properties of the thin film.

The fourth chapter deals with geometrical, electrical and optical characterization tech-
niques that will be used in this work to assess the properties of the Silver Nanowires
(AgNW) networks and the CuyO films. To better understand the working principle of
the scanning electron microscope, which will, for example, be employed to compute the
network density of the silver nanowire networks, we address the electron-matter interac-
tions and the choice of secondary electron detector. For the electrical characterization
using a 4-point measurement and the optical characterization employing a spectropho-
tometer, we explain on which physical principles the method is based.

The experiments carried out in the framework of this thesis are presented and discussed in
the last two chapters. In Chapter 5, the silver nanowire networks have been spin coated
on glass to optimize the deposition process and to test the post-deposition annealing
technique. An optical, electrical, and morphological characterization of the networks is
performed using the methods described in Chapter 4. SEM images allow to make the
link between the theory described in Chapter 2 and the optical and electrical properties
of the networks.

In Chapter 6, we justify the choice of the sputtering parameters to fabricate the CuyO
films based on the theoretical considerations presented in Chapter 3. The spin coating
process yielding the best compromise between optical transparency and electrical conduc-
tivity on glass is then applied to these undoped Cu,O films. SEM images are exploited
to better understand the interdependence between the nanowires and the underlying
substrate, and their impact on the optical and electrical properties of the network. In
the second part of this chapter, silver nanowires are spin coated on Cuy,O:Mg. Both
film types have been tested, because the wetting properties, the roughness, the chemical
composition, and the conductivity of the virgin films also influence the properties of the
network. To conclude, we look back on the advantages and drawbacks of fabricating a
silver nanowire network by spin coating and thermal annealing to give direction on how
to improve the quality of the network.



Chapter 1

Topical background

In this introductory chapter, we discuss the electrical and optical properties of mate-
macroscopic and a microscopic point of view. We make the link between
these properties and the materials electronic band structure, and explain how to compare
the performances of various TCM. Then, for each type of TCM, fundamental princi-
ples, advantages and drawbacks are discussed. We end this chapter by mentioning their
implementation in technological applications, such as light emitting diodes, solar cells,
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transparent heaters, and smart windows.
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1.1 Characterization of materials

Materials can be divided into three categories: conductors, insulators and semiconductors.
By contrast to conductors, insulators exhibit a poor conductivity. Furthermore, whereas
conductors such as silver and gold are opaque, most famous insulators like glass and
plastic are transparent. Semiconductors exhibit properties in between conductors and
insulators. To better understand the origin of these properties, we can make use of band
theory.

A simplified version of the electronic band structure of conductors, semiconductors and
insulators is presented in Figure 1.1. Two scenarios are possible for conductors: the
valence band is partly filled and the conduction band is empty, or the valence band is
entirely filled and overlaps with the conduction band. The second scenario is illustrated
in Figure 1.1. In both cases, electrons are free to move when the material is subjected to
an electric field. These free electrons are responsible for the high conductivity of metals.
In insulators, electrons cannot move because the valence band is completely filled. The
conduction band is empty since the band gap between both bands is much larger than
external energy that could promote an electron form the valence band into the conduction
band. Therefore, insulators exhibit a low electrical conductivity. Finally, semiconductors
have a smaller bandgap than insulators. This allows an electron in the valence band to
be thermally, electrically, or optically excited in the conduction band, while leaving a
hole in the valence band. In the end, both charge carriers enhance the conductivity of
the semiconductor.

Energy
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Figure 1.1: Difference in band structure between a conductor, a semiconductor and an
insulator. Illustrations found on www.electricaltechnology.org.
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Electrons must respect the Pauli exclusion principle, stating that two electrons can never
be in the same quantum state. The probability that a particular state of energy E is
occupied by an electron is given by the Fermi-Dirac distribution function

1
E—Ep\
Lrexp | =7
B

where Fr [eV] is the Fermi level, kg [m?kgs 2 K™!] is the Boltzmann constant, and T
[K] is the temperature. At 0 K, f(E) = 1 for £ < Ep and f(E) = 0 for E > Ep,
meaning that all states having energies less than the Fermi level are occupied, whereas
states higher than the Fermi level are empty. In conductors the Fermi level is located in
the conduction band, while in insulators it is located somewhere within the band gap,
where no electronic states are available. In an undoped, intrinsic semiconductor, the
Fermi level is located approximately in the middle of the band gap.

f(E) = (1.1)

Because the electronic band structure depends on the interatomic distance, band theory
is also able to explain the optical properties of materials. When light strikes a material,
photons are absorbed if they have enough energy to promote an electron from a lower
to a higher energy state. Hence, photons with energies greater than the band gap are
absorbed, while the others are transmitted as if the lattice were transparent. This explains
why wide band gap materials such as insulators appear transparent, whereas conductors
look opaque. In a metal, electrons can be excited from many different filled levels and
decay back to many empty levels. Hence, light of varying wavelengths is absorbed and
emitted, resulting in the shiny appearance of metals.

1.1.1 Electrical properties

Ohm’s law states that when a voltage difference V' [V] is applied across a conductor of
length L [m], it creates an electric field £ [Vm™!] and a current density J [A m~2| that
is proportional to the voltage difference, i.e.

v
—gFE =0— 1.2
J=o0 OL, (1.2)

where o [Q7'm™!] is called the electrical conductivity [6]. Because the current density is
J =1/S, where I [A] is the current and S [m?] is the cross section of the conductor, the
voltage difference writes

L
=—J]=RI 1.
where v I I
p
—_—— = 1.4
i I oS S (1.4)

is Pouillet’s law. The quantity R [Q] is called the electrical resistance and p = 1/0 [Q m]|
is termed the electrical resistivity.
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Like the electrical resistance, the electrical resistivity is used to quantify the opposition of
the current flow. However, while the resistance depends on the dimensions of the material,
the bulk resistivity is an intrinsic property independent of the geometry. We stress out the
word bulk because the electrical resistivity of nanosized materials (thin films, nanowires,
and nanoparticles) depends on dimensions due to increased surface scattering effects with
respect to bulk scattering effects.

Electrical conductivity In terms of microscopic quantities, the electrical conductivity
o of an isotropic semiconductor is given by

0 = nefie + pefp, (1.5)

where e [C] is the elementary charge, n and p [m™?] are the electron and hole concen-
trations, and p, and g, [m* V=!'s7!] are the electron and hole mobilities. The mobility
reflects the easiness for charge carriers to move within the material. It can be expressed

as
€Te
pe=— and pp =—
me my

ETh

, (1.6)

where 7, or 7, [s] is the average time between collisions (also called the carrier relaxation
time), and m; and m; [kg| are the effective electron and hole masses to take the effect of
the lattice on the electron dynamics into account.

From an energetic point of view, the effective mass is inversely proportional to the energy
curvature in the three-dimensional reciprocal k space!. Indeed, for energy bands centered
at k = 0, the energy of an electron near the conduction band minimum E. [eV] and the
energy of a hole near the valence band maximum F, [eV] are respectively given by

hk?
EFk)~FE.+ — 1.
k)=~ Bt g (L.7)
hk?
E(k) ~ B, — ——, 1.8
(k) e (18)

where i = h/27 and h [J ] is Planck’s constant. Hence, the curvatures of the conduction
and valence bands are respectively

d*E(k h d*E(k h

cEk) b g EEKR) R (19)
dk? m} dk? mj
The last relationship indicates that energy bands with a high curvature correspond to
low effective masses, which in turn results in a higher mobility. Generally, electrons are
more mobile than holes because the curvature of the conduction band is larger than the
curvature of the valence band.

IThe reciprocal lattice space represents the Fourier transform of the real /physical lattice space. It is
commonly used in solid-state physics because each wave vector k [m~!] describing the electronic wave
function associated to an electron is a point in the reciprocal space.
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Carrier mobility The overall mobility of electrons depends on several scattering mech-
anisms such as lattice vibration/phonon scattering, ionized impurity scattering, grain
boundary scattering, and lateral surface scattering. The scattering probability dP [-] of
an electron over a time interval dt [s| can be written as
dt
dP(t,t + dt) = p (1.10)
. 7
7
where 7; [s] is the average time an electron can travel without being scattered by a
mechanism of type i. The average time between the scattering by any of the above
mentioned mechanisms is thus given by

1 1
— = —. 1.11
Loyl an

7

Hence, because p. is directly proportional to 7., the overall mobility of electrons writes
1 1
—=> - (1.12)
He i 2%

where p; denotes the mobility of electrons associated to a specific type of scattering.
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Figure 1.2: Schematic of the band energy of an n-type degenerate semiconductor at the
vicinity of a grain boundary. [7]

Grain boundaries are regions where the crystal lattice is disrupted. Electronic defects at
the grain boundaries act as electron traps. Due to the accumulation of trapped electrons,
a space charge appears on both sides of the grain boundary and results in a potential
barrier, as shown in Figure 1.2. Consequently, the carriers can only cross the grain
boundary by thermionic emission, if they have enough energy to go over the potential
barrier ¢ [eV], or by electron tunneling. This makes the transition of electrons between
neighboring grains difficult and thus reduces their mobility.
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1.1.2 Optical properties

As already mentioned, a photon is absorbed by the material if it carries enough energy to
excite an electron from a lower to a higher energy state. The best-known transition is the
direct excitation of an electron from the conduction band to the valence band. However,
other transitions involving higher energy bands, impurity states, or phonons? are also
possible. Consequently, based on a microscopic approach, the absorption coefficient «
[m~!] is defined as follows:

alhv) ~ ZPifninf, (1.13)

where the sum is performed over all possible transitions between states separated by an
energy hv [eV], n; [m™?] is the electron density in the occupied initial states, n; is the
density of empty final states [m~3], and P;; [] is the transition probability [8].

Aside from the need of having an occupied state at lower energy and an empty state
at higher energy, absorption phenomena are governed by energy conservation and mo-
mentum conservation laws. Nevertheless, we may consider the momentum of the photon
negligible with respect to that of the electron since

2
p=hk = i—ﬂ = ﬁ with A > 100nm for photons,
2 A A
2
p=hk = 2w = h with a~5 for electrons,
21 a a

where a [m] is the atomic spacing.

If the conduction band minimum and valence band maximum occur at the same wave
vector k, the smallest energy-transition can be performed by an electron without a change
in k. An electron can go from the valence band to the conduction band or vice versa by
absorbing or emitting a photon of energy hv > E,. We say that the semiconductor has
a direct band gap (Figure 1.3 on the left).

By contrast, if the conduction band minimum is at a different k value than the valence
band maximum, the transition from the smallest energy-transition requires a change in
k, i.e. a change in momentum, and a change in energy for the electron [9]. This type
of semiconductor is called an indirect semiconductor, since the transition of an electron
between the valence band and the conduction band is indirect (Figure 1.3 on the right).

For example, in addition to emitting a photon, the electron can transfer momentum to
the crystal lattice in the form of a phonon, or the electron can go through a defect state
within the band gap. In general, the energy of the electron is given up as heat to the
lattice rather than emitted as a photon. Therefore, optoelectronic devices generally prefer
the use of direct semiconductors.

2A phonon is a quantum of vibrational energy in a crystalline solid.
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Figure 1.3: Band diagram of a direct band gap material on the left, and an indirect band
gap material on the right. [§]

Band gap measurement Once the absorption coefficient is known for a certain range
of wavelengths, the band gap of the material can be determined. The method to compute
this band gap depends on whether the material has a direct or indirect band gap.

It can be shown [10] that, for a direct band gap material, the absorption coefficient «
features a square root dependence on the photon energy hv for photons with an energy
larger than the band gap E, [eV]:

a(hv) = A/ hv — E, (1.14)

with A a constant depending on the properties of the material. Therefore, as shown in
Figure 1.4, o depends linearly on hv for energies above the band gap. Photons with an
energy lower than the band gap are not absorbed because there are no available energy
states between the valence band and the conduction band, provided that there are no
defects states within the band gap. In a perfect crystal, the absorption coefficient is thus
zero below the band gap energy.

Eg hv

Figure 1.4: Illustration of the squared absorption coefficient as a function of the incident
photon energy depending on the band gap of the direct semiconductor.
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For an indirect band gap, the method to determine the band gap is similar, but the
absorption coefficient has a squared dependence on the photon energy and the involvement
of a phonon in the transition requires particular attention. We will not detail this case
since the semiconductor that will be studied in this work (CusO) exhibits a direct band
gap. The interested reader may refer to J. Pankhove’s book on “Optical processes in
semiconductors” [10].

In practice, structural and interface defects have an influence on the band structure of
the semiconductor. The more disorder in a crystal, the shorter the interaction distance
between atoms, and the more the electronic wave functions can overlap. The merging of
a band of defect states with the conduction band leads to a quasi continuum of energy
states, called band tails [10], extending in the band gap. Dislocations, around which
the atoms of the crystal lattice are misaligned, and grain boundaries are at the origin
of localized quantum wells and potential barriers which can trap free carriers [11]. This
accumulation of charges also contributes to the band tails.

As a consequence, extra low-energy states become available, enabling the absorption
of photons with an energy lower than the band gap. This is why, experimentally, an
exponentially increasing absorption edge is measured instead of the theoretical sharp
absorption drawn in Figure 1.4. The value of the band gap EF, can be recovered from the
experimental data by plotting ? as a function of hv and performing a linear regression
on the linear part of this curve. The band gap is then given by extrapolating the linear
regression to the x axis intercept.

The width of the band tails extending in the band gap, also called the Urbach energy FE,
[eV], can be estimated from the following relationship:

E
o = Qg + exp (E—), (115)

where « is the absorption coefficient, oy is a constant, and £ = hv is the photon energy
[12].  When plotting Ina against hv, the reciprocal of the linear fit below the band
gap gives the value of the Urbach energy F,. Since the Urbach energy increases with
increasing structural disorder, it gives an idea about the quality of the semiconductor
(e.g. crystallinity, amount of defects, lattice strain).

Experimental measurement of the absorption coefficient FExperimentally, the
absorption coefficient is obtained by measuring the intensity of light that is transmitted
through the material. Let us consider a material illuminated by a beam of intensity &
[Wm™2]. A first part of the initial intensity will be reflected at the interface, a second
part will be transmitted, and a third part will be absorbed. These fractions of the initial
light beam are respectively called reflectance R = ®r/®( [-|, transmittance T' = $7 /Dy
[-], and absorptance A = ®4/® [-].

Relying on conservation of energy leads thus to the following relationship:

Gy =Py + Pp+ Py

1.16
— 1=T+ R+ A ( )
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The reflectance is obtained by applying Fresnel equations for a normal incident light

beam: )
R= ("_"0) , (1.17)
n -+ ng

where n [-] is the refractive index of the material and ny = 1 is the refractive index of
air. Absorption A [-|, not to be confused with absorptance A, is defined as the ratio of
light intensity entering the material ®y — ®x [W m™2] with respect to transmitted light

dr [Wm_Q]:
Dy — P 1-R

When light is transmitted through a sample, some energy is lost due to the interaction of
photons with matter. According to the Beer-Lambert law, when a light beam of intensity
dy — O penetrates a sample of thickness ¢ [m|, the transmitted intensity is given by

(I)T = (q)() - <I>R) exp (—Ozt) 5 (119)
where « is the absorption coefficient.

By combining (1.18) and (1.19), an expression for the absorption coefficient as a function
of reflectance and transmittance can be deduced:

1 1-R
a(A) = oz ()t logy, (m) . (1.20)

1.2 Performance of transparent electrodes

To assess the electrical resistance of 2D thin film materials regardless of the sample size,
we introduce the notion of sheet resistance R,. By definition, the sheet resistance® of a
material of uniform thickness ¢ is expressed in [Q2/sq| and given by

R, = % = ot, (1.21)
where p is the electrical resistivity and o is the electrical conductivity, which, as we will
see later, can also depend on the film thickness. In the particular case of square samples
of size L and thickness ¢, the bulk resistance

pL p
R = —= = = Rs
Lt t
coincides with the sheet resistance.
To find the best compromise between electrical conductivity and optical transparency of
transparent electrodes, we can rely on Haacke’s Figure of Merit (FoM) [Q7!]
10

3The sheet resistance R, = p/t is expressed in [2/sq| in order to avoid confusion with the bulk
resistance R = pL/Wt, where W is the width of the cross section, expressed in [Q)].
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with T" the optical transmittance at 550 nm and R, the sheet resistance. The larger the
FoM, the better the optoelectrical properties. Transmission at 550 nm is often taken as
reference because this is the wavelength to which the human eye is the most sensitive.
However, regarding the solar irradiance spectrum at the Earth’s surface (Figure 1.5),
taking the average the transmission over a given wavelength range is more representative
for photovoltaic applications.
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Figure 1.5: Phototopic luminosity function, i.e. spectral sensitivity of the human eye for
everyday light levels in green, and solar irradiance spectrum at the Earth’s surface in red.
Adapted from [13].

The main advantage of Haacke’s FoM is that R; and T" are easily measured. The problem
is its dependency on film thickness, making the comparison between different transparent
electrodes more difficult. Furthermore, the exponent 10 is chosen to better balance optical
transparency and electrical conductivity [14], but limits the maximum transmittance to
90%. Indeed, using Beer-Lambert law, the film thickness ¢ which maximizes

T10 N 10
FoMy = = (M) ot exp (—10 at), (1.23)
Rs 2
is given by
dFoM —or\ "
n_ (*00 90R> oexp (—10at) (1 — 10at) = 0
dt 1 %o (1.24)
= tmax = T
10«

By consequence, neglecting any reflection, the maximum transmittance that can be

achieved is
Tinax = €Xp (—Q tmax) = 90%. (1.25)

In other words, if the transmission of the transparent electrode is larger than 90%, the
FoM-value will provide non-representative values. The existence of this upper limit is the
reason why transmittance spectra of transparent electrodes should include absorption
and reflection losses from the substrate. In practice, transparent electrodes rarely exceed
90% since bare glass already limits the transmittance to 92 %.
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For materials with a very high transmittance (e.g. very thin nanowire networks), or
when the absorbance and reflectance of the substrate has been subtracted, another FoM,
introduced by Jain et al. [15], can be used. This new figure of merit involves only the
optical absorption coefficient o and the electrical conductivity o:

FoM, = g (1.26)

Like for Haacke’s FoM, a larger value of FOMj [Omega™!] indicates a better transparent
electrode performance. Because Jain’s FoM does not explicitly depend on the film thick-
ness, it describes a material property rather than a film property [16|. Nevertheless, at
the nanoscale, o and a do depend on the film thickness.

1.3 Transparent conductive oxides

The wide band gaps of binary oxides (e.g. ZnO, SnO, and Iny,Oj3), larger than the
maximum energy carried by a photon in the visible range

h
Ep(\ = 400nm) = hy = TC =316V, (1.27)

with ¢ [m s™!| the speed of light and i Planck’s constant, offer the high transparency
required for transparent electrodes. Indeed, only photons with an energy larger than
the band gap are absorbed through electronic transitions from the valence band to the
conduction band. Unfortunately, at room temperature, undoped wide band gap semi-
conductors exhibit low electrical conductivities. The reason for these low conductivities
is the absence of free charge carriers in the conduction and/or valence band.

1.3.1 Doping semiconductors

In order to exhibit a high conductivity, TCO should have a large concentration of free
charge carriers. This can be achieved by doping. Substitutional doping consists in re-
placing an atom of the crystal lattice by a foreign atom, called a dopant or an impurity.
While a donor is defined as an impurity atom that can donate electrons to the conduction
band, an acceptor is an impurity atom that can accept electrons from the valence band
while generating holes. We say that a semiconductor is n-doped when most impurities
are donors, and that it is p-doped when most impurities are acceptors.

An example of n-type and p-type doping is given in Figure 1.6. On the right hand side,
a silicon atom with 4 valence electrons (type IV) is replaced by a phosphorous atom with
5 valence electrons (type V). Hence, phosphorous provides an electron in excess and is
called a donor. On the left hand side, a silicon atom is replaced by a boron atom with

3 valence electrons (type III). The acceptor generates an electron vacancy, known as a
hole.
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Figure 1.6: After p-type doping electrons are lacking and holes are the majority carriers,
whereas after n-type doping electrons in excess are the majority carriers. [17]

Substitutional doping is the most widely used approach to generate free carriers in TCO.
Compared to interstitial doping, which involves adding a foreign atom in addition to
those already present in the crystal lattice, it offers a better control of resulting optical
and transport properties. The main challenge in doping semiconductors is to achieve
a good compatibility between the dopants and the host crystal, so that the lattice and
electronic structure of the crystal are not deteriorated by defects.

Impurities with a larger radius will induce compressive strains, bringing the atoms closer
to each other. Due to the increased overlaps of the valence orbitals, the curvature of the
conduction band is increased and the conduction band minimum is lowered (Figure 1.7).
By consequence, the electron effective mass is reduced, and the carrier mobility increased,
but the band gap is reduced [18|.
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Figure 1.7: When the interatomic distance is reduced, the increased overlaps of the valence
orbitals increases the curvature of the conduction band. By consequence, the conduction
band minimum is lowered and the electron effective mass is reduced. Schematic diagram
adapted from [18].
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Nowadays, computational modeling, such as Density Functional Theory (DFT), is used
to predict the band structures of various TCO depending on their composition, type of
dopant, and doping concentration. This allows to narrow the experimental search of the
best combination between host crystal and dopant. A computational study performed
by G. Hautier et al. demonstrated that, among 4577 screened oxides, n-type TCO such
as ZnO, SnO,, and Iny,O3 are the oxides with the lowest effective masses [19], hence the
best mobilities.

It is therefore not a coincidence if the most widely used n-type transparent conductive
oxides are ZnO:Al, InyO3:Sn, and SnOy:F. In the first example, Zn atoms (type II) are
replaced by Al atoms (type III), in the second example In atoms (type III) are replaced by
Sn atoms (type IV), and in the last example O atoms (type VI) are replaced by F atoms
(type VII). For simplicity, these TCO are called Aluminum doped Zinc Oxide (AZO),
Indium doped Tin Oxide (ITO), and Fluorine doped Tin Oxide (FTO) respectively.

The above mentioned TCO present good electrical and optical properties thanks to a
good ionic radius matching between the host crystal and the dopant, and an excellent
cation-oxygen overlap at the conduction band minimum [19]. While O (r=1.5A) and
F (r=1.3A), and In (r=0.79A) and Sn (r=0.69A) have almost the same ionic radii, the
difference is more pronounced for Zn (r=0.60A) and Al (r=0.39A). This is why researchers
tried to replace Zn by Ga (r=0.47A) instead [20]. However, the affordability and natural
abundance of Al compared to the supply risk of Ga makes Al more competitive for
industrial applications.

P-type TCO are less common in technological applications because the mobility of holes
is much lower compared to that of electrons. Furthermore, p-type doping in TCO is less
effective than n-type doping since the doping mechanism is more complex than substi-
tutional doping. For example, when Cu,O is doped with Mg, the dopant is not directly
responsible for a new vacancy. Hence, Cu,O:Mg with 17% per weight of Mg will generate
a much lower number than a 17% increase of charge carriers.

The increase in conductivity of CusO upon Mg doping can be explained by considering
two types of vacancies occurring naturally in CuyO: simple vacancies and split vacancies.
A simple vacancy is a simple vacant copper site; it is created by the removal of a single
Cu atom and leaves the rest of the lattice unchanged. By contrast, the split vacancy
is a configuration in which a nearby Cu atom distorts the lattice to partly fill a simple
vacancy [21]. Schematics presenting the structure of CuyO are presented in Figure 1.8
for the normal, simple vacancy, split vacancy, and Mg doped configurations.

a)O\??. b)O\z. c) ‘& d)

i

Figure 1.8: Schematic structure of (a) CuyO, (b) copper simple vacancy, (c¢) copper split
vacancy, (d) magnesium split Vacancy. [21]
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Regarding the electronic structure, the simple vacancy acts as a delocalized hole with
states close to the Fermi level, whereas the split vacancy acts as a localized hole with
a trap state 0.57 eV above the Fermi level [22]. Consequently, split vacancies are more
likely to trap minority carriers (electrons), limiting conductivity. Doping Cu,O with Mg
prevents the formation of copper split vacancies, avoiding the formation of trap states
within the band gap and resulting in an improved conductivity.

According to Nolan [23], there are two necessary conditions to increase the band gap of
Cus0O by substitutional doping. The first condition is that the dopant distorts the local
structure around the dopant site by elongating Cu-Cu distances. The second condition
is avoiding misalignment of dopant electronic states with the valence band or conduction
band of Cuy0O, i.e. avoiding defect states in the band gap. Using DFT simulations,
Nolan demonstrated that it should be possible to increase the band gap of CusO by
substitutional doping with magnesium. The advantage of Mg?* is that its ionic radius
(r = 0.72 A) is close to the ionic radius of Cut (r = 0.77 A), avoiding distortion of the
crystal lattice in the far field. Moreover, since magnesium is non-toxic and abundant, it
is an excellent candidate to dope cuprous oxide [21].

1.3.2 TImpact of doping on the carrier mobility

In doped TCO, the decrease in mobility is due to the increasing importance of ionized im-
purity scattering. As an example, in SnO, and ZnO the mobility is about 250 cm?V~!s™!
for low doping concentrations (n ~ 10'%cm™2), but less than 70 cm?*V~'s™! for high
doping levels (n > 10?°cm™?) [24]. The mobility is lowered further by lateral surface
scattering and grain boundary scattering present in polycrystalline thin films.

At first, increasing the doping concentration provides a larger density of electrons and
increases the Fermi level, which in turn reduces the potential barrier drawn in Figure 1.2
and increases the mobility. However, by further increasing the carrier concentration,
ionized impurity scattering becomes the dominant scattering mechanism and leads to a
decrease in mobility. Therefore, a trade-off must be found between the density of free
charge carriers and their mobility.

The larger the trap density at the grain boundaries, the more electrons can be trapped,
the higher the potential barrier, and thus the lower the electron mobility. In n-type TCO,
the electron traps are mainly attributed to oxygen atoms adsorbed on grain boundaries.
This explains why high vacuum deposition techniques are able to provide TCO films with
a better conductivity than deposition methods performed in atmospheric conditions with
a higher oxygen concentration |7]. The fabrication method of thin film TCO plays thus
a crucial role to achieve high carrier mobilities.
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1.3.3 Impact of doping on the electronic band structure

Due to the introduction of dopants, we observe a shift in the position of the Fermi level. If
the semiconductor is n-doped, the electron concentration is increased, and the Fermi level
is shifted towards the conduction band. By contrast, if the semiconductor is p-doped, the
hole concentration is increased, and the Fermi level is shifted towards the valence band.
As long as the doping is moderate, the Fermi level lies within the band gap £, = E. — E,
and the semiconductor is said to be non-degenerate?. Nevertheless, to obtain functional
TCO, the number of charge carriers is increased so much (10% to 10*' cm™3) that the
Fermi level Er is now located above the conduction band minimum CBM or below the
valence band minimum VBM as shown in Figure 1.9. In what follows, we will distinguish
the fundamental band gap E,, referring to the energy difference between the conduction
band minimum and the valence band maximum, from the optical band gap Egpt [eV],
defined as the lowest-energy allowed optical transition.

The upwards shift of the Fermi level upon doping increases the optical band gap Egol’t by
an energy E}'" [eV] called the Burstein-Moss shift. In an n-type semiconductor, Pauli’s
exclusion principle forbids excitation from the valence band to the conduction band into
conduction band states below Er that are already occupied. In a p-type semiconductor,
the energy increase to have an optical transition from the valence band to the conduction
is due to the absence of electrons between the valence band maximum and Ep, as the
Fermi level lies within the valence band. However, the shift is significantly higher in n-type
than in p-type semiconductors, since the Burstein-Moss shift is inversely proportional to
the effective mass of the majority carriers [25].

NNHl
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Figure 1.9: Illustration of the Burstein-Moss shift in a degenerate n-type semiconductor
(left) and in a degenerate p-type semiconductor (right). CBM and VBM refer to the
conduction and valence band minimum respectively. The hatched zones correspond to
occupied states. Diagrams adapted from [21].

4The energy difference between the conduction band minimum and the Fermi level, or between the
Fermi level and the valence band maximum, should be larger than 3kg7T, with kg Boltzmann constant
and T the temperature.
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E, Egpf hy

Figure 1.10: The Burstein-Moss shift moves the absorption edge (o # 0) towards higher
photon energies hv.

Regarding the absorption spectrum as a function of the incident photon energy for a direct
band gap material (Equation 1.14 and Figure 1.10), the absorption edge E, is moved
towards higher energies E;pt =k, + E;VI B due to the Burstein-Moss shift. Besides the
absorption of electrons from the valence band to the conduction band, other transitions,
involving different energy states, are possible. For example, the Burstein-Moss shift also
gives rise to intra-band transitions within the conduction band and inter-band transitions
from the conduction band to the next electronic energy level (CBM+1). The former
transitions are associated to an increased absorption at lower energies (longer wavelengths
in the IR region), while the latter are associated to an increased absorption at higher
energies (shorter wavelengths in the UV region). Therefore, in a good TCO, the energy
gap between the Fermi level and CBM+1 should be larger than 3.1 €V, as specified in
Figure 1.9.
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Figure 1.11: Evolution of the transmittance spectrum of ITO as a function of the density
of free charge carriers. [26]
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1.3.4 TImpact of doping on the transmittance spectrum

The increased carrier concentration upon doping enhances the electrical conductivity and
the optical transparency of TCO in the short-wavelength region of the visible spectrum.
Thanks to the increased optical band gap (Burstein-Moss shift), the wavelength A, [m|
associated to photons that are absorbed is shorter. As shown in Figure 1.11, the trans-
parency window at short wavelengths is increased upon doping.

The limit of the transparency window at higher wavelengths is set by the plasma wave-
length A\, [m| At low wavelengths, the TCO behaves like a dielectric, i.e. an electrical
insulator that can be polarized by an electric field, and is transparent. By contrast,
at high wavelengths, it behaves like a metal by reflecting incident light [26]. The tran-
sition between these two regimes occurs at the plasma wavelength A,, or the plasma
frequency w, [s7!] given by

Wy = ¢ (1.28)
where ¢ [ms™!] is the velocity of light.

In metals (and highly doped TCO), free carriers oscillate collectively at the plasma
frequency. These oscillations can be understood by considering an electrically neutral
plasma, consisting of a gas of negatively charged electrons and positively charged ions.
If a group of lightweight electrons moves away from the heavy ions, the Coulomb force
will pull the electrons back to their initial position. Like the vibrational modes of ions in

a crystal are quantified by phonons, free carrier oscillations are quantified by plasmons
[10].

The expression of the plasma frequency can be deduced from classical Drude theory [27]

and writes

ne?

wp = (1.29)

ereom*’
where ¢,&0 [F m™!] is the permittivity of the material at high frequency and m* is the
effective mass of the carriers. Light, which is an electromagnetic wave, is able to pass
trough the material only if its frequency is larger than the plasma frequency w, or if
its wavelength is shorter than the plasma wavelength \,. Hence, when TCO are highly
doped, A, is moved towards shorter wavelengths, reducing the transparency in the infrared
region. This phenomenon is illustrated in Figure 1.11.

In conclusion, TCO exhibit a band gap larger than 3.1 eV resulting in the absorption of
photons with wavelengths shorter than A\, = 400 nm, and a plasma wavelength of the
order of A, = 1 yum above which most of the light is reflected. Hence, the transparency
window of a TCO, lying between A\, and A, is able to cover the near UV, visible and
near IR region. The exact range depends on the material properties and its doping
concentration.
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1.3.5 Advantages and drawbacks of conductive oxides

TCO suitable for transparent electrodes should have a wide band gap (> 3 eV), a de-
generate but not excessive carrier density (10%° to 2 x 10*' em™2), and a good mobility
(> 50 cm?V~1s71) to achieve an optical transmittance of 90% and an electrical resistivity
p < 1073 Qcm [20]. Nevertheless, besides the figure of merit which takes transparency
and conductivity into account, other factors influence the choice of transparent conduct-
ing material. This is why Gordon [24] listed important criteria such as thermal stability,
chemical and mechanical durability, toxicity and production cost. For each criterion, he
specified the best suited material. It is interesting to notice that In,O3:Sn provides the
highest conductivity, but that other materials, such as SnOs:F, are better candidates to
satisfy other requirements in view of technological applications.

Due to their large bandgap, In,O3 (3.7 €V), SnOy (3.6 €V), and ZnO (3.37 V) thin
films are transparent to visible light [28], [29], [30]. Moreover, they are all able to form
a degenerate semiconductor upon donor doping with little effect on transparency. The
large gap between the Fermi level and the next electronic energy level prevents absorption
in the visible range [29].

Currently, ITO (InyO3:Sn) is the most commonly used material in optoelectronic appli-
cations because of its low electrical resistivity and high optical transparency. However,
scarcity and high cost of indium, and the massive demand for ITO are prompting to
search for alternative materials. It turns out that when we buy a smartphone, we pay
more for the display than for other components such as memory, battery or camera.

FTO (SnO4:F) and AZO (Zn0O:Al) are good candidates to replace ITO, even if their opto-
electronic properties are less performing. Both consist of non-toxic and earth-abundant
elements, rendering the raw materials less expensive than for ITO. Some electrical re-
sistivities and optical transmittances achieved with different deposition techniques are
presented in Table 1.1. They show that FTO and AZO are indeed able to compete with
ITO. Moreover, we notice that the best electrical properties are obtained using Pulsed
Laser Deposition (PLD). However, PLD is not easily scalable for industrial large-area
deposition and is therefore mainly used to demonstrate the upper limits of a particu-
lar TCO. By contrast, magnetron sputtering and Atmospheric-Pressure Chemical Vapor
Deposition (APCVD) are scalable methods suited for industrial production.

The main drawback of the above cited TCO is their brittleness, which precludes their
deposition on flexible substrates and their application in flexible electronics. Another
struggling point is their need to be processed at high temperatures, limiting their com-
patibility with plastic substrates. Finally, when TCO are integrated in optoelectronic
devices as transparent electrodes, their lifetime is limited by the diffusion of indium or
zinc ions in the active layer [31].
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TCO | Technique | p [Q2cm] | T [%] | Source
ITO | PLD | 77x107°| 8 | [32]
ITO | DC-MS |15x107%| 92 [33]
FTO | APCVD |22x107*| 79 | [34]
AZO| PLD |85x107| 88 | [35]
AZO | RF-MS | 2x10* | 80 | [36]

Table 1.1: Electrical resistivity p and optical transmittance T for various TCO depending
on the deposition technique. PLD stands for Pulsed Laser Deposition, APCVD for At-
mospheric Pressure Chemical Vapor Deposition, DC-MS for Direct Current Magnetron
Sputtering, and RF-MS for Radio Frequency Magnetron Sputtering.

1.4 Ultra thin metallic films

Another approach to develop transparent conducting electrodes is to deposit ultra thin
metallic films. Metals exhibit an excellent conductivity. Thanks to the absence of a band
gap, a lot of electrons can be promoted from the valence band to the conduction band at
room temperature, resulting in a large density of free carriers. However, due to the very
high electron concentrations (> 5 x 10*2cm™2), the plasma wavelengths of metals lie in
the deep-ultraviolet spectral range (A, < 200 nm), resulting in a poor transmittance in
the visible range [13]. Consequently, bulk metals appear opaque.

By shrinking the size of materials, their mechanical, thermodynamic, electrical, and opti-
cal properties can be modified. For example, ultra thin metal films with a thickness below
10 nm become transparent, but the electrical resistivity increases as the film thickness is
sharply decreased. Hence, like for TCO, a compromise between sufficient transparency
and conductivity must be found for the fabrication of ultra thin metallic electrodes.

1.4.1 Impact of film thickness on transparency

The reason why ultra thin films become transparent is related to Beer-Lambert’s law,
which as already mentioned previously writes

O = (Pg — Pg)exp (—at), (1.30)

where &, — ® is the intensity of the light beam penetrating the sample of thickness ¢, «
is the absorption coefficient, and ® is the transmitted intensity. This equation indicates
that for a fixed absorption coefficient, which is an intrinsic property of the material, the
only solution to increase @ is to reduce the sample thickness ¢.
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To achieve more than 70% transmittance in the visible range, the thickness of silver or
gold films should be of the order of the nanometer [37]. However, island growth during
the deposition of ultra-thin metal films degrades their electrical conductivity. A critical
thickness, known as the percolation threshold, must therefore be achieved, but in turn
limits the transparency. The challenge for depositing continuous and flat nanosized metal
films comes from the Ostwald ripening effect [38]. As illustrated on the left in Figure 1.12,
metal molecules tend to form isolated islands on the substrate because larger particles
are more energetically favorable than smaller ones. This phenomenon, called Ostwald
ripening, is driven by the difference in Laplace pressure between the metal particles with
different radii. Because particles with a smaller radius exhibit a larger internal pressure,
molecular diffusion occurs from the small sized particles towards the larger ones.

Liu et al. developed a simple multi-layer and passivation deposition method to prevent
the Ostwald ripening effect. This is shown on the right-hand side in Figure 1.12. After
each layer deposition by vacuum magnetron sputtering, the film is exposed to air or
oxygen gas to form a thin oxide coating which is able to stop the further growth of larger
particles. This method allows the production of smooth conducting films of very small
thickness. The impact of the oxide coating on the conductivity is said to be negligible
since it is only a few atomic layers thick, so that electrons are able to tunnel through the
grain boundaries. For example, Liu et al. were able to fabricate 8.4 nm thick silver films
that exhibited a transparency of 87.5% at 330 nm and a sheet resistance of 15 €)/sq using
three layers of 2.8 nm.

Onetime deposition 1st layer deposition
and passivation

Sublimation and
grain growth 2nd layer deposition

and passivation
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Figure 1.12: Illustration of the Ostwald ripening effect during ultra-thin metal film de-
position and a new multi-layer deposition strategy to prevent its negative impact on
conductivity. [38]
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1.4.2 TImpact of film thickness on resistivity

When the film thickness is of the order of the bulk mean free path of electrons, reported
in Table 1.2, the number of collisions between the boundary of the film and electrons
becomes comparable or even higher than the number of collisions originating from car-
rier—phonon scattering in the bulk. Because surface scattering reduces the electron mo-
bility, we measure a higher electrical resistivity for thin films than for bulk materials.
This phenomenon is called the ordinary size effect [39]. To gain a better insight into the
physics responsible for the change in electrical property, we will discuss the theoretical
resistivity-film thickness model established by Fred Lacy [40].

Element | Symbol | p, [pQcm]| | 7, [fs] | I [nm]

Silver Ag 1.587 36.8 53.3
Copper Cu 1.678 36.0 39.9
Gold Au 2.214 27.3 37.7

Table 1.2: Bulk room-temperature resistivity p,, carrier relaxation time 73, and mean free
path [, of the three most conductive elemental metals. [41]

When the film thickness is at least two times smaller than the bulk mean free path of
electrons, i.e. t < 21, [m]|, the increase in electrical resistivity p due to surface scattering
can be modeled by

Po : t
= th 0<k=—<1 1.31
P k(1 —1Ink) A " 20, (131)

where p, [2m| denotes the bulk resistivity.

In addition to surface scattering, scattering from grain boundaries, impurities and rough
surfaces are responsible for a further reduction of the mean free path, and thus an increase
in resistivity. The importance of these effects depends on the thin film fabrication process.
Ineluctably, lattice defects, impurities, and grains of different sizes will appear throughout
the material during fabrication. Therefore, a scaling factor ¢ > 1 [-] is introduced to
take additional scattering effects due to impurities into account. Scattering from grain
boundaries and rough surfaces is modeled by a reduced effective thickness ¢ — n with n
[m| a reduction factor.

Finally, when considering all scattering mechanisms, the resistivity p of a thin film of
thickness t < 21, is given by
C Py t—n

=———— with 0 =
P k(1 —1Ink) A = 21

<1, (1.32)

where c and 7 are adjustable parameters to ensure a good matching between experimental
data and the theoretical model. Materials with ¢ close to 1 and 7 close to 0 indicate that
the fabrication process produces a more ideal, almost perfectly crystalline material. A
comparison of experimental and theoretical resistivities for silver as a function of film
thickness is shown in Figure 1.13. We notice that below 100 nm, the resistivity increases
sharply.
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Figure 1.13: Comparison of experimental and theoretical resistivities for silver as a func-
tion of film thickness. [40]

1.4.3 Advantages and drawbacks of ultra thin metallic films

The main advantages of metals such as Ag, Cu and Au are their non-toxicity and excellent
conductivity. Moreover, ultra thin metal films are interesting because of their stability
and reproducibility. Vacuum thermal evaporation and sputtering are well-established,
simple and affordable fabrication processes that can be performed on a substrate at
room temperature. However, poor transparency limits their application as transparent
electrodes. Metallic films are prone to fracture and are therefore, like TCO, not suited
for flexible devices. Furthermore, gold and silver are expensive precious metals.

1.5 Metallic nanowire networks

To exploit the excellent conductivity of metals without raising their electrical resistance
due to ordinary size effects in ultra-thin metallic films, one solution is to use conductive
nanostructures which exhibit a high transparency. In the past few years, new kinds
of transparent conducting materials, such as carbon nanotubes, graphene, and metallic
nanostructures, have been thoroughly explored. The physics and parameters influencing
the optoelectrical properties of silver nanowire networks will be explained in Chapter 2.
The advantages, drawbacks, and possible applications of silver nanowire networks are
discussed here below.
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1.5.1 Advantages and drawbacks of metallic nanowire networks

MNW networks appear to be promising candidates to be integrated as transparent elec-
trodes, since they are able to combine high electrical conductivity and high optical trans-
parency. Up to now, silver nanowires have been the most commonly studied MNW net-
works thanks to their excellent conductivity (Table 1.2) and ease of synthesis compared
to other metals.

Figure 1.14a compares the optical transmittance for bare glass, ITO, FTO, and AgNW
networks with similar sheet resistances (about 15 €/sq). The three types of transparent
electrode exhibit similar averaged transmission in the visible range. The oscillations
for ITO and FTO in this region are due to constructive and destructive interferences
associated to the continuous nature of the thin film. In the near infra-red region, ITO
and FTO exhibit a much lower transmittance since their plasma wavelength is larger than
1000 nm [24]. Although the plasma wavelength of silver is 400 nm, the transmittance
losses are much lower because the gaps between the nanowires are transparent. The fact
that researchers managed to produce silver nanowire networks with a sheet resistance less
than 10 Q/sq and an optical transmittance of 90%, when the glass substrate contribution
is subtracted [42], shows that MNW networks are already able to compete with ITO and
FTO as transparent electrode.

Another asset of MNW networks compared to TCO and UTMF is their mechanical flex-
ibility. Figure 1.14b compares the relative electrical resistance of ITO, FTO, and AgNW
networks under repeated bending cycles with a radius of curvature of 5 mm. We notice
that the relative electrical resistance of ITO is multiplied by a factor 20 after only 3 bend-
ing cycles, while the relative electrical resistance of the AgNW network is only increased
by a few percent after 60 bending cycles [43|. Moreover, thanks to their percolating
mechanism, MNW networks consume a significantly lower quantity of raw material than
thin films to reach the same optoelectronic performances. Finally, MNW fabrication does
not require high-temperature process steps or vacuum deposition methods, and can be
extended to large area deposition methods.
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Figure 1.14: Comparison of the optical transmittance (a) and the relative electrical re-
sistance under mechanical bending (b) of ITO, FTO, and AgNW. [43]
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Although transparent electrodes based on silver nanowire networks exhibit excellent elec-
trical and optical properties, extensive investigations devoted to MNW should still be
performed. Their main drawbacks seem to be a lack of reproducibility and stability,
which may stem from a too high temperature treatment, electrical failure, ageing, or
a bad adhesion between the nanowires and the underlying substrate. Furthermore, the
roughness of MNW may be at the origin of short circuits in systems made of multiple
layers. From an economical point of view, it could be interesting to replace silver by a
cheaper metal such as copper.

1.5.2 Technological applications

Regarding the integration of MNW networks in technological applications, we can firstly
mention rollable touch screens. The working principle is the same as for capactive sen-
sors: changes in capacitance when fingers interact with the electrode are converted into
an electrical signal. MNW may also be used as transparent and flexible electrode in
strain sensors or thin film transistors. Other devices, such as photovoltaic applications,
light emitting diodes, transparent film heaters, and smart windows have attracted more
attention in the literature and are therefore discussed below in more details.

Photovoltaic applications Photovoltaics is intensively studied to offer a sustainable
green alternative to fossil fuel energy. The new trend is to develop cost-effective flexible
transparent solar cells with abundant materials. As light must enter the solar cell, while
photo-generated excess carriers must be collected by a conductive contact, transparent
electrodes are a key component in solar cells. To meet the requirements, silver nanowires
networks are serious candidates to compete with ITO. Several researches showed that
AgNW can be integrated as top electrode is organic solar cells, while offering high trans-
parency, low electrical resistance, a good energy conversion efficiency, and excellent bend-
ing capacities [44], [45], [46].

Another property of AgNW which must be taken into account is haziness. The haze
factor, or simply haziness, refers to the degree of incident light scattered forward towards
the active layers [47]. The presence of a silver nanowire network increases haziness and
the photon absorption probability. This explains why AgNW-based solar cells offer good
conversion performances compared to TCO. Nevertheless, AgNW are also at the origin
of diffused reflection. People sitting next to a window equipped with this type of solar
cells may feel a little discomfort due to light scattering if the haze factor is too large.

Light emitting diodes The architecture of Light Emitting Diodes (LED) is very similar
to that of solar cells: the active layer is sandwiched between two electrodes. The chal-
lenge in LED is to supply charges in the active layer, while allowing light to escape the
device when electron-hole pairs recombine. Generally, the top or the bottom electrode
is transparent so that light is either emitted from the top surface (top-emitting LED)
or through the bottom substrate (bottom-emitting LED). For transparent LED, both
electrodes should be transparent.
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Owing to their flexible properties, the majority of AgNW electrodes are integrated in
Organic Light Emitting Diode (OLED). Like for solar cells, AgNW are often embedded
in a polymer (polyvinyl alcohol, polyacrylate, PMMA, polyimide, etc.) to decrease sur-
face roughness, prevent leakage currents, enhance adhesion with underlying layers, and
increase mechanical stability [48], [49], [50].

Nevertheless, despite their cost-efficient, light-weight, and bio-compatible properties, or-
ganic devices have a much shorter lifetime than inorganic devices. Chemical, thermal,
and electrical instabilities, which are for example due to oxidation, thermal crystallization
of organic molecules, or diffusion of metallic ions in the sandwich structures of OLED,
can lead to irreversible degradation of the device. Moreover, in comparison to inorganic
light emitting diodes, OLED offer a relatively low luminance which in addition decreases
with aging [2].

By contrast, inorganic light emitting diodes provide high brightness and a long life span,
but they are mechanically rigid and brittle. Hence, the solution to make flexible devices
using inorganic semiconductors is to deposit thin film layers, so that bending becomes
possible. For instance, Jeong et al. [51| managed to deposit AgNW on GaN-based LED by
a spin-coating method. This conclusive experiment indicates that AgNW are a promising
alternative to TCO, even if they are not implemented on flexible substrates.

Transparent film heaters Historically, Transparent Film Heaters (TFH) were one of
the first applications of TCO. During World War II, they were used to defrost aircraft
windscreens, enabling the aircraft to fly at much higher altitudes [52]. Nowadays, TFH
are used for defrosting and defogging vehicle windows, mirrors, and outdoor panel dis-
plays. By virtue of their flexibility, scalability, limited fabrication cost, and possibility for
heating at low voltage, AgNW are among the most promising materials for TFH applica-
tions [53],[54]. They are able to heat the film uniformly with limited power consumption
and provide a fast thermal response. Their flexibility, eventually enhanced by embed-
ding in a polymer, allows them to be integrated on surfaces with complex shapes, such
as windscreens and helmet visors [55], [56], [57]. Polymer composite AgNW are used
to improve the adhesion, thermal and electrical stability of silver nanowires. Like for
photovoltaic applications in windows, the large haze factor of AgNW can be a problem
for automobile windscreens. Uncontrolled scattered light may dazzle the conductor.

Smart windows Smart windows also make use of transparent electrodes. By regulating
incident - sometimes dazzling - sunlight, they help improve energy efficiency, safety and
comfort in buildings and vehicles. Electrochromic windows rely on electrochromic mate-
rials which can change their oxidation states, hence their transmittance properties, when
subjected to electrical fields. Polymer-Dispersed Liquid Crystal (PDLC) devices make
use of electric fields to align liquid crystals droplets so that the device is in its transparent
configuration; otherwise light is scattered by the random dispersion of the droplets and
the window turns opaque. Again, AgNW embedded in a polymer have been successfully
integrated as transparent electrodes to provide the electric field required for modifying
the window transparency [58], [59].
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Closing remarks

The challenge in developing transparent optoelectronic devices is that a compromise
must be made between optical transparency and electrical conductivity, since transparent
materials are insulating in nature, while conductive materials appear opaque. The key
point discussed in this chapter was the influence of the electronic band structure on the
optical and electrical properties of materials.

Wide band gap materials exhibit a good transparency in the visible range, but a poor
electrical conductivity. The solution to improve their conductivity is substitutional dop-
ing. This principle will be used in Chapter 6 to enhance the conductivity CusO. The
lack of p-type TCO is a good motivation to investigate the physical properties of this
promising material.

The absence of a band gap in conductors is responsible for their good electrical con-
ductivity, but restricts their optical transparency. To sidestep this conundrum, we will
investigate how silver nanowire networks can combine both properties. Nowadays, TCO
are the main transparent electrodes implemented in optoelectronic devices. However,
the increasing demand for flexible electronics makes silver nanowire networks a topical
subject.



Chapter 2

State of the art of AgN'W networks

In view of applications, AgNW-based transparent electrodes should exhibit a sheet resis-
tance below 100 €2/sq and a transmittance above 90%. Therefore, a trade-off in nanowire
density must be found to achieve a high conductivity without loosing transparency. More-
over, as for ultra-thin metallic films, the thinner the nanowires, the larger the electrical
resistivity, but the better the transparency of the overall network. Finally, post-deposition
thermal annealing has been shown to reduce the electrical resistance of silver nanowires
networks without affecting their transparency.

This chapter aims to briefly present the influence of nanowire size, network density and
thermal annealing on the optoelectrical properties of silver nanowire networks. Before
addressing these topics, we explain how silver nanowires are fabricated by polyol synthesis
and how random nanowire networks are obtained by spin coating. We also give a brief
introduction to percolation theory.
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2.1 Polyol synthesis of silver nanowires

By definition, silver nanowires are nanostructures with an aspect ratio greater than 10.
The dimensions of commercially available silver nanowires generally range from 50 nm to
200 nm in diameter and from 5 pgm to 50 pm in length. Silver nanowires are composed
of silver atoms, but the crystal form can vary from one fabrication method to another.
They may be composed of a single silver crystal, or of multiply twinned crystals.

During the 21st century, numerous techniques - such as UV light irradiation methods,
hard template methods, and soft template methods - have been developed to synthesize
silver nanowires [60]. As its name suggests, the UV light irradiation method relies on the
photodecomposition of silver nitrate (AgNOj3) under UV irradiation [61]. The difference
between the hard and soft template method is that nanowires formed by soft templates
are dispersed in solution, whereas nanowires prepared with prefabricated hard templates
are immobilized in an ordered solid structure. In other words, the size of the nanowires
prepared with hard templates can be varied by controlling the pore size of the solid
material, while the dimension of nanowires synthesized by a soft template method depends
on the reaction rate in solution.

The problem with UV light irradiation and hard template is that these methods are
not scalable, limiting their industrial applicability. Moreover, due to the complex pro-
cedure to extract nanowires from the hard template, the latter method is not suited for
the production of nanowires with high aspect ratios [62]. Among other silver nanowire
production techniques, solution-based polyol synthesis seems to be the most promising
method regarding its simplicity, reproducibility and morphological controllability. More-
over, this method is time-saving, low-cost, environmental friendly, and adaptive to mass
production.

Polyol synthesis of silver nanowires can be obtained by injecting silver nitrite (AgNO3)
dropwise in a Polyvinylpyrrolidone (PVP)-Ethylene Glycol (EG) solution. Whereas
AgNOj dissolved in EG provides a source of silver atoms, PVP ensures growth control of
silver nanowires. Selecting an appropriate concentration of AgNO3 and PVP, injection
rate, and reaction temperature are the key factors to achieve silver nanowires with a
long aspect ratio [60]. These parameters should ensure the formation of 5-fold multiply
twinned silver particles (decahedral shape) and avoid the appearance of spherical or cubic
nanoparticles. In the case of spherical and cubic nanoparticles, PVP is homogeneously
distributed over all surfaces, so that each reduced silver atom can be deposited randomly
on any part of the surface. The growth is thus isotropic because there is no preferential
configuration to minimize the surface energy. By contrast, as depicted in Figure 2.1b,
5-fold twinned particles grow preferentially in the longitudinal direction since PVP chains
interact more strongly with the crystallographic {1 0 0} planes than the {1 1 1} planes,
resulting in the inhibition of the lateral growth and the formation of nanowires [63].

When the nanowires are exposed to electron beam for a longer time, we observe a bright
ring around their pentagonal cross section. This is caused by charge accumulation on
the surface and indicates that the nanowires are surrounded by an insulating PVP layer.
Besides preventing lateral growth by passivating the side surfaces, the role of the PVP
layer is to prevent agglomeration of silver nanowires after their synthesis.
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(a) SEM image (b) Schematic illustration

Figure 2.1: The SEM image on the left-hand side shows the pentagonal cross section shape
of silver nanowires [64]. The scale bar in the inset is 60 nm. The schematic illustration
on the right-hand side shows the growth directions of multiply twinned nanoparticles
[63]. The {1 0 0} planes covered by PVP are displayed in dark gray. They prevent lateral
growth. The arrows indicate the migration of silver atoms towards the {1 1 1} end-planes
shown in light gray.

2.2 Spin coating of silver nanowires

Spin coating has been used for decades to deposit thin films. Its process, which exploits
the centrifugal force to spread the solution radially on the substrate, is illustrated in
Figure 2.2. Firstly, a controlled amount of solution is dispensed on a static or spinning
substrate. Then, as soon as the substrate is rotating, excess solution is thrown off. Finally,
the rotation is prolonged at a constant speed to ensure a homogeneous film thickness.
Further thinning of the film is still possible due to evaporation of the solvent.

During the constant speed rotation, a thin film remains on the substrate when the vis-
cous force counterbalances the centrifugal force. From the balance between viscous and
centrifugal forces in the rotating frame, we can model the spin coating process [65]. The
thinning of a Newtonian fluid on a rotating disk is then given by:

% B _2pw2h3 .
dt 3n ’

(2.1)

where h|m]| is the current film thickness, w[s™!| is the angular velocity of the disk,
plkgm™3] is the fluid density, n [Pas| is the fluid dynamic viscosity, and e [ms™!| is the
evaporation rate. From (2.1), we observe that the main parameters affecting the final
thickness of the film are the spin time, spin speed, viscosity, and amount of dispensed
solution. External factors which come into play are temperature, pressure, and humidity,
since they influence the evaporation rate of the solvent. Because subtle changes in these
parameters can result in drastic variations of the coated film, repeatability is the most
challenging task when using spin coating as thin film deposition method.
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Figure 2.2: Illustration of static and dynamic spin coating. In the static method, the
solution is dispensed on a fixed substrate, whereas in the dynamic method the solution
is deposited on a rotating substrate.

Even though a solution of silver nanowires can be considered a Newtonian fluid under
sufficiently dilute conditions, spin coating an ink of nanowires is more complex than
a homogeneous solution. Besides the spin speed and volume of dispensed solution, the
drying time and drying conditions are critical to achieve a uniform and random dispersion
of nanowires. For solvents like isopropanol, a spin coating time of 30 seconds generally
suffices until the film is fully dry. By consequence, the time between dispensing the
solution and the start of spinning can drastically influence the film quality.

To ensure a random dispersion of silver nanowires, the rotation speed should be rela-
tively low; otherwise, nanowires tend to orientate radially due to the centrifugal force.
Furthermore, the larger the rotation speed, the more solution is wasted due to radial
ejection, especially for solutions with a low viscosity such as isopropanol. However, the
rotation speed has to be high enough to spread the solution on the whole substrate before
the solvent is lost due to evaporation. Therefore, a compromise must be made between
nanowires random orientation and full coverage of the substrate.

The most important parameter that affects the quality of the silver nanowire network
is probably the spin coating method used to dispense the solution. In the static depo-
sition method, the ink is dispensed droplet by droplet while the substrate is stationary
(Figure 2.2a). Once the desired volume has been deposited, the substrate is brought into
rotation. The acceleration and final rotation speed can be tuned by the user to control
the film thickness. In the dynamic deposition method, the substrate is already spinning
at the desired rotation speed when the solution is dispensed (Figure 2.2b). Physical pa-
rameters that influence the choice of a static or dynamic spin coating method to achieve
the best film quality are the viscosity and evaporation rate of the solvent, and the wetta-
bility of the substrate. A dynamic method should be preferred for solutions with a high
viscosity, a high evaporation rate, and substrates with a hydrophobic character.
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In terms of advantages, spin coating is a rapid, simple, and cheap method. Besides, it
can be performed at room temperature and under atmospheric pressure. Nonetheless,
the main problem of this method is that it is not suited to large scale production: only
one substrate is treated at a time. Furthermore, 95% of the coating material is flung off
the substrate during spinning [65]. Yet, at laboratory scale, spin coating is an efficient
way to deposit coating material.

Alternatives to spin coating to fabricate silver nanowire networks are drop casting, spray
coating, dip coating, and Meyer rod coating. Drop casting consists in dropping a solution
onto a flat surface and waiting until the solvent evaporates. Like dip coating, this method
is simple and fast, but makes it difficult to achieve a uniform coating with a controlled
thickness. As its name suggests, spray coating relies on spraying a solution onto a sub-
strate. This technique is cheap, fast, scalable, and applicable to curved surfaces, but
does not allow to deposit nanowires with a long aspect ratio as they tend to break in the
ultrasound nozzle or become stuck and clog the spray [52]|. Finally, in Meyer rod coating,
a rod is rolled over the drops to spread the solution evenly over the substrate, allowing
a precise control of the film thickness. This method can be scaled up to a roll-to-roll
process.

2.3 Percolation theory

To better understand the properties of silver nanowire networks, we firstly introduce the
basic principles of percolation theory. Percolation can be defined as the formation of
pathways through a system with as goal to connect one extremity of the system to an-
other. Simple examples of percolation in everyday life are forest fire spreading and water
infiltration into porous rocks. A percolating system consists of open and closed pathways.
For instance, when silver nanowires are deposited on a surface, the open pathways are the
air gaps and the closed pathways are the nanowires. Once enough silver nanowires have
been deposited, a sufficient amount of closed pathways are connected together and the
surface becomes conductive. The goal of percolation theory is to determine the threshold
at which this phase transition occurs.

Percolation theory of nanowire networks is a complex topic because the nanowires are
deposited randomly. By contrast to site percolation and bond percolation, where the
positions of the sites that can be occupied are discrete (Figure 2.3), the possibilities to
occupy sites in continuum percolation - e.g. in nanowire networks - are infinite. Moreover,
while the number of neighbors in site percolation is finite; the coordination number in
continuum percolation is infinite.

In the case of bond percolation in a unit square lattice, it is possible to show mathemat-
ically [67] that the critical density to have a continuous percolating pathway from one
end of the lattice to the other is n. = 0.5. For site percolation, Monte Carlo simulation
programs [68] showed that the critical density was n. = 0.5927. The percolation thresh-
old of bond percolation is always lower than the percolation threshold of site percolation.
Indeed, to create a pathway one bond but two neighboring sites are needed. Therefore,
using nanowires instead of nanoparticles is more efficient, since less material is needed to
obtain a percolating network.
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(a) Site percolation (n. = 0.5927) (b) Bond percolation (n.=0.5)

Figure 2.3: Illustration of site and bond percolation in a square lattice. In this example,
the critical density of site percolation is an approximation and the critical density of bond
percolation is exact. [66]

Due to the increased degrees of freedom in continuum percolation, numerical methods
are required to approximate the critical density. It has been shown that the percola-
tion threshold is decreased by increasing the degree of randomness in the system [69].
More precisely, allowing random orientations and different sizes of nanowires is expected
do decrease the critical density. Li and Zang [70] developed an algorithm for Monte
Carlo simulations to study the continuum percolation of randomly oriented nanowires of
length Lxw. They showed that the critical density n. [m—2] for a 2D network of such
nanowires is given by

Ne (2.2)

T Ry
provided the system size is at least 32 times larger than the nanowire length Lyw [m].
This equation already indicates that longer nanowires will provide a better FoM, because
doubling the nanowire length divides the nanowire density required for percolation by a
factor of four. The origin of this phenomenon is linked to the increased probability for
longer nanowires to overlap, and therefore to create new conducting pathways.

2.4 Morphological properties of nanowire networks

Electrical and optical properties of nanowire-based transparent electrodes depend on the
morphological properties of the network, i.e. on the nanowire network density and on
the size of the nanowires. A sparse network is very transparent, but has a high electri-
cal resistance; while a dense network is very conductive, but appears opaque. Similarly,
nanowires with a large diameter are more conductive, but obstruct incident light. There-
fore, a trade-off has to be considered for the fabrication of silver nanowire networks.
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Figure 2.4: Tlustration of the evolution of conductivity as a function of the nanowire
network density. The transition between the insulating zone and the percolation zone
depends on the critical density. Image adapted from [71].

2.4.1 Nanowire network density

As shown in Figure 2.4, the dependence of the electrical conductivity on the network den-
sity can be divided into three regimes. Below the critical density, the electrical resistivity
of the network is considered as infinite; the network density is too small to create a con-
tinuous conduction path between both extremities of the network. For network densities
n > n. (but still close to n,. to stay in the percolative regime) the electrical conductivity
is given by the following scaling law

ox (n—n.), (2.3)

where v [-] is the conductivity exponent! reflecting the dimensionality of the system.
For 2D continuum percolation systems, the universal conductivity exponent is 4/3. It
is not clear to which extend (2.3) is valid, but Bergin et al. [73| obtained a good fit to
their experimental data up to n = 12n.. As the network density is increased further,
more conduction paths are formed; the conductivity of the network increases rapidly
until a constant conductivity value is reached. However, increasing the network density
lowers the optical transmittance. It has been shown experimentally that the relationship
between the optical transmittance 7" and the nanowire network density n is linear [73]:

Tocl—a-—, (2.4)
Ne

where « [-] is a fitting parameter that accounts for the dimensions of the nanowires.
Lagrange et al. [42] proposed a theoretical approach to predict the value of «.

'In practice, the experimental conductivity exponent deviates from the universal value due to a larger
junction resistance compared to the bulk resistance of the nanowires. In that case, v may be seen as a
fitting parameter and a fundamental property of the network [72].
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If fxw [-] denotes the fraction of the substrate covered by nanowires, the transmittance
of the nanowire network 7" can be written as:

T = faw (1 = Rawb) Toun (1 — Raw) Tnw + (1 — faw) (1 — Rsun) Tun
= (1 — Reuw) Tiup (fNW (1 — Rnw) Tnw + (1 — fNW)) (2.5)

= (1 — Rew) Tsub(l — faw (1= (1 - RNW>TNW)>7

where Rnw and Tyw are the average reflectance and transmittance of a single nanowire,
and Rg,, and Ty, are the reflectance and transmittance of the barge glass substrate. To
simplify (2.5), the transmittance of the substrate can be written as a reference transmit-
tance Ty and the reflectance of a single silver nanowire Ryw can be assumed to be close
to unity like for bulk silver. Injecting

T[) = (1 — Rsub) Tsub and RNW = 1, (26)
in (2.5) yields
T =To(1— faw). (2.7)

Using the average nanowire diameter Dyw |[m| and length Lyw, the network density
n, and the critical density n. given by (2.2), the fraction of the substrate covered by
nanowires can be written as:

fNW =n Dyw Lnw

2.8)
D (
— 564" T
LNW Ne
Hence, (2.7) becomes
DNW n
T x1-—5.64 — 2.9
X LNW nc? ( )

and by comparing this relationship with (2.4), we identify a theoretical expression for the
fitting parameter

o = 56428 (2.10)
LNW

To find the best compromise between electrical conductivity and optical transmittance,

we have to determine the network density np., that will maximize Haacke’s figure of
merit. Since the sheet resistance is inversely proportional to the electrical conductivity,

we have
n —4/3
R, x <— — 1> ) (2.11)

Injecting (2.4) and (2.11) in (1.22), yields

10 4/3
n n
FoMy (1 —« —) (— - 1) , (2.12)
nC nC
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such that the network density ny., that maximizes FoMy is given by

FoM 4
do i NM 10a ——1)+—<1—aﬁ>)=0
3 Ne

= — 3(1704——1504—2) 0 (2.13)

Ne

1 /2
< = +1
nmax 1 7 ( 5) nC?

after rejecting the values that would give a zero optical transmittance and an infinite
electrical sheet resistance.

2.4.2 Nanowire size

The critical density n. reported in (2.2) only depends on the nanowire length because
the diameter is secondary to the formation of percolation pathways. Nevertheless, the
nanowire diameter Dyw does influence the electrical conductivity when the diameter
approaches the mean free path of conduction electrons I,. As shown by Bid et al. [74],
the electrical resistivity of a single silver nanowire pyw can be written as a function of
the bulk resistivity of silver py:

Iy
= 1 2.14
PNW = Pb ( + 2DNW> ( )

where [}, ~ 50 nm is the bulk mean free path of electrons in silver. Like for ultra-
thin metallic films, when the diameter of the nanowire approaches the mean free path
of the conduction electrons, surface scattering becomes important with respect to bulk
scattering. Therefore, the thinner the nanowires, the larger the electrical resistivity.

By contrast, (2.9) indicates that thinner nanowires offer a better transmittance. Indeed,
for a fixed nanowire density, the area covered by silver nanowires, which blocks incident
light, increases with increasing diameter. Moreover, for a given area fraction covered
by silver nanowires, decreasing the nanowire diameter allows to increase the number of
nanowires, and the increased number of connections between nanowires offers a better
conductivity. This is depicted in Figure 2.5. Consequently, as we had to find a trade-off
for the nanowire density, we also have to make a compromise for the nanowire diameter.

Finally, both (2.3) and (2.9) predict that longer nanowires will offer a better conductivity
and a better transmittance for a fixed nanowire network density. Indeed, we saw in
(2.2) that doubling the length of the nanowires decreases the critical density required for
percolation by a factor of four. Furthermore, a network of longer nanowires presents fewer
junctions and thus a lower junction resistance than a network of short nanowires. This
is the reason why a particular attention is devoted to the synthesis of ultra-long silver
nanowires |75, [76]. Factors limiting the nanowire length are fabrication and deposition
processes, flexibility, and the size of the substrates.
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Figure 2.5: For a given area fraction A. covered by silver nanowires, decreasing the
nanowire diameter allows to increase the number of nanowires, the number of connections
between nanowires, and thus the conductivity. [73]

2.5 Thermal annealing

Although the deposition of silver nanowire networks by spin coating is easy and cheap, it
has a serious drawback that has not been detailed yet. To prevent aggregation of silver
nanowires, they are encapsulated in PVP, a polymer used as a capping agent during the
nanowire synthesis, and stored in isopropanol. Unfortunately, once the nanowires have
been deposited by spin coating on the substrate, both compounds act as an insulating
layer between the nanowires, causing bad electrical conductivity of the network. The
resistance of two identical nanowires connected in series is not given by R = R; + Ry, as
shown in Figure 2.6a, but by R = R; + R; + Ry, where R; is the contact resistance due
to the presence of the insulating PVP layer (Figure 2.6b). When the nanowires are not
in contact (d > 0), the contact resistance is considered to be infinite (Figure 2.6¢).

In order to decrease the electrical resistance of silver nanowires networks without affecting
their optical transmittance, post-deposition thermal annealing can be performed. This
treatment has been extensively studied by M. Lagrange [42] and D. Langley |77] and will
be discussed in this section. Other post-deposition methods that can be used to decrease
the junction resistance are mechanical pressing [52|, intense light treatment [78| [79], laser
treatment, capillary-force induced cold welding [80], and gold coating [81]. In addition
to improving the overall resistance of the network, junction welding also enhances their
mechanical stability. Being able to withstand higher mechanical stresses upon bending
is crucial for the implementation of AgNW-based electrodes in flexible optoelectronic
devices.

2.5.1 Minimum resistance

M. Lagrange and D. Langley measured the electrical resistance of a silver nanowire net-
work as a function of temperature from room temperature to 380°C with a continuous
thermal ramp of 15°C/min. The results are shown graphically in Figure 2.7 and indi-
cate that the resistance can be decreased by several orders of magnitude as long as the
annealing temperature does not exceed a certain limit.
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(a) R=R1 + Ry (b) R=Ri1+R; + Ry (¢) R=o0

Figure 2.6: Schematic illustration of the contact resistance between two nanowires. Ide-
ally, when two nanowires are in contact (d = 0), the resistance of two identical nanowires
in series is R = Ry + R, (a). However, because the silver nanowires are encapsulated
in an insulating PVP layer, the contact resistance R; comes into play and increases the
resistance of the nanowires in series (b). Finally, when the nanowires are further away
from each other (d > 0), the electrical circuit is broken and the contact resistance is
assumed to be infinite. Illustrations adapted from [82].

The effect of temperature on silver nanowires can be divided into three main stages.
When silver nanowire networks are heated from room temperature to 200°C (a-c), the
resistance decreases due to thermal desorption of isopropanol and PVP. Steplike drops
in the resistance (b) highlight that the formation of new connection paths is a random
process: the drop in resistance becomes visible when clusters of nanowires are connected
together, allowing effective percolation through the network. Between 170°C and 270°C,
the rate of reduction in electrical resistance is smaller because the concentration, hence
the desorption rate of isopropanol and PVP has diminished.

A second phenomenon starts at 200°C (c): welding or local sintering at nanowire junctions
can be observed in SEM images. This allows to decrease the contact resistance further,
even after complete degradation of isopropanol and PVP. A minimum in resistance is
observed between 300°C and 320°C (d), when sintering of all junctions is fulfilled.

Above 320°C (e), the resistance rises sharply. The network is deteriorated by morpholog-
ical instabilities: the network looses its percolative nature due to the transformation of
silver nanowires into droplets. This phenomenon is called spheroidization and is a result
of the Plateau-Rayleigh instability, which will be discussed later.
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Figure 2.7: Electrical resistance and SEM images of silver nanowires during a continuous
thermal ramp of 15°C/min from room temperature to 380°C. The average wire diameter
is 105 nm and the average wire length is 37.3 um. [77]

Instead of starting the continuous ramp anneal at room temperature, the silver nanowire
network can first be subjected to an isothermal anneal (e.g. 100°C), and then subjected
to a continuous thermal ramp up to 300°C. Whereas the first annealing mainly serves
for the evaporation of isopropanol and PVP, the second annealing should allow welding
of nanowires. Since both thermal desorption and local sintering provide a more intimate
contact between nanowires, the conductivity of the network is enhanced. The advantage
of this second method is that the minimum in resistance can be reached at lower temper-
atures than 300°C. For example, by pre-annealing a silver nanowire network at 200°C for
2 hours, there is no need to increase the temperature anymore since the sintering process
has already reached completion [77].

2.5.2 Spheroidization temperature

Above a certain temperature, silver nanowires tend to spheroidize, but the resultant
nanospheres are still aligned at the original position of the silver nanowires (Figure 2.7e).
This morphological instability results from the tendency of any system with a larger
surface to volume ratio to minimize its surface area in order to reduce its surface energy.

By analogy to silver nanowires, let us consider a liquid cylinder of average radius rg
subjected to a sinusoidal perturbation of amplitude ¢, such that the radius of the cylinder
along its axis is given by

r(z) = ro + sin (2”75”) . (2.15)

According to Plateau-Rayleigh instability, perturbations with wavelengths \ > 27rg will
grow in amplitude and lead to the fragmentation of the cylinder into spheres. The onset
of instability is faster for cylinders with a smaller diameter, since atoms need to be trans-
ported over smaller distances before spheroidization occurs. A similar trend is observed
for solid nanowires: nanowires with a smaller diameter exhibit a lower spheroidization
temperature [77]. This is shown on the left in Figure 2.8, where the sharp increase in
resistance appears at lower temperature for nanowires with a smaller diameter.
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Figure 2.8: Impact of the diameter of silver nanowires on the temperature Ty, , at which
the minimum resistance occurs and on the spheroidization temperature Ty, at which a
sharp increase in resistance is observed. The dashed fitting curves were obtained by using
the Gibbs-Thomson model. [77]

2.5.3 Nanowire size and thermal annealing effects

The melting temperature of bulk silver is 962°C, but decreases dramatically for nanopar-
ticles. This phenomenon is known as the Gibbs-Thomson effect. The deviation of the
melting point from the bulk one is linked to the large surface to volume ratio of objects
at small scales. As an example, for a sphere of radius R |m]|, the surface to volume ratio
writes S 4R )
7

= =70 X —. (2.16)

V §7I'R3 R
For a cylindrical nanowire, the surface to volume ratio is also inversely proportional to
its radius R:

S 2rRL 1

— XX —

V.  7wR:L R’
where L is the length of the nanowire.

(2.17)

Starting from the equilibrium condition of a system comprising a solid and a liquid phase,
it can be shown [83] that the melting temperature T, [K| of a particle of radius R is given
by:

2VP
To(R) =T (1 - =2, 2.18
) =1x (1- 27 219
where TP |K] is the bulk melting temperature, V* [m® mol™!| is the molar volume of the
solid phase, 75 [Nm™!| is the surface energy, and L [Jmol™!] is the molar latent heat of
melting. This equation is called the Gibbs-Thomson equation and relates the melting
temperature of an object to its size.

By analogy to the Gibbs-Thomson effect on the melting point of nanoparticles, Langley
et al. [77] showed that the minimum resistance and onset of spheroidization occur at
lower temperatures for thinner nanowires. Furthermore, they noticed that the decrease
in temperatures Tx_. |K] and Ty, [K| with respect to the “bulk” values associated with
larger diameters exhibits good agreement with the Gibbs-Thomson equation (Figure 2.8).
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The same characteristic length

_ 2V
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= 1.42nm (2.19)
has been used to fit the experimental data since the physical origin of junction sintering
and spheroidization is the same; the driving force for both phenomena is atomic diffusion
in order to reduce surface energy.

The optimized annealing temperature and duration depend on the nanowire morphology
and the nanowire density. The thinner the nanowires, the lower the temperature at which
thermal annealing should be performed to avoid spheroidization of the network. However,
the temperature should be sufficiently high to ensure thermal desorption of isopropanol
and PVP. The presence of the substrate may also influence the thermal stability of the
nanowires.

F. Balty, MSc student at SPIN Lab, studied at which temperature the minimum resistance
occurred for silver nanowires? with an average diameter of 200 nm and a length varying
between 0.5 and 100 um. After a static spin coating of 6 x 5 drops, with a waiting time
of 30 seconds between each series of drops, the samples have been pre-annealed at 80°C
for 30 minutes. Then, the temperature was increased by steps of 20°C up to 320°C, with
a waiting time of 2 minutes at each step. The electrical resistance measured at each
temperature step is shown in Figure 2.9. The minimum in resistance (195 2) is achieved
at 280°C, once solvent desorption and sintering are complete. Because the maximum
temperature that can be provided by the hot plate is 350°C, spheroidization of the silver
nanowire network leading to a sharp rise in resistance could not be observed.
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Figure 2.9: Electrical resistance of silver nanowires deposited on glass during a stepwise
thermal ramp from 80°C to 320°C, after isothermal annealing at 80°C during 30 min.
The minimum in resistance is achieved at 280°C.

2A solution of silver nanowires with the same dimensions will be used in this work.
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Concluding remarks

In this chapter, we saw that the main parameters influencing the optoelectrical properties
of silver nanowire networks are the nanowire network density, the nanowire length, and
the nanowire diameter. Exploiting Haacke’s figure of merit allows to determine which
nanowire network density should be used to obtain the best compromise between optical
transparency and electrical conductivity.

Once these parameters have been chosen, fabricating the network is the most critical part
to achieve randomly dispersed nanowires. In a spin coating process, the rotation speed,
volume of dispensed solution, drying time and dispensing method (static/dynamic) are
the most important parameters that will affect the quality of the network. We will mainly
focus our study on comparing the static and dynamic deposition method in Chapter 5.
Another parameter to which more attention should be given is the hydrophilicity or
hydrophobicity of the substrate. This topic will be discussed in Chapter 6.

To prevent the aggregation of silver nanowires once they are stored in isopropanol, the
nanowires are encapsulated in an insulating PVP layer. A post-deposition treatment is
necessary to decrease the junction resistance once the nanowires have been spin coated,
otherwise the network does not conduct. Therefore, a post-deposition thermal annealing
will be performed, since this is a fast, cheap, and easy method. The hurdle in this
process is to sufficiently heat the substrate in order to remove the PVP layer, while not
overheating the network, as this may lead to spheroidization and a sharp increase in
resistance.



Chapter 3

Thin Film Deposition of Cuprous Oxide

Although perovskite and organic semiconductors receive more and more attention in
scientific papers, copper-based semiconductors are far from being obsolete. One of the
main reasons why copper oxides are still studied in view of photovoltaic applications is
their sustainability: both copper and oxygen are abundant elements. Furthermore, copper
oxide is non-toxic and low cost [84]. Besides, copper oxides can be both p-type and n-type
semiconductors: cuprous oxide (CuyO) is p-type with a bandgap of 2.1 to 2.6 eV [85],
whilst cupric oxide (CuO) is n-type with a bandgap of 1.9 to 2.1 eV [86], depending on
the fabrication method. As a consequence of this difference in bandgap, CuO absorbs at
wavelengths throughout the whole visible spectrum, hence appears brown, while Cuy,O
looks more yellowish. In view of developing transparent solar cells or transparent light-
emitting diodes, CuyO is thus the most suited type of copper oxide. However, despite
the study of various fabrication techniques, obtaining a thin film with a single phase of
Cuy0 and good optical and electrical properties is still a challenge [86].

In this chapter, we firstly introduce typical thin film deposition methods. We explain how
to distinguish Physical Vapor Deposition (PVD) from Chemical Vapor Deposition (CVD)
methods. Then, among the PVD techniques, we briefly mention the difference between
thermal evaporation, electron-beam (e-beam) evaporation, and sputtering. Particular
attention is devoted to RF magnetron sputtering because this method is well suited for
the deposition of CuyO. To explain this deposition method in detail, we firstly describe
the physical phenomena governing Direct Current (DC) and Alternating Current (AC)
sputtering. RF magnetron sputtering relies on the same principles but in addition to an
electric field, it involves a magnetic field to increase the deposition rate and the thin film
quality. To end this chapter, we mention the sputtering parameters than can influence
the quality of the deposited Cu,O film based on a bibliographic research.
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3.1 PVD and CVD methods

A thin film can be defined as a layer with thicknesses less than several microns grown by
condensing atoms, ions or molecules one-by-one on a substrate [87]. The properties of
thin films, such as film thickness, film roughness, chemical composition, defects, crystal
size, and crystal orientation, are governed by the deposition method and the growth con-
ditions. Consequently, the mechanical, electrical, and optical properties of thin films also
depend on the deposition conditions. Besides the deposition technique, some parameters
which can be tuned to modify the thin film properties are the substrate temperature, the
chamber pressure, the process gas and the deposition rate. Additive thin film deposition
methods can be divided into several categories: PVD, CVD, and chemical solution-based
methods. A non-exhaustive list of typical deposition methods is shown in Figure 3.1.

[Thin film deposition techniques}

[

Evaporation Sputtering CVD Solution-based

— Thermal evaporation — DC magnetron sputtering — APCVD — Spin coating
— E-beam evaporation — RF magnetron sputtering — LPCVD — Dip coating
L Pulsed laser deposition | L4 Reactive sputtering  PECVD L Spray coating

Figure 3.1: Non-exhaustive list of thin film deposition methods. Evaporation and sputter-
ing deposition methods belong to Physical Vapor Deposition (PVD). APCDV, LPCDV,
and PECVD stand respectively for Atmospheric Pressure, Low Pressure, and Plasma
Enhanced Chemical Vapor Deposition.

Whereas PVD relies on molten or solid sources, CVD makes use of gaseous precursors
to initiate chemical reactions in the gas phase and at the substrate surface. Non-volatile
products resulting from the reactions deposit on the substrate, while eventual by-products
are removed by gas transport through the reaction chamber. Both methods have advan-
tages and drawbacks. CVD does not require a high vacuum environment and the chemical
composition of the film is easily varied by monitoring flow rates of precursors [88|. Fur-
thermore, high precursor flow rates allow to reach higher deposition rates than PVD.
However, CVD methods require high deposition temperatures (300°C to 1000°C) and
specialized precursors. Besides, some precursors and by-products are toxic, corrosive and
flammable, making them harder to handle. Keeping in mind the demand for flexible
optoelectronic devices, we will focus on PVD techniques which can be performed at lower
temperatures and are therefore compatible with flexible substrates like plastic.
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PVD processes can be split into vacuum evaporation and sputtering, but the thin film
growth method is similar. At first, a chamber is evacuated to high vacuum to minimize
the number of potential contaminants (vapor, dust, residues of previous evaporation
processes). Then, a source material is either heated above its melting point to achieve
evaporation, or subjected to highly energetic particles to dislodge atoms from the surface.
Finally, the liberated atoms travel through the vacuum environment and deposit onto a
substrate to form a thin film. High vacuum is needed to increase the mean free path of the
evaporated atoms and avoid collisions with contaminants. The deposition rate depends on
the evaporation rate - which is dictated by the source temperature, the chamber pressure,
and the molar mass of the source material - the source geometry, and the position of the
source relative to the substrate [89].

In both cases, a quartz balance is used to continuously record the film thickness during
the deposition. The source material is deposited simultaneously onto the substrate and
onto a quartz crystal placed in a resonant circuit. The additional mass resulting from
the deposition process modifies the quartz resonant frequency

k

Wince =\ — (3.1)
where m |kg] is the mass of the quartz and the deposited layer and &k [N m™'] is its stiffness.
Because any change in the quartz mechanical resonance frequency modifies the electrical
resonance frequency of the circuit, the mass of the deposited layer can be deduced by
tracking the changes in the electrical signal [90]. Knowing the mass, the density of the
deposited material and the area of the crystal exposed to the source, we can deduce the
thickness of the deposited thin film.

3.2 Comparison of some PVD methods

The main difference between thermal evaporation, e-beam evaporation and sputtering is
linked to how atoms acquire enough kinetic energy to travel from the source material to
the substrate where they will form a thin film. In order to initiate thermal evaporation,
thermal energy must be supplied to a crucible or boat containing the source material to
be deposited. One frequently used method is to pass a high current through a resistive
tungsten wire wound around the crucible or to pass the high current directly through
the resistive boat, so that thermal energy is generated by Joule heating. Once the atoms
of the source material acquire enough energy to evaporate, they travel through the high
vacuum chamber to finally condensate on the substrate.

During an e-beam evaporation process, current is passed through a tungsten filament
which leads to joule heating and electron emission [91]. These liberated electrons are
accelerated by high voltage and focused towards the source material by a strong mag-
netic field. Upon arrival, the energy of the e-beam is transferred to the source material,
causing it to evaporate and eventually deposit onto the substrate after traveling through
the vacuum chamber. A schematic of both resistive thermal evaporation and e-beam
evaporation is illustrated in Figure 3.1.
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Figure 3.2: Schematic of vacuum evaporation chambers. [87]

Thermal evaporation is commonly used to deposit gold, aluminum, and copper as elec-
trode material in optoelectronic devices [92] because this method is cheaper than electron-
beam (e-beam) evaporation. However, the latter shows an important advantage: it allows
to evaporate source materials with a much higher melting point, broadening the range
of to be deposited materials. Furthermore, problems with resistive thermal evaporation
include contamination of the molten source due to harmful reactions occurring between
the source material and the heated crucible, making it difficult to deposit thin films with
high purity. Finally, thermal evaporation of compounds is only possible if the constituents
have similar vapor pressures.

In contrast to evaporation methods, sputtering does not rely on the absorption of thermal
energy by the source material, but on the ejection of source atoms by bombarding the
source/target with high energy ions. The momentum transfer from the ions to the surface
atoms can impart enough energy to liberate/sputter the surface atoms. Once ejected,
these atoms can travel to the substrate and deposit as a film.

The disadvantage of evaporation methods is related to the low energy of the evaporated
atoms (0.1-0.2 V), while sputtered atoms typically achieve energies around 10 eV. The
energy of the atoms in the gas phase plays an important role in the quality of thin films.
2D ordered monolayers can only form if the incident atoms have enough energy to diffuse
along the substrate surface. Atoms with little energy are not able to move over long
distances: they lead to the creation of voids and increase surface roughness. By contrast,
energetic atoms rearrange themselves during the deposition and improve crystallinity [93].
To better understand why this parameter plays an important role in the quality of thin
film, we must study the adsorption processes at play when atoms or molecules in the gas
phase interact with the solid surface of the substrate (Section 3.3).

These considerations lead to the conclusion that resistive thermal evaporation is not
suited for the deposition of metal oxides, like CuyO, because they exhibit a high melting
temperature. Furthermore, to obtain high quality films with a good crystallinity it is
preferable to use sputtering instead of e-beam evaporation. When we look at Scanning
Electron Microscope (SEM) images, isotropic grains, thin grain boundaries and the ab-
sence of voids are a proof of good crystallinity. Eventually, improving crystallinity leads
to better mechanical, optical, and electrical properties of the thin film.
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3.3 Adsorption processes

Even though neutral molecules have a zero net charge, they are attracted to each other
by weak electrostatic forces, called van der Waals forces. These attractive interactions
can be divided into three categories [6], [83]:

e Keesom forces resulting from the interaction between two permanent electric dipoles,
i.e. two polar molecules.

e Debye forces occurring between a permanent electric dipole and an induced dipole.
The electric field generated by the polar molecule induces an electric dipole in the
non-polar molecule, resulting in an attractive force between both molecules.

e London forces resulting from the attraction between two induced electric dipoles.
Because the electron cloud around the positively charged nucleus can be distorted
by charge fluctuations, temporary dipoles can be induced in two non-polar molecules
brought near each other.

Whatever the type of molecule, London forces, hence van der Waals forces, are always
present. Otherwise, compounds would not bond together. However, as the interatomic
distance decreases to the order of 1A, the force between atoms becomes repulsive because
electron clouds electrostatically repel each other. Moreover, as electrons must obey the
exclusion principle, electrons in overlapping orbitals are forced to occupy higher energy
states, leading to an increase in the potential energy of the system.

A common model to describe the potential

ros energy U [eV] for a system of two atoms
J(7) . . . .
is the Lennard-Jones potential, depicted in
Repulsive Figure 3.3 and represented by the following
/ potential o« 1/»™ expression:
A B

‘ Ulr)=——+—-, (3.2)

/ Total potential r r
r where 7 [m] is the interatomic distance be-
0 Bintling tween the two atoms, A, n are parame-
energy, ters associated with the attractive force,
and B, m are parameters associated with
Attractive the repulsive force [6]. Empirically, it is
potential o« 1 /7" found that n = 6 and m = 12, so that
Equilibrium at small separation distances the net force
separation is repulsive because the second term be-

comes dominant. At the equilibrium sep-

Figure 3.3: Potential energy as a function of aration distance, the attractive and repul-

the interatomic distance for a system of two SiVe forces balance each other. The poten-
atoms. (6] tial energy is minimum and the system of

two atoms is in a stable configuration.
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Similarly, Van der Waals forces are responsible for attractive forces between an atom in
the gas phase and the solid surface of the substrate. However, relying on the method of
images, it can be shown that the dependence of the attractive potential as a function of
the distance between the atom and the solid surface is 773, instead of r=° for a system
of two atoms [93]. Therefore, to avoid confusion, we will call this modified potential the
physisorption potential. In general, physisorption potentials are characterized by a low
binding energy (10 to 100 meV) and a large equilibrium separation of 3 to 10 A with
respect to the solid surface located at r = 0 (Figure 3.3).

Since at room temperature the thermal energy of atoms is kgT ~ 25 meV, the physisorp-
tion potential well is not deep enough to strongly bind atoms to the surface. Adsorption of
atoms on the substrate surface is explained by the presence of covalent adsorption bonds,
similar to covalent bonds between atoms. In a covalent bonding, valence electrons are
shared by the two atoms. When the atoms are brought close to each other, electron wave
functions overlap, so that the probability to find electrons halfway between the atoms
is larger than on the outer regions of the system. On average, the negative charge in
between the atoms acts as an attractive force on the positive nuclei. Orbital overlaps in
covalent bonds lead to a chemisorption potential characterized by a high binding energy
(1 to 10 €V) and a short equilibrium separation of 1 to 3 A with respect to the substrate
surface [93].

Bringing the physisorption potential and the chemisorption potential together, we can
draw the energetic landscape seen by an atom in the gas phase when it reaches the
substrate surface. This is shown in Figure 3.4. Atoms with enough kinetic energy can
surmount the energy barriers and adsorb directly in the chemisorbed states. Less en-
ergetic atoms are trapped in the physisorbed states. If the substrate is heated, atoms
acquire enough energy to hop from one site to the neighbor site, allowing them to perhaps
reach chemisorbed states. However, because the potential wells of physisorbed states are
shallow, atoms may re-evaporate.

In conclusion, by hopping from physisorbed to chemisorbed states in quest of energy min-
ima, atoms rearrange themselves during the deposition and improve crystallinity. Hence,
by increasing the energy of the incident atoms and increasing the substrate tempera-
ture, crystallization of the thin film can be enhanced. Annealing the substrate to higher
temperatures after deposition is also a solution to improve crystallinity.
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Figure 3.4: Energy landscape seen by a atom in the gas phase reaching the substrate
surface. If the incoming atom has enough energy to surmount the energy barriers, it can
adsorb directly into the chemisorbed state. If the substrate is heated, atoms can diffuse
from one site to another by hopping over the energy barriers. Adapted from [94].
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Figure 3.5: Schematic of the sputtering deposition method. [95]
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3.4 DC and AC sputtering

As depicted in Figure 3.5, a sputtering chamber consists of a pair of parallel electrodes
subjected to several kilovolts. While the source material /target is fixed to the cathode
connected to the negative terminal of the power supply, the substrate is attached to the
anode connected to the positive terminal. Because high voltage/power generates Joule
heating, a cooling system is mounted below the target to avoid melting of the source
material. It is also possible to cool or heat the substrate.

After evacuation of the chamber to reach high or ultra high vacuum (< 1077 Torr), a
working gas (typically argon) is introduced to initiate and sustain a plasma, i.e. a gas
of charged particles (electrons, ions and neutral atoms). Plasma generation starts with
the acceleration of a stray electron from the negatively biased cathode to the positively
biased anode. If this electron gains sufficient energy, a positively charged ion (Ar") will
be created when the electron (e™) collides with a neutral gas atom (Ar):

Ar+e” — Art +2e. (3.3)

The extra electron is also accelerated and will in turn generate more ions and electrons.
This snowball effect causes the gas to breakdown: a small current is able to flow through
the initially insulating gas at a critical applied voltage. The breakdown voltage Vg [V] is
a function of the chamber pressure P [Pa] and the distance d [m| between the anode and

the cathode:
APd

" In(Pd)+ B’

where A and B are constants depending on the nature of the gas. This relationship is
called the Paschen’s law [89]. At high pressure, above Paschen’s minimum, the electrons
do not gain enough energy between two collisions to produce ionization. A higher volt-
age must be applied to reach breakdown voltage. At low pressure, beneath Paschen’s
minimum, the electrons are very energetic but the probability of hitting atoms is low.
Again, a higher voltage is needed to reach breakdown. If the voltage is increased above
breakdown voltage, the plasma begins to glow and the current density becomes uniform,
meaning that there are enough ions and electrons to sustain the plasma. Because any
power supply can only provide a finite amount of energy, controlling the working gas
pressure and the distance between the electrodes is important to initiate and sustain the
plasma.

Vp(Pd) (3.4)

Once the plasma has been initiated, positive ions are accelerated towards the negatively
biased cathode, located directly behind the target. As soon as ions collide with the tar-
get, atoms are ejected with enough kinetic energy to reach the surface of the substrate.
Sputtering often utilizes inert gas ions such as Ar™ to avoid undesirable reactions with
contaminants or with the target atoms. Moreover, since argon atoms have a high molecu-
lar weight, the probability of ejecting atoms from the target is increased, leading to higher
deposition rates. In addition to the constraints to sustain the plasma, the argon pressure
should not exceed a certain limit because the kinetic energy of atoms incident on the
substrate decreases with increasing argon pressure due to a higher scattering probability.
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Several power delivery systems can be used for sputtering; a DC power source is used
for conducting targets, whereas an AC power source is used to deposit insulating materi-
als [96]. Sputtering of insulating materials cannot be done with DC power because these
materials have a large DC impedance. Consequently, extremely high voltages would be
required to maintain a plasma, and the target would be subjected to electrostatic charge
build-up. Fortunately, since the impedance of insulating materials varies with the fre-
quency of the applied power, the impedance of the circuit can be regulated with an AC
power source, making sputtering possible for insulating targets like CuyO.

The fact that ions are considerably less mobile than electrons allows to replace the DC
power source by an AC power source, while avoiding the substrate to be bombarded by
ions. When an alternating voltage is applied to the cathode, the electrode self-biases to a
negative voltage [89]. On the positive cycle, lightweight electrons are quickly attracted by
the cathode, hence the cathode becomes negatively biased before the end of the positive
cyclel. Once the cathode is negatively biased, ions are accelerated towards the target.
On the negative cycle, the cathode is still negatively biased so that ion bombardment
continues.

3.5 RF Magnetron Sputtering

The main drawback of AC/DC sputtering is the low sputtering efficiency. To cope with
this problem, strong magnets are added to the cathode in order to confine the electrons
and ions in a gaseous plasma near the target. Due to the superposition of an electric and
magnetic field, electrons undergo a helical trajectory. In other words, when an electron
encounters a magnetic field, its trajectory is bent by the Lorentz force

F =gqFE — qu x B, (3.5)

where ¢ |C] is the elementary charge, v [m/s| is the velocity of the electron, E [V /m] is
the electric field, and B [T] is the magnetic field. Hence, thanks to the magnetic field
lines arching over the target surface, electrons cannot move far away from the target.
This sputtering variant is called RF magnetron sputtering, because the typical operation
frequency is 13.6 MHz.

Trapping electrons near the target increases the ion density near the source material,
which in turn increases the sputtering efficiency and the deposition rate. Another impor-
tant advantage is the possibility to operate at a lower chamber pressure without increasing
the applied voltage. According to Paschen’s law (3.4), due to an apparent increase in
the electrode separation distance d in the presence of a magnetic field, the chamber pres-
sure P can be lowered without modifying the breakdown voltage [97|. A lower operation
pressure avoids scattering between sputtered atoms and argon atoms, hence increases the
deposition rate. Furthermore, confining the plasma near the target avoids damaging the
substrate with impinging ions.

! Assuming that the period of one cycle is 1 s, the time interval that the cathode is positively charged
is estimated to be 1 ms. [89]
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In conclusion, among the PVD methods discussed in this chapter, magnetron sputtering
seems to be the best suited technique to deposit CuyO thin films [98] Besides the depo-
sition method, we should bare in mind that parameters like the chamber pressure, the
power dictating the energy of sputtered atoms, the size and position of the source with
respect to the substrate, and the substrate temperature can affect the crystallinity and
quality of the film. This is an important remark because the microstructure of the thin
film also affects its mechanical, optical and electrical properties.

3.6 Influence of deposition parameters

Previous studies about magnetron sputtering of copper oxides showed that the substrate
temperature, the sputtering power (applied voltage), the sputtering pressure, and the
oxygen flow rate are four important parameters affecting the crystallinity, electrical and
optical properties of the deposited thin film. Post-deposition thermal annealing can also
improve the film quality. We discuss these bibliographic findings in this section because
they helped us to fix the sputtering parameters for the deposition of our CuyO layers.

All Cuy0 thin films mentioned below were produced from high purity Cu targets by DC
or RF magnetron sputtering. Pure argon and pure oxygen have been used as sputter
and reactive gases respectively. The impact of different sputtering parameters has been
studied by changing one of the experimental conditions and keeping the other factors
constant.

Substrate temperature W. Li found that the crystallization and crystal orientation
in CuyO thin films mainly depends on the substrate temperature. By increasing the
substrate temperature, the lattice mismatch between the CuyO film is reduced, stress is
relaxed, and the crystallinity is improved. However, at excessive substrate temperatures
(750°C), undesired copper phase is identified. This may originate from the inert reaction
between oxygen and copper as well as the decomposition of CuyO under high tempera-
ture [99]. Obtaining a single phase of CuyO is thus more challenging when the substrate
temperature is increased.

Films synthesized at room temperature are amorphous, because adatoms (i.e. adsorbed
atoms) lack thermal energy to diffuse along the substrate surface [100]. Their crystallinity
and grain size increases with increasing substrate temperature. The thermal energy sup-
plied by heating the substrate allows to fill the voids between the grains. At high temper-
ature, the film prefers to perpendicularly grow on the substrate in a column-like shape,
increasing its roughness. Hall measurements indicate a better carrier mobility for increas-
ing substrate temperature. This is a direct consequence of the improved crystallinity and
larger grain size, since grain boundaries act as carrier scattering centers. The slight de-
crease in carrier concentration with increasing substrate temperature is compensated by
a larger increase in mobility, leading to a decrease in electrical resistivity [99].

Increasing the substrate temperature also shifts the absorption edge towards shorter
wavelengths. In other words, the bandgap and the transmittance in the visible range
increase with increasing substrate temperature [98].
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Sputtering power The sputtering power mainly affects the growth rate of the film:
the deposition rate increases with increasing sputtering power. This is directly related to
the fact that the sputtering rate increases with the sputtering power [101]|. Less time is
thus required to reach a certain film thickness when the power is increased. Moreover, the
sputtering rate also affects the composition of the film when oxygen is used as reactive
gas. The ratio of Cu atoms to O, molecules determines whether CuO or Cuy,O will be
formed. Whereas a single phase of CuO is obtained at low sputtering power when the
oxygen content prevails, a pure CuyO film can be achieved at higher power. It is thus
possible to tune copper oxide films from n-type CuO to p-type CusO by changing the
sputtering power [85].

When the sputtering power is increased, the grain size increases as the deposition rate
is increased. However, above a certain power value, the grain size decreases. Regarding
the surface morphology of the films, the roughness decreases with increasing sputtering
power. The high surface roughness at low sputtering power is probably due to the less
energetic argon ions bombarding the target. Sputtered atoms must achieve enough kinetic
energy to diffuse along the substrate surface and rearrange themselves during growth. A
lack of energy affects the uniform film growth, hence the surface roughness [101].

As the grain size increases and the roughness decreases, the electrical resistivity of the film
decreases. At even higher sputtering, the electrical resistivity decreases further due to
the coexistence of Cu and CuyO, even if the grains are smaller and the surface roughness
increases. The sputtering power also affects the optical transmittance of the thin films.
At low sputtering power, the transmittance is low due to the presence of more opaque
CuO. Then, the transmittance increases with increasing sputtering power because the
yellowish CuyO phase becomes dominant. Nevertheless, when the sputtering power is
increased further, the presence of Cu induces a sharp drop in transmittance [101].

Argon pressure As mentioned in Section 3.4, the argon pressure, also called the sput-
tering pressure, should be large enough to sustain the plasma. However, increasing the
argon pressure results in more collisions between sputtered atoms and argon atoms. If
the argon pressure is too high, sputtered atoms will loose their kinetic energy due to
scattering. Consequently, sputtered atoms reaching the surface substrate will not have
enough energy to rearrange themselves and form crystalline monolayers. Reddy et al.
noted that the quality of the CuyO films changed from polycrystalline to amorphous
when the sputtering pressure was increased above a certain threshold. This also lead to
a decrease in grain size, an increase in surface roughness, and an increase in electrical
resistivity [102].

Oxygen flow rate As stated by W. Li [99], the oxygen gas flow rate affects the valence
of the copper ion in the film. Whereas below a certain flow rate, the main component of
the film is Cu as the target consists of pure copper; for high flow rates, the chief product
is CuO. For intermediate oxygen flow rates, the thin film mainly consists of Cus,O. Mixed
phases of Cu/Cuy0 and CuyO/CuO have also been reported when varying the flow rate
[100]. P-type CuyO and n-type CuO can therefore also been achieved by tuning the
amount of oxygen available in the sputtering chamber. Several researchers also noticed
that the deposition rate decreases with increasing Oy content: oxidation of the target
reduces the sputtering efficiency [98], [103].



Influence of deposition parameters 58

The main charge carriers in CuyO are holes created by copper vacancies, while the main
charge carriers in CuQO are electrons created by oxygen vacancies. When the oxygen
content is increased, we firstly observe an increase in resistivity due to the transition
from a Cu phase to CuyO phase: the concentration and mobility of electrons in Cu is
much higher compared to the concentration and mobility of holes in CuyO. A further
increase in oxygen content results in the transformation of p-type CuyO to n-type CuO,
hence to a decrease of the electrical resistivity since the concentration of highly mobile
electrons increases again [103].

At low oxygen flow rate or partial pressure, the copper oxide thin film appears opaque
due to the dominant presence of Cu. With increasing oxygen partial pressure, the op-
tical transmittance is improved because CuyO becomes the main thin film component.
Nevertheless, as the oxygen content is further increased, the transformation of Cu,O into
CuO results in a decrease in the optical transmittance. This increase (resp. decrease) in
transmittance when the CuyO (resp.CuO) phase becomes dominant is directly linked to
the bandgap of both phases. The lower bandgap of the CuO thin film leads to a greater
absorption of visible light compared to the CuyO thin film [103].

Post-deposition thermal annealing Liu et al. analyzed the impact of post-deposition
thermal annealing on the composition of copper oxide films. By contrast to the studies
discussed above, magnetron sputtering from a pure Cu target has been performed in a
pure argon environment. The main component of the as-deposited thin film is thus Cu.
After deposition, the thin films were annealed in ambient air for 2 hours. As the annealing
temperature is increased from 100°C to 500°C, the composition of the films transformed
as follows:

Cu — Cu/Cu0 — Cu0 — Cu0/CuO — CuO. (3.6)

The surface morphology also changed from amorphous to polycrystalline with increasing
grain size and a decrease in porosity [104]. Hence, optimizing CusO thin films relies on
obtaining the desired phase as pure as possible, as well as obtaining a crystalline film with
large grains to ensure a good conductivity (by decreasing grain boundary scattering).

Concluding remarks

Among various PVD thin film deposition methods, we found that RF magnetron sput-
tering was the best suited method to obtain high quality Cu,O films of a few hundreds of
nanometers. The theoretical considerations discussing the adsorption processes govern-
ing the film growth and the working principle of magnetron sputtering should help us in
the choice of the appropriate sputtering parameters used in Chapter 6. It is important
to understand how these parameters affect the crystallinity of the thin film, since the
microstructure directly influences its mechanical, optical and electrical properties.



Chapter 4

Characterization Techniques

Characterization techniques are important tools to assess the quality of thin films and
silver nanowire networks. In this chapter, we discuss the physical principles of the char-
acterization methods used during our experimental work. The morphological character-
ization has been performed using SEM. Specific attention is devoted to electron-matter
interactions, because they are the backbone of SEM imaging.

Electrical properties have been determined using a two-point resistance measurement for
the silver nanowire networks and a four-point resistance measurement for the cuprous
oxide thin films. Because the collinear four-point resistance measurement was not con-
clusive, we also used the Van der Pauw method. The three methods are explained in
detail.

Finally, the optical characterization has been conducted by measuring the transmittance
of the samples with a spectrophotometer. The working principle of the spectrophotometer
is explained by describing the function of the different components. The need for an
integrating sphere, baseline correction, and the choice of software parameters is also
addressed. Knowing the transmittance, it is then possible to determine the bandgap of
the material, as discussed in Section 1.1.2.
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4.1 Morphological characterization

Since the resolution of an optical microscope is limited by the wavelength of visible light,
i.e. a few hundred nanometers, an electron microscope must be used to characterize the
surface quality of nanostructured samples. As the wavelength associated to electrons
is inversely proportional to their energy, microscope images with a resolution down to
0.1 nm can be achieved by accelerating electrons between a series of electrodes [105]. In
addition to an enhanced resolution, electron interactions with matter allow to investigate
the chemical composition of the sample.
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Figure 4.1: Schematic diagram of a scanning electron microscope (SEM). [105]
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4.1.1 Scanning Electron Microscopy

Scanning electron microscopy aims at the morphological and structural characterization
of a sample by scanning its surface with a highly energetic electron beam. As shown in
Figure 4.1, a SEM consists of an electron gun, electromagnetic lenses, a motorized sample
holder, and a series of detectors. The electron gun encompasses an electron source and
an anode to accelerate the electrons. The electron source is made of a Schottky cathode
and an anode: a voltage is applied between the cathode and the anode to facilitate the
liberation of electrons by thermionic emission. The electron beam is then concentrated
into a small spot by a series of electromagnetic lenses. When the electron beam interacts
with the sample, energy is dissipated into different components such as secondary elec-
trons and backscattered electrons. Synchronizing the signals collected by the detectors
with the position of the beam allows to reconstruct an image of the sample’s surface [105].

4.1.2 Electron-matter interactions

Primary electrons impacting the sample are deviated from their trajectory due to scatter-
ing with atoms. The electron-matter interactions can be divided into two main categories:
elastic and inelastic collisions. An elastic collision is an energy conserving process which
modifies the trajectory of the electron without affecting its wavelength. On the contrary,
during an inelastic collision, the electron looses energy; its wavelength is by consequence
longer. This energy transfer between electrons and matter is exploited to characterize
the material.
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Figure 4.2: Schematic of the interaction types when incoming primary electrons hit the
sample.
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When the beam of primary electrons hits the sample, the emitted energy is related
to Backscattered Electrons (BSE), Secondary Electrons (SE), and X-rays (Figure 4.2).
Backscattered electrons are primary electrons which emerge back out of the sample, after
suffering elastic or inelastic collisions. Secondary electrons and X-rays are generated by
inelastic collisions. The former can be divided into slow SE, fast SE, and Auger electrons.
Whereas slow SE are electrons ejected from the atom’s valence shell and have little energy
(up to 50 eV), fast SE are released from the atom’s inner shells and carry energies of the
order of the keV. When an electron from a higher energy level falls into a vacancy in an
inner shell, energy is often released in the form of a photon. This phenomenon is known
as characteristic X-ray emission, because the emitted radiation is specific to the nature of
the element. However, the energy transfer can also occur by ejecting an electron, called
an Auger electron. X-rays are also generated by Bremsstrahlung. When an electron is
deflected from its trajectory by the nucleus of an atom, it loses kinetic energy. This
energy is released under the form of electromagnetic radiation.

SEM can be used to analyze the topography, morphology, crystallography and chemistry
of a sample. The number of secondary electrons emitted from the sample depends on the
angle of incidence of the electron beam: more SE are emitted when the beam is parallel to
the sample’s surface. Therefore, 3D objects and surface irregularities like grain boundaries
are delimited by bright lines in SEM images, allowing the analysis of their size and
distribution. The chemical composition of a sample can be deduced from BSE imaging
and X-ray spectroscopy. According to Rutherford backscattering, the probability for an
electron to be backscattered by an atomic nucleus is proportional to its atomic number.
Heavier elements generate therefore more BSE than light elements. By consequence, if
a sample consists of two phases, regions of lower average atomic number will appear
darker than regions of higher average atomic number. Matching the characteristic X-rays
emitted by the sample with elemental standards is a second technique to determine the
composition of the sample by SEM imaging. However, this method is not as accurate as
X-ray Diffraction (XRD) analysis, since the range of possibly emitted X-rays depends on
the energy and orientation of the incident electron beam.

4.1.3 Choice of secondary electron detector

The Pioneer Two scanning electron microscope from Raith Nanofabrication [106] is equipped
with two types of SE detectors: SE2 and InLens. The traditional SE detector, also called
Everhart-Thornley detector after its designers, is shown in Figure 4.1. This detector,
which we will call the SE2 detector, is positioned outside the lens system and is posi-
tively biased to attract secondary electrons when the electron beam interacts with the
sample. The second type of SE detector, called InLens detector, is placed on top of the
SEM chamber, between the anode and the electromagnetic condensor lenses (not drawn
in Figure 4.1). The InLens detector favors the use of low energy primary electrons to
increase the quality of the SEM images. At first, the primary electron beam is deceler-
ated by an electrostatic lens. Then the secondary electrons scattered in the vicinity of
the incident beam are accelerated back into the lens on a helical path [107].
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When the electron beam interacts with the sample, a large number of secondary electrons
are generated. Low energy secondary electrons, called SE1, are scattered in the upper
range of the electron-sample interaction volume (drawn in yellow in Figure 4.2), near the
impact point of the electron beam. Because they contain information about the sample
surface only, high contrast images can be created when these electrons are collected by
the InLens detector. The SE2 detector detects electrons emitted further away from the
incident beam and emerging after several collisions in the material. As they carry depth
information as well as surface morphology information, images generated with this type
of detector show a lesser degree of detail, contrast, and resolution.

Problems with the InLens detector are encountered when the sample to be imaged is
not conductive enough. During SEM imaging, the number of electrons absorbed by the
sample may be larger than the amount of ejected electrons, leading to a net charge
buildup. If the sample and part of the sample holder are conductive, electrons can flow
away. Yet, if the sample is insulating (or weakly conductive), a negative charge buildup
can distort the electron beam and affect image resolution. Solutions to avoid this effect are
reducing the acceleration voltage to lower the energy of the primary electrons, reducing
the magnification, and reducing the imaging time.

However, taking these precautions is sometimes not sufficient when the InLens detector
is used. When a charge buildup occurs, SE1 are strongly affected by the electric field
because they have a low kinetic energy. By consequence, they are easily deflected from
their path towards the InLens detector. SE2 electrons, which are emitted further away
from where the charge build up occurs and which carry a higher kinetic energy, are less
deviated from their trajectory to the SE2 detector.
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4.2 Electrical characterization

A two-point resistance measurement is the simplest method to assess the conductivity
of a sample. A test current is forced through the sample and the multimeter measures
the voltage drop between the two terminals. The problem of this method is that the
resistance of the wires and the contact resistance at the terminals are included in this
measurement. Therefore to assess the resistance of thin film, it is preferable to rely on a
four-point resistance measurement.

4.2.1 Collinear four-point resistance measurement

The resistivity of a thin film can be performed by means of four collinear contact points.
At first, a known DC current [ is applied between the two outer probes. Then, the
voltage V' between the two inner probes is measured. Finally, the resistivity is calculated
from

v

= F— 4.1
p ]’7 ( )

where F' [m] is a geometric correction factor depending on the geometric arrangement of
the probes, the thickness of the sample, the finite size of the sample, and the position of
the probes with respect to the sample edge [108]. The main advantage of a four-point
resistance measurement is the elimination of contact resistances at the positions of the
probes, considering that voltage probes have a high electrical impedance.

It can be shown that for an infinite 2D sheet of uniform thickness ¢, probed by four
collinear and equally spaced contact points (Figure 4.3), the resistivity is given by

V 7t
— Fy— with F, = - 42
p=>rop W 0= 2 (4.2)

This relationship is demonstrated on the next page.
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Figure 4.3: Schematic of 4-point collinear probe measurement [108]. While the current
is injected by electrode 1 and extracted by electrode 2, the potential drop is measured
between electrodes 2 and 3. The distance between the probes is assumed to be constant,
i.e sy =84 = s and sy = s3 = 2s.
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Proof. When the sample thickness is much smaller than the spacing between the probes
(t < s |m]), the current emanating from the outer probes can be assumed to spread
cylindrically (instead of spherically as it is the case for 3D bulk materials). Therefore,
the expression for the area through which the current flows is S = 27rt, where r |m]| is
the distance from the probe injecting the current. Starting from Ohm’s law (J = E/p)
and the fact that the electric field derives from a potential (E' = —dV/dr), the voltage at
a distance r from the probe injecting a current +/ can be found as follows:
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Considering the particular case shown in Figure 4.3, where a current +1 is injected by
electrode 1 and a current —I is extracted by electrode 2, the voltage drop measured
between electrodes 2 and 3 writes

pl
V=V,-V;= pn [ — Ins; + Insy + Inss — lns4]
it

P[ (5233>
27Tt S154

= —pI
—rl,

since the spacing between the probes is assumed to be uniform (s; = s4 = s and
Sy = 83 = 25). O

In practice, nevertheless, samples have a finite size. Consequently, due to boundary
effects, which limit the possible current paths in the sample, correction factors are required
to ensure accurate results. Considering the four-point probe measurement of a sample
of finite size L and thickness ¢ where the probes are spaced by an equal distance s, the
correction factors depend on the thickness of the sample (Fj(t/s)); the distance of the
nearest probe with respect to the sample edge (F»(d/s)); and the finite size of the sample
(F5(L/s)). The resistivity can therefore be expressed as:

P = F% where F = FOF1F2F3.

It has been shown in previous studies [108| that the correction factor can be neglected
provided the sample is sufficiently large so that the probes can be sufficiently spaced:

F1 ~1 if s> 5t,
Fro~1 if d>4s, (4.3)
F;~1 if L > 25s.
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4.2.2 Van der Pauw four-point resistance measurement

An alternative to the collinear four-point resistance measurement is the Van der Pauw
method. This method also uses four contacts to determine the electrical resistivity of a
thin film while avoiding contact resistance. The difference is that the probes are applied
at the corners of the sample. As illustrated in Figure 4.4, two contact points apply a
well known current to the material (in red), the other two measure the voltage across the
material (in green).

@

(a) Ri2.43 = Vas/ 112 (b) Rag 14 = Via/I23

Figure 4.4: Schematization of the Van der Pauw characterization method to determine
the electrical resistance. While a current is injected between two contact points, the
voltage across the other two contact points is measured. The corresponding resistance is
obtained with Ohm’s law.

Van der Pauw’s papers (1958) explain how to extract the resistivity p of a sample through
a four-point measurement [109], [110]. He proved that the following relation holds for
a sample of arbitrary shape and uniform thickness ¢ with sufficiently small electrical
contacts 1,2,3,4 at the periphery:

exp +ex =1, (4.4)

( —Wt§12,43 ) b ( —7Tt1523,14>

where Ris43 = Vi3/ 112 is the measured resistance when a current is injected between the
contacts 1 and 2 and the potential difference is measured between the contacts 4 and 3
(Figure 4.4a). A similar notation is used for Ry314 = Vi4/I23 (Figure 4.4b). In order to
obtain a direct expression for the resistivity p, (4.4) can be rewritten as:

7t

p= m(Rm,zm + Roz14) f (1), (4.5)

with f |-] a function of the ratio r = Ry243/Ra314 only. In the particular case where
Ry9.43 and Ry314 are equal, i.e. if the contacts are perfectly symmetric, f(r) is equal to 1.
We then recover the same expression as for a linear four-point configuration (4.2).
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When performing a Van der Pauw measurement with the PhysTech RH2035 system of
our laboratory, equation (4.5) is used to determine the resistivity of the sample [111].
However, the expression of the function f is simplified by an approximation when Ris 43
and Ra3 14 are almost, but not perfectly equal'. Consequently, to reduce the error when
computing the electrical resistivity, the contacts must be symmetric; in other words, the
sample must be square. Besides, since the contacts were assumed to be infinitesimal and
situated at the circumference of the sample, it is essential to make the contact points
as small as possible and to place them as close as possible to the edges. Finally, as
(4.5) requires the sample thickness ¢ to determine the resistivity p, the thickness must be
uniform and known before conducting the Van der Pauw measurement.

4.2.3 Two-point network resistance measurement

When silver nanowires are deposited randomly on a substrate, different phenomena can
occur. A non-exhaustive list of examples is illustrated in Figure 4.5. In the first situation
(I), the nanowires do not overlap. We say that the network is non-percolating. In the
second case (IT), some groups of nanowires are connected together, the network exhibits
percolating clusters. In the last example (III), the network is said to be percolating
because the nanowires make the link between the bottom and the top electrode of the
sample. To reach the percolation threshold, a minimum number of nanowires must be
connected to establish a conduction path between both electrodes, but this does not mean
that the whole network must be conductive.

(IV)
‘Non-percolating Percolating AgNW Percolating AgNW Sample with
AgNWs clusters network AgNWs

Figure 4.5: Illustration of the notion of percolation and the metallic contacts used to
perform the electrical characterization of silver nanowire networks. Adapted from [112].

To gauge the conductivity of the silver nanowire networks, a two-point resistance mea-
surement is conducted with a multimeter in Ohm mode. The conductive terminals are
fabricated on two parallel sides of the sample using silver paste, deposited by hand with
a toothpick. A photograph of a glass sample covered by silver nanowires and equipped
with metallic contacts is shown on the right in Figure 4.5 (IV).

!The relation that the function f has to satisfy, and an approximation of this function when Ri 43
and Ry3 14 are almost equal, is mentioned in Van der Pauw’s paper [110].



Electrical characterization 68

The resistance that we measure is thus the resistance of the sample from one side of
the network to the opposite side. To read a finite resistance, it suffices to have one
percolating path from one electrode to the other. If the distribution of silver nanowires
is homogeneous, the resistance measured between the bottom and top electrodes should
be the same as the resistance between the left and right electrodes. Therefore, it does
not matter on which sides of the sample the silver paste is added.

Previously, we said that it was more accurate to measure the resistance of a thin film with
a four-point method instead of two-point, because this allows to exclude the resistance of
the lead wires and the contact points between the sample and the probe. However, this
method is only suited to measure the resistance of uniformly distributed silver nanowire
networks and deviates from the definition of the percolation threshold. In Section 2.3, we
defined the percolation threshold as the critical density to have a continuous percolating
pathway from one end of the lattice to the other. If a four-point resistance measure is
used, the percolation threshold may not be detected. This situation occurs when the
whole network is conducting, except at the edge of one of the four probes. By contrast
to the four-point method, measuring the resistance between two electrodes, as shown in
Figure 4.5, enables us to directly relate the conductivity of the network to the percolation
threshold, because the resistance will change as soon as one conduction path is established
between both electrodes.

After all, if the network is as dense as in Figure 4.5, measuring the conductivity of the
network with a two-point or a four-point method should give the same result, provided
the sample is a perfect square and the instrumental resistance of the multimeter can
be neglected. For example, Madaria et al. [113] measured the sheet resistance of silver
nanowire networks using a four-probe technique by depositing silver paint at the corners
in a square shape, while Lagrange et al. [42] relied on a two-point method.



Optical Characterization 69

4.3 Optical Characterization

The spectral transmittance 7" of a sample at a specified wavelength A is given by

D7 (M)
T\ = ——, 4.6
M= (16)
where @ is the light intensity of the incident beam, and ®r is the light intensity obtained
when the incident beam has passed through the sample. This measurement can be
performed directly with the Shimdazu UV-3600 spectrophotometer [114].
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Figure 4.6: Schematic of a spectrophotometer. [115]

As illustrated in Figure 4.6, a spectrophotometer consists of a light source, a monochrom-
eter, a sample compartment, and a detector. To better understand how the transmit-

tance spectrum of a sample can be measured, the function of each component is briefly
described.

Light Source To produce a bright light beam across a wavelength range of 185 to
3300 nm, the UV-3600 spectrophotometer automatically switches around 310 nm between
a deuterium lamp and a halogen lamp by rotating a reflector. Whereas ultraviolet light
is generated by the deuterium lamp, the halogen lamp produces visible and near-infrared
light.
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Monochromator The monochromator is firstly composed of an entrance slit to select
a narrow band of light. Then, a diffraction grating is used as dispersion device to sep-
arate polychromatic light into its constituent wavelengths. Finally, to select the desired
monochromatic light at the exit slit, the diffraction grating can be rotated. A change in
grating occurs around 870 nm.

The resolution of the target wavelength is limited by the slit width and the resolution
of the diffraction grating, which depends on the size and number of gratings. Reducing
the slit width provides a better resolution since it allows to select a smaller wavelength
band, but it also decreases the light intensity. Typically, the slit width is set to achieve
a resolution of 2 nm. However, when an integrating sphere is used, the slit width is set
to 32 nm to reduce noise due to light losses in the integrating sphere.

Detector Light passing through the exit slit and then through the sample is collected
by a detector. To ensure high sensitivity and low noise across the entire wavelength
range, the UV-3600 spectrophotometer uses three types of detectors: a Photomultiplier
Tube (PMT), an InGaAs photodiode, and a PbS photodiode. They have the same goal,
namely converting the light signal into an electrical signal, but their working principle is
different. Moreover, their range of sensitivity depends on the materials used to fabricate
them.

In a PMT, incident light causes the extraction of electrons at the photocathode by the
photoelectric effect. These electrons are accelerated by a high voltage difference applied
between the cathode and a series of sequentially arranged dynodes. Striking of highly
energetic electrons on these electrodes causes the emission of additional electrons, result-
ing in a large electrical signal at the end of the photomultiplier tube. By contrast, when
light strikes the photodiode, electron hole pairs are created. Consequently, the electrical
conductivity of the material is increased and an extra photocurrent is generated.

As summarized in Figure 4.7, a PMT is used for the ultraviolet and visible regions, a
cooled PbS photodiode is used for the near-infrared region, and an InGaAs photodiode is
used to cover the gap of wavelengths which cannot be captured by the previous detectors.
By default, the switching between the photomultiplier detector and the InGaAs detector
occurs at 830 nm, and the switching between the InGaAs detector and the PbS detector
occurs at 1650 nm. The switch between detectors at these wavelengths can lead to a
jump in the measured transmittance.

165nm 380nm 780nm 3300nm
uv Visible NIR
PMT 165~1000nm |
InGaAs I700~1800nm
PbS 1600~3300nm

Figure 4.7: Sensitivity range for different types of detectors. [114]
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The light transmitted through a sample of finite thickness can be decomposed into two
parts: linear transmitted light and diffuse transmitted light. In order to capture both
components, an integrating sphere is placed between the sample compartment and the
detector [116]. Because light does not directly strike the detector anymore, the light
intensity received by the detector is decreased by one order of magnitude. To counteract
this effect, the entrance and exit slit are widened.

A coating with a reflectance higher than 90% has been deposited on the inner walls of
the integrating sphere to minimize losses. Nevertheless, because reflectance values can
change if the surface becomes contaminated, if it deteriorates over time, or depending on
variations in the material during production, it is important to perform a baseline correc-
tion (a transmittance measurement when no sample is placed in the sample holder) [117].
This ensures that differences in reflectance of the coating will not affect transmittance
measurements.

The scan speed (fast, medium, slow, and very slow) determines the number of measure-
ments that are performed at each wavelength. A slow scan speed provides transmittance
spectra with lower noise, but the data acquisition time is much longer. Medium speed is
a good compromise between reduced noise and acquisition time. Finally, the wavelength
step is the step used to sweep the desired range of wavelengths. It is generally set to 1
or 2 nm.

Concluding remarks

To characterize specimens it is essential to understand the working principle of the mea-
suring instrument in order to perceive how the parameters affect the measurement. When
using the SEM to examine the morphology of the silver nanowire networks, we will have
to make the good choice of detector, depending on the conductivity of the sample. A
two-point resistance measurement between two sides of the sample and a transmittance
measurement will be exploited to assess the performance of the silver nanowire network.

For the electrical characterization of the CuyO films, we will rely on the Van der Pauw
method, since the four point collinear probe station is equipped with very sharp tips
that could pierce the thin film. It is important to point out that the contact points
should be as small as possible and as close as possible to the edges of the squared sample
to measure a valid sheet resistance. The thickness of the sample, that is needed to
deduce the resistivity, will be determined from SEM cross section images. A measure
of the transmittance of the specimen allows to determine the absorption coefficient as
a function of the photon energy, which will be used to compute the band gap and the
Urbach energy of the Cu,O films.
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AgNW on glass

In Section 2.2, we saw that parameters affecting the properties of spin coated films are, for
instance, the rotation speed, the amount of dispensed solution, the drying time, and the
dispensing method. Although the theory presented in that section has been inspired from
Newtonian fluid dynamics, we may consider that a solution of silver nanowires belongs to
this category provided that the solution is sufficiently diluted. Moreover, in Section 2.4,
we noticed that the nanowire size and density influence the optoelectric properties of the
network. Because all these parameters affect the final quality of the spin coated silver
nanowire network, it is essential to fix some of them in order to optimize specific parts of
the deposition process.

The parameters concerning spin coating of silver nanowires that have been studied the
most in the literature are the rotation speed, the nanowire size, and the density of the
deposited nanowire network. By contrast, little information has been published about the
dispensing rate, or whether a dynamic or static dispensing should be preferred. There-
fore, we decided to fix the rotation speed, the nanowire size, the concentration, and the
total volume of the dispensed nanowire solution, while the parameters of interest are
the dispensing rate and whether it is better to deposit the silver nanowire solution on a
rotating or fixed substrate.

To optimize the deposition process of silver nanowire networks, we investigated the opti-
cal, electrical, and geometrical properties of silver nanowire networks deposited on clean
glass. While the optical characterization was conducted with a spectrophotometer, the
electrical characterization was performed with a multimeter, and the analysis of the ge-
ometry and density of the silver nanowire networks was based on SEM images. Regardless
of the varied parameter, the goal was to find the spin coating process that provided the
best compromise between conductivity and transparency of the network. Furthermore,
an image analysis software (ImageJ) was used to compute the density of nanowires, since
electrical and optical properties are directly related to the number of nanowires deposited
on the substrate. Specific attention was devoted to thermal annealing because it has been
shown that this post-deposition process greatly enhances the conductivity of the silver
nanowire networks, without affecting their transparency. We conclude this chapter by
comparing the performance of our transparent electrodes to results found in the literature.
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5.1 Fabrication of silver nanowire networks

This section aims at explaining how the silver nanowire networks have been fabricated
by spin coating. The values of the fixed parameters are detailed and have been inspired
by previous studies found in the literature [118].

Silver nanowire solution Firstly, we purchased a solution of polyol synthesized silver
nanowires stabilized in isopropanol (5 g/L) from the company PlasmaChem®. The solu-
tion should contain silver nanowires with a diameter of 200 &+ 4 nm and a length varying
between 0.5 and 100 pm. Because too low a concentration of silver nanowires alters trans-
mittance, whereas too high a concentration does not yield a conductive silver nanowire
network, we diluted this solution in a 1:2 ratio (1 part silver nanowire suspension to 2
parts isopropanol) [119]. The final solution is shaken vigorously and drawn into a clean
syringe.

Glass substrate cleaning Before the use of flexible substrates or the integration of
silver nanowire networks in optoelectronic devices, glass is a good material to optimize
the deposition process. The first benefit of glass is its high transmittance. Figure 5.1
shows that the 1.5 mm thick corning glass samples from our laboratory exhibit a trans-
mittance between 90 % and 91.6% for wavelengths above 375 nm. This transmittance
measurement is in accordance with theoretical predictions expecting a reflectance of 8%,
hence a transmittance of 92% if absorption is neglected. Indeed, when a light beam passes
through a piece of glass, the electromagnetic waves encounters two air/glass interfaces.
Moreover, according to the reflectance expression given in (1.17), 4% of the incident light
beam should be reflected at each interface, since the refractive index of air is ng = 1 and
the refractive index of glass is n = 1.5 in the visible range. The small bump at 870 nm is
due to the change in detector of the spectrophotometer. The sharp drop below 375 nm
is caused by the absorption of photons with an energy larger than the band gap of glass.
The second advantage of glass is its stability at high temperatures. This avoids degra-
dation of the substrate during thermal annealing, a post treatment that will be used to
increase the conductivity of the silver nanowire networks.

Prior to silver nanowire or thin-film deposition, the glass substrates of dimension 1 to
2 cm? are cleaned to remove residues like dust and fingerprints. A VWR ultrasound bath
[120] is used to ensure reproducible cleaning results without manual effort and damage
risk. The samples are rinsed successively with acetone and isopropanol, and dried with a
nitrogen gun.

Spin coating procedure M. Lagrange [118] tested several silver nanowire deposition
conditions to determine which rotation speed provided the best trade-off. The one offering
the best coverage with a limited radial orientation was 1500 rpm. Thus, we decided to
fix the rotation speed of our Laurell spin coater at this value [121].

For both the static and the dynamic deposition method, the solution is deposited droplet
by droplet using a syringe. In the static mode, droplets are deposited when the substrate
is at rest. Then, the substrate is brought into rotation at 1500 rpm with an acceleration
of 200 rpm/s.
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Figure 5.1: Transmittance measurement of a glass substrate from our laboratory. A
baseline is performed with an empty sample-holder to take imperfections of the integrating
sphere and changes in detector into account. The parameters of the Shimadzu are a slit
width of 32 nm, a medium scan speed, and a wavelength sampling rate of 1 nm.

By contrast, in the dynamic mode, droplets are released while the substrate is rotating
at 1500 rpm. To assess the influence of the dispensing rate on the quality of the silver
nanowire networks, we investigated whether releasing 6 passes of 5 droplets could provide
a more uniform coating than releasing 3 passes of 10 droplets, while waiting 30 seconds
between each pass.

From a practical point of view, a vertical syringe holder is used to release the drops at the
center of the substrate, perpendicularly to the substrate, and always from the same height.
About 1 second is taken to form a droplet, so that, on average, 30 droplets correspond
to a volume of 0.5 mL. Finally, when realizing a series of samples, the syringe should
not be refilled to prevent the extraction of a different concentration of silver nanowires.
The solution is also shaken regularly to avoid sedimentation. An automated dispenser
and stirrer would be less prone to variations in droplet size, dispensing rate, and silver
nanowire concentration than a manual dispenser.

Thermal annealing After spin coating, the nanowire networks are subjected to ther-
mal annealing on a hot plate [122], since it has been shown that this post-deposition
process greatly enhances the conductivity of the silver nanowire networks. Once the
silver nanowires have been deposited, all substrates are heated on a hot plate at 75°C
during 5 min. Then, based on F. Balty’s findings (Figure 2.9), the samples are further
annealed at 250°C during 10 min. To go from 75°C to 250°C, no thermal ramp has been
imposed, but the intrinsic thermal ramp linked to the limited response time of the hot
plate is 30°C/min. The total annealing time of the networks is thus about 16 min. The
first annealing is meant to evaporate the PVP layer and isopropanol, whereas the second
annealing should allow junction formation between nanowires. Thermal annealing also
improves the adherence between the nanowires and the substrate.
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5.2 Optical characterization

The optical characterization of the samples is performed with the Shimdazu UV-3600

spectrophotometer [114]|. To measure the transmission characteristics of the silver nanowire
network, first a baseline correction is fulfilled without any sample, then a transmittance

measurement is carried out on clear glass, and finally a transmittance measurement is

conducted on the glass substrate covered by silver nanowires. The parameters of the

Shimadzu have been set to a slit width of 32 nm, a medium scan speed, and a wave-

length sampling rate of 2 nm. The same parameters will be used in future transmittance

measurements. Using a sampling rate of 1 nm may avoid the small bump observed at

310 nm, which is due to the light source change (Figure 5.2).

As the transmittance measurements of silver nanowire networks deposited on glass and
annealed at 75°C/250°C showed identical results, and since a thermal annealing is es-
sential to achieve a decent conductivity for application as electrode, we only present the
transmittance measurements for the samples annealed at 250°C. The results are shown in
Figure 5.2 and detailed in Table 5.1 by taking the center of the visible range as reference
wavelength, i.e. 550 nm. The percentage decrease in transmittance is defined by

Tglass - TAgNW

x 100, 5.1
Tglass ( )

where Tgias is the transmittance of the bare substrate, and Tagnw is the transmittance
of the glass substrate on which silver nanowires have been deposited.

Deposition method | Transmittance [%] | Decrease in [%)]
Glass 90.64 /

Static 3 x 10 83.93 7.40
Static 6 x 5 81.54 10.04
Dynamic 3 x 10 79.07 12.76
Dynamic 6 x 5 77.33 14.68
78.62 13.26

79.07 12.76

Table 5.1: Transmittance (at 550 nm) of silver nanowire networks deposited on glass and
annealed at 250°C as a function of the fabrication technique. Three different samples
have been tested for the dynamic 6 x 5 method.
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While the static deposition technique decreases the transmittance by 7% to 10% with
respect to a clean glass substrate, the dynamic deposition technique reduces the trans-
mittance by 13% to 15%. The static method provides thus a larger transmittance than
the dynamic method. Besides, the transmittance is a bit higher for the 3 x 10 method
than for the 6 x 5 method. The evolution of the transmittance as a function of the de-
position method will be justified in Section 5.5, following the presentation of the SEM
images which enables a direct analysis of the nanowire network.

100
80 -
. 60 -
X,
&~
40 +
Glass
S3x10
20 + S6x5
D3x10
D6x5
0 I I I I I I
300 400 500 600 700 800

A [nm]

Figure 5.2: Transmittance of silver nanowire networks, annealed at 250°C, for different
deposition methods and wavelengths between 250 and 850 nm. S stands for static, while
D stands for dynamic.

5.3 Electrical characterization

The electrical results, obtained with a two-point measurement, for the different samples
are summarized in Table 5.2. While the resistance of the samples employing the static
method generally stays above 1 M(2, the resistance of the samples using the dynamic
dispense is of the order of the k() after annealing at 75°C, and below 100 €2 after annealing
at 250°C. The static and dynamic deposition methods with 6 x 5 drops and annealed at
250°C have been tested multiple times to confirm the remarkable difference between the
static and dynamic technique. While the static preparation process resulted two times
in more than 1 M2 and once in 207 €2, the dynamic method resulted in 18 2, 27 €2, and
80 €.
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Method

3x10 at 75 °C

3x10 at 250 °C

6x5 at 75 °C

6x5 at 250 °C

Static

> 109Q)

> 105 Q)

> 1090

> 105Q)

> 10°Q
2072
18Q2
272
802

52 x 103 Q 852 22 x 103 Q

Dynamic

Table 5.2: Electrical resistance of silver nanowire networks deposited on glass as a function
of the deposition method and the annealing procedure.

This electrical characterization clearly indicates that the deposition technique has an im-
pact on the electrical properties of the silver nanowire network. The density of silver
nanowires obtained with the dynamic deposition method is probably larger than the one
obtained with the static dispense. This will be confirmed by the geometrical characteriza-
tion exploiting SEM images. The good conductivity (207 2) that has been observed once
with the static deposition method is probably a stroke of luck. An electrical measurement
between the two other parallel sides of the specimen should have been performed to verify
whether the transverse resistance of the network (top and bottom electrodes) was as low
as the longitudinal resistance (left and right electrodes).

It is important to notice that a thermal annealing at 250°C is required to achieve resis-
tances below 100 €). For the dynamic method, the post-deposition treatment provides a
striking resistance drop by 3 orders of magnitude thanks to welding at nanowire connec-
tions. Nevertheless, we observe that thermal annealing is not able to effectively reduce the
electrical resistance for the static deposition method. The reason is that, when the initial
nanowire density is small, the number of overlapping nanowires is small, hence welding
of these connections cannot occur to reduce the global resistance of the silver nanowire
network. The initially bad conductivity cannot be enhanced because there are not enough
percolation paths to reach the percolation limit above which the silver nanowire network
becomes conductive.
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5.4 Geometrical characterization

To characterize the geometry of the silver nanowire networks depending on the deposition
method, SEM images of several samples have been examined. All SEM images presented
in this work have been realized with the PIONEER Two imaging tool [106]. To prevent
charge build-up on the insulating glass substrate, we stuck the substrate on the sample
holder with double sided conductive carbon tape. Besides, because silver nanowires
are conductive, small voltages are enough to characterize their shapes. This avoids the
detrimental liberation of a large number of electrons, increasing noise and limiting image
resolution.

The specimens have been observed with voltages between 1 and 2 kV, at a working
distance between 4 and 5 mm for the InLens detector, and with a voltage of 5 kV and
a working distance of 15 mm for the SE2 detector. Because of their different positions
in the vacuum chamber, the In-Lens detector gives a better image when approaching the
specimen closer to the detector since this maximizes the SE1 collection angle, whereas
the optimal working condition for the SE2 detector is at a longer working distance.
Different magnifications between 500 and 45 000 x have been used to characterize the
microstructures at various length scales. Of course, the measures are performed in vacuum
(10~* Pa) to avoid interactions with particles before the electron beam reaches the sample.

To gain a better insight on the area fraction occupied by the silver nanowires, SEM
images are post-processed with ImageJ. As illustrated in Figure 5.3, the original images
are converted to binary black-and-white images by imposing a user-defined threshold.
Every pixel less than that value becomes white, while every pixel greater than that value
becomes black.
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(a) Dynamic 6 x 5, 250°C (InLens) (b) ImageJ

Figure 5.3: Post-processing of an original SEM image to assess the area fraction occupied
by silver nanowires.



Geometrical characterization 80

SEM images for the static and dynamic dispense are shown in Figure 5.4, and the area
fraction of nanowires computed with ImageJ for different deposition methods is reported
in Table 5.3. SEM images with the same magnification (1000x) and the same detector
(InLens) have been exploited to compute these area fractions, except for the static de-
position of 3 x 10 drops (SE2). The SEM images and area fraction results show that the
dynamic method provides a much denser nanowire network than the static method: the
nanowire network density is doubled when performing a dynamic deposition. We also
notice a slight improvement in the area covered by silver nanowires when the droplets are
deposited in smaller amounts, namely in 6 x 5 drops. However, more measures should be
performed to confirm this trend, since the difference is relatively small.

S S~

(¢) Dynamic 6 x 5, 75°C (InLens) (d) Dynamic 3 x 10, 250°C (InLens)

Figure 5.4: SEM image comparison between static and dynamic deposition. The contrast
has been enhanced to better see the silver nanowires.

Method | 3x10 at 250 °C | 6x5 at 75 °C | 6x5 at 250 °C
Static 7% 11 % 9%
Dynamic 17 % 23 % 18 %

Table 5.3: Area fraction of silver nanowires deposited on glass as a function of the depo-
sition method and the annealing procedure.
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The area fraction covered by silver nanowires for the static 3 x 10 method may be under-
estimated, because the silver nanowires appear thinner. To obtain this image, the InLens
detector has been replaced by the SE2 detector, since the network was not conductive
enough. As explained in Section 4.1.3, when the sample exhibits a bad conductivity,
charge buildup prevents the formation of a clear image with the InLens detector. In that
case, the SE2 detector becomes the better choice. In view of Figures 5.4a and 5.4b, the
area fraction for the static 3 x 10 method should not exceed 11% if we take into account
bigger nanowires. Hence, we can clearly state that the dynamic method provides a denser
and more uniform network than the static method.

One of the main issues for a static dispense is that the solvent in the coating solution
has time to evaporate before the substrate reaches its final spinning speed [123]. Because
isopropanol is a volatile solvent, a significant part can evaporate before the nanowires
have time to spread uniformly over the substrate. This may be the reason why the
distribution of silver nanowires is less uniform when using the static deposition method.

To achieve the desired nanowire network density, we preferred to deposit a diluted solution
of nanowires in several coatings than using a concentrated solution in one coating because
a diluted solution spreads more easily. The explanation why a dispense of 6 x 5 drops
should provide a better distribution of nanowires than a dispense of 3 x 10 drops is
that by releasing a smaller number of droplets per pass, the amount of solution ejected
during spinning is reduced, and hence the final nanowire density is larger. Besides, as
Equation (2.1) indicates, a thick layer thins faster than a thin one, hence a thick layer has
a larger probability to not spread uniformly. To reduce the amount of solution ejected
during spinning and to obtain a denser coating, it is thus better to deposit the solution in
smaller amounts. This is why we introduced a drying stage of 30 seconds between each
series of droplets.

Regarding Figure 5.4, thermal annealing of the samples up to 250°C does not seem to
affect the global geometry of the as-deposited networks. There are no signs of Plateau-
Raygleigh instability. The nanosphere particles, that can for example be observed in
Figure 5.4b, were already present before thermal annealing. They originate from the
solution of silver nanowires: during the polyol synthesis of silver nanowires, the formation
of silver nanoparticles is unavoidable. The difference in area fraction before and after
annealing at 250°C, observed in Table 5.3, is not due to the thermal annealing process,
but due to the fact that the SEM images are not taken from the same sample or at the
same position in the sample. A transmittance measurement of silver nanowires deposited
on glass before and after annealing showed identical results. We must bare in mind that
spin coating of silver nanowires is a random process, which can lead to different results
even if the process is exactly the same.

When the nanowires are observed at a higher magnification (Figures 5.6 and 5.5), we
notice that while silver nanowires only overlap at 75°C, junction welding becomes visible
at 250°C. This junction welding between overlapping nanowires is responsible for a resis-
tance drop of three orders of magnitude in the case of a dynamic deposition (Table 5.2).
In the case of a static deposition, junction formation occurs too, but its influence on the
resistance of the network is not measured electrically because the percolating nanowire
clusters remain disconnected, as the nanowire network density is too small.
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(a) 3 x 5 drops, 250°C (b) 6 x 5 drops, 250°C

Figure 5.5: SEM image (InLens) showing the welding of silver nanowires, after a dynamic
spin coating and an annealing at 250°C. The background was darkened to produce the
best possible image.

(a) Annealing at 75°C (SE2) (b) Annealing at 250°C (In Lens)

Figure 5.6: Comparison of the nanowire junctions between a dynamic sample of 6 x 5
drops annealed at 75°C and 250°C respectively. Junction welding only appears after
annealing at 250°C. The contrast has been enhanced by making the background darker.
Some nanowires in (b) appear black because they are disconnected from the rest of the
network.

The black nanowires that can be observed in Figure 5.6b is an illustration of nanowires
disconnected from the rest of the network. They appear black since they offer only a very
short conducting path compared to the other nanowires that have been connected by
thermal welding. Hence, charge buildup will occur faster in these stand-alone nanowires.
This image is a proof that nanowire welding is a crucial part of the fabrication process
to increase the conductivity of the network.
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To end the geometrical characterization of the silver nanowire networks, it should be
mentioned that we observed the presence of unexpected agglomerates (Figure 5.7). The
nature and origin of these objects of various shapes and sizes is unclear. Even though a
chemical analysis should be conducted to determine the composition of the agglomerates
and exclude the presence of contaminants, we expect that the agglomerates are made of
silver atoms since distinct planes, preventing isotropic growth, can be identified.

A question that remains unanswered is their origin. The first hypothesis is to presume
that these silver agglomerates were already present in the solution of silver nanowires.
Although the polyol synthesis of silver nanowires offers numerous advantages, it still has
some drawbacks. After a period of time, the silver nanowires dispersed in isopropanol
may settle down at the bottom of the flask and form irreversible clumps [81]. Moreover,
controlling the shape and size during polyol synthesis remains a challenge. The formation
of nanoparticles, that can be observed in Figure 5.7, is unavoidable. Other non-spherical
shapes, like rods, tetrahedrons, and triangular plates, are formed by anisotropic growth
when the growth rate is different in certain directions [62].

The silver agglomerates may also originate from the deposition process. Indeed, their
number and size was more significant after a static than a dynamic deposition method.
Finally, since in other SEM images the concentration of agglomerates is low when com-
pared to the concentration of silver nanowires, we will overlook their influence on the per-
colation threshold, the electrical resistance and the optical transmittance of the nanowire
networks.

Figure 5.7: SEM image (SE2) showing agglomerates after a static deposition of 6 x 5
drops, taken after thermal annealing at 250° C. However, the agglomerates were already
present after annealing at 75°C.
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5.5 Conclusion and remarks

The purpose of spin coating silver nanowires on glass was to investigate which deposition
method (static/dynamic) provided the best network quality. Now, we can conclude that
a dynamic deposition technique offers the best results in terms of uniformity, nanowire
network density, and electrical conductivity at the expense of transmittance. Indeed,
while the resistance in the dynamic mode decreases by almost 100% (R~100f2) with
respect to the static method (R~1MQ), the transmittance (D6 x5 on average: T=78.34%)
is reduced by only 3.92% (S6 x 5: T=81.54%). Moreover, even if the difference is relatively
small, it seems that releasing 6 x 5 drops provides a better network density than releasing
3 x 10 drops. We also noticed that thermal annealing at 250°C was necessary to achieve
a resistance below 100 ).

Regarding Figure 5.4, it is clear that the static deposition method (a,b) should render
a better transmittance than the dynamic one (c,d), since the area covered by silver
nanowires blocks incident light. The transmittance results are thus in accordance with
the geometrical and electrical characterization: a smaller density of nanowires resulting
from the static deposition provides a better transmittance but a lower conductivity. This
conclusion is also in agreement with (2.9) and (2.3) for a fixed nanowire diameter Dyw,
nanowire length Lyw, and critical density n..

Knowing the area fraction f covered by silver nanowires (approximately 20% for a dy-
namic deposition of 6 x 5 drops), the nanowire diameter (200 nm), and the nanowire
length (50 um), we can deduce the nanowire network density,

f

n= =0.02 pm? = 10 x n,, 5.2
Lnw Dxw : (5:2)

with 5 64
ne = L‘2 = 0.002 pm?, (5.3)

NW

the fitting parameter

D

o =5.64 — = (.02256, (5.4)
NW

and the network density that should maximize Haacke’s FoM (Section 2.4.1),

_ ! 2+15 =6 X (5.5)
nmax_17 o Ne = Ne. .

To compute Haacke’s FoM (1.22) for the dynamic 6 x 5 networks annealed at 250°C, we use
the two-point resistance measurement instead of the 4-point sheet resistance measurement
that is usually obtained for thin films. Although we may call into question the validity
of replacing the sheet resistance of a uniform thin film by the resistance of a percolating
network, Haacke’s relationship remains an efficient tool to assess the trade-off between
electrical conductivity and optical transmittance. The results are shown in Table 5.4 and
compared to other silver nanowire networks obtained by spin coating or spray coating
in Figure 5.8. The nanowire networks found in the literature were either annealed [42],
[124], or plasma treated [16], [113], [125].
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Sample | T [-] | R[] | FoMg [1073 x Q7]

1 0.7733 18 4.2
2 0.7862 27 3.3
3 0.7907 80 1.2

Table 5.4: Transmittance at 550 nm with the contribution of the glass substrate, two-
point resistance of the network, and Haacke’s figure of merit for a dynamic spin coating
of 6 x 5 drop and a post-deposition annealing at 250°C.

We notice that our silver nanowire networks (red dots) exhibit a lower figure of merit
than other examples found in the literature, yet the order of magnitude is the same when
compared to the spray coating method (blue dots). The examples of spin coated nanowire
networks (green dots) present a figure of merit that is larger than our experimental
values. According to the nanowire network density that should maximize Haacke’s FoM
(n =6 X n.), our nanowire networks are probably too dense (n = 10 X n.).

Haacke’s FoM (2~ L)

1 T T T 1717 T 117 L
Spin coating (literature)
® Spray coating (literature)
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Figure 5.8: Plot of the “sheet resistance”, transmittance, and Haacke’s figure of merit for
different nanowire fabrication methods. The blue dots (spray coating) and green dots
(spin coating) are results found in the literature, while the red dots are the experimental
values obtained in this work by dynamically spin coating 6 x 5 drops of silver nanowires
and performing a thermal annealing at 250°C.

Finally, since silver nanowires are deposited randomly and junction formation occurs ar-
bitrarily during thermal annealing, the electrical resistance and transmittance measure-
ments can vary significantly from time to time. Nevertheless, the probability of obtaining
good conductivity results can be increased by using the dynamic method with 6 passes
of 5 drops and annealing at 250°C. Consequently, it is interesting to investigate if this
method, offering an electrical resistance as low as 18 {2 and a transmittance of nearly
80% when taking into account the glass substrate, is suited to the implementation of a
transparent conducting electrode in real devices.



Chapter 6

AgNW on Cus0O and CuyO:Mg

In order to examine the possibility of integrating silver nanowire-based transparent con-
ductive electrodes in electronic devices, the purpose of this chapter is to study the in-
terdependence of silver nanowire networks and their underlying layer made of CuyO or
CuyO:Mg. The aim of these experiments is to investigate whether the deposition and
post-treatment methods exploited to deposit silver nanowire networks on glass are also
compatible with this type of semiconducting thin film.

The first part of this chapter is devoted to the deposition of silver nanowires on CuyO.
Then, almost the same procedure is repeated on CusO:Mg. In both cases, the sputtering
parameters are specified, and a characterization of the virgin cuprous films is performed
to assess their quality. To fabricate the silver nanowire networks, we use a dynamic depo-
sition of 6 x5 drops, because this method provided the best compromise between electrical
conductivity and optical transparency on glass substrates. The specific parameters for
the post-deposition annealing treatment will be specified in due time, since the procedure
has been varied from sample to sample. Finally, an optical, electrical, and morphological
characterization will reveal whether cuprous oxide thin films are compatible with the
deposition of silver nanowires.
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6.1 Silver nanowire networks on Cu,O

The Cuy0O films were deposited by RF magnetron sputtering with a fixed series of pa-
rameters. These parameters have been inspired from theoretical considerations explained
in Chapter 3, scientific papers, and previous depositions performed at the SPIN Lab.
The choice of these parameters is important as they influence the structural, optical and
electrical characteristics of the CusO thin film.

Then, we investigated whether a thermal ramp and the annealing time influence the
final electrical and optical characteristics of the silver nanowire networks deposited on
Cuy0. Finally, a morphological characterization of the networks was performed to better
understand the interactions between the nanowires and the underlying cuprous film.

6.1.1 Fabrication of cuprous oxide

Before deposition, the chamber must be evacuated to reach high or ultra high vacuum in
order to ensure that the mean free path of the sputtered atoms is large enough to reach
the substrate. Performing the deposition under high vacuum also limits the number of
contaminants that could affect the quality of the thin film. The purity of the deposited
film depends on the level of impurities initially present in the target and impurities
originating from residual gases like HyO, CO,, CO, O4, and Ny. Because the deposition
rate and residual gas pressure determine the oxygen level that can be incorporated into
thin films, it is important to deposit at high rates while maintaining a very low base
pressure. In practice, a rotary pump is connected to a turbopump. The former is used
to quickly achieve rough vacuum, while the latter is employed to pump the chamber
pressure down to 10~7 Torr. Moreover, a pure CuyO target (99.99% purity) is used to
avoid undesired impurities.

A descent argon flow rate and argon pressure are required to sustain the plasma, but too
large a number of argon atoms may embed on the substrate as impurities. Moreover, if
the argon concentration is too high, sputtered atoms will loose their kinetic energy due
to scattering. A good compromise is the set the argon pressure at 15 mTorr and to fix
the argon flow rate at 20 sccm.

The higher the sputter voltage (2 to 5 kV) or power (150 W), the higher the sputtering
yield (0.1 to 10) and ejected atom energy (10 to 20 eV). The sputtering yield is defined by
how many atoms can be sputtered /ejected from the target per incident ion and strongly
depends on the incident ion energy. Because a higher sputtering yield leads to a higher
deposition rate, using a higher sputtering power allows one to reach the target thickness
faster and improve the film quality (by preventing incorporation of oxygen). Moreover,
increasing the power allows sputtered atoms to gain enough kinetic energy to rearrange
themselves during growth.
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The maximum power that can be reached using the Nexdep PVD platform [126] from
Angstrom Engineering is 300 W. Nevertheless, when using a pure CuyO target (2-inches
in diameter), we are limited to a power of 66 W. The reason is that the target is welded
with indium on a copper plate to allow a better charge evacuation. When power is
increased, the local temperature melts the indium solder, which damages the target and
the system. Using a power of 66 W still allows us to achieve a decent deposition rate of
0.04 nm/s.

During the deposition, the glass substrate is kept at room temperature (30°C). An inter-
esting alternative would be to heat the substrate during the deposition process to increase
the crystallinity and decrease the porosity of the thin film. As shown in Figure 6.1, many
glass substrates have been displayed on the substrate holder, resulting in a large area
exposed to the sputtered gas. To ensure that enough cuprous atoms would deposit on
the substrate and to obtain a more uniform film deposition, the sample holder has been
brought into rotation (2.5 rpm) and the target thickness has been set to 250 nm.

Within our laboratory, we keep track of our samples by giving them an identification
number (ID). Yet, for easier identification, we will use shorter sample numbers, varying
between S1 and S8. Initially, all these glass substrates of 2 cm? have been subjected
to the same CuyO deposition. Unfortunately, some samples received more CuyO than
others: the samples on the left-hand side in Figure 6.2 look darker than the ones on the
right-hand side having a yellowish color. Differences in film thickness have been confirmed
by SEM cross section images. These results are summarized in Table 6.1 and show that
the effective thicknesses (172 nm, 137 nm, and 129 nm for S1, S2, and S8 respectively)
are far from the target thickness (250 nm) measured by the quartz crystal.
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Figure 6.1: Schematic illustration of the sputtering chamber [17]|. The red arrows indicate
that the shutters and the substrate holder can be rotated. While the plasma and the
target deposition rate are initiated by ramping up the power, the substrate shutter is
closed. The sputtering shutter is already open before the deposition takes place to clean
the target. Once the deposition rate is stabilized, the reading from the quartz crystal is
zeroed, the substrate shutter is opened, and the deposition begins.
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Figure 6.2: CuyO thin films deposited by RF magnetron sputtering on glass substrates
of about 2 cm?. The sample numbers are used in this work to differentiate the samples,

because some of them received different post-deposition treatments.

ID | Type of sample | Sample number | Thickness [nm]
982 | Cu0 on glass S1 172
977 Cuy0 on glass S2 137
981 Cu,0 on glass S8 129

Table 6.1: Thickness and identification number of CuyO samples.
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The differences in thickness are probably due to the inclination angle between the sput-
tering target and the substrate holder, as illustrated in Figure 6.1. Indeed, the deposition
varies with the geometric orientation of the substrate and with the source-substrate dis-
tance. In order to optimize the film uniformity over a large area, we brought the substrate
into rotation, but this measure did not allow to solve the anisotropic film growth. Since
the deposition was not uniform, the Cu,O samples may exhibit different electrical and
optical characteristics.

Optical characterization Like for the optical characterization of the silver nanowire
networks, we used the Shimadzu UV-3600 spectrophotometer to measure the transmit-
tance of the CusO samples. The reflectance and absorption coefficient are computed by
means of (1.17) and (1.20). We consider the refractive index of CuyO to be constant
(n = 3.3), because its values vary less between 400 and 600 nm (2 and 3 e¢V) [127]|. This
approximation should not alter the value of the band gap, since we will perform the linear
regression in this range.

Figure 6.3 depicts the transmittance and absorption coefficient of the CusO samples for
which the effective film thickness has been determined. The transmittance is the total
transmittance of the sample, when taking the glass substrate and the CuyO film into
account. We notice that the transmittance in the middle of the visible range (550 nm) is
higher for thinner films (S8). This is in accordance with naked eye observations, where
we noticed that the thicker films (S1 & S2) appeared darker. S8 looks more yellowish
than S1 and S2 because the characteristic wavelength associated to yellow, i.e. 580 nm,
is less absorbed by sample S8 than samples S1 and S2. The decrease in transmittance
with increasing film thickness is also predicted by Beer-Lambert law (1.19). Moreover,
the reduced transparency in the visible range for thicker films goes hand in hand with
a decrease in band gap (Table 6.2). Photons with an energy higher than the band gap
are absorbed, and thus not transmitted. When extrapolating the linear regression of the
linear part of the o*(F = hv) curves towards the x-axis intercept, we find that the band
gaps of S1, S2; and S8 are 2.33 €V, 2.41 eV, and 2.54 eV respectively.

The exponential increase in absorption below the band gap energy is due to band tailing.
As explained in Section 1.3.3, the origin of these band tails is related to structural defects:
atoms in the sputtered Cu,O film deviate from the periodic arrangement in a perfect
crystal. The larger the presence of CusO amorphous phase, dislocations, and defects,
the larger the band tails. Copper vacancies are for example responsible for point defects,
generating defect levels within the band gap. By plotting In « as a function of £ = hv,
we can determine the Urbach energy, which gives an estimate of the disorder in the film.
The graphs are shown in Figure 6.3c and the Urbach energies for the different specimens
are summarized in Table 6.2. We find that the Urbach energies for the S1, S2, and S8
samples are 268 meV, 232 meV, and 249 meV respectively. These results suggest that
the S2 film exhibits the best quality: because the tails expand less in the band gap, we
notice a sharper transition in the absorption edge.

The transmittance may also be affected by diffuse reflection. SEM images showed that
the crystalline structure of the CuyO films consisted in thin reversed shark tooth shaped
columns separated by voids. By consequence, the film surface presents a porous nature
and a certain roughness. AFM images should be performed to gain a better insight into
the surface roughness and the grain size.
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Figure 6.3: Transmittance, absorption coefficient, and Urbach energy fit of virgin Cuy,O
samples. By performing a linear regression in (b), we find that the band gap of the S1, S2,
and S8 samples are 2.33 eV, 2.41 eV, and 2.54 eV respectively. Similarly, by performing
a linear regression in (c¢) and taking the inverse of the slope, we find that the Urbach
energy of the S1, S2, and S8 samples are 268 meV, 232 meV, and 249 meV respectively.

ID | Thickness [nm] | T [%] | E, [eV] | E, [meV] | Ry [MS2/sq] | p [Qcm]
S1 172 5141 | 2.33 268 / /

S2 137 55.81 241 232 2.3 143
S8 129 58.43 2.54 249 3.5 205

Table 6.2: Thickness, average transmittance 1" between 400 nm and 800 nm, band gap
energy I, Urbach energy E,, sheet resistance Ry, and resistivity p of some CuyO sam-
ples. The transmittance is the total transmittance of the sample, when taking the glass
substrate and the Cu,O film into account.
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Electrical characterization To measure the sheet resistance and to deduce the resis-
tivity of the CuyO thin films, we firstly used the MPS150 system from Cascade Microtech
[128], a manual probe station relying on the four collinear contact points method. A mi-
croscope mounted above the sample holder has been employed to place the probe tips
onto the desired locations of the sample. After performing several measurements on the
same specimen by raising the probe tips and moving them to the next location, we con-
cluded that this method was not suited to assess the conductivity of the CuyO films. The
measures varied too much from time to time. The sharp pins may have pierced the thin
film, resulting in a measure of the resistance of the glass substrate instead of the Cu,O

film.

To address this problem, we performed Van der Pauw measurements with the RH2035
system from PhysTech [129]. Since the conventional probes provided by PhysTech are
considerable and do no not make very good contact, four droplets of silver paste, already
dried on the connection pads of the sample holder, are used to connect the thin film to
the measurement circuit. Unfortunately, by clamping the sample between the sample
holder and a cushion, sample S1 has been broken (as can be seen in Figure 6.2). Because
the Van der Pauw measurement requires that the samples have a square shape, the
sheet resistance of S1 could therefore not be determined. By simply depositing the
sample on the connection pads, without clamping system, we were able to measure the
sheet resistances of S2 (2.3 M{2/sq) and S8 (3.5 M/sq) and determine their resistivity
(143 Qcm for S2 and 205 Qcm for S8). The advantage of this method, by contrast to
wire bonding for example, is that the sample can still be used for future transmittance
and SEM measurements.

The smaller resistivity of S2 compared to S8 is probably due to a larger film thickness and
a better film quality (predicted by the lower Urbach energy). The fact that an increase in
film thickness generally goes together with an increase in the grain size, hence a decrease
in grain boundary scattering, may also explain why the resistivity is lower for S2 than
for S8. To offer a better performance in real devices, the conductivity of the Cuy,O films
could be further enhanced by annealing them.

6.1.2 Deposition and annealing of silver nanowires on Cu,O

Considering the results obtained on a glass substrate, the spin coating of silver nanowires
on CuyO was performed using the dynamic deposition method. 6 x5 drops, with a waiting
time of 30 seconds between each series of drops, have been dispensed while the substrate
was rotating continuously at 1500 rpm. Then, the samples have been subjected to two
different types of thermal annealing. While two samples (S2 & S6) have been annealed at
75°C during 5 min, then subjected to a thermal ramp of 13.5°C/min, and finally annealed
at 250°C during 10 min, two other samples (S4 & S8) have been annealed at 75°C during
5 min, then removed from the hot plate, and lastly annealed at 250°C during 10 min. A
graphical representation of the two annealing processes is shown in Figure 6.4. The goal
of this comparison (annealing with /without thermal ramp) is to determine whether the
annealing rate and time influences the properties of the silver nanowire networks.
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Figure 6.4: Annealing processes of silver nanowires deposited on CuyO thin films.

6.1.3 Optical characterization

Figure 6.5 shows that a color change occurs when Cu,O is heated up to 250°C. Sample S1
became even darker when the temperature was increased to 280°C. The exact temperature
at which the color change occurs has not been identified, since it is expected that the color
variation occurs smoothly. Based on a visual observation of the samples, we conclude
that using a thermal ramp has no influence on the final color; what matters is the final
temperature at which the sample is heated and maybe the initial color of the sample. By
looking more carefully to the annealed samples, we notice a whitish coloring, indicating
the presence of silver nanowires and/or PVP residues. Their distribution does not appear
to be uniform. This will be confirmed later, when looking at SEM images. We also observe
a hole in the middle of the film. This phenomenon occurs when the silver nanowire
solution is not dispensed in the middle of the substrate. Since the centripetal force
during spin coating makes the solution flow to the edges of the sample, the middle is
not coated. This can be avoided by dispensing the silver nanowire solution closer to the
center of the substrate.

AgNW with thermal ramp AgNW without thermal ramp

E E

Figure 6.5: Color comparison of virgin CuyO samples and CuyO samples coated with
silver nanowires and annealed up to 250°C, when using a thermal ramp and without
thermal ramp.
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To examine the impact of the silver nanowires on the transmittance of the Cu,O films,
we performed a transmittance measurement after spin coating and thermal annealing.
To assess the transmittance of the silver nanowire networks deposited on glass, we con-
sidered the transmittance at 550 nm because this is the reference wavelength that is
often mentioned in the literature. Moreover, because the transmittance of the networks
is nearly constant between 400 nm and 800 nm, taking the transmittance at 550 nm or
the average transmittance only differs by 1%. This reasoning is no longer valid when
the silver nanowires are deposited on CuyO. Therefore, to assess the transmittance in
the visible range of the networks deposited on Cu,O, we take the average transmittance
between 400 nm and 800 nm.

Since the samples turned brown after annealing at 250°C, the transmittance is affected
by both the Cu,O color change and the deposition of silver nanowires. The transmittance
decrease in percentage, given by

Teuwo — Tagnw

% 100, 6.1
Tcus0 (6.1)

is thus expected to be larger than when spin coating and annealing the nanowires on glass
(Table 5.1). This prediction is confirmed by the average transmittance measurements
between 400 nm and 800 nm reported in Table 6.3. While the transmittance decrease
for nanowires deposited on glass varied between 10% and 16%, the percentage decrease
for nanowires deposited on CuyO is on average 30%. If we assume that the impact of
the silver nanowires on Cu,O is the same as on glass, we deduce that the annealing is
responsible for a transmittance decrease of 14% to 20%. The thin film color change may
have a larger impact on the transmittance if the density of silver nanowires on Cu,O is
smaller than the one on glass.

ID | Virgin Cu,0 [%] | Cu,O + AgNW [%] | Decrease in [%)]
S2 55.81 39.71 28.67
S6 58.19 40.56 30.30
S4 52.62 37.99 27.80
S8 58.43 39.71 32.04

Table 6.3: Average transmittance between 400 nm and 800 nm of silver nanowire networks
deposited on Cu,O and annealed at 250°C with thermal ramp (S2 & S6) or without
thermal ramp (S4 & S8). The transmittance takes the contribution of the glass substrate
into account.

Figure 6.6 shows the change in transmittance when silver nanowires are spin coated on a
Cuz O thin film, which is itself deposited on a glass substrate. The resulting samples have
been annealed at 250°C with thermal ramp (S2) or without thermal ramp (S8). Like
in Table 6.3 and in Figure 6.5, performing the annealing with or without thermal ramp
does not seem to affect the transmittance differently. Moreover, the impact of the silver
nanowires can be assumed to be the same for both samples.
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Figure 6.6: Transmittance measurements of CuyO samples before and after AgNW de-
position and thermal annealing up to 250°C.

The most reasonable hypothesis to explain the brown color shift when annealing the Cu,O
film is to assume that a phase change occurs, resulting in a CuyO polycrystalline film
with traces of CuO. XRD or X-ray Reflectivity (XRR) should be performed to confirm
the presence of CuQO. By contrast to XRD, XRR is suited to the analysis of amorphous
phases, which may be present in our thin films.

6.1.4 Electrical characterization

Like for the silver nanowires deposited on glass, we added silver paste on two opposite
sides of the CuyO samples to perform a 2-point measurement in order to measure the
resistance of the silver nanowire networks. The electrical results are reported in Table 6.4
against the sheet resistance of the virgin CuyO samples.

ID Annealing p(Cuy0) | R;(Cuy0) | R(AgNW)
S2 Ramp to 250°C 143 Qcm 2.3 MQ 24 kQ
S6 | Ramp to 250°C / 3.6 MQ 21 k2
S4 | No ramp to 250°C / 2.1 MQ2 24.9 k)
S8 | No ramp to 250°C | 205 Qcm 3.5 MQ 10.4 k2

Table 6.4: Electrical characterization of AgNW deposited on Cu,O. Because the film
thicknesses of S4 and S6 are unknown, we cannot determine their resistivity.
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Even if comparing the sheet resistance of a thin film and the resistance of a silver nanowire
network may be considered like dealing with apples and oranges, we notice that the
resistance of the sample is reduced after the deposition of silver nanowires. However,
the final resistance, which is larger than 10 k2, is unsatisfactory: these samples cannot
be used as electrodes. The holes in the middle of the network, that can be observed
in Figure 6.5 certainly disrupt the conductivity of the network. This is confirmed by
the data reported in Table 6.4, where we notice that the samples S2 and S6, showing a
pronounced hole at the center of the substrate, exhibit a large electrical resistance than
sample S8 for which the whole is less noticeable. To better understand why the dynamic
spin coating of silver nanowires on CuyO does not provide an electrical conductivity as
good as for silver nanowires deposited on glass (R < 100€2), we will discuss the SEM
images taken from samples S1, S2, and S8 in the next section.

6.1.5 Morphological characterization

SEM images of the silver nanowire networks spin coated on CuyO help us to understand
why the resistance of the network is more than 10 k), whereas a resistance below 100 €2
has been achieved with nanowires deposited on glass. A striking observation when looking
at Figure 6.7 and Figure 6.11 is that the nanowire density is low, although a dynamic spin
coating of 6 x 5 drops has been used. Converting these SEM images with ImageJ to binary
images, shows that the area fraction covered by silver nanowires is 9 to 11% (Table 6.5).
When comparing these values to the one obtained by depositing silver nanowires on glass
in Table 5.3, we notice that this coincides with the area fraction computed for the static
spin coating of 6 x 5 drops on glass.

ID Annealing T(AgNW) [%] | R(AgNW) | Area fraction [%]
S2 Ramp to 250°C 39.71 24 kQ 11%
S8 | No ramp to 250°C 39.71 10.4 kQ 9%

Table 6.5: Average transmittance T" between 400 nm and 800 nm, electrical resistance R,
and area fraction of AgNW deposited on Cu,0O.

Like for the static spin coating of silver nanowires on glass compared to the dynamic
method, we are not sure of the reason why the nanowire distribution for a dynamic spin
coating is worse on CupO than on glass. Yet, we can speculate on how the nanowires
interact with Cu,O by taking a closer look at the SEM images. Figure 6.7 and the inset
in Figure 6.10 show that some nanowires are not in closed contact with the CuyO thin
film. A first hypothesis is that the larger roughness of the CusO film compared to the
glass substrate may be responsible for the worse adhesion of silver nanowires. Due to
the porous nature of CuyO, some isopropanol is lost in the nanopores and does not aid
to the dispersion of the silver nanowires. The origin of the island growth, that can be
seen in the inset of Figure 6.10, is found in lattice mismatch: the newly deposited layer
is energetically unstable and transforms spontaneously to a more stable configuration by
island growth [130].
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Figure 6.7: SEM images (SE2) at different magnifications of silver nanowires deposited
on CuyO by a dynamic deposition of 6 x 5 drops and annealed at 250° C without thermal
ramp (sample S8, total annealing time of 15 min). The area fraction covered by silver
nanowires is 9% for both magnifications.
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Figure 6.8: Simplified 2D model of the capillary adhesion between a silver nanowire and
the substrate. [80]

The connection between crossed nanowires, or between a nanowire and the substrate, is
governed by gravity, van der Waals forces, and capillary forces from solvent evaporation.
Therefore, the second assumption is that the wettability of isopropanol influences the
capillary adhesion force to maintain the silver nanowires in closed contact with the Cu,O
layer. While isopropanol tends to spread spontaneously on glass, this is not the case on
a Cuy0O film, which may exhibit a hydrophobic property owing to its different chemical
composition and its porous nanostructured surface.

To quantitatively evaluate the capillary force exerted by isopropanol between a nanowire
and the substrate, we assume the simplified 2D model illustrated in Figure 6.8. According
to Laplace’s law, which relates the pressure difference AP [Pal| across an interface to the
curvature of the meniscus, we have

AP = P,y — P, = 17 (62)
p
where p |m| is the radius of the meniscus, and v [Nm™!| is the surface tension of the
liquid. From the notations used in Figure 6.8, the following geometric relationships can
be obtained:

a =@+ 0y, (6.3)
h
p=

L — 6.4
cosf; + cosa’ (6-4)

where h |m| is the immersion height of the liquid, ¢ [-| is the inclination angle between
the nanowire and the substrate, and 6 [-| and 65 [-| are the liquid contacts angles on the
substrate and the nanowire respectively. The area of the solid-liquid interface A [m?] is
approximated as the projection of the nanowire with diameter Dyw |[m]| on the substrate
plane:

tan g

A~ DNle = (65)

The contribution of the Laplace force Fy, [N] to the capillary force Fy [N] is thus given by

D
F,=APA = TN (cos 0y + cos ). (6.6)
tan ¢



Silver nanowire networks on CuyO 99

The contribution of the vertical component of the tensile force Fr [N] at the triple contact
line where the liquid, the nanowire, and air meet can be written as!

Fr = vDxw sin av. (6.7)

Finally, the resulting capillary force F} is twice the unilateral capillary force, because
there is also a meniscus on the left-hand side:

(6.8)

0
F1 = Q(FL + FT) = 2DNW’7 (M SiIlO[)

tan ¢

Knowing v, Dnw, ¢, and 6, the relationship between the capillary force F} and the sub-
strate contact angle 6; can be plotted by using this equation. This is done in Figure 6.9,
where the capillary force has been computed for silver nanowires of 100 nm in diameter,
immersed in water (y = 72 mN/m at 25°C), and deposited on glass (f; = 4.5°) or on
PET (0, = 84.5°). The capillary force on glass is found to be 197 nN, while the capillary
force on PET is 104 nN. The corresponding pressure exerted on the nanowire is thus
estimated to be 25 MPa on glass, and 13 MPa on PET.

This theoretical approach allows to better understand why, in our experiments, the ad-
hesion of silver nanowires on Cu,O is worse than on glass. In the literature, it is found
that isopropanol has a lower surface tension than water (v = 23 mN/m at 20°C), while
exhibiting a negligible contact angle when deposited on glass (§; = 0). Isopropanol will
therefore spread more easily on glass than water. When isopropanol is deposited on RF
magnetron sputtered CuyO, 6; is predicted to vary between 60° and 110°, depending on
the roughness and the phase composition of the film [131]. This means that isopropanol
is less likely to spread on CuyO than on glass. Hence, a similar drop in capillary adhe-
sion force as shown in Figure 6.9 is expected when the glass substrate is replaced by a
Cuy0 thin film. Taking into account that isopropanol has a high evaporation rate, this
reasoning may also explain why a dynamic dispense allows to fabricate denser networks
than with the static method. In the latter method, even if isopropanol spreads easily on
glass, the solvent has time to evaporate before the silver nanowires are spread and stuck
on the substrate.

The loose adhesion of nanowires is a problem because the substrate is rotated at 1500
rpm during the deposition. By consequence, as shown in Figure 6.10, the nanowires
accumulate at the borders of the sample, instead of being dispersed over the substrate.
It is unclear why the nanowires are not ejected from the sample, as it was the case during
the deposition of silver nanowires on glass.

IThe vertical component of the tensile force at the triple contact line where the liquid, the substrate
and air meet is assumed to be compensated by the fixed substrate.
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Figure 6.9: Plot of the capillary force F} as a function of the contact angle with the
substrate 6;. The capillary adhesion force depends on the wetting properties of the solid:
if the substrate is hydrophilic, the liquid will easily spread on the substrate, and the
adhesion force will be strain. The opposite phenomenon is observed when the substrate
is hydrophobic.

Figure 6.10: SEM images (SE2) of silver nanowires deposited on Cu,O by a dynamic
deposition of 6 x 5 drops and annealed up to 280° C with thermal ramp (sample S1). The
large figure shows that silver nanowires accumulate at the borders of the sample, while
the inset illustrates the loose adhesion of silver nanowires with the underlying Cu,O thin
film.
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To remove isopropanol and PVP residues, to weaken the junction resistance between
nanowires, and to improve the adhesion between the nanowires and the substrate once
isopropanol has evaporated, the specimens are annealed. However, an issue that is en-
countered when the silver nanowire networks are fabricated on CuyO is the thermal
decomposition of the nanowires when the substrate is annealed at 250°C. In Figure 6.7
(bottom image) and Figure 6.11, we notice that the thinnest nanowires (Dxw < 100 nm)
have been decomposed into smaller pieces, that are still aligned at the original position of
the silver nanowires. The number of spheroidized nanowires in the second image is larger
because the annealing time was longer: the nanowires in Figure 6.7 have been annealed
without thermal ramp for a total time of 15 min, while the nanowires in Figure 6.11 have
been annealed with a thermal ramp for a total time of 28 min.

According to the Rayleigh-Plateau instability and the Gibbs-Thomson effect described in
Section 2.5, it is not surprising that only the thinnest nanowires spheroidize. Nevertheless,
it was unexpected to already observe this phenomenon at 250°C for nanowires of 70 to
90 nm when compared to the spheroidization temperature presented by Langley et al.
(Figure 2.8 with a thermal ramp of 2°C per minute) |77]. Furthermore, this instability has
not been observed for the silver nanowires deposited on glass. Like the wetting properties
of isopropanol depend on the nature of the substrate, the threshold to reach the Rayleigh-
Plateau instability may also vary from substrate to substrate. A larger surface roughness
may favor the appearance of instabilities. Instabilities also start at structural defects
where the nanowires are locally thinner.

Figure 6.11: SEM image (SE2) of the thermal decomposition of silver nanowires deposited
on CuyO by a dynamic deposition of 6 x 5 drops and annealed up to 250° C with thermal
ramp (sample S2, total annealing time of 28 min). The area fraction covered by silver
nanowires is 11%.
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6.1.6 Conclusion and remarks

The optical and electrical characteristics of the sputtered CuyO films, exhibiting a resis-
tivity between 143 and 205 €2 cm, a band gap in the range of 2.33 and 2.54 eV, and a peak
transmittance between 72% and 84%, are in accordance with results found in the liter-
ature. Depending on the sputtering power, pressure, and oxygen flow rate, researchers
reported resistivities between 11 and 3700 2 cm, a band gap between 2.04 and 2.51 eV,
and a peak transmittance ranging from 69% to 88% [101], [102], [132].

The goal of depositing silver nanowires on Cu,O was to investigate whether we could
obtain silver nanowire networks with electrical and optical characteristics similar to the
one deposited on glass. Unfortunately, we conclude that the silver nanowire networks on
Cus0 have an electrical conductivity of the order of 20 k) and an optical transmittance
of 34%, while the silver nanowire networks on glass had an electrical conductivity down
to 18 € and an optical transmittance of almost 80%.

SEM images showed a low network density, explaining the bad conductivity of the net-
works. The non-uniform distribution of the networks is due to a loose adhesion between
the silver nanowires and the CuyO thin film, which can be attributed to the hydropho-
bic behavior of CuyO. The contact angle of isopropanol on the CusO films should be
investigated, as it is strongly dependent on the roughness, the porosity, and the phase
composition of the film. The dramatic decrease in transmittance is due to the color
change of CuyO when it is annealed up to 250°C. This change in color is probably linked
to a phase change of Cuz0 into CuO, but should be verified with an XRD and/or XRR
analysis. Finally, nanowires with a diameter smaller than 100 nm spheroidized at 250°C,
whereas this was not the case for silver nanowires deposited on glass. The type of sub-
strate and its roughness may influence the threshold before this instability occurs.
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6.2 Silver nanowire networks on Cu,O:Mg

The successful implementation of n-type oxides in transparent electronic devices has
motivated the interest in p-type oxides, the counterpart of n-type oxides in solar cells,
light-emitting diodes, and transistors. Until now, p-type oxides showed inferior properties
when compared to n-type oxides, since none of them combined high conductivity and high
transparency. Even the best p-type TCO present larger resistivities than non-optimized
n-type TCO.

In the previous section, we studied cuprous oxide (CuyO) because this semiconductor
exhibits good electrical characteristics within the family of p-type oxides, i.e. a resistivity
around 100 Qcm and a mobility around 100 cm®*V s~ [4]. Other advantages are the
non-toxicity and high availability of copper and oxygen, and the easiness and low cost of
CuyO synthesis. However, due to its relatively small band gap (between 2.1 and 2.6 eV
depending on the film thickness), we saw that the transmittance in the visible part of the
spectrum is low compared to what can be achieved with n-type TCO.

By doping Cu,O with substitutional cations, we mentioned that it was possible to im-
prove both the optical transparency and the electrical conductivity of this material (Sec-
tion 1.3.1). Given those benefits, and the fact that the deposition conditions of Cuy,O:Mg
are comparable to that of CuyO, we chose to use Mg as substitutional dopant.

In this section, we study whether the dynamic spin coating of silver nanowires on a thin
film of CuyO:Mg works better than on CuyO. Firstly, we refer to two authors to justify the
choice of the sputtering deposition parameters in order to obtain the best possible film
in terms of electrical conductivity and optical transparency. We also detail the annealing
process after the dynamic deposition of silver nanowires. Then, we analyze the optical
and electrical properties of the Cu,O:Mg film and the fabricated silver nanowire network.
To conclude, we compare these properties to the ones obtained with Cu,O and glass.

6.2.1 Fabrication of magnesium doped cuprous oxide

Within the SPIN lab, Y. Malier [133] studied the benefits of doping Cu,O with magne-
sium. The presence of Mg ions seemed to favor the Cu,O phase at the expense of the CuO
phase, hence the CuyO:Mg films appeared more transparent. J. Resende also reported
an increase in transmittance upon Mg doping of CusO [4]. The average transmittance
in the visible range was 51% and the band gap was 2.4 ¢V for a doping concentration of
17%, resulting in an increase in band gap of 0.2 eV with respect to the intrinsic/undoped
film. Moreover, Cu,O:Mg films also benefited from a better conductivity. The resistivity
dropped from 202 Qcm to 6.6 Qcm in the 17% CuyO:Mg film. A post-deposition thermal
annealing at 250°C allowed to improve the transparency and conductivity even more by
increasing the grain size.
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T. Ratz [17] analyzed the influence of RF magnetron sputtering parameters on the elec-
trical, optical, and structural properties of Cuy,O:Mg thin films. He found that the lowest
resistivity was obtained by keeping the substrate at room temperature, but that the best
transmittance was achieved by heating the substrate. Moreover, he noticed an increase
in island-shaped structures at the surface of the film with increasing substrate tempera-
ture. Using a figure of merit, which balances the optical and electrical properties of the
film, he concluded that the best fabrication process was to keep the substrate at room
temperature.

Based on these findings and in accordance with the fabrication of undoped cuprous oxide
films, we were able to fix the parameters for the RF magnetron sputtering of Cuy;O:Mg on
glass. The substrate is kept at room temperature (i.e. 30°C) and the Ar flow rate is set
to 20 sccm. The target used for the deposition of CuyO:Mg is a Cu,O target containing
17% per weight of Mg (99.99% purity). The sputtering power, the argon pressure, and
the deposition rate are set to 73.5 W, 3 mTorr, and 0.05 nm/s respectively. The target
thickness was set to 150 nm and seemed to be the real thickness of the film. Finally,
aiming at improving the conductivity of Cuy,O:Mg, the thin film has been annealed at
250°C during 1 hour.

Optical characterization The results of the optical characterization of the Cu,O:Mg
film are reported in Figure 6.3, and compared to the S2 Cu,O film that we already
characterized. We chose to take sample S2 as reference for the CuyO films because
its thickness (137 nm) is the closest to the thickness of the CuyO:Mg film (150 nm).
An increase in average transmittance in the visible range is not observed upon doping
the CuyO film (Figure 6.3a). This is probably because the CuyO:Mg film is thicker
than the CuyO film, resulting in a smaller transmittance according to Beer-Lambert law.
Figure 6.3b presents the squared absorption coefficient as a function of the photon energy
to determine the band gap by extrapolating the linear region of the curve towards the
x-axis intercept. We notice that, as desired, the band gap of CuyO:Mg (2.48 €V) is larger
than the band gap of intrinsic CuyO (2.41 €V). This red shift towards higher energies
is in accordance with the transmittance spectrum in Figure 6.3a. When the band gap
increases, absorption occurs for photons carrying more energy, hence for photons with
a smaller wavelength. This is why, in Figure 6.3a, the transmittance becomes non-zero
at higher wavelengths. The Urbach energy fit, displayed in Figure 6.3c, confirms the
exponential increase in the absorption coefficient below the band gap energy, indicating
the presence of band tails extending in the band gap. These band tails seem to be more
pronounced in the CuyO:Mg film since the Urbach energy, which can be seen as the
characteristic width of the band tails, is 316 meV, while the Urbach energy of the Cu,O
film is 232 meV.

Electrical characterization The electrical characterization of the CuyO:Mg film, per-
formed with the Van der Pauw 4-point method, shows that, compared to the S2 Cu,0O
film, the resistivity has been divided by two (Table 6.6). This decrease in resistivity is
owed to a larger concentration of charge carriers upon doping, and an increase in grain
size upon post-deposition thermal annealing. The decrease in mobility due to the in-
creased charge carrier concentration is then partly compensated by the reduced grain
boundary scattering.
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Figure 6.12: Transmittance, absorption coefficient, and Urbach energy fit of a virgin
CuyO:Mg sample and a virgin CuyO sample. By performing a linear regression in (b), we
find that the band gap of the CuyO:Mg thin film is 2.48 eV. The band gap of the Cuy,O
film (S2) was 2.41 eV. Similarly, by performing a linear regression in (c¢) and taking the
inverse of the slope, we find that the Urbach energy of the Cu,O:Mg sample is 316 meV.
The Urbach energy of the CuyO sample (S2) was 232 meV.

Sample | Resistivity | Sheet resistance

CuO:Mg | 64.5 Q.cm 0.94 MQ
CuyO 143 Q.cm 3.5 MQ

Table 6.6: Electrical characterization of the CusO:Mg film compared to Cu,0O.
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6.2.2 Deposition and annealing of silver nanowires on Cu,O:Mg

To be consistent with the above experiments, spin coating of the silver nanowires on
CuyO:Mg is also performed using the dynamic deposition method. Again, 6 x 5 drops,
with a waiting time of 30 seconds between each series of drops, are deposited while
the substrate is rotating continuously. Then, to increase the conductivity of the silver
nanowire network, the sample has been annealed at 80°C during 3 min, and subjected to a
thermal ramp of 15.5°C/min until 250°C, where the temperature has been kept constant
for 10 min (Figure 6.13). By contrast to what we observed for the nanowires deposited on
Cuy0, we did not notice any color change of the Cuy,O:Mg thin film. The film presented
a yellowish color before and after annealing. The reason is that magnesium doping delays
the phase transition from CuyO to CuO. According to Resende et al. [134], the oxidation
of Cuy0 into CuO in CuyO:Mg films occurs at a higher temperature when compared with
undoped CuyO. The increased stability of CusO:Mg can be explained by the inhibition
of the formation of split copper vacancies, which favors CuO nucleation.

250
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T [°C]

140

110 ¢

80

0 3 14 24
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Figure 6.13: Annealing process for the silver nanowires deposited on Cu,O:Mg.

6.2.3 Optical and electrical characterization

The optical characterization of the Cuy,O:Mg film covered by silver nanowires, shown in
Figure 6.14, is very promising. The average decrease in transmittance between 400 nm
and 800 nm is only 4.37%, while the decrease in transmittance was 13.6% for silver
nanowires deposited on glass, and 28.67% for silver nanowires deposited on Cu,O (Ta-
ble 6.7). The main advantage of CuyO:Mg is that the film does not darken when the
nanowires are annealed, since the transformation of the yellowish CuyO into the brown
CuO is delayed upon magnesium doping. The reason why the percentage decrease in
transmittance between the virgin sample and the sample covered by silver nanowires is
lower on Cuy;O:Mg than on glass is probably that the density of the network is smaller.
This should be confirmed by SEM images.
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Figure 6.14: Transmittance of silver nanowire networks deposited on Cuy;O:Mg in com-
parison to glass and CuyO. All networks have been obtained by a dynamic deposition of
6 x 5 drops and annealing at 250°C.

Sample | Virgin [%] | With AgN'W [%] | Decrease [%]
Glass 90.64 78.34 13.6
Cuy,O 95.81 39.71 28.67

Cu,O:Mg | 51.24 49.00 4.37

Table 6.7: Transmittance of silver nanowire networks deposited on glass, Cu,O, and
CuyO:Mg. The transmittance is taken on average between 400 nm and 800 nm. The
fabrication method for all substrates is a dynamic deposition of 6 x 5 drops and a thermal

annealing at 250°C.

Sample | Substrate sheet resistance | AgN'W resistance
Glass Overload 42 Q)
Cuy,O 3.5 MQ 24 k<)
Cuy,O:Mg 0.94 MQ 77 Q

Table 6.8: Electrical characterization of AgN'W deposited on CusO:Mg compared to CusO
and glass. The fabrication method for all substrates is a dynamic deposition of 6 x 5 drops
and a thermal annealing at 250°C.
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A two point electrical measurement between two sides of the sample covered by silver
paste showed that the electrical resistance of the network was 77 €). This value is of
the same order of magnitude as the one obtained for nanowires deposited on glass. The
drop in resistance is remarkable when comparing the resistance of the silver nanowires
fabricated on CuyO:Mg and on CuyO (Table 6.8). The CuyO:Mg substrate, which is
more conductive than CuyO or glass, may contribute to an enhanced conductivity of
the network. However, if the sheet resistance of the Cu,O:Mg layer is much larger than
the resistance of the network, virtually all the current goes through the network. This
can be demonstrated by modeling the sample with a simplified electrical circuit. If R,
denotes the resistance of the silver nanowire network and R, represents the resistance of
the CuyO:Mg film, the equivalent resistance R of both resistances in parallel is given by:

1_1+1
R R, R, (6.9)
R R R :

e R=_1772 !

Ri+R, 1+ g—;'
If Ry < Rs, we can define the small number ¢ = R;/Ry < 1, such that a Maclaurin

series development yields:

Jry—_ ~ Ri(1—¢) ~ R,. (6.10)

According to the AgNW resistance and the Cuy,O:Mg sheet resistance mentioned in Ta-
ble 6.8, we have R; ~ 1000 and Ry ~ 10°Q, such that ¢ ~ 107* < 1. The equivalent
resistance of the circuit is thus in good approximation equal to the resistance of the silver
nanowire network. In conclusion, almost all the current flows through the silver nanowire
network, so that 77 €2 is truly the resistance of the network and not a combination of the
network and the Cup,O:Mg film.

Without SEM images of the networks deposited on Cuy,O:Mg it is difficult to explain the
good conductivity of the network. The main hypothesis is that doping the Cu,O film
with magnesium reduces its hydrophobic character, allowing a more uniform distribution
of nanowires and a better adhesion to the substrate. Finally, according to the optical
and electrical results, the network density should be smaller than for glass, but still large
enough to be above the percolation threshold.
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6.2.4 Conclusion and remarks

Doping the Cu,O film with Mg?* cations and performing a post-deposition thermal an-
nealing allows to increase the band gap, the transmittance in the visible range, and the
conductivity of the thin film, with respect to undoped Cu,O films. While the band gap is
enlarged by local distortion of the lattice upon doping, the transmittance is improved by
preventing the appearance of the dark color CuO phase. The conductivity is enhanced by
increasing the hole concentration upon Mg doping and by increasing the mobility of the
charge carriers thanks to a larger grain size upon thermal annealing. The electrical and
optical properties of the sputtered Cu,O:Mg film, presenting a resistivity of 64.5 Q2cm, a
band gap of 2.48 €V, and a peak transmittance at 77%, shows comparative performances
to a CupO:Mg film obtained by CVD and exhibiting a resistivity of 6.6 {2cm, a band gap
of 2.4 eV, and a peak transmittance of 70% [4].

Optical and electrical results demonstrated a promising combination between the Cu,O:Mg
film and the network of silver nanowires. The average transmittance in the visible range
of the CuyO:Mg film is quite low (51.24%), but has been weakly affected by the deposition
of the silver nanowires. The resistance of the network fabricated on Cu,O:Mg (77 Q) is
similar to the one obtained for nanowires deposited on glass (on average 42 ) for the
dynamic deposition of 6 x 5 drops). This good conductivity and transparency may be
attributed to a lower network density, still above the percolation threshold, a decreased
hydrophobicity compared to Cu,O, and an intimate contact between the nanowires and
the Cup,O:Mg film.



Conclusion and future work

The challenge in developing transparent optoelectronic devices is that a compromise must
be made between optical transparency and electrical conductivity. Silver nanowire net-
works demonstrated their potential to replace the widely used but expensive and rare
material ITO as transparent electrode. However, many efforts are still needed to better
control and/or optimize their fabrication method and implementation on various sub-
strates. P-type Cu,O showed to be a promising material to the development of transpar-
ent optoelectronic components based on pn-junctions. Its conductivity has be enhanced
upon magnesium doping and thermal annealing, but a significant increase in band gap,
hence transparency, seemed to be more complicated to achieve. Other copper-based ox-
ides with a larger band gap, like CuCrQO,, should be studied to investigate whether the
transparency of the p-type layer can be increased, without impeding on the electrical
resistivity.

The fabrication of oxide pn-junctions can be achieved using two different architectures:
the p and n layers can be interchanged. The choice for the order of the pn-layers depends
on the fabrication method, i.e. the temperature at which the layers are deposited. As
illustrated in the introduction (Figure 2), the CuyO layer can be deposited on top of the
Zn0 layer, but the reverse stacking is also possible. Therefore, besides investigating the
interdependence of silver nanowires on Cuy0O, the interaction between silver nanowires
and ZnO should also be considered.

For nanowires with a fixed size, we were able to fabricate a network with a silver nanowire
network density close to the network density maximizing Haacke’s figure of merit. This
allowed use to obtain a good compromise between optical transparency and electrical
conductivity and to achieve a Haacke’s figure of merit comparable to the one obtained by
spray coating. A plot of the sheet resistance, transmittance, and Haacke’s figure of merit
even shows that our networks are able to compete with ITO, FTO, and AZO transparent
electrodes. The data points shown in Figure 6.15 are a summary of the scientific articles
cited in this work. In comparison to TCO, silver nanowire networks can be integrated in
flexible devices and deposited using low-cost, solution-based, methods.

We concluded that a dynamic deposition technique offered the best results in terms of
uniformity, nanowire network density, and adherence between the nanowires and the glass
substrate. However, as-deposited networks led to samples with high resistances due to
organic residues trapped between nanowires.
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Figure 6.15: Plot of the sheet resistance, transmittance, and Haacke’s figure of merit
for different types of transparent electrodes. The circular dots correspond to AgNW
networks, while the triangles are associated to TCO. A more detailed distinction between
various fabrication methods is done based on different colors. The red dots are the
experimental values obtained in this work by dynamic spin coating and thermal annealing.

A fast, cheap, and easy method to solve this problem was to perform a thermal annealing.
This process allowed a thermal desorption of isopropanol/PVP and junction welding,
reducing the junction resistance between overlapping nanowires. The optimization of the
spin coating and thermal annealing processes made it possible to achieve a transparent
AgNW electrode exhibiting an optical transmittance of 77% and an electrical resistance
of 18 Q.

Among various PVD thin film deposition methods, we found that RF magnetron sputter-
ing was the best suited method to obtain high quality CusO films. The chosen sputtering
parameters rendered films with an electrical resistivity down to 143 Q2cm and an average
transmittance in the visible range up to 58%. Nevertheless, to be integrated in transpar-
ent optoelectronic devices, the electrical conductivity and optical transmittance of the
active layers should be as high as possible. Therefore, we doped the Cu,O film with Mg?*+
cations and exposed the sputtered film to a thermal annealing process. This allowed to
decrease the electrical resistivity by rising the concentration of holes. Unfortunately, the
slight widening of the band gap (2.41 eV for CusO and 2.48 eV for CuyO:Mg) did not
improve the average transmittance in the visible range.

The low conductivity of silver nanowires networks spin coated on CuyO proves that further
studies should be conducted on the interdependence between the AgNW electrode and the
underlying layer. By contrast, the deposition of silver nanowires on Cu,O:Mg offered a
network resistance of 77 2, comparable to the one obtained on glass. We suggest that the
wetting properties (hydrophilicity/hydrophobicity) influence the adhesion between the
nanowires and the substrate. This topic is extremely challenging since the surface tension
and contact angle of a liquid depend on the chemical composition, surface roughness,
surface defects, and porosity of the substrate.
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For hydrophobic substrates, a plasma treatment, laser texturing, or a different type of
solvent could be used to increase the wettability of the surface [135]. The development
of transferable silver nanowire networks, embedded in a thin PDMS or colorless poly-
imide layer, is another solution to transfer the network onto hydrophobic and/or flexible
substrates [136], [137].

Another struggling point is related to the post-deposition thermal annealing of the silver
nanowire network. This process is imperative to decrease the junction resistance between
nanowires, hence the global resistance of the network. Problems arise when the substrate
is sensitive to heating. This is for example the case for polymer substrates, like PET, but
also for CuyO which changes color when it is annealed at 250°C. The darkening of the
thin film is probably linked to a phase change of Cu,O into CuO. Moreover, the thermal
load that can be applied to the silver nanowire network is dictated by the diameter of the
nanowires. We encountered stability problems because the post-deposition thermal treat-
ment was optimized for nanowires with a diameter of 200 nm, while the polyol solution
contained a non-negligible nanowire diameter distribution. We noticed the thermal de-
composition of nanowires with a diameter smaller than 100 nm. Instabilities also start at
structural defects where the nanowires are locally thinner. The type of substrate and its
roughness may influence the threshold before the instability occurs. The problem is that
the spheroidization of the nanowires leads to a loss of conductivity at high temperatures.

Future work should focus on the thermal and mechanical stability of silver nanowire
networks. Thermal annealing parameters, like temperature and duration, must be care-
fully adapted to optimize the networks without degrading them. To circumvent thermal
instabilities, non-thermal nanowire network treatments should be developed. Some al-
ternatives, like plasma treatment, already showed promising results [79]. Another way
to improve the thermal stability of nanowires is to form a nanocomposite by embedding
the nanowires in a transparent conductive oxide [112]. Encapsulating nanowires in a
transparent conductive oxide or polymer should also improve the adhesion and mechan-
ical stability of the network, creating opportunities for their application as transparent
flexible electrode. Moreover, this process would also reduce surface roughness together
with the possibility of short circuits in device integration.

Although this study only dealt with the fabrication of the networks, other phenomena
must be taken into account in real devices under electrical bias. Like the spheroidization
temperature, the maximum current density that a metallic nanowire can be subjected to
before failure depends on its diameter [43|. Since the electrical resistivity of a nanowire is
inversely proportional to its diameter, local heating due to the Joule effect will be larger
in thinner nanowires. Finally, efficient AgNW fabrication methods with reproducible
properties at industrial scales and rates should also be developed, since spin coating is
not scalable. While silver exhibits the highest bulk electrical conductivity among all
metals, it may be replaced by less expensive materials like copper. Nevertheless, growth
and stability of copper nanowires appear more problematic at present.

In conclusion, we showed that is was possible to fabricate transparent and conductive
silver nanowire networks. The integration of this type of electrode on top of wide band
gap semiconducting junctions should be further explored, as the nature of the underlying
layer impinges on its performances.
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