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Thin-Metal-Film-Based Transparent Conductors: Material
Preparation, Optical Design, and Device Applications

Cheng Zhang,* Chengang Ji, Yong-Bum Park, and L. Jay Guo*

Transparent conductors are essential elements in an array of optoelectronic
devices. The most commonly used transparent conductor — indium tin
oxide (ITO) suffers from issues including poor mechanical flexibility, rising
cost, and the need for annealing to achieve high conductivity. Consequently,
there has been intensive research effort in developing ITO-free transparent
conductors over the recent years. This article gives a comprehensive review
on the development of an important ITO-free transparent conductor, that

is based on thin metal films. It starts with the background knowledge of
material selection for thin-metal-film-based transparent conductors and then
surveys various techniques to fabricate high-quality thin metal films. Then,
it introduces the spectroscopic ellipsometry method for characterizing thin
metal films with high accuracy, and discusses the optical design procedure
for optimizing transmittance through thin-metal-film-based conductors.

So far, the most widely used trans-
parent conductor is indium tin oxide
(ITO), which exhibits both high visible
transmittance and low electrical resist-
ance. Besides, ITO can be prepared
using an array of deposition techniques
including evaporation, sputtering, pulsed
laser deposition, and solution pro-
cessing.! However, ITO suffers from a
well-known issue of poor mechanical flex-
ibility and is prone to cracks under strain
or bending,®! which severely restricts
its usage in flexible devices. In addition,
to obtain high-quality ITO films with
good optical transparency and low sheet
resistance, many deposition techniques

The review also summarizes diverse applications of thin-metal-film-based
transparent conductors, ranging from solar cells and organic light emitting
diodes, to optical spectrum filters, low-emissivity windows, and transparent

electromagnetic interference coatings.

1. Introduction and Background

Transparent conductors are one of the essential elements in
various optoelectronic devices such as solar cells, photodetec-
tors, light emitting diodes, flat panel displays, touch screens, and
smart windows.3 An ideal transparent conductor is character-
ized by high visible transmittance, good electrical conductivity
over large areas, low haze, and robust performance stability.
Recently, with the emergence of new applications such as wear-
able electronics and bendable smartphones, the transparent con-
ductors are also desired to be mechanically strong and flexible.
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require a high deposition temperature or
an additional postdeposition annealing
treatment, which is unfortunately incom-
patible with flexible substrates. Moreover,
there is concern about the rising cost and
sustainability of ITO, as the indium ele-
ment has limited supply on earth and is
usually obtained as a byproduct during the extraction of other
metals.[®7]

While there are ongoing researches to improve the opto-
electronic properties and mechanical flexibilities of ITO on
flexible substrates by investigating the underlying mecha-
nism,®! adjusting its deposition procedure,'>2 or exploiting
hybrid structures incorporating ITO and other conductive
materials,>8l more intensive research efforts have been
devoted to developing flexible transparent conductors based
on ITO-free materials, such as conductive polymers,1-2l
carbon-based materials, >l patterned metal grids,?0-3
metal nanowires,?** and thin metal films.***! Though con-
ductive polymers and carbon-based materials improve the
mechanical flexibility of transparent conductors, their relatively
low conductivity could limit the conductors’ electrical perfor-
mance.?125450 Metal grids and nanowires offer advantages
of high transmittance and low sheet resistance. However, light
scattering by these structures can induce significant haze and
they are usually fabricated through precise patterning or com-
plicated chemical synthesis processes, which could constrain
their usage in low-cost and large-scale device applica-
tions.20273451 In comparison, thin metallic films exhibit
unique advantages including excellent mechanical flexibility
and simple fabrication procedure. Indeed, they can be depos-
ited over large-area flexible substrates with minimum defect
(thus low haze) and at a low cost, through a roll-to-roll man-
ufacturing process. For more than a decade, there has been
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active research effort in the community to constantly improve
the optoelectronic performance (transmittance, conductivity,
stability, etc.) of thin-metal-film-based transparent conductors
by optimizing their structures and fabrication procedures, and
to explore thin-metal-film-based transparent conductors’ appli-
cations in diverse optoelectronic devices such as solar cells and
light emitting diodes.

Here, we aim to systematically summarize the recent devel-
opment of thin-metal-film-based transparent conductors in
terms of material selection and preparation, optical structure
design, as well as optoelectronic device applications. A few
review articles on thin metal films can be found in the liter-
ature, with a large focus on thin film growth techniques and
flexible device applications.®#] In this review, we choose to
use a different strategy and will start from material selection
for thin-film-based transparent conductors by considering the
electrical resistivities and optical refractive indices of common
metals, followed by surveys on various fabrication methods
for high-quality thin metal films. We will then discuss the
ellipsometry characterization technique for thin metal films,
which is highly relevant to the topic here, but rarely covered
by previous review articles. Afterward, we will give a brief tuto-
rial on the optical design of thin-metal-film-based transparent
conductors and demonstrate strategies to unlock the conduc-
tors” full potential by maximizing the optical transparency of a
dielectric-metal-dielectric stack. Finally, we will discuss various
applications of thin-film-based transparent conductors, which
include both their typical applications in photovoltaic and light
emitting devices, and emerging applications in see-through or
colored solar panels, low-emissivity windows, electromagnetic
shielding coatings, etc.

2. Material Selection for Thin-Metal-Film-Based
Transparent Conductors

2.1. Electrical Resistivity
2.1.1. Electrical Resistivity of Bulk Metal

The electrical resistivity, p, of different metals are listed in
Table 1.5%%3 Among them, silver (Ag), copper (Cu), and gold

Table 1. Electrical resistivity (p) at 20 °C for various metalsl2>3.

Material Resistivity, p [Q m] at 20 °C
Silver (Ag) 1.59 x 1078
Copper (Cu) 1.70 x 1078
Gold (Au) 2.44x107%
Aluminum (Al) 2.82x 1078
Tungsten (W) 5.60 x 1078
Nickel (Ni) 6.99 x 10
Iron (Fe) 1.00 x 1077
Platinum (Pt) 1.10x 1077
Chromium (Cr) 1.25x 107
Titanium (Ti) 4.20x1077
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(Au) exhibit the lowest electrical resistivity, showing their good
potential for conductor applications.

It is worth noting that the resistivity values listed in Table 1
are only valid for bulk metals or metal films with thicknesses
of a few hundred nanometers. For a thin metal film, its resis-
tivity is not only determined by the intrinsic property of the
constituent metal, but also largely affected by other factors such
as film thickness, surface morphology, defect density, etc. In
the following section, we will introduce two classical resistivity
scaling models to describe the behavior of electron transport
inside thin metal films. Such models can be used as a theoret-
ical baseline to estimate the sheet resistance as well as figure of
merit (FoM) of a thin-metal-film-based transparent conductor.

2.1.2. Electrical Resistivity of a Thin Metal Film

For a thick metal film, scattering of conduction electrons at its
boundaries can be ignored as the metal thickness is usually
much larger than the electron’s mean free path. For example,
the aforementioned mean free path values for Ag, Cu, and Au
at room temperature are calculated to be =53, 39, and 38 nm,
respectively.’¥l By contrast, for a thin metal film, its boundaries
are significantly closer with a distance comparable to or even
smaller than the electron’s mean free path, and therefore, scat-
tering will play a significant role in affecting the film’s resis-
tivity. There are two major scattering processes inside a thin
metal film: i) surface scattering (evidenced by the thickness
dependence of the resistivity for a thin metal film) and ii) grain
boundary scattering (evidenced by the grain size dependence of
the resistivity for a thin metal film).

Surface Scattering: One widely accepted model for describing
the scattering at the film surface is the Fuchs—Sondheimer (FS)
model.>>% This model is based on the Boltzmann transport
theory and attributes the increase of resistivity for a thin metal
film to the diffusive scattering of conduction electrons at the
film’s surface. To describe such a surface scattering process,
the specular scattering coefficient, p, is introduced (Figure 1a).
Here p = 0 corresponds to a completely diffusive scattering pro-
cess, while p = 1 corresponds to a specular scattering process.
A conduction electron that is diffusely scattered loses the addi-
tional momentum it has gained from the external electric field
and leaves the surface along a random direction, leading to an
increase in the film’s resistivity. By contrast, an electron that
is specularly scattered does not change its momentum in the
direction parallel to the film surface, and therefore, does not
contribute to the increase in resistivity. Based on the FS model,
the resistivity of a thin metal film is related to the bulk resis-

tivity, p;, as follows
-1
3 (1 1Y 1-exp(—kt)

=pi|1-[=|(1- S |—"Ld 1
Prs =p |: (Zk)( P)L (t3 ts)l—poexp(—kt) (1)
where k = d/l,. Here, d is the film thickness and I, is the elec-
tron’s mean free path. The parameter k incorporates the
thickness dependence of resistivity into the FS model, and

“normalizes” the film thickness with respect to the electron
mean free path. The specular scattering coefficient, p, takes

© 2020 Wiley-VCH GmbH
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Figure 1. Schematic representation of a) the surface scattering process described by the FS model and b) the grain boundary scattering process
described by the MS model. (The figure is plotted based on figures 2.5 and 2.6 of ref. [61].)

values between 0 and 1, and can be used as a parameter to fit
the experimental data. It is worth noting that the FS model
does not explicitly include the surface roughness value of a
thin film. To overcome this limitation, researchers have tried
to incorporate surface roughness values into the specular scat-
tering coefficient so that p is not a purely fitting parameter to
fit the empirical data, but can be calculated based on the rough-
ness value of a scattering surface.l’-%%

Grain Boundary Scattering: One widely used model for
describing the scattering at the grain boundaries inside a thin
metal film is the Mayadas—Shatzkes (MS) model.[?l This model
is an extension of the Boltzmann transport theory, and includes
the effect of collision between conduction electrons and the
grain boundaries inside a polycrystalline metal film. The MS
model assumes that only the grain boundaries perpendicular to
the surface direction will collide with the conduction electrons,
leading to an increase in the resistivity. These perpendicular
grain boundaries are treated as potential barriers using the
Dirac delta function where electrons get scattered during their
transportation through these boundaries.®¥l Such a scattering
process is described by the reflection coefficient, R, whose value
ranges from 0 to 1 (Figure 1b). R can be treated as a varying
parameter to fit the experimental data, where R = 0 corresponds
to the case where an electron completely transmits through
the grain boundary (causing no increase in resistivity), while
R =1 corresponds to the case where an electron is completed
reflected back by the grain boundary (resulting in an increase
in the resistivity). Based on the MS model, the resistivity of a
thin metal film is related to the bulk resistivity, p;, as follows

3 » 3 1\
pus =pi|1-=o+30" =30 In| 1+ —
2 o
L R (2)
"D1-R

where |, is the electron’s mean free path and D is the grain size.
The effects of grain size, grain boundary scattering, and elec-
tron’s mean free path are conveniently incorporated into the
parameter o.

2.2. Optical Transmittance

Consider a general scenario where a light beam of free-space
wavelength, Ay, passes through a thin metal film of thickness
d, and complex refractive index nyei(do) = n(Ao) + ik(4g). For
the ease of description, the film is located in a Cartesian coor-
dinate system where the bottom surface of the film is in the
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z = 0 plane (Figure 2). The complex refractive indices of the
media atop and beneath the metal film are ny, and Myeuom,
respectively. Light is normally incident onto the film along the
+ z-direction. The absorbed light intensity by this thin metal
film, A, can be expressed as

_Annk
Ao

where E(z) is the electric field inside the metal film at position z.
According to Equation (3), a few strategies can be utilized to
reduce the optical absorption by a thin metal film and enhance
its transmittance, which include: i) choosing a metal with a
low product of n - k; ii) employing a metal film as thin as pos-
sible; iii) reducing the magnitude of electric field inside the
metal film. Moreover, the intensity of transmitted light, T, is
closely related with the intensity of incident light, I, the inten-
sity of reflection light, R, and the intensity of absorbed light, A.
In other words, T=I— R — A. This leads to the 4th strategy: iv)
suppressing the reflection from a thin metal film (or a thin-
metal-film-based structure).

We will now examine the 1st strategy: choosing a metal
with a low product of nk. The complex relative permittivity of
a material, &, = & + 18, is related to its complex refractive
index as

A= (E@)) dz )

2 2
& =n -k 4
{82=2nk ()
A

T

y I Ntop
A dﬂetal =n+ik

X
' l Npottom
I R

Figure 2. Schematic illustration of a thin metal film with a complex refrac-
tive index Ay = 1 + ik. The film is located in a Cartesian coordinate
system in which the bottom surface of the film is in the z = 0 plane. The
complex refractive indices of media on top of and beneath the film are
Niop aNd Nportom, respectively. Incident light of intensity | propagates along
the +z-direction. The intensities of transmitted light, reflected light, and
absorbed light are T, R, and A, respectively.
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Figure 3. a,b) Real (a) and imaginary (b) part of the relative permittivity of thick Ag, Au, and Cu films."% ¢) Calculated transmission spectra through
7 nm thick Ag, Au, and Cu films on fused silica substrates. The associated relative permittivity values used in the calculation are based on those of
the thick films from (a, b). d) Total transmittance of the glass/Ag films as a function of Ag thickness (dotted line: simulation, solid line: experimental
results). Adapted with permission.”! Copyright 2015, Society of Photo-Optical Instrumentation Engineers (SPIE).

According to Equation (4), the Ist strategy now suggests
employing a metal with a low &, in the wavelength range of
interest. The real and imaginary parts of the complex relative
permittivity, & and &, of thick Ag, Cu, and Au” are plotted
in Figure 3ab, respectively. Among them, Ag exhibits the
lowest &, across the visible and near-infrared (near-IR) region.
Indeed, because Ag has the lowest electrical resistivity among
all metals, and at the same time, best optical properties in the
visible and near-IR spectral range (Figure 3c), it is therefore
the most widely employed material for thin-metal-film-based
transparent conductors. Compared to Ag, Au and Cu exhibit
a similar electrical resistivity and moderate optical properties
in the visible and near-IR regimes, while at the same time,
have advantages over Ag in terms of environmental stability or
lower material cost.® Consequently, there are also studies on
Au-film- or Cu-film-based transparent conductors. Finally, it is
worth noting that Al and Ni are also exploited for transparent
conductor applications in some cases.®®%1 Although their
conductivity and optical transparency are not as great as those
of the aforementioned metals, they exhibit a low percolation
threshold (good for ultrathin film formation)®8! and great sta-
bility (especially after an oxide protection layer is formed over
the film surface).[*%]

Based on the 2nd strategy, the thinner the metal film,
the higher its optical transmittance. This is illustrated in
Figure 3d, where the optical transmittance through a thin
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layer of Ag (deposited on glass substrate) of different thick-
nesses is numerically calculated.”Y The films are treated as
perfectly smooth layers and the refractive indices of Ag at
different film thicknesses are assumed to be identical. As
the film thickness reduces from 10 to 4 nm, there is a con-
tinuous increase in the overall transmittance over the visible
and near-IR range (400-1000 nm). In addition, the authors
have also experimentally measured the transmittance through
Ag films with associated thicknesses, but observed dramati-
cally different results (which will be explained below). On one
hand, there is no longer a monotonical improvement in the
overall transmittance in the wavelength range of study as the
film thickness reduces. On the other hand, transmission dips
appear in the measured spectra, which are not predicted by
the numerical calculation.

Several factors contribute to the significant discrepancy
between the calculated and measured transmittance. Thin metal
films (e.g., thickness < 20 nm) are usually characterized by a
higher density of defects and less-than-ideal surface morphology
with large surface roughness. This leads to its higher optical loss
and lower electrical conductivity compared to a thick film. As the
film thickness goes down, its optical loss and electrical resistivity
usually increase. When the thickness further gets reduced (e.g.,
<10 nm), the metal film can be discontinuous and nonconduc-
tive. The resultant isolated metallic islands absorb light of spe-
cific frequencies due to the induced localized surface plasmon

© 2020 Wiley-VCH GmbH
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resonances (LSPRs), leading to the dips in the measured spectra
shown in Figure 3d. Therefore, although the 2nd strategy sug-
gests using a metal film as thin as possible, cautions need to be
taken to make sure that the film’s optical property, surface mor-
phology, and electrical conductivity are not compromised as the
film thickness reduces. Various methods have been developed to
fabricate high-quality ultrathin metal films with smooth surface
morphologies and good optoelectronic properties, and we will
discuss these methods in Section 3.

The 3rd and 4th strategies are usually implemented by
proper optical design of transparent conductors. One common
method is to adjust the refractive indices of optical media sur-
rounding the thin metal film (e.g., Nyp and Mpoyom shown in
Figure 2), which could either affect the electric field distribution
inside the metal film, or reduce the optical reflection from the
whole structure. The media beneath and on top of the metal
film can be a single-layered material, multiple-layered mate-
rials, or materials with graded indices. We will give a detailed
discussion on this aspect in Section 5.

2.3. Figure of Merit

The main criteria to select a thin metal film for transparent
conductor applications are the material’s electrical resis-
tivity and optical transparency (over the visible and near-
infrared regimes for most applications). In a majority of
cases, the transparent conductors are desired to have an elec-
trical resistance as low as possible, and at the same time,
an optical transmittance as high as possible. However, the
electrical resistance and optical transmittance of a thin metal
film are usually interrelated to each other, which unfortu-
nately excludes the possibility of obtaining maximized trans-
mittance and conductivity simultaneously. To evaluate the
performance of a transparent conductor, two different FoMs
have been suggested.
Fraser and Cook defined the FoM as?

FoM = i
sh

®)

—— Ag film (FS model, p = 0.9)
RS —— Ag film (MS model, R=0.1)

R, (Q/sq)
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Here, T is the optical transmittance (either a value for a single
wavelength or an averaged value over a certain wavelength
range), and Ry, is the sheet resistance. Haacke later on sug-
gested another way of defining the FoM”’!

10
FoM =—
Rsh

(©)

where T and Ry, have the same meaning as those in Fraser and
Cook’s definition. Haacke’s FoM gives more weight over the
conductor’s optical transmittance and has been widely used in
recent studies of transparent conductors.

Here, we show how theoretical resistivity models can be
used to calculate FoMs. As shown in Figure 4, we plot the theo-
retical sheet resistance and Haacke’s FoM values calculated for
Ag films (of different thickness values) considering either the
FS or MS model with fitting parameters of close-to-ideal values.
Hypothetically, if one can obtain epitaxial Ag films which are
free of grain boundary scattering and with minimal diffusive
surface scattering, such films can be modeled via the FS model
(roughly assuming p = 0.9). Similarly, if the Ag films only
consist of grain boundary scattering with minimal reflections
at grain boundaries, they can be modeled via the MS model
(roughly assuming R = 0.1).

Figure 4 shows the thickness-dependent sheet resistance,
optical transmittance (at 4y = 550 nm), and FoM values for the
aforementioned close-to-ideal thin Ag films. The sheet resist-
ance values are calculated based on either the FS or MS model,
and the optical transmittance values are calculated using the
“Johnson Christy” Ag refractive indices.” For simplicity, the
refractive index is assumed to be identical when the film thick-
ness changes. Although such analysis might be oversimpli-
fied, it still provides important indications. As the film thick-
ness increases, both the optical transmittance and the electrical
resistance quickly drop down. The highest FoM is obtained
when the film thickness is around 5 nm. This suggests that
obtaining ultrathin (<10 nm) metal films with low defect den-
sity is essential for maximizing the performance of transparent
conductors. In the following section, we will discuss different
ways to prepare high-quality ultrathin metal films.

b
(b) 100 |
e 10
<
(@]
5 1
=
= 0.1
2 —— Ag film (FS model, p = 0.9)
0.01} —— Ag film (MS model, R = 0.1)
1 5 10 25
d (nm)

Figure 4. a) Left axis: calculated sheet resistance (Ry;) as a function of the Ag film thickness based on the FS or MS model assuming p = 0.9 and
R = 0.1, respectively. Right axis: calculated optical transmittance at 550 nm as a function of the Ag film thickness. b) Calculated Haacke’s FoM for a

Ag-film-based transparent conductor as a function of the Ag layer thickness.
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Figure 5. Schematic illustration of the initial states of metal film growth over a substrate. © is the substrate surface coverage in number of monolayer

(ML). (This figure is plotted based on figure 4 of ref. [75].)

3. Fabrication of High-Quality, Ultrathin
Metal Films

3.1. Kinetics of Thin Metal Film Growth

Metal film growth on a substrate generally follows several
stages in a sequence, namely nucleation, coalescence, and
thickness growth.””l Fabricating metal films by physical vapor
deposition (e.g., thermal/e-beam evaporation, sputtering)
starts with a heterogeneous nucleation, i.e., the condensa-
tion of adatoms (atoms that lie on a crystal surface) onto a
substrate that is composed of atoms which are different from
those in the physical vapor phase. The condition and struc-
ture of the substrate surface, as well as various parameters
during the deposition process (e.g., vacuum condition, deposi-
tion rate, residual gases, etc.) will affect the properties of the
deposited metal films.

Depending on the strength of surface energy of the substrate
(%), surface energy of the metal (%,), and metal/substrate inter-
face energy (Ju/s), one of the following three nucleation modes
can occur (Figure 5). They are i) Frank-van der Merwe mode
(layer by layer growth): layers of material grow on top of one
another. Interaction between adjacent substrate atoms and
metal adatoms is stronger than that between adjacent metal
adatoms. ii) Volmer—-Weber mode (island growth): isolated 3D
metallic islands form on the substrate. Interaction between
adjacent metal adatoms is stronger than that between metal
adatoms and substrate atoms. iii) Stranski-Krastanov mode
(layer plus island growth): one or two monolayers of material
form first, followed by individual islands on top. This is a situ-
ation between i) and ii), and involves a change of interaction
energies between these atoms.

Consider the case of Volmer-Weber growth mode where
isolated metallic islands are formed on the substrate. Contact
angle of a liquid nucleus on a substrate, ¢, is related to the
surface energy of the substrate ()%), the surface energy of the
metal (},), and the metal/substrate interface energy (%) by
the Young’s equation (Equation (7) and Figure 6).”!

Ys =¥mjs +¥Ym COSQ (7)
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For the Frank-van der Merwe mode (layer by layer growth),
the contact angle equals 0° and the metal fully wets the sub-
strate. This requires that % > /s + %,. Under this mode, a con-
tinuous metal film is formed whose thickness is simply related
to the volume of the deposited metal. On the contrary, under
the Volmer—Weber mode (island growth), ¢ > 0. This indicates
that % < Jun/s + %n- The adhesion energy, E,qp, is defined as the
energy to separate the metal/substrate interface in vacuum. It
is given byl”®!

Eaan = Ym +Ys —Ymys (8)

Based on Equation (8), when E,q, < 2%y, the Volmer—Weber
mode dominates the initial stages of metal film growth. Conse-
quently, the metal will not wet on the substrate. In other words,
because the metal atoms adhere weakly with the substrate (low
E.qn), they instead exhibit a larger tendency to cluster with each
other and form metallic islands.

Adhesion energies have been measured using the con-
tact angle method for liquid metals on various substrates.”’!
Table 2 lists the values of E,q,, %, and ¥, of different liquid
metals on SiO, substrate.”37°! Although these values are meas-
ured in the case of liquid metals, they provide a good estima-
tion for the case of solid metals.”’] It can be seen that metals
that are good candidates for transparent conductors (e.g., Ag,
Au, and Cu) all have E,q, < 2%,. Consequently, the growth of
these metal films typically follows the Volmer—Weber mode
and isolated metallic islands, instead of continuous metallic

Vi

m
A | £ s Metal

I Substrate

Figure 6. Contact angle of a liquid nucleus on a substrate, ¢, is related to
the surface energy of the substrate (}), the surface energy of the metal
(%), and the metal/substrate interface energy (¥ms) by the Young's equa-
tion. (This figure is plotted based on figure 5 of ref. [75].)
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Table 2. The adhesion energy on oxide substrate (E,q4,) and the surface
energy () of different liquid metals, as well as the surface energy of the
oxide substrate (y)./%79]

Material Eagh [m) m™7] Yon [m) m~?] % [m) m™?]
Silver (Ag) 174 814-926

Copper (Cu) 474 1233

Gold (Au) 227-246 1125 307-605
Aluminum (Al) 844 844

Nickel (Ni) 803-942 1883

Iron (Fe) 913 1673

layers, are formed on the substrate in the early stage of film
growth. As the deposition continues, these islands extend and
eventually connect with each other, forming a conductive net-
work for the electrons (coalescence process). Such a transition
from isolated islands to a continuous macroscopic network
can be characterized by a percolation threshold thickness,
which is typically 10-20 nm.

Beyond the percolation threshold, the metal film exhibits sig-
nificantly improved electrical conductivity and reduced optical
loss. However, transmittance through the film is inevitably
sacrificed primarily due to the high optical reflection by the
thick metal, making it unsuitable for transparent conductor
applications. Therefore, it is crucial to modify the kinetics of
metal film growth and suppress the Volmer—Weber growth
mode, such that the percolation threshold is reduced, and con-
tinuous metal films are obtained with ultrathin thicknesses and
good optoelectronic properties. We will discuss several methods
for fabricating high-quality, ultrathin metal films in the subse-
quent section.

3.2. Approaches for Preparing High-Quality, Ultrathin
Metal Films

In order to obtain high-quality ultrathin metal films with
smooth surface morphology and good optoelectronic prop-
erty, we need to inhibit their intrinsic Volmer-Weber growth
mode and reduce the associated percolation threshold.
Toward this goal, researchers have explored an array of tech-
niques. In the subsequent sections, we will discuss these
strategies categorized as follows: dielectric wetting layer,
metal wetting layer, metal doping, molecular surfactant,
and polymer surfactant. In addition, we will also discuss the
impact of deposition conditions on the growth of ultrathin
metal films.

3.2.1. Dielectric Wetting Layer

As discussed in Section 3.1, the weak adhesion of metal
adatoms with common transparent substrates (e.g., SiO,)
leads to the island film growth. Therefore, it is both straight-
forward and reasonable to consider that when a layer of die-
lectric material (which is also transparent) is deposited onto
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the substrate first, the subsequently deposited metal atoms
might have a better adhesion with the dielectric layer, and the
metal’s island growth mode is suppressed. Although in many
cases, the surface energy of the candidate metal (%,) could
still be larger than the metal/dielectric adhesion energy (E,qp),
and therefore, a complete wetting (when E,q, > 2%,) will not
occur, employing a layer of dielectric will still contribute to
an increase in E,q, and alleviate the intrinsic island growth
mode.

Various dielectric films (most of which are oxide films),
that are transparent in the visible and near-IR range, have
been experimentally demonstrated for promoting ultrathin
metal film growth. Examples include zinc oxide (ZnO),[8%-82
metal-doped ZnO (e.g., Al-doped ZnO,#>®! In-doped
ZnO,8¥] Mg-doped ZnO,®¥ Ga-doped ZnO,® etc.), titanium
dioxide (TiO,),P**% tungsten trioxide (WO3),*¥ indium tin
oxide (ITO),® molybdenum trioxide (MoOj3),*>=8 niobium
pentoxide (Nb,0s),® tellurium dioxide (TeO,),1%1%U zinc
sulfide (ZnS),1927%4 and aluminum nitride (AIN).[%] ZnO
has been a popular oxide wetting layer by its high optical
transparency in the visible and near-IR regime, as well as
good electrical conductivity (especially when doped with
another metal element). Lee et al. studied the surface mor-
phology of Ag layers (with thickness varying from 4 to 16 nm)
deposited on a 50 nm thick Mg-doped ZnO (Mg ,3Zn,7,0)
layer (Figure 7a).®8 As the Ag layer thickness increases from
4 to 16 nm, the film evolves from an isolated-island one
(4 nm) to a percolated film with certain surface defects (8 and
12 nm), and finally, to a continuous and smooth film (16 nm).
At the same time, the sheet resistance of the entire electrode
(50 nm thick Mg ,3Zn,7,0/Ag of varying thicknesses/50 nm
thick Mg ,3Zny7,0) goes down as the Ag film gets thicker
(Figure 7b). TiO, is also a popular candidate for wetting
layers by its lossless nature in the visible and near-IR range.
Moreover, its high refractive index (n > 2.0 over the visible
range) makes it a favorable material for electrode using the
dielectric-metal-dielectric (DMD) structure (we will discuss
this aspect in detail in Section 5). Ghosh et al. showed that
an 8 nm thick Ag film on fused silica substrate exhibits a dis-
continuous and island-like surface morphology with a large
root-mean-square (RMS) roughness of 6.5 nm (Figure 7c, top
panel). With the help of a 30 nm thick TiO, wetting layer, the
8 nm thick Ag film is instead continuous and exhibits a sig-
nificantly improved surface morphology with a RMS rough-
ness of 2.2 nm (Figure 7c, bottom panel).l

There are studies on the wetting effect of different dielec-
tric films.[88:100.103.106] Bayrows et al. observed a reduced perco-
lation threshold for Ag films deposited on a TeO, layer than
on a MoOj layer (Figure 7d).1% Kim and co-workers investi-
gated the surface morphology of Ag films on different types of
substrates (Figure 7e), including bare glass and glasses coated
with dielectric wetting layers (ZnS, MoOs;, and WO3).00
On one hand, Ag films deposited on all these wetting layers
exhibit improved surface morphology and reduced percola-
tion threshold compared to film deposited on bare glass. On
the other hand, Ag film on the ZnS layer shows the best sur-
face morphology and the lowest electrical resistance at a given
film thickness. The authors believe that the different wet-
ting strength is due to the difference in the surface energy of
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Figure 7. a) Scanning electron microscopy (SEM) images of (a) 4, (b) 8, (c) 12, and (d) 16 nm thick Ag layers on the Mg ,3Zng 7,0 wetting layer.
b) Sheet resistance and sheet carrier concentration of the Mgg ,5Zng 7,0 (50 nm)/Ag/Mgg23Zn07,0 (50 nm) multilayers. The Ag layers have different
thicknesses varying from 8 to 16 nm. The conductivity of the multiplayer structure is provided dominantly by the sandwiched Ag layer. Reproduced
with permission.[®8 Copyright 2016, American Chemical Society. c) Atomic force microscopy (AFM) images and typical cross-section profiles of an
8 nm thick Ag film on fused silica substrate (top panel), and an 8 nm thick Ag film on a 30 nm thick TiO, wetting layer (bottom panel). In contrast to
the discontinuous and rough morphology of Ag film on fused silica, the Ag film on TiO, is instead continuous and exhibits a much smoother surface
morphology. Adapted with permission.’"l Copyright 2015, Wiley-VCH. d) SEM images of 6 nm thick (top panel) and 8 nm thick (bottom panel) Ag films
on a 10 nm thick MoOj (left panel) and TeO, (right panel) wetting layer. There is a reduced percolation threshold and improved surface morphology for
Ag films deposited on a TeO, layer than on a MoOj layer. The scale bar is 200 nm. Adapted with permission.%l Copyright 2016, Elsevier. e) SEMs of Ag
films (of varying thicknesses) deposited on bare glass and glasses coated with dielectric wetting layers (ZnS, MoOj3, and WO3). The Ag film on the ZnS
layer shows the best surface morphology and the lowest electrical resistance at a given film thickness. The deposition rate of Ag is kept at 0.2 nm s™.
Reproduced with permission.'%% Copyright 2015, Wiley-VCH.

the oxide layers. ZnS has the highest surface energy among
all three dielectric films, which effectively inhibits the sur-
face diffusion of Ag atoms and suppresses their 3D island-
like growth. Note that although these comparative studies

provide a good guideline for researchers to choose dielectric
wetting layers, the conclusion cannot be simply taken for
granted. The deposition process of the dielectric and metal
layers is affected by various factors, which could influence
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Figure 8. a) Measured averaged RMS surface roughness as a function of Ge wetting layer thickness. The Ag thickness is kept at 15 nm. Insets are SEM
images of Ag films with and without the Ge wetting layers. Adapted with permission.'"”] Copyright 2008, American Chemical Society. b) SEM images
of 7 nm thick Ag films deposited over MoOj layers coated without any wetting layer and with wetting metals of different surface energies (). Adapted

with permission."” Copyright 2013, Wiley-VCH.

their physicochemical properties and lead to the different wet-
ting behaviors between them.

3.2.2. Metal Wetting Layer

Similar to the “dielectric wetting layer” approach, putting a thin
metal layer on the substrate prior to depositing the candidate
metal has been reported to provide benefits such as improving
the morphology of the candidate metal film, reducing the
percolation threshold for continuous film formation, as well
as enhancing the adhesion of the metal film to the substrate.
Commonly employed wetting metals for thin Ag films include
G, [107-110] j [111112] Gy [113,114] T3 [112] A] [115,116] Ay, [17,118] Gy [19) g
Ca.'™l Popular metals used for wetting thin Au films include
Ti, 120121 Nb, 122 Cr,123] and AL It is worth noting that thin
Ti and Cr layers are also commonly used as adhesion layers to
enhance the adhesion of Au or Ag films (or nanostructures)
with the substrate.

Logeeswaran et al. explored the effect of Ge wetting layers
on the morphology of thin Ag films (with a nominal thickness
between 10 and 20 nm) on a SiO,/Si substrate (Si substrate
with an =2—4 nm thick native oxide layer)."”] Figure 8a plots
the averaged RMS surface roughness of a 15 nm thick Ag films
deposited on the SiO,/Si substrates with Ge layers of different
thicknesses. A significant reduction of the film’'s RMS rough-
ness is observed when the thickness of Ge layer increases
from 0 to 0.5 nm. Then, the roughness values quickly saturate
at =0.6 nm as the thickness of Ge layer continues to increase.
The insetted scanning electron microscopy (SEM) images show
obvious surface morphology differences between Ag films
with and without the Ge wetting layer. The wetting effect of Ge
can be understood from its relative high surface energy than
that of SiO,. Representative surface energy values of Ag, Ge,
and SiO, are 814-926, 1320-1710, and 307-605 m] m™~2, respec-
tively.'2Y Adding a thin layer of Ge on top of SiO, increases the
“overall” surface energy of the substrate (¥%), and therefore, pro-
vides a favorable nucleation surface for the Ag adatoms. This
strategy can be effective even though the deposited Ge layer
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is still in the form of isolated islands (such as for a Ge wet-
ting layer of only 0.5 nm thickness). Similar phenomena were
observed in a study where Schubert et al. characterized the sur-
face morphology of 7 nm thick Ag films deposited over MoO,
layers coated with wetting metals of different surface energies
(Ca, Al, and Au).'"! As the surface energy of the metal wet-
ting layer increases, the surface morphology of the thin silver
film improves correspondingly (Figure 8b). It is worth noting
that although employing a metal with high surface energy as
the wetting layer serves as a useful empirical guideline for pre-
paring ultrathin metal films, this conclusion cannot simply be
taken for granted. Reported surface energy values of metals
vary among literature, and direct measurement of these values
can be challenging. Also, various factors (e.g., substrate type,
deposition rate, chamber pressure, etc.) would influence the
degree of surface coverage as well as the surface morphology
of the wetting metal layer, thus affecting the physicochemical
properties of subsequently deposited candidate metal films.

One issue of the metal wetting layer approach is the diffu-
sion and segregation of wetting metal into the candidate metal
film, affecting both its optical and electrical properties. Tode-
schini et al. studied the diffusion characteristics of Ti and Cr
wetting layers into thin Au films.'”! They found that Ti forms
a uniform layer underneath the Au overlayer, while Cr inter-
diffuses into the Au overlayer and forms a thin Cr-Au alloy
layer (Figure 9a). Under high-resolution transmission electron
microscopy (HR-TEM) cross-section observation of a 20 nm
thick Au film (with either a 2 nm thick Ti or Cr wetting layer),
the Ti/Au sample presents as two individual layers of Ti and
Au, respectively (Figure 9b), while the Cr/Au sample presents
as a single layer instead (Figure 9c). Further characterization
with the scanning TEM-energy-dispersive X-ray spectroscopy
(STEM-EDX) shows that the interdiffusion length of Cr into
Au is about 2-3 nm. Under the micro-four-point-probe meas-
urement, the Ti/Au sample exhibits a lower sheet resistance
compared to pure Au, which is due to the fact that the two
individual layers act as parallel resistors. By contrast, the Cr/Au
sample exhibits a higher sheet resistance than pure Au, due to
the interdiffusion of Cr into Au, forming a Cr—Au alloy.
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Figure 9. a) Schematic representations showing the cross-sectional atom distributions in the Ti/Au and Cr/Au samples. Ti forms a uniform layer
underneath the Au overlayer, while Cr interdiffuses into the Au overlayer and forms a thin Cr—Au alloy layer. b) TEM cross-sectional image of the 2
nm Ti/20 nm Au sample, which presents as two individual layers of Ti and Au, respectively. ) TEM cross-sectional image of the 2 nm Cr/20 nm Au
sample, which presents as a single layer. Reproduced with permission.[?%l Copyright 2017, American Chemical Society. d) Schematic representation
showing the structure of Ag films grown on Ge wetting layers before (left) and after (right) the segregation process occurs. €) Imaginary part of the
relative permittivity (&) for a 20 nm thick Ag film deposited on 2 nm thick Ge wetting layer, measured using spectroscopic ellipsometry at 1, 10, and
60 days after deposition (solid lines), as well as Maxwell-Garnett calculation of &, of Ge-Ag mixture with Ge-to-Ag ratio of 2:20 (dotted curve). Adapted
with permission.['26l Copyright 2018, Beilstein Journal of Nanotechnology. f) XPS measurements of atomic concentrations of the main elements as a
function of Ar-ion etching time obtained for a 100 nm thick Ag film onto a 1 nm thick Ge wetting layer on SiO, substrate. Profiles were taken 2 weeks
(left) and 4 weeks (right) after the sample deposition. The concentration of Ge is multiplied by a factor of 10. Adapted with permission.['?/l Copyright
2015, American Chemical Society. g) Schematic representation showing a Au-based plasmonic nanostructure. The thickness values of the Au layer,
adhesion layer (either Ti or Cr), and poly(methyl methacrylate) (PMMA) layer are 30, 2, and 100 nm, respectively. Sample without any adhesion layer
is also prepared. h—j) Background-subtracted EEL spectra extracted from the center area of the nanodisk (indicated by the inset in (h)) for samples
with (h) no adhesion layer, (i) 2 nm Ti, and (j) 2 nm Cr. The peaks are broader and less resolved in the presence of an adhesion layer, indicating the
plasmon damping effect induced by the wetting layer. Adapted with permission.['*¥l Copyright 2017, American Chemical Society.

Different from Cr, Ge atoms tend to gradually migrate into  the whole Ag film. This phenomenon is referred as segrega-

the grain boundary voids throughout the whole Ag films, tion (schematically shown in Figure 9d).1%¢ Ciesielski et al.
leading to separation of Ge atoms in small regimes inside reported that Ge segregation leads to a gradual increase of the
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optical loss (in terms of the imaginary part of the relative per-
mittivity, &) of the deposited Ag film (Figure 9e). Besides, an
additional absorption band around 550 nm gets more obvious
with time, which can be attributed to the increased mixing of
Ge and Ag atoms. This is confirmed by the Maxwell-Garnett
effective medium theory calculation of the effective &, of a
silver film with Ge inclusions. Also, Wrébel et al. studied the
vertical concentration profile of Ge atoms inside a 100 nm thick
Ag film using X-ray photoelectron spectroscopy (XPS), where
successive sublayers of a Ge/Ag sample were etched with Ar
ions and the elemental compositions of the uncovered surfaces
were measured.'””] Figure 9f shows the profiles of atomic con-
centrations of several main elements as a function of etching
time for a 100 nm thick Ag film deposited on SiO, substrate
(with 1 nm thick Ge wetting layer). For measurement of the
sample 2 weeks after evaporation, a fraction of Ge atoms has
diffused into the Ag grain boundary voids and tend to concen-
trate on the Ag/air surface, while the rest of Ge atoms remains
on the SiO, substrate (Figure 9f, left panel). The segregation
of Ge atoms continues with time. For measurement of sample
4 weeks after evaporation, the amount of Ge atoms on the SiO,
has been further reduced, and Ge atoms are distributed on
both Ag grain boundary voids and Ag/air surface (Figure 9f,
right panel).

The second issue with the metal wetting layer approach is
the induced optical loss by the wetting layer. This is because
typical wetting metals (e.g., Cr, Ti, Ni, etc.) usually exhibit
larger optical loss compared to the candidate metals (e.g., Ag,
Au, etc.). Such issue usually stands out in devices using mul-
tiple layers of wetting and candidate metals (such as optical
filters and hyperbolic materials employing a multilayer struc-
turel!?8129) "or in plasmonic devices where there is an enhanced
optical field in the dielectric/metal interface (where the metal
wetting layer usually resides!3%). Metal wetting layers can lead
to reduced propagation lengths in plasmonic waveguides,!3!
or damped plasmon resonances in plasmonic resonators.!3?
Madsen et al. studied the plasmon damping effect of wetting
layers in Au nanostructures using electron energy loss spectros-
copy (EELS).['*3 The local plasmon resonances of three Au plas-
monic nanostructures (schematically shown in Figure 9g; the
characterized structures include one sample with 30 nm thick
Au film without any wetting layer, and two samples with either
a 2 nm thick Ti or Cr wetting layer) are probed with EELS. Com-
pared to sample without any wetting layer (Figure 9h), sample
with either a Ti or Cr wetting layer exhibits both broader and
less resolved peaks in the EEL spectrum, due to the induced
plasmon damping by the wetting layer (Figure 9i,j). Strategies
to mitigate the above issue include carefully optimizing the
material and geometry of the employed wetting layer,34 using
nonmetal-based wetting layers,3>13¢] or fabricated metallic
nanostructures using the wetting-layer-free, codeposition
approach (will be discussed in Section 3.2.3).

3.2.3. Metal Doping
Doping an additive metal into the candidate metal through a

codeposition process is an efficient approach for preparing
high-quality, ultrathin, and ultrasmooth metal films without any
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wetting layer.*013-141l Ag schematically illustrated in Figure 10a,
a small amount of additive metal (denoted as X here, which can
be Al, Cu, Ti, Ni, Cr, etc.) is codeposited with Ag, creating a
X-doped Ag film. During this codeposition process, the deposi-
tion rate of metal X is chosen to be much lower than that of
Ag. Consequently, the obtained X-doped Ag films maintain the
great optoelectronic properties of pure Ag films, while at the
same time, exhibit significantly improved surface morphologies
with reduced percolation thresholds.

As discussed in earlier sessions, Ag follows the Volmer—
Weber growth mode, where the deposited Ag atoms form iso-
lated islands at the initial stage of film growth. For example,
a 9 nm thick Ag film shows a discontinuous and rough sur-
face morphology with a RMS roughness value of 10.8 nm,
which is even larger than the film’s own nominal thickness
(Figure 10d).] These isolated metallic islands absorb light
of specific frequencies due to the induced LSPRs, leading
to dips in the measured transmittance spectra. As shown in
Figure 10D, there are obvious transmission dips for Ag films
with nominal thicknesses below 10 nm. By contrast, by only
adding a small amount of Al (=6% atomic ratio in this case)
and keeping other parameters unchanged during the film
deposition, the obtained Al-doped Ag films exhibit a “trans-
mission-dip-free” characteristic with a thickness of only 6 nm
(Figure 10c), indicating a significantly reduced percolation
threshold and improved surface morphology induced by the
Al doping.*138] For example, a 7 nm thick Al-doped Ag film
exhibits a smooth and defect-free surface morphology, with a
RMS roughness value of only 0.77 nm (Figure 10e).*”] Further-
more, by first putting a 10 nm thick Ta,O5 wetting layer on the
SiO, substrate, the percolation threshold of the subsequently
deposited Al-doped Ag film is further reduced to only 4 nm
(Figure 10f).(13%)

The codeposited additive metal atoms act as nucleation sites
for Ag atoms, and significantly alter their growth dynamics and
reduce the associated percolation thresholds. Gu et al. studied
the effect of Al doping on the nuclei density of Ag films, where
the surface morphologies of pure Ag and Al-doped films (all
with a nominal thickness of 3 nm, deposited on the SiO,/
Si surface) were characterized by atomic force microscopy
(AFM).I38] At such an ultrathin thickness regime where both
pure Ag and Al-doped Ag films are still discontinuous, they
have already exhibited dramatically different growth behaviors.
The pure Ag film is comprised of large particles with irregular
sizes (Figure 1la, left panel), which corresponds to the fact
that Ag follows the Volmer—Weber growth mode and tends
to coalesce into isolated islands. By contrast, the Al-doped Ag
film consists of tiny and densely distributed particles over the
substrate (Figure 11a, right panel). The nuclei density and par-
ticle size of metal films are associated to the diffusion rate of
the metal atoms on the substrate surface (which is SiO, for the
study here), which is inversely proportional to the metal-oxide
bond energy in most cases. Because the Al—O bonds exhibit a
much higher strength than the Ag—O bonds, the average dif-
fusion length of Al atoms on the SiO, surface is much shorter
than that of Ag atoms. Consequently, Al atoms are easier to
be immobilized on the SiO, surface, which contributes to an
increased density of heterogeneous nucleation sites for Ag
atoms and leads to the early stage formation of an ultrathin and
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Figure 10. a) Schematic representation of the fabrication procedure of doped Ag thin films. b) Measured transmittance of Ag films with different
thicknesses. c) Measured transmission of Al-doped Ag films (Al atomic concentration: =6%) with different thicknesses. Adapted with permission.[38
Copyright 2014, American Chemical Society. d) SEM (upper panel) and 2D AFM (lower panel) of a 9 nm thick (nominal thickness) Ag film on fused
silica substrate. ) SEM (upper panel) and 2D AFM (lower panel) of a 7 nm thick Al-doped Ag film on fused silica substrate. f) SEM (upper panel) and
2D AFM (lower panel) of a 4 nm thick (nominal thickness) Ag film on fused silica substrate with a 10 nm thick Ta,O5 wetting layer.

smooth doped Ag film. In addition, similar growth characteris-
tics have been observed in the initial growth stage of Ni-doped
Ag films by Zhang et al.'¥] As the film continues to grow, the
small metal particles coalesce into larger ones. Compared to
a pure Ag film, the particle size of an Al-doped Ag film only
increases slightly when the film thickness increases from 3 to
15 nm (Figure 11a,b). This suggests that the introduction of Al
during the deposition process of Ag reduces the surface diffu-
sion and mass transportation of Ag atoms and suppresses the
expansion of Ag particle size.

Investigating how the additive metal elements are distrib-
uted inside the doped Ag sample is beneficial to understanding
its optoelectronic properties. Toward this goal, Gu et al.'38
have studied the depth profiling of different elements of pure
Ag and Al-doped Ag samples using XPS (Figure 11c,d). For ease
of experiment and to ensure a full coverage of metal film over
the used SiO,/Si substrate (especially for the pure Ag sample),
a film thickness of 50 nm is chosen for both samples. For the
50 nm thick pure Ag film, oxygen is detected only at the surface
of the as-prepared sample and the interface between the film
and Si substrate. Close to the interface between the film and
substrate, O and Si can be detected after the film is etched for
24.5 min (indicating the time needed to completely etch away
the 50 nm thick film). By contrast, for the 50 nm thick Al-doped
Ag sample, oxygen can be detected from the surface of the as-
prepared film toward the substrate for an etching duration of
~9.5 min (corresponding to about 1/3 of the film thickness).
Considering that there is no oxygen produced during
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deposition, oxygen in Al-doped Ag films should originate from
the ambient atmosphere after the samples are taken out of the
vacuum chamber. Furthermore, an Al-enriching feature can be
clearly observed in the outer layer of the Al-doped Ag sample.
The atomic concentration of Al drops gradually from about 8%
for the outermost surface to about 4% for the newly formed
surface after 9.5 min of etching. After that, the atomic concen-
tration of Al is almost constant at 4% in the inner layer. This
indicates the outward diffusion of Al together with the inward
diffusion of oxygen.

Similar findings have been observed in a STEM study of
Al-doped Ag films by Zhang et al.'¥] Figure 1le shows an
annular bright field (ABF) cross-sectional STEM image of
a 7 nm Al-doped Ag film, suggesting the film’s polycrystal-
line structure. The element mapping across an =16 nm thick
film for Ag, Al, and O atoms is characterized by EDX and
shown in Figure 11f-h. It can be seen that Al and Ag are
mixed throughout the entire film, which corresponds to the
fact that these two elements form a solid solution at both
ambient and elevated temperatures in the case of a low Al
concentration according to their reported phase diagram.
There is an enrichment of Al and O elements near the top
surface of the Al-doped Ag film, which is consistent with the
XPS study.

As mentioned earlier, Al element has a large bond strength
with the O element, and therefore, tends to be oxidized
easily when exposed to an oxygen-containing environment.
For the Al-doped Ag sample, oxygen atoms from ambient
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Figure 11. a) 2D AFM images of a 3 nm thick Ag film (left panel) and a 3 nm thick Al-doped Ag film (right panel). b) 2D AFM images of a 15 nm thick
Ag film (left panel) and a 15 nm thick Al-doped Ag film (right panel). All scans are performed over a square area of side length of 500 nm. ¢,d) Com-
position depth profiles of (c) a 50 nm thick Ag film and (d) a 50 nm thick Al-doped Ag film. All films in (a) to (d) are deposited on SiO,/Si substrates.
Adapted with permission.® Copyright 2014, American Chemical Society. €) Annular bright field (ABF) cross-sectional scanning transmission electron
microscope (STEM) image of a 7 nm Al-doped Ag film, which shows its polycrystalline structure. The scale bar is 5 nm. f-h) Cross-sectional element
mapping of Ag (f), Al (g), and O (h) atom distributions in an =16 nm thick Al-doped Ag film. The scale bar is 20 nm. Reproduced with permission.%’l
Copyright 2017, Wiley-VCH. i) XRD patterns of a 50 nm thick Ag film and a 50 nm thick Al-doped Ag film. Both films are deposited on SiO,/Si substrates.
Adapted with permission.[*8 Copyright 2014, American Chemical Society.

atmosphere diffuse inward into the film, while Al atoms in the
film diffuse outward toward the ambient side, and Al—O bonds
are spontaneously formed in order to decrease the free energy
of the film system. As a result, Al-doped Ag films consist of two
layers: an outer layer containing Al—O bonds with =1/3 of the
thickness of the films and an inner layer composed of Ag and
Al. Such a spontaneously formed Al—O network curbs the dif-
fusion of Ag atoms and stabilizes the film. As noted later, an
Al)O; layer deposited on top of a thin Ag can further improve
the film’s stability, due to the barrier property of the Al,03. By

Adv. Optical Mater. 2021, 9, 2001298

2001298 (13 of 40)

contrast, a thin pure Ag film does not have such a “protection
layer,” and therefore, can easily dewet from the substrate. Note
that although the concentration of Al at the boundaries of Al-
doped Ag is higher than that of Al within the film, Ag atoms
are still the majority of the film due to the low doping level of
Al (=6% averaged atomic concentration throughout the sample
in most cases). Therefore, doping Al into Ag will not signifi-
cantly alter its optical and electronic properties, while at the
same, will greatly improve the film’s surface morphology and
reduces the percolation threshold.

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

X-ray diffraction (XRD) characterization further demon-
strates that Al doping effectively curbs the grain size enlarging
in the doped Ag films. Figure 11i shows the XRD patterns of
50 nm Al-doped Ag films and pure Ag films (deposited on Si
substrate). All the diffraction peaks, except the Si (004) peak at
69.68° from the substrate, can be assigned to the cubic Ag. This
indicates that Al doping does not introduce any other phase
into the Ag films. The average grain sizes for Al-doped Ag
and pure Ag thin films, calculated from the full width at half
maximum of the main diffraction peak (111) by the Scherrer
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equation, are 9.7 and 30.1 nm, respectively. This suggests that
Al doping remarkably reduces the grain size of Ag films.
Regarding the film’s optical properties, Zhang et al. observed
an increase of the plasma frequency (wp) of the Ag film due
to Al doping.'*l The plasma frequency, w, is proportional to
the metal’s free electron density. Since, Ag has one free elec-
tron per atom, while Al has three. Therefore, adding Al into
Ag increases the density of free electrons and blueshifts the
wp of the resultant film. For a metal film, there is a minimized
reflection intensity near its wy,. Figure 12a shows the measured
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Figure 12. a) Measured reflection intensity spectra from 150 nm thick Al-doped Ag and Ag films. There is an 18 nm blueshift of the plasma frequency,
wy, for Al-doped Ag compared to pure Ag (from 318 to 300 nm), due to the increased density of free electrons by the Al doping. b) Measured real (solid
lines) and imaginary (dashed lines) parts of relative permittivity of an as-deposited 7 nm Al-doped Ag film, a 7 nm film underwent annealing treatment
(500 °C for 10 s in N,), and a 30 nm as-deposited pure Ag film. Adapted with permission.*”l Copyright 2017, Wiley-VCH. c,d) Real (c) and imaginary
(d) parts of measured relative optical permittivities of Ni-doped Ag films with different Ni concentrations. The deposition rate of Ag is fixed at 11.09 A
s7!, whereas the rate of Ni varies. e,f) Real (e) and imaginary (f) parts of measured optical relative permittivities of doped Ag films with different doping
metals. The doping concentration is chosen as “medium” for all four films, and the corresponding deposition rates are listed in Table 3. Adapted with

permission.% Copyright 2019, American Chemical Society.
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Table 3. Summary of optoelectronic properties of doped Ag with different doping concentrations.% Note: L, M, and H refer to low doping concen-
tration, medium doping concentration, and high doping concentration, respectively. The deposition rate of the additive metal is listed in the row 3,
while the deposition of Ag is fixed as 1.109 nm s~'. Each sheet resistance value is an averaged one from measurements of three =7 nm film. The aver-
aged visible transmittance is a simulated value of a 7 nm thick film, using the experimentally measured optical permittivity values of an =7 nm thick

film.

Ni-doped Ag Cu-doped Ag Ti-doped Ag Cr-doped Ag
Doping concentration L M H L M H L M H L M H
Deposition rate [nm s7'] 0.013 0.026 0.064 0.009 0.019 0.208 0.027 0.041 0.067 0.046 0.075 0.119
Averaged visible (400-700 nm) transmittance [%] 77.01 79.27 73.79 78.93 80.74 77.01 69.62 78.66 73.06 70.06 75.68 71.99
Sheet resistance [Q (1] 19.52 18.92 25.70 12.48 12.33 19.37 50.5 46.5 56.5 30.9 243 43.1

reflection spectra of optically opaque (=150 nm thick) Ag and
Al-doped Ag films, where there is an 18 nm blueshift of w, for
Al-doped Ag compared to pure Ag (from 318 to 300 nm).

Regarding the film’s electronic properties, the effect of Al
doping on the electronic band structure of Ag is not obvious,
largely due to the low concentration of Al atoms. For Ag, the
interband electron transition from the occupied bound d states
to unoccupied hybridized sp states leads to an increased absorp-
tion over the ultraviolet (UV) range, corresponding a peak in
the imaginary part of the relative permittivity (g,). Figure 12b
plots the measured real and imaginary parts of the relative
permittivities of a 7 nm thick as-deposited Al-doped Ag film,
a 7 nm thick Al-doped Ag film undergoing an annealing treat-
ment (500 °C for 10 s in N, environment), and a 30 nm thick
as-deposited pure Ag film. The peak wavelengths of interband
transitions of both Al-doped Ag and pure Ag overlap with each
other, indicating no obvious difference in their electronic band
structures. In addition, the scattering loss of an ultrathin Al-
doped Ag film is higher than a thicker (30 nm) pure Ag film,
due to various factors including the introduction of “Al impuri-
ties,” reduced film thickness, scattering of electrons due to the
fine grains inside the polycrystalline doped Ag film (shown in
Figure 1le), etc. However, by annealing the Al-doped Ag film
for only 10 s, the imaginary part of permittivity, &, can be sig-
nificantly reduced over a large wavelength range, while the real
part of permittivity, &, maintains a similar value compared to
that of as-deposited Al-doped Ag.

Metal doping offers benefits such as reduced percolation
threshold, improved surface morphology, enhanced long-term
and thermal stability. Moreover, by controlling the doping con-
centrations of the additive metal, or by employing different
doping metal species, the optoelectronic properties of doped
Ag films can be readily adjusted. As stated earlier, the optical
loss of the metal thin film is directly proportional to the imagi-
nary part of optical permittivity, &. Zhang et al. characterized
the optical permittivities of =7 nm thick Ni-doped Ag films with
different Ni concentrations.? In this study, the deposition rate
of Ag is fixed at 1.109 nm s, while the rate of Ni varies. When
the deposition rate of Ni is low (at 0.013 nm s, which corre-
sponds to the “low” concentration of Ni in the obtained doped
Ag), the film resembles a defected thin Ag film. The imaginary
part of optical permittivity, &, exhibits a large value in the vis-
ible range, indicating a high optical loss. This is because of
the “incomplete” wetting of Ag atoms due to the “less-than-
necessary” additive Ni atoms. Increasing the Ni concentration
gradually reduces ¢, in the visible range. When the deposition
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rate of Ni reaches 0.026 nm s7, the film has the lowest &, across
the visible and near-IR range, which follows the trend of Drude
model for free-electron metals. The corresponding concentra-
tion of Ni atoms in the obtained doped Ag film is denoted as
“medium.” With the further increase of the Ni deposition rate
(corresponding to a “high” concentration), &, of the fabricated
film increases again, due to the scattering of free electrons by
the “more-than-necessary” Ni atoms. Similar trends of the evo-
lution of permittivity with the doping concentration have been
observed in other types of doped Ag as well (e.g., Al-doped Ag,
Cu-doped Ag, etc.).10

Finally, the permittivity of doped Ag can also be adjusted
by employing different additive metals. Figure 12e,f plots the
measured curves of g and &, for =7 nm thick doped Ag films
with various additive metals (the doping concentration is
chosen as the “medium” level for all samples). Considering the
FoM for a metallic film (FoM = g/¢,), Cu-doped Ag exhibits the
highest FoM over the spectral range of 200-1690 nm, Ni-doped
Ag has an intermediate FoM, while Cr- and Ti-doped Ag have
relatively low FoMs. The averaged visible transmittance and
sheet resistance of doped Ag films with different doping ele-
ments and concentrations are listed in Table 3.

3.2.4. Molecular Surfactant

Molecular surfactant is another alternative method to promote
high-quality ultrathin metal film growth, without inducing
additional optical loss as in the case of metallic wetting layer or
metal doping approach. By applying a thin layer of molecular
surfactant with the desired chemical moieties on the substrate,
the adhesion between the substrate and candidate metal can be
significantly enhanced. Consequently, this leads to the immobi-
lization of the metal adatoms on the substrate surface and sup-
pression of their intrinsic Volmer—Weber growth mode.
Silane-based molecular surfactant has been shown to
be an effective wetting promotor for thin Au films depos-
ited on oxide surfaces.*%] Kossoy et al. have shown that
continuous Au films (with a thickness down to 5.4 nm)
can be deposited on fused silica substrate pretreated with
(3-mercaptopropyl)trimethoxysilane (Figure 13a).*4 However,
optical transmittance of the fabricated Au film is lower than
expected for an ideal Au film with the same mass-equivalent
thickness, due to nonabrupt transition zones between the
metal and the surrounding dielectrics. Leandro et al. studied
different wetting effects of amino- and mercapto- silane on

© 2020 Wiley-VCH GmbH
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Figure 13. a) SEM images of Au films (of different thicknesses) deposited on untreated fused silica substrates (top row) and on fused silica
substrates pretreated with (3-mercaptopropyl)trimethoxysilane. The deposition rate is 0.1 nm s7'. All images are 300 nm across. Adapted with
permission.["l Copyright 2014, Wiley-VCH. b) Left: schematic drawing of the polymer solar cell device and the molecular structure of the two 11-mer-
captoundecanoic acid (MUA) self-assembled monolayer (SAM) and the fullerene-based SAM used for interfacial modifications. Right: AFM image of
a 10 nm ultrathin Ag film on top of glass/ZnO/MUA. The measured surface RMS roughness is 0.95 nm. Adapted with permission.8l Copyright 2014,

Wiley-VCH.

ultrathin Au film formation, where they found that amino-
silane-based surfactant exhibited the best wetting effect and
6 nm thick continuous Au films can be deposited over Si sub-
strate with a surface roughness value less than 0.3 nm.["! Stec
et al. developed a novel process of using a mixed monolayer
of (3-mercaptopropyl)trimethoxysilane and (3-aminopropyl)
trimethoxysilane via codeposition from the vapor phase.'*]
Highly conductive (sheet resistance: =11 Q [17) and ultrathin
(=8 nm) Au films are deposited on glass with a low RMS sur-
face roughness (=0.4 nm), that are robust toward UV/O; treat-
ment and ultrasonic agitation in a range of common solvents.
The above method was later employed to fabricate 8 nm thick

Adv. Optical Mater. 2021, 9, 2001298
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Ag- and Cu-based transparent flexible electrodes for organic
photovoltaic devices.*]

Zou et al. demonstrated high-performance electrode having
a ZnO/Ag/ZnO trilayer structure, where each of the interfaces
in the above electrode is individually optimized with functional
self-assembled monolayer (SAM) surfactant (Figure 13b, left
panel).l*8] The ZnO/Ag interface is modified with a double-
end functionalized 11-mercaptoundecanoic acid (MUA) SAM
to covalently attach Ag and ZnO together. The subsequently
deposited 10 nm thick Ag film exhibits a smooth surface mor-
phology with a RMS roughness of 0.95 nm (Figure 13b, right
panel). Furthermore, a dipolar MUA SAM is applied at the
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Ag/ZnO interface to achieve Ohmic contact, and a fullerene-
based SAM is applied on the top ZnO layer to passivate the
inorganic surface traps and improve interfacial exciton dissocia-
tion between the ZnO and active layer.

3.2.5. Polymer Surfactant

Like molecular surfactant, polymer surfactant works in a sim-
ilar manner and provides strong bonds between the substrate
and the candidate metal, leading to immobilization of the
deposited metal adatoms over the substrate surface.'3>14-151
Bi et al. employed SU-8 polymer with sulfur-containing groups
to enhance the formation of ultrathin (=8 nm) Au films.l*]
Chueh et al. employed a 10 nm thick fullerene-containing sur-
factant layer as both an interfacial electron selective layer for
facilitating charge transport and a wetting layer for promoting
ultrathin Ag film growth (Figure 14a).l°% A 10 nm thick Ag film
deposited over a surfactant-coated glass substrate exhibits a

(@) (b)

10 nm Ag on glass

www.advopticalmat.de

smooth surface morphology, while Ag film of the same thick-
ness deposited directly on glass shows a granular morphology
(Figure 14b). Such a polymer/Ag bilayer is used as the cathode
in semitransparent organic solar cells. Kang et al. used an
=5 nm thick polyethyleneimine (PEI) surfactant to fabricate
ultrathin Ag films over a flexible polyethylene naphthalate
(PEN) substrate (Figure 14c).l The functional amine groups
of PET act as a ligand and donate an unshared electron pair to
the Ag atoms to create a coordination bond. Consequently, the
initially deposited Ag atoms are immobilized and densely dis-
tributed Ag nuclei over the entire substrate surface are obtained
(Figure 14d), which facilitate the subsequent high-quality,
ultrathin Ag film formation (Figure 14e).

Compared to other wetting methods discussed in pre-
vious sections, the molecule or polymer surfactant technique
is “metal-free,” and therefore, avoids any undesired optical
absorption induced by the wetting layer itself. However, many
of the surfactant layers need to be applied over the substrate
surface through separate, nonvacuum-deposition processes

10 nm Ag on
surfactant-coated glass

N Agiislands

(w/o PEI)
(d)
“Coordination bond” W‘
Evaporated Ag i ‘

Figure 14. a) Device schematic of the semitransparent organic photovoltaic device, where the polymer surfactant/Ag bilayer is used as the cathode.
b) The AFM height images (over a 5 x 5 um? area) and surface profiles of 10 nm thick thin Ag films deposited on glass (left) and polymer-surfactant-coated
glass (right). Adapted with permission.[*% Copyright 2013, Wiley-VCH. c) Schematic of the flexible PEI/Ag/poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) electrode consisting of the ultrathin Ag film between the PEI and PEDOT:PSS layer. d) Conceptual diagram for the growth
mechanism of Ag films with PEI nucleation inducers. e) Cross-sectional and surface morphology images of the PEI/Ag and bare Ag electrodes taken
using transmission electron microscopy (TEM) and SEM, respectively. Scale bars, left 50 nm, right 500 nm. Reproduced with permission.['*!l Copyright
2015, Nature Publishing Group.
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such as solvent dipping,1%! vapor evaporation,*#1 or spin
coating, 8150151 which could be time-consuming and difficult
to be employed for mass production. Such limited scalability
might constrain the technique’s usage in large-scale and high-
throughput thin-metal-film-based electrode manufacturing.

3.2.6. Deposition Conditions

Besides various wetting-layer approaches elaborated in pre-
vious sections, deposition conditions also play a vital role in
determining the morphology and optoelectronic properties of
thin metal films. As the deposition conditions consist of many
different factors and could vary from tool to tool or among
research groups, here we only discuss some general guide-
lines when choosing the proper deposition conditions for high-
quality, ultrathin metal film preparation.

First of all, vacuum condition plays an important role in
affecting the properties of deposited thin metal films. As the
chamber base pressure gets reduced, the mean free paths of
metal adatoms increase accordingly and they are able to main-
tain good kinetic energies when landing on the substrate. This
benefits the nucleation and coalescence stages of a thin film
formation. At the same time, when the chamber base pressure
gets reduced, the amount of residual gases (e.g., water vapor,
oxygen, etc.) inside the deposition chamber drops down. These
gases can be absorbed by the freshly deposited metal films and
then form defect centers inside the films, affecting their optical
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and electrical properties.”” For example, Abd El-Fattah et al.
reported atomically thin (<5 nm), single-crystalline Ag films
on Si substrate deposited under an ultrahigh vacuum condition
(=75 x 107" Torr base pressure) and with other precisely con-
trolled tool factors.>3 Second, deposition rate is another impor-
tant factor affecting the properties of deposited films.[>*1>]
Generally speaking, faster deposition rates suppress the sur-
face-diffusion-enabled agglomeration and yield metal films of
better quality. Figure 15a shows the AFM images of three Ag
films deposited under high vacuum conditions (=3 x 10~ Torr
base pressure), but at different rates.’>®! The film deposited
with the highest rate (2.5 nm s7!) exhibits the largest grain size
and the lowest optical loss.

Substrate temperature can be another important factor influ-
encing the properties of deposited metal films. High tempera-
ture provides more kinetic energy for the metal adatom’s dif-
fusion over the substrate surface and increases the grain size
of deposited metal films, even leading to single-crystalline film
formation in some studies.”"! Although an elevated tem-
perature is beneficial for depositing high-quality thick metal
films, it can be detrimental to ultrathin metal films which are
more prone to surface roughing and dewetting. Also, as many
transparent conductors are deposited on flexible substrates, a
high deposition temperature is not compatible. Studies have
shown that substrate cooling is indeed beneficial for high-
quality, ultrathin metal film formation.[*361%0] Lemasters et al.
have found that by cooling the substrate to cryogenic temper-
atures (=—195 °C), wetting-layer-free plasmonic Au films with

b

5 0 -50 -100 -150 -200

Temperature (°C)

Figure 15. a) AFM images of template-stripped Ag films deposited at a base pressure of =3 x 1078 Torr but at different rates. The film deposited using
the highest rate exhibits the largest grain size and thus, the lowest optical loss. Reproduced with permission.['*¢l Copyright 2015, American Chemical
Society. b) SEM images and measured sheet resistance values of 5 nm thick Au films deposited using different substrate temperatures. As the tem-
perature approaches the cryogenic temperature, the film surface morphology gets improved and the sheet resistance gets reduced. Reproduced with
permission.t¥l Copyright 2015, American Chemical Society. c) SEM images of Ag and oxygen-doped Ag layers of different thicknesses on ZnO films.
Oxygen doping improves the morphology of ultrathin Ag films. Reproduced with permission.'® Copyright 2013, Wiley-VCH.
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thicknesses down to 3 nm can be obtained.¥] As shown in
Figure 15b, as the substrate temperature goes down, the surface
morphology of 5 nm thick Au films gets improved and at the
same time, the associated sheet resistance gets reduced.
Finally, it is worth noting that although residual gas is com-
monly considered to be harmful for high-quality metal film
deposition, recent studies have shown that by introducing
a proper trace amount of oxygen or nitrogen gas (along with
the argon gas) during a sputter deposition process, ultrathin
and continuous Ag or Cu films can be obtained.*™1%4 As an
example, Wang et al. have shown that by using a gas mixture
of argon and oxygen during Ag sputtering, continuous and low-
loss oxygen-doped Ag (O/Ag = 3.4 at%) layers of thicknesses
down to 6 nm can be deposited on ZnO films (Figure 15c). 6%

3.3. Methods to Enhance Stability of Thin Silver Films

Stability of thin-metal-film-based transparent conductor is
essential for its practical applications. Although Ag is the most
promising candidate material by its highest electrical conduc-
tivity and lowest optical loss over the visible and near-IR range
among different metals, it is known to exhibit relatively poor
stability. Under ambient environment, the surface of a Ag film
can exhibit a degraded morphology over time, or get tarnished
due to the presence of small amount of trace air pollutants
(e.g., hydrogen sulfide, chlorine, nitrogen dioxide, etc.).[165:160]
As mentioned in earlier sessions, segregation of the wetting-
layer atoms could also change the optical and electronic prop-
erties of Ag films.['?l The above issues are further aggravated
when the film size is reduced to the thin film regime where the
surface boundary plays a crucial role and the recrystallization
temperature gets reduced. Finally, under elevated temperatures
or with high humidity, the degradation of Ag is significantly
accelerated.l'9”168] Beyond certain temperature, Ag films could
completely dewet from the substrate, resulting in optically lossy
and electrically insulating films.[169-171

Zhang et al. studied the morphology change of thin Ag films
during a short period after deposition.'” Figure 16a shows
the images of a 15 nm thick Ag film (deposited on fused silica
substrate) right after and 30 min after being taken out of the
deposition chamber. The freshly deposited sample exhibits a
uniform and bright-colored appearance (Figure 16a, left panel).
However, it degrades rapidly in air, ending in a tarnished and
dark-colored appearance after only 30 min in ambient condi-
tion (Figure 16a, right panel). A similar degradation phenom-
enon has been observed in 50 nm thick Ag films as well.['”2]

One common incorrect explanation of such degradation phe-
nomenon is “the oxidation of Ag in air.” Since Ag exhibits one
of the lowest adhesion strengths with oxide among common
metals, it will not be easily oxidized in a dry ambient environ-
ment.38173] Instead, we believe that the above degradation
comes from the morphology change of Ag surface when the
sample is moved from the vacuum chamber into the ambient
environment. To illustrate this, the corresponding SEM images
of the samples in Figure 16a are shown in Figure 16d,e, respec-
tively. It can be seen that during a short 30 min period, Ag atoms
have started to aggregate into islands over the sample surface,
leading to an obvious morphology change of the sample as well
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as its visual appearance. When the surrounding environment
changes (such as from vacuum to air), the Ag atoms will start
to migrate over the film surface and try to form a new “stable”
state. Since Ag atoms are preferred to aggregate with each other
than with the substrate, the newly formed “stable” state will be
a rough film surface with agglomerated Ag islands. Moreover,
such instability is greatly accelerated by heating. For example, a
continuous 30 nm thick Ag film will dewet from the substrate
and form completely isolated Ag “droplets” after the sample is
annealed in a nitrogen (N,) environment at 300 °C for 3 min
(Figure 16f). Indeed, thermal annealing of continuous Ag films
has become a convenient fabrication method to prepare Ag
nanoparticles over large areas.!117417]

As noted in earlier sections, the stability of Ag can be sig-
nificantly enhanced by metal doping.¥138168176] Within the
same 30 min period right after the sample is taken out of the
deposition chamber, there is no noticeable visual appearance
change of a 7 nm thick Al-doped Ag sample (Figure 16b). In
fact, the sample is stable under ambient conditions for over six
months without any protective layer (Figure 16¢). Furthermore,
the thermal stability of Al-doped Ag is significantly improved
compared to pure Ag. Figure 16g shows the SEM of a 7 nm Al-
doped Ag film after a thermal treatment at 500 °C in a N, envi-
ronment for 3 min, where the sample still maintains its smooth
surface morphology and its surface RMS roughness increases
slightly from 0.77 to 0.84 nm (Figure 16h). Furthermore, such
thermal treatment helps to remove defects inside the sample,
and therefore, reduces the optical loss of the as-deposited Al-
doped Ag films (shown in Figure 12b). Detailed analysis of
the effect of Al doping on the properties of Ag films has been
explained in Section 3.2.3. Ando et al. showed that an increase
in the palladium (Pd) amount inside a 9 nm thick Ag film can
suppress deterioration of the sample under high-temperature
and high-humidity conditions.'%8] They prepared samples of
the same three-layer-structure: Al-doped ZnO (AZO) (38 nm)/
Ag (9 nm, with varying Pd amounts)/AZO (16 nm)/glass, and
evaluated their degradation characteristics under a moisture
test (40 °C temperature and 90% relative humidity) by counting
the white-dot defects larger than 0.2 mm in diameter in an area
of a side length of 10 mm. It is found that the induced deterio-
ration is remarkably reduced for samples with higher Pd con-
tents (Figure 16i). The mechanism of Pd doping for enhancing
the stability of Ag can be attributed to the formed PdO passiva-
tion layer, which retards the dissolution of Ag atoms."”’]

Many wetting layers are found beneficial not only for pre-
paring high-quality thin Ag films, but also for enhancing
their stability.73-18% Wetting layers help to form Ag films with
reduced defects and improved adhesion with the substrate
during deposition. After deposition, wetting layers further con-
strain the migration and agglomeration of Ag atoms under
heating or humidity conditions. Both effects work together to
enhance the stability of thin Ag films. Wang et al. studied the
effect of Ti wetting layers on the stability of TiO,/Ag/TiO, mul-
tilayered structures.l'’] Figure 17a shows the 2D AFM images of
the as-deposited and annealed (300 °C in air for 30 min) 18 nm
thick Ag films, which are deposited on a 25 nm thick TiO, layer
without and with a 3 nm thick Ti wetting layer. It can be seen
that the TiO,/Ti/Ag sample exhibits a smoother surface mor-
phology compared to the TiO,/Ag sample, both after deposition
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Figure 16. a) Images of a 15 nm thick Ag film on fused silica substrate right after being taken out of the deposition chamber (left panel) and after being
kept in ambient air environment for 30 min (right panel). b) Images of a 7 nm thick Al-doped Ag film on fused silica substrate right after being taken
out of the deposition chamber (left panel) and after being kept in ambient air environment for 30 min (right panel). c) Images of a 7 nm thick Al-doped
Ag film sample which is freshly deposited and a 7 nm thick Al-doped Ag sample which has been kept in ambient air environment for half a year. d) SEM
of a 15 nm thick fresh Ag film on fused silica substrate. €) SEM of a 15 nm thick Ag film on fused silica substrate, which has been kept in ambient air
environment for 30 min. f) SEM of a 30 nm thick Ag film on fused silica substrate, which has undergone annealing in N, environment at 300 °C for
3 min. The film has totally dewetted from the substrate. g,h) SEM (g) and AFM (h) of a 7 nm thick Al-doped Ag film on fused silica substrate, which
has undergone a 500 °C annealing treatment in N, for 10 s. Adapted with permission.'™] Copyright 2017, Wiley-VCH. i) Moisture test results
(in terms of the number of white-dot defects) of the Ag samples with different palladium contents. All samples have the same structure of
AZO (38 nm)/Ag (9 nm, with varying Pd contents)/AZO (16 nm)/glass. The moisture test has a temperature of 40 °C and a relative humidity of 90%.
Reproduced from permission.l'®8 Copyright 2000, Elsevier Science Ltd.
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Figure 17. a) AFM images of the as-deposited and annealed 18 nm thick Ag films on 25 nm thick TiO, layers without and with 3 nm thick Ti wetting
layers. b) Effect of a 3 nm thick Ti wetting layer on the transmittance of the as-deposited and annealed multilayer samples on glass. Adapted with
permission.[7®l Copyright 2006, Elsevier B.V. c) Dark field optical microscopy images of Ag mirrors with different protection layers before (upper panel)
and after (lower panel) of a 242 h mixed flowing gas (MFG) exposure. Adapted with permission."®5] Copyright 2017, The Optical Society.

and after annealing. The RMS roughness values of the as-
deposited and annealed TiO,/Ag films and the as-deposited
and annealed TiO,/Ti/Ag films are 3.0, 9.8, 2.7, and 5.0 nm,
respectively. In addition, the sample’s transmission spectrum
shows a better stability and exhibits a less obvious change after
annealing, when the TiO,/Ag/TiO, multilayered structure is
inserted with a 3 nm thick Ti wetting layer (Figure 17b).
Adding protection layers on top of Ag films is another
useful method to enhance their stability. Moisture is known to
trigger the degradation of Ag films. Coating a dielectric layer
atop the Ag film could be useful to block the penetration of
moisture from the ambient environment into Ag, though cau-
tions are needed to ensure that the dielectric layer itself does
not degrade easily by heating or humidity.'*”'81-184 Nichrome,
chrome nitride (CrN), or nichrome nitride (NiCrN,) coating
acts as an effective passivation medium for Ag film protection,
and remarkably, even a sub-nanometer thick coating can greatly
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improve Ag’s stability.'®-1% In many cases, the above thin coat-
ings are employed together with a silicon nitride (SiN,) protec-
tion layer on top. Folgner et al. applied the mixed flowing gas
(MFG) exposure to Ag mirrors with different protection layers
to evaluate their environmental durabilities.'®] Compared to
the Ag mirror with a 10 nm thick SiN, protection layer, mir-
rors with either a 0.5 nm CrN,/10 nm SiN, protection layer or
a 0.5 nm NiCrN,/10 nm SiN, protection layer show less visual
degradation and improved stability after 242 h of MFG expo-
sure (Figure 17c).

Finally, SAMs can also work as effective protection layers for
Ag films. 9194 Several studies have shown the protection prop-
erty of thiol compounds on Ag surfaces. Due to their ability
to form densely packed and complete films on metallic sup-
ports, SAMs derived from thiols are useful in blocking electron
transfer or in inhibiting the transport of corrosive species.!’]
Evesque et al. studied the formation of hexadecanethiol-based
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SAM on silver mirror to prevent its tarnishing.!®3l The SAM
layer over the mirror surface can impede the diffusion of dis-
solved oxygen, and thus, slows down the reaction rate of silver
sulfide formation.

4. Spectroscopic Ellipsometry Characterization
of Ultrathin Metal Films

Precisely and reliably characterizing both the optical properties
(e.g., refractive index, reflection spectrum, transmission spec-
trum, etc.) and structural properties (e.g., film thickness, surface
roughness, composition, etc.) of a thin metal film is not only
essential for optimizing its fabrication process, but also important
for an accurate optical design of thin-metal-film-based optoelec-
tronic devices. In this session, we will explain how spectroscopic
ellipsometry measurement can be utilized as a straightforward
and reliable technique for characterizing thin metal films.

Ellipsometry measures the change in state of polarization
(SOP) when light gets reflected from or transmits through a
sample. The recorded change is sensitive to both the sample’s
optical properties, film thickness, as well as structural mor-
phology. Therefore, ellipsometry can be used to determine the
complex refractive indices (which can be either isotropic or
anisotropic) and thickness of the sample. It can also be applied
to characterize the composition, surface roughness, and other
material properties which could affect the sample’s optical
response.

www.advopticalmat.de

In a reflection-type spectroscopic ellipsometry measurement
(which is widely used for thin film characterization), the com-
plex reflection coefficients of the s- and p-polarized incident
light, r, and r,, are collected (Figure 18a). Here, s (p) refers to
a polarization state whose electric field oscillates perpendic-
ular (parallel) to the plane of incidence. Based on the recorded
data, two ellipsometric parameters, Psi [W,e.s(4)] and Delta
[Ameas(A)], are calculated as follows

tan \Pmeas (A)eiAmm(/’l) = rp (A)
r(4)
Instead of directly measuring the individual change in SOP

for the s- and p-polarized light upon reflection, ellipsometry

measures the relative change in amplitude (in terms of Psi)
and phase (in terms of Delta) between the s- and p-polarized
light. Such a “self-reference” measurement excludes the need
for any reference (or calibration) sample, and at the same time,
can be less sensitive to factors such as intensity fluctuation of
the probe beam, low intensity of the reflected light from the
sample, etc. To ensure a good measurement sensitivity, the
angle of incidence, 6, is usually set around the sample’s Brew-
ster angle (which is larger than 50° for most samples), because

r, undergoes a significant change around this angle. Moreover,

sets of Wineas(A.6) and Ayeas(4,6) are usually acquired at a few

discrete 6. for the subsequent data analysis.
A thin metal film is usually modeled as a single layer with
refractive indices [n(4) and k(4)] and layer thickness (d). Sets

©)

| Sisubstrate
Fused silica substrate

SiO, layer

Thin metal film

Figure 18. a,b) Schematic representations of the “interference enhancement” (a) and “spectroscopic ellipsometry plus transmission” (b) ellipsometry

measurement. The legend in (a) applies to (b).
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of n, k, and d (as well as other parameters for some applica-
tions, such as surface roughness, vertical composition gradient,
etc.) are used to calculate the modeled Psi and Delta curves,
Yiodel(4,6) and Apogel(4,6,). Regression analysis (such as the
Levenberg-Marquardt algorithm) is employed to compare the
modeled curves, W ,0qa(4.6) and Apga(4,6), to the experimen-
tally measured curves, Wpe.s(4.6) and Ayeas(4,6), which yields
a net mean square error (MSE). New sets of n, k, and d are
iteratively generated, and the modeled and measured Psi and
Delta curves are compared. Minimization of the MSE leads to
a termination of the above iteration process, and determination
of the film’s optical properties as well as thickness value.

For characterizing an ultrathin metal film, simultaneous
determination of n, k, and d can be challenging and may end up
with multiple possible values. This is because for a thin metal
film (which is also absorbing), its optical properties and film
thickness are correlated with each other. For example, assume
there are two thin metal film samples (denoted as samples #1
and #2), and ellipsometry characterization finds that sample #1
exhibits a larger optical absorption than sample #2. However,
the reason could be either that sample #1 has a large absorption
coefficient (k) than sample #2, or that sample #1 has a larger film
thickness (d) than sample #2. To break up the above correlation,
additional and independent sample information needs to be
provided for the subsequent ellipsometry modeling. Solutions
include “extrapolation from transparent region,” “multisample
analysis,” “in situ analysis,” “interference enhancement,” and
“spectroscopic ellipsometry plus transmission (SE + T).” Here,
we will discuss the last two methods, which are relatively
straightforward and easy to implement, and at the same time,
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do not require any sample modification nor substantial recon-
figuration of a standard ellipsometer.

To perform an “interference enhancement” measurement
(Figure 18a), the ultrathin metal film is deposited on a Si sub-
strate coated with a transparent dielectric layer (e.g., SiO,).
The substrate (with the dielectric coating) has known refrac-
tive indices and thickness values, or has been characterized
by ellipsometry before the metal film deposition. During the
metal film characterization, the underneath transparent die-
lectric layer provides extra reflected light and thus, additional
information for the subsequent ellipsometry data fitting. To
perform a “SE + T” measurement (Figure 18b), the ultrathin
metal film is deposited on a transparent substrate (e.g., fused
silica). Besides measuring the complex reflection coefficients
of s- and p-polarized light at discrete angles of incidence, addi-
tional sample information is obtained by acquiring the power
transmission coefficient at normal incidence, T(A4).

Figure 19 displays the results of an ellipsometry charac-
terization of an =7 nm thick Cu-doped Ag film deposited on a
fused silica wafer (500 pm thick, double-side-polished), using
the “SE + T” method. The dielectric functions of the Cu-doped
Ag film are modeled using B-spline functions, and no surface
roughness is assumed for this study. Experimental curves of
Yineas(4,6) and A.6(4,0) are acquired at three discrete angles
of incidence: 6,3 = 55°, 65°, 75°. The measured and best-
match modeled Psi and Delta curves are plotted in Figure 19a,b,
respectively. The measured and best-match modeled transmis-
sion curves are plotted in Figure 19c. All measured and best-
match modeled curves exhibit a close correspondence, with a
MSE value of 3.584. The fitted layer thickness of the Cu-doped

(@) (b) 160 (C) 100
Measured
30 120 075 © Modeled
Z 20 y (55°, measured) e 80 A (55° — 0.50
> . o (55°, measured)
W (55°, modeled) < o A (55° modeled)
W (65, measured) A (65°, measured)
10 * y (65°, modeled) 40 o A (85 modeled) 0.25
W (75, measured) A (75"’ measured)
° y (75° modeled) . A (750’ modeled)
O . L I L I O 1 L ! L ’ 1 000 I L ! L 1
300 600 900 1200 1500 300 600 900 1200 1500 300 600 900 1200 1500
Ao (M) Ao (Nnm) Ao (NM)
15 (e) 30 (f)
0 251
-50 20 20
& & 21
-100
10 10}
-150 5|
0'0 ! ! 1 ! ! ! i ! ! L L L L L L !
300 600 900 1200 1500 300 600 900 1200 1500 5 6 7 8 9 10
Ao (NM) Ao (M) d (nm)

Figure 19. a,b) Measured and best-match modeled Psi (a) and Delta (b) curves. c¢) Measured and best-modeled transmission curves. The sample
is an =7 nm thick Cu-doped Ag film deposited on a fused silica wafer (500 um thick, double-side-polished), and the ellipsometry characterization is
performed using the “SE + T" method. d,e) Measured refractive indices (d) and relative electric permittivities (e) of the sample. f) Uniqueness test of
the extracted film thickness. The point with the lowest MSE value corresponds to the best-fit film thickness value.
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Ag film is 777 £ 0.013 nm. The corresponding iterative-mode-
ling-fitted refractive indices of the Cu-doped Ag film, n(4) and
k(4), are plotted in Figure 19d. The corresponding relative elec-
tric permittivities, &(4) and &,(4), are plotted in Figure 19e.

To further evaluate the robustness of the above ellipsometry
characterization, along with the soundness of extracted refrac-
tive indices and thickness value, parameter uniqueness test can
be performed. As an example, we perform a uniqueness test of
the extracted film thickness. We first choose a set of test values
around its best-fit value, and then compute the corresponding
regression-analysis-fitting MSE. During the computation, the
film thickness is fixed at each test value, while all other model
parameters are allowed to vary. After each computation, the
resulting MSE is recorded. The result of this uniqueness test
is a plot of the MSE versus the predefined test film thickness
values (Figure 19f). It can be seen that the MSE increases rap-
idly as the film thickness deviates from its best-fit value. This
indicates that the ellipsometry characterization has a strong
sensitivity to this parameter, and the extraction of this para-
meter is uniquely defined, since no other combination of the
remaining fit parameters is able to produce a similar MSE. Oth-
erwise, if the MSE is relatively insensitive to change of a test
parameter, we can infer that this parameter cannot be uniquely
extracted, and the analytical permittivity modeling is not robust.

(@ M
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5. Optical Design of Thin-Metal-Film-Based
Transparent Conductors

Due to its intrinsic high reflectivity over the visible range, the
transmittance through a thin metal film is largely limited. As
an example, for a 10 nm thick Ag film deposited on a 500 um
thick fused silica substrate (Figure 20a, left panel), the cor-
responding averaged visible (400-800 nm) transmittance is
calculated to be only 58.9% (Figure 20b). This calculation is
performed using the transfer matrix method, and light is inci-
dent onto the Ag/air interface. Also, transmittance through air
is defined as the reference (in other words, transmittance of
100%). For the purpose of simplicity, both the real and imag-
inary parts of the relative permittivity of the 10 nm thick Ag
film are assumed to identical to those of a thick Ag film (plotted
in Figure 3).

It is worth noting that the limited transmittance through a
thin metal film (e.g., Ag, Au) is largely due to its high optical
reflectance, rather than high absorption. Therefore, one widely
used method to enhance the visible transmittance of a thin
metal film is to add dielectric antireflection layers on both sides
of the metal layer,#4¢197-203] where the top dielectric film can
simultaneously serve as a protection layer for the sandwiched
metal film in many cases. For example, when the 10 nm thick
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Figure 20. a) Schematic representation of transparent conductors of different geometries: single-layer metal on fused silica (denoted “M,” left panel);
dielectric-metal-dielectric on fused silica (denoted “DMD,” middle panel); dielectric—dielectric-metal—dielectric on fused silica (denoted “DDMD,”
right panel). b) Calculated absolute transmission and reflection spectra of transparent conductors illustrated in (a). c) Net phase shift inside the top
and bottom ZnO dielectric layers in the DMD structure. An optical resonance occurs when the net phase shift equals to 0. d,e) Admittance diagrams
of the M (d) and DMD (e) structures at free-space wavelength of 600 nm. The structure’s reflection intensity is proportional to the length of the black
solid line, which connects the ending admittance point of the structure and air (1, 0).
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Ag film is sandwiched between two 40 nm thick ZnO films
(Figure 20a, middle panel), the corresponding averaged visible
transmittance through such a DMD structure is increased to
89.2% (Figure 20b). Similar to the earlier case, light is incident
onto the interface between the top ZnO layer and air. The signif-
icantly improved transmittance over the visible range is associ-
ated with a substantially reduced reflection (from 38.3% to 6.0%
by adding the two dielectric layers), which is caused by multiple
optical resonances inside the two dielectric layers.'’”*9 Such
optical resonance occurs at a certain wavelength when the asso-
ciated net phase shift inside the dielectric layer equals to mul-
tiples of 27 radians. The net phase shift inside each dielectric
layer includes both reflection phase shifts at the two metal—
dielectric interfaces and the propagation phase shift through
the dielectric layer. For the DMD structure studied here, these
resonances occur at 546 nm inside the top ZnO layer, and at
discrete wavelengths of 423, 580, and 681 nm inside the bottom
ZnO layer (Figure 20c).

The enhanced transmittance of the DMD structure can be
explained by the admittance diagram as well. The optical admit-
tance of a medium, Y, is defined as Y = \/% , where € and u
are the relative permittivity and permeability, respectively. Since
U of typical materials remains unity at optical frequencies, Y
equals to the material’s refractive index.[?%208] The admittance
of the structure in this study starts from the point (1.45, 0),
which corresponds to the refractive index of fused silica sub-
strate. By adding more layers onto the fused silica substrate,
the admittance evolves accordingly. The admittance locus of a
lossless dielectric (k = 0) or perfect electric conductor (n = 0) is
a complete circle, while that of an absorbing material (such as
semiconductor or metal, of which both n and k exhibit nonzero
values) is a spiral. The reflectance of a structure, R, can be cal-
culated by

R :| r |2 :(u) (u)* (10)

Yo+ Y, Yo+ Y,

where Y, and Y; are the admittance of the incident medium
(air in this case) and the structure exit surface, respectively.
The distance between the ending admittance point of struc-
ture and air (1, 0) becomes a direct measure of the structure’s
reflectance. Taking the admittance diagrams of the single-layer-
Ag structure and DMD structure at the free-space wavelength
of 600 nm as an example (Figure 20d,e), the distance between
the ending point of the DMD structure and (1, 0) gets signifi-
cantly reduced compared to that of the single-layer-Ag struc-
ture, clearly showing the antireflection effects of the two ZnO
dielectric layers.

Finally, an even higher visible transmittance can be
achieved by employing more dielectric antireflection coat-
ings. For example, when adding a 40 nm thick Al,O; layer on
top of the ZnO layer of the DMD structure and adjusting the
top ZnO layer thickness to 20 nm (Figure 20a, right panel),
the corresponding averaged visible transmittance is further
improved to 90.3% (Figure 20b). Such improved visible trans-
parency is attributed to additional optical resonances inside
the Al,O; layer, and at the same time, a graded index profile
facilitated by the Al,O; layer (therefore, better index matching
with air).
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When light is incident on a DMD structure from the air side,
the refractive indices of the entrance medium (e.g., air) and exit
medium (e.g., substrate such as glass) are different. The same
thing occurs when light is incident from the substrate side.
Therefore, it is reasonable to infer that a DMD design with
an optimized transmittance should employ different dielectric
materials on each side. Unfortunately, most reported DMD
structures in the literature utilize identical materials for both
the top and bottom dielectric layers.[?%] Recently, Ji et al. devel-
oped a quantitative design strategy for optimizing the transmit-
tance of DMD-based transparent conductors and demonstrated
devices with relative transmittance over 100%.12'% To maximize
transmittance through a DMD structure with a chosen sand-
wiched metallic layer (as schematically illustrated in Figure 21a),
the sum of the two reflection phase vectors from the dielectric—

1345 exp(Zi % iksd; )exp (Zi % nydy ) and

.21 .
3 exp(Zlandz), needs to cancel the reflection phase vector

metal interfaces,

from the top air—dielectric interference, ry,. Here, light is nor-
mally incident from the air side, and ryy, 13, and r;45 are the
complex reflection coefficients at the air—Dielectric 1 interface
(1-2 interface), Dielectric 1-metal interface (2-3 interface), and
metal-Dielectric 2 (3—4 interface), respectively. To maximize the
transmittance through the DMD structure, the three phase vec-
tors should be aligned along a line (Figure 21b) and satisfy the
following relation

13,45 €Xp (21%1k3d3 )exp[h%nzdz) =|n3 exp [21%”2(12) —|T12| (11)

Further analysis shows that to maximize the transmittance,
a material of high refractive index is required for the bottom
dielectric layer (Dielectric 2), and the layer thickness, d,, is
determined by d, = y344o/47n,. Here, ys, is the phase angle of
the complex reflection coefficient, r34, 4 is the free-space wave-
length of incident light (can be the central wavelength of the
wavelength band under study), and n, is the refractive index of
the chosen dielectric material. Moreover, both the thickness and
refractive index of the top dielectric layer (Dielectric 1) need to
be numerically swept to achieve the best transmittance through
the DMD structure. Experimentally, the authors demonstrated
a DMD-based transparent conductor on a flexible polyethylene
terephthalate (PET) substrate with constituent layers of a 24 nm
thick ZnO film (Dielectric 2), 6.5 nm thick Cu-doped Ag film,
and 65 nm thick Al,O; film (Dielectric 1). The device exhibits
an absolute averaged transmittance of 88.4% over the visible
range (Figure 21c,d), which is higher than that of the PET sub-
strate itself (88.1%). Moreover, it is worthwhile noting that an
even higher transmittance can be achieved by replacing the
bottom ZnO layer with a dielectric material of higher refractive
index in the visible, such as TiO, and HfO,.*11212]

We would like to point out that a few previous reported
works also mentioned the use of high-refractive-index bottom
dielectric for optimizing the transmittance of DMD structures,
but the associated physical mechanism was incorrectly attrib-
uted to the suppression of surface plasmon polariton (SPP)
modes.'®197283] Although a metal-dielectric interface could
support such SPP modes, these modes cannot be excited by
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Figure 21. a) Schematic representation of the design parameters and wave reflection at different interfaces of the DMD-based transparent conductor.
b) Phasor diagrams of the reflected waves. c) Calculated and measured absolute transmittance spectra of the designed DMD transparent conductor.
The transmittance of a bare polyethylene terephthalate (PET) polymeric substrate is provided as a comparison. The inset shows the configuration of
the designed DMD structure. d) Photograph of a fabricated DMD transparent conductor on a flexible PET substrate. Adapted with permission.2'0l

Copyright 2020, Nature Publishing Group.

a free-space incident light, unless additional coupling mecha-
nisms (e.g., grating, prism, nanoparticle scatter, etc.) are
provided. Therefore, the correct explanation for employing
high-refractive-index material for the bottom dielectric layer
is that such a configuration facilitates the suppression of the
overall reflection from the DMD structure.

6. Device Applications

6.1. Organic Solar Cells and Perovskite Solar Cells

Organic solar cells (OSCs) have been studied extensively
in recent years, and are considered as a promising future
photovoltaic technology for clean energy production by their
low cost, mechanical flexibility, lightweight, and large-scale
manufacturing compatibility.?*222 For OSCs, optically trans-
parent, electrically conductive, and mechanically flexible elec-
trodes are highly desired. Unfortunately, these requirements
are not easily satisfied by the commonly used ITO electrodes.
Therefore, an array of ITO-free electrodes has been explored,
among which thin-metal-film-based one stands out by its high
electrical conductivity, good optical transmittance, improved
mechanical flexibility, and relatively straightforward prepara-
tion,[46,91.98117,139,146,148,150.223] Many researchers have utilized dif-
ferent strategies of preparing high-quality ultrathin metal films
(as discussed in Section 3.2) and employed the obtained thin
metal layers as transparent electrodes in OSCs. For example,
Zhao et al. developed thin Cu-based transparent electrodes and
employed them in flexible OSCs (Figure 22a).l'%2 Through a
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limited Cu oxidation process with a trace amount of oxygen,
continuous and smooth Cu ultrathin films are obtained. The
Cu-based transparent electrode consists of weakly oxidized Cu
thin film (O/Cu ratio: =6%) sandwiched between ZnO films,
and exhibits an average visible transmittance of 83%, a sheet
resistance of 9 Q [17, and strong oxidation resistance. Schubert
et al. utilized oxide/ultrathin Ag/oxide multilayers as the top
semitransparent electrodes in OSCs (Figure 22b), and found
that such electrodes greatly improved the stability and lifetime
of small molecule OSCs (Figure 22c).%!

Perovskite solar cells have attracted great research interest
in recent years by their large carrier mobility, long carrier life-
time, adjustable bandgap, low-cost manufacturing process, high
power conversion efficiency (PCE), and great commercialization
potential.224-234 So far, a majority of high-efficiency perovskite
solar cells are based on electrodes using transparent conductive
oxides such as ITO and fluorine doped tin oxide (FTO). How-
ever, thin-metal-film-based electrodes have gained increased
attention for flexible and lightweight device applications.[*3>-240]
Chang and co-workers demonstrated large-area, ITO-free perov-
skite solar cells using ultrathin Ag films (sandwiched between
two SAMs) as the bottom transparent electrodes, and the devices
exhibited PCEs up to 16.2% and good environmental stability
(Figure 22d).?3%1 By coating a (3-mercaptopropyl)trimethoxysi-
lane SAM before the Ag film deposition, the associated perco-
lation threshold is reduced from 12 to 8 nm, and the obtained
8 nm thick Ag film exhibits a remarkedly low sheet resist-
ance of 6.1 Q [0\ Xu et al. demonstrated flexible perovskite
solar cells using an ultrathin (7 nm) Au electrode, facilitated
by a composite wetting layer made of SU-8 polymer and MoO;
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Figure 22. a) Device architecture (upper panel) and optical photograph (lower panel) of the flexible inverted organic solar cell using a ZnO/oxidized
Cu/ZnO multilayer transparent electrode. Adapted with permission.62l Copyright 2015, Nature Publishing Group. b) Schematic representation of the
small molecule OSC using oxide/ultrathin Ag/oxide multilayers as the top semitransparent electrode. c) Time development of the normalized power
conversion efficiency (PCE) of the OSC at an elevated light intensity of 4 suns (400 mW cm™2). Device lifetime improves as the thickness of the MoO;
capping layer increases. Adapted with permission.I®! Copyright 2012, Wiley-VCH. d) Schematic representation of the perovskite solar cell using an
ultrathin (8 nm) Ag film (sandwiched between two SAMs) as the bottom transparent electrode. Adapted with permission.l?*l Copyright 2016, Royal
Society of Chemistry. e) Fabrication process of a flexible perovskite solar cell with an ultrathin (7 nm) Au anode. Reproduced with permission.[?3’l Copy-
right 2017, Elsevier B.V. f) Left panel: schematic representation of a top-illuminated perovskite solar cell using a top semitransparent electrode made
of Cu (1 nm)/Ag (10 nm)/MoOs (varying thicknesses) and a bottom electrode made of thick Ag (120 nm); right panel: cross-sectional SEM image of a
representative perovskite solar cell. Scale bar: 500 nm. g) Normalized PCEs of the Ag-based and ITO-based devices with time. Both devices are stored
in a Np-filled glovebox. Adapted with permission.[?* Copyright 2018, American Chemical Society.

dielectric (Figure 22e).?%7 After all layers have been deposited,
the SU-8 layer could be peeled off from the hydrophobic glass
substrate, and consequently, flexible planar perovskite solar
cells are obtained. Hanmandlu et al. demonstrated top-illu-
minated hysteresis-free perovskite solar cells using top semi-
transparent electrodes made of Cu (1 nm)/Ag (10 nm)/MoO;
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(varying thicknesses) and bottom electrodes made of thick Ag
(120 nm) (Figure 22f), and the devices exhibit enhanced PCEs
and long-term stability compared to devices using ITO as the
bottom electrodes (Figure 22g).[23¢]

For OSCs, their PCEs are highly correlated with the amount
of light absorbed by the active layer. However, increasing the
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active layer thickness is a straightforward way to enhance
light absorption, but not always an effective method to boost
the device’s PCE. This is because of the short exciton diffu-
sion length and low carrier mobility in organic semiconduc-
tors, which lead to high recombination rates of photogenerated
charge carriers during their transportation toward electrodes.
The above physical limitation indicates that a relatively thin
active layer is preferred, as long as the layer’s light absorption
capability is not compromised at the same time.**-2*] Toward
this goal, optimizing the solar cell structure to achieve light
trapping inside the photoactive layer plays an important role in
realizing strong light absorption without having to increase the
photoactive layer thickness. One effective and straightforward
approach is to utilize thin-metal-film-based electrode to form
an optical microcavity inside the OSC and to trap the incident
light inside the photoactive layer.#6:96,101.139,245]

Zhang et al. employed 7 nm thick Al-doped Ag films as
the bottom semitransparent electrodes in OSCs, and the
devices exhibit improved PCEs compared to ITO-based ones
(Figure 23a).1*! For the Al-doped Ag-based device, a reso-
nant cavity is formed inside the active layer by the top reflec-
tive Ag anode and the bottom semitransparent Al-doped Ag
cathode (Figure 23b). Such resonance exhibits a spectrum
peak near the absorption edge of the photoactive layer material
(Poly[4,8-Dbis-(2-ethylhexyloxy)-benzo[1,2b:4,5b0]dithiophene-
2,6-diyl-alt-4-(2-ethylhexyloxy)-thieno-[3,4b]thiophene-2,6-diyl]
(PBDTTT-C-T):[6,6]-phenyl =~ C71-butyricacid methyl ester
(PC7BM)), leading to more efficient light harvesting. Based on
this work, Zhao et al. inserted a Ta,Os dielectric layer (with var-
ying thicknesses) underneath the 7 nm thick Al-doped Ag elec-
trode, while keeping other device constituent layers unchanged
(Figure 23¢).13) The Ta,Os layer functions as an optical spacer
to tune the optical field distribution inside the entire device
without the need to modify other layers’ thicknesses. At the
same time, the electrical characteristics of the OSC are not
affected at all since this Ta,Os layer is located “external” to the
device’s “electrical parts.” With a Ta,Os layer of proper thick-
ness, the light harvesting inside the active layer is enhanced in
a certain range of its absorption spectrum, while the absorption
in the rest of the spectrum is not sacrificed (improved photon
management), leading to an enhanced PCE (Figure 23d). The
authors have further shown that the thickness of the semitrans-
parent Al-doped Ag electrode influences the resonance effect
inside the active layer in terms of both enhanced light intensity
and spectrum width (Figure 23f). When the electrode gets too
thin (e.g., 4 nm), the optical resonance has a broad spectrum,
but a weak peak intensity. As the electrode gets thicker (e.g., 7
and 10 nm), the peak intensity gets higher, but the spectrum
width is compromised. If the electrode gets even thicker (e.g.,
14 nm), both the peak intensity and spectrum width are reduced
due to the absorption loss associated with the metal electrode.
Therefore, a balanced point needs to be identified between the
spectrum width and peak intensity of the formed optical reso-
nance. Numerical simulation of the generated photocurrent
(Jso) suggests that a thin Al-doped Ag electrode (between
6 and 8 nm) is most effective in optimizing the device’s PCE
(Figure 23e), showing the unique advantage of thin, smooth,
and low-loss metal electrode for resonant light harvesting in
OSCs.
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6.2. Organic Light Emitting Diodes

Organic light emitting diodes (OLEDs) are considered as a
leading technology for flat panel displays and eco-friendly
lighting sources by their superior color quality, lightweight,
low cost, and compatibility with flexible substrates.?*-2°1 In
particular, flexible OLEDs hold great promise for the currently
explosive development of bendable and wearable optoelectronic
devices as well as flexible solid-state lighting.[252-25¢]

As an essential component of a flexible OLED, flexible
transparent electrode is desired to have high optical transmit-
tance, good electrical conductivity over large areas, robust
mechanical flexibility and durability, as well as long-term sta-
bility. Unfortunately, these requirements cannot be easily
fulfilled by the widely used transparent conductive oxide elec-
trodes such as ITO. Consequently, various ITO-free flexible
transparent electrodes have been explored, including metallic
nanostructures,?34271 carbon-based materials,?22°%2%1 con-
ductive polymers, 260261 and thin metal films.*% Among these
candidates, thin-metal-film-based one stands out by its high
electrical conductivity, good optical transmittance, improved
mechanical flexibility, and large-scale manufacturing compat-
ibility.140.143.149.1512621 'Ag an example, Zhang and co-workers
employed 8 nm thick Ni-doped Ag films as transparent elec-
trodes for centimeter-size flexible OLEDs (Figure 24a), which
exhibit bending stability over 1000 circles (Figure 24b).10 By
replacing the thick ITO electrode with an ultrathin metal film,
the associated waveguide modes are eliminated and therefore,
the device exhibits both enhanced outcoupling efficiency and
current efficiency. At the same time, because the metal elec-
trode is so thin that the induced microcavity effect is weak,
the OLED exhibits close-to-identical emission spectra at large
viewing angles up to 60° (Figure 24c).

At the same time, thin-metal-film-based transparent elec-
trodes could also benefit the light outcoupling performance of
OLEDs. For bottom-emitting OLEDs, ITO-based devices suffer
from limited light extraction efficiencies (=20%), since a large
portion of emitted photons are being trapped inside the device
as waveguide modes. This is because of the refractive index mis-
match among the organic layers (n = 1.6-1.8), ITO (n = 1.8), and
substrate (n = 1.5).2631 To overcome this limitation, numerous
methods have been explored, which include substituting the
standard glass substrate with high-index materials (n > 1.8, for
index matching with ITO),?Y patterning the ITO electrode,?*!
incorporating nanostructures into the device (e.g., photonic crys-
tals,?%0] subanode grids,?”) nanoscale scatters,?%82%% bucking
layers,?’% etc.), and using microlens arraysi?’! or scattering
films on the device emitting surfaces.”’?l These approaches
have demonstrated significantly enhanced light extraction effi-
ciencies, but many of them involve complex and costly nano-/
microfabrication, or are only suitable for OLEDs fabricated on
rigid substrates. By contrast, thin-metal-film-based electrode
provides a straightforward and low-cost solution for enhancing
the outcoupling efficiencies of bottom-emitting OLEDs.[%3%74
As an example, Wang and co-workers demonstrated high-effi-
ciency phosphorescent OLEDs using an outcoupling enhance-
ment method based on multilayer anode, which consists of a
high-index Ta,Os optical coupling layer, electrically conductive
Au layer, and hole-injection MoOQj; layer (Figure 24d).2”¥ By

© 2020 Wiley-VCH GmbH



ADVANCED
ADVANCED OPTICAL
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.advopticalmat.de

ITO based device Al-doped Ag based device

900 900
) \J . v I

_ __ 700 8
= =
& £ 4
ITO or ultra-thin Al-doped Ag film ) ’<O ’<O
500 500
2
Activeligiiy Active layer
300 300 0
0 100 200 300 0 50 100 150
Position (nm) Position (nm)
(e)
40 T T T T T T T T T T T
= 10 9=9 1
98 30 Ig—" ='='='=‘='=“=0=0
= v
% 20 5 0.8
gw o
8 (1] =% : ﬁ 06
—_ % -0 \Af] ——T=50m g
PBDTTT-C-T:PC,,BM < ohN7f | ——T=15nm =
< %39 o+ T=20nm o
2 Zn0 v - =z
Ultrathin Al-doped Ag w -30R *I;Z::: oz} - 70 nm active layer
AEHe] 8 A0 ——T=50nm - 50 nm active layer
Glass 50 L " 1 . . ool L L N L L
400 500 600 700 800 4 6 8 10 12 14
Ao (NM) Al-doped Ag thickness (nm)
4 nm Al-doped Ag 7 nm Al-doped Ag 10 nm Al-doped Ag 14 nm Al-doped Ag IEf
Active layer Active layer Active layer 5
4
3
2
1
0

0 50 100 150 0 5 100 150 0 50 100 150 0 50 100 150

Position (nm) Position (nm) Position (nm) Position (nm)
Figure 23. a) Schematic representation of the OSC with either ITO or ultrathin Al-doped Ag film as the bottom semitransparent electrode. The thick-
nesses of the ZnO, PBDTTT-C-T:PC;,BM, MoOs3, and Ag layers are 45, 90, 6, and 100 nm, respectively. b) Simulated optical field intensity (|E|?) distribution
versus position and wavelength in ITO-based device (left) and 7-nm Al-doped Ag-based device (right), where the enhanced optical field in the active layer
around 800 nm is responsible for the enhanced PCE of the Al-doped Ag-based OSC. Adapted with permission.6l Copyright 2014, Wiley-VCH. c) Schematic
representation of the OSC using Ta,Os/Al-doped Ag as the electrode. The thicknesses of the ZnO, PBDTTT-C-T:PC;,BM, MoOs3, and Ag layers in this
study are 40, 70, 10, and 100 nm, respectively. d) EQE enhancement of the Ta,Os (5, 15, 20, 25, 30, and 50 nm)/Al-doped Ag (7 nm)-based OSCs over the
ITO-based reference device. e) Simulated photocurrent (/) of the devices with the Al-doped Ag electrode of varying thicknesses (from 3 to 14 nm). The
thicknesses of all the other layers are fixed during the simulation. f) Simulated optical field intensity (|E[?) distribution versus position and wavelength in
different OSCs with Al-doped Ag electrodes of varying thicknesses. The thicknesses of the Ta,Os, ZnO, PBDTTT-C-T:PC;,BM, M0O;, and Ag layers used
in the simulation are 15, 40, 70, 10, and 100 nm, respectively. Adapted with permission.3® Copyright 2015, Wiley-VCH.

collectively optimizing the layers’ thicknesses (Figure 24e) and  added on top of the metal film to further reduce the induced
employing a lens-based structure to further outcouple the light  cavity effect and improve the viewing angle. Schwab and co-
trapped in the substrate, the authors achieved a peak external  workers fabricated an ultrathin electrode with a stack architec-
quantum efficiency (EQE) and power efficiency of 63% and  ture of Au/Ag/N,N-di(naphthalen-1-yl)-N,N-diphenyl-benzidine
290 Im W, respectively (Figure 24f). This is equivalent to an  (NPB), where a 2 nm thick Au film acted as the wetting seed
enhancement by a factor of =2.5 over ITO-based devices. layer, while the NPB film acted as both the antireflective layer
For top-emitting OLEDs, thin metal films have been con-  and the capping layer.'' Benefiting from an increased optical
sidered as promising top semitransparent electrodes by their  transmittance through this multilayer Ag electrode, high-per-
low-temperature preparation process and high optical trans- formance top-emitting white OLEDs with both a broadband
parency."827527] Usually, a dielectric capping layer is further — emission and angular color stability were achieved.
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Figure 24. a) Upper panel: schematic representation of a flexible OLED using the ultrathin Ni-doped Ag-based flexible transparent electrode; lower
panel: photography of a large-area OLED in the form of the University of Michigan “M” logo. The device is bent with a radius of 0.5 in., and gives both
bright and uniform emission over the whole device area. Scale bar: 2 cm. b) Measured emission spectrum as a function of viewing angle for the OLED
using an 8 nm thick Ni-doped Ag electrode, where the device exhibits an angle-invariant emission spectrum. c) Measured maximal current efficiencies
of Ni-doped Ag-based OLED as a function of bending cycles (with a radius of 0.25 in.). The device maintains 70% of its peak efficiency after 1200 bending
cycles. Adapted with permission.[*] Copyright 2019, American Chemical Society. d) Upper panel: schematic representation of the OLED device struc-
ture on low-cost flexible plastic with the Ta,O5/Au/MoO; electrode; lower panel: photograph of a large-area flexible OLED (50 mm x 50 mm) working
at high luminance (>5000 cd m~2). e) Calculated enhancement ratio of the Ta,O5/Au/MoOjs electrode relative to ITO as a function of the thickness of
both Au and Ta,Os. f) Power efficiencies as a function of luminance for OLEDs using different electrodes (without and with the lens-based outcoupling

structure). Adapted with permission.[?74l Copyright 2011, Nature Publishing Group.

6.3. Optical Spectrum Filters

Thin metal films are also essential components in one repre-
sentative category of transmissive optical spectrum filters that is
based on the metal-dielectric-metal (MDM) Fabry—Pérot cavity
configuration.’”7-283] The schematic drawing of a MDM-based
filter consisting of a dielectric layer (SiO,) sandwiched by two
thin metallic films (Ag) is shown in Figure 25a, and the cross-
sectional SEM image of a representative device is shown in
Figure 25b.278] The thicknesses of the two Ag layers are fixed at
25 nm, and that of the SiO, layer varies to adjust the transmis-
sion spectrum through the DMD filter. When light is incident
on the device, the transmission intensity over a certain wave-
length range gets significantly enhanced by the optical reso-
nance inside the device, which occurs when the net phase shift
in the SiO, cavity layer equals to a multiple of 27 radians. Such
phase shift consists of both the propagation phase shift accu-
mulated inside the SiO, dielectric layer and two reflection phase
shifts acquired upon reflection at the top and bottom metal—
dielectric (Ag-SiO,) interfaces. Consequently, by adjusting the
layer thickness or material of the dielectric layer, transmission
spectra of different central wavelengths can be generated. At
the same time, the peak intensity and 3 dB bandwidth of the
transmission spectra are largely affected by the layer thickness
and material of the metallic layer. For example, when the two
Ag layer thicknesses are fixed at 25 nm and the SiO, layer thick-
ness is set as 100, 130, and 160 nm, respectively, the associated
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transmission spectrum exhibits a peak intensity (up to 60%)
at 480, 555, and 650 nm, corresponding to a high-purity blue,
green, and red color, respectively (Figure 25c). In addition, the
respective 3 dB bandwidths of the spectra are 120 nm (blue
color), 100 nm (green color), and 120 nm (red color). It is worth
noting that the transmission peak wavelength of the abovemen-
tioned Ag/SiO,/Ag filter is sensitive to the illumination angle
of the incident light, largely due to the relatively low refrac-
tive index of the employed dielectric layer (SiO,). Filters with
more robust angular responses can be implemented by using
high-refractive-index dielectrics such as TiO, and ZnS§.[79.280.284

By its spectral filtering capability, good electrical conductivity,
and large-scale manufacturing compatibility, the MDM-based
filters can be employed as semitransparent electrodes in various
optoelectronic devices, such as solar cells with colored appear-
ances”®2% and light emitting diodes with modified emission
properties.?? The schematic of a colored perovskite solar cell
using a Ag/ITO/Ag top electrode is shown in Figure 25d.2%° Tllu-
mination light incident upon the bottom ITO/glass substrate is
partially absorbed by the photoactive layer and then filtered by the
Ag/ITO/Ag cavity, before exiting the device. By adjusting the
thickness of the ITO layer sandwiched between the two 35 nm
thick Ag layers, different transmission colors can be created
(Figure 25e). Decent PCEs ranging from 5.7% to 72% have been
achieved for these colored perovskite solar cells (Figure 25f).

In addition to employing the whole MDM-based filters as
semitransparent electrodes in solar cell devices, colored solar
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Figure 25. a) Schematic representation of a transmission-type optical spectrum filter using a metal-dielectric—-metal (MDM) structure. b) Cross-sec-
tional SEM image of a fabricated device which generates blue color. ¢) Calculated and measured transmittance spectra of the three different samples,
which generate blue, green, and red colors, respectively. Insets are photos of the fabricated devices. Adapted with permission.?’8l Copyright 2010,
The Optical Society. d) Schematic representation of a colored perovskite solar employing a MDM semitransparent electrode. e) Simulated
(dashed lines) and measured (solid lines) transmittance spectra of the colored perovskite devices. Images of the fabricated devices are displayed in
the bottom. f) Current density—potential characteristics of various colored devices under illumination with AM 1.5G solar simulated light. Adapted with

permission.?%3 Copyright 2016, American Chemical Society.

cells can also be implemented by structuring the whole device
as a MDM filter. This is achieved by replacing the middle die-
lectric layer of the MDM filter with the photoactive and charge
transporting layers, and at the same time, utilizing the top
and bottom semitransparent metal electrodes as the two metal
layers of the MDM filter.222291-293] [ee and co-workers dem-
onstrated colored amorphous silicon (a-Si) solar cells using
thin-Ag-film-based electrodes as both the anode and cathode
(Figure 26a).?’l Distinct transmissive RGB colors can be gen-
erated when the thickness of the a-Si layer is set as 31, 11, and
6 nm, respectively (Figure 26b). A power conversion efficiency
up to 2% is achieved (Figure 26c), and most of the absorbed
photons in the undoped a-Si layer contributes to the extracted
electric charges, thanks to the suppressed electron—hole recom-
bination rate inside the ultrathin a-Si layer.

Similar strategies have been utilized to implement semi-
transparent LED devices.?*?”] Lee and co-workers demon-
strated a group of bidirectional OLEDs using Ag-based cathodes
and ITO/Ag-based anodes (Figure 26d; Device A: 15 nm Ag
cathode and 90 nm ITO/0 nm Ag anode; Device B: 20 nm Ag
cathode and 90 nm ITO/10 nm Ag anode; Device C: 25 nm Ag
cathode and 90 nm ITO/10 nm Ag anode). For OLED without
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the Ag layer in the bottom anode (Device A), its emission peak
wavelength is located at =617 nm, close to the photolumines-
cence peak wavelength (=606 nm) of the light emitting layer.
By inserting a thin Ag film on top of the bottom ITO layer
(Devices B and C), the entire OLED structure becomes an effec-
tive MDM cavity and the corresponding emission spectra from
both the top and bottom sides are apparently modified by the
induced cavity effect (Figure 26e).

6.4. Low-Emissivity Coatings

Low-emissivity (low-E) coatings are usually applied on archi-
tectural windows to minimize the amount of UV and infrared
(IR) light that can pass through, without compromising the win-
dows’ visible transmittance.?®®! Low-E coatings help to improve
the windows’ thermal insulating and solar energy shielding
capabilities. During a cold weather, a low-E coating prevents the
radiant heat from escaping out of the window; while during a hot
weather, it blocks the solar heat from entering into the building.
Different designs have been proposed for low-E coatings,
including photonic crystals,?®)! metal nanoparticles,?*) and
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Figure 26. a) Upper panel: schematic representation of the colored amorphous silicon (a-Si) solar cell using thin-Ag-film-based electrodes as both the
anode and cathode; lower panel: photographs of the fabricated colored solar cells. b) Calculated and measured transmittance spectra of the colored
solar cells. The thicknesses of the a-Si layer are 6, 11, and 31 nm for the blue, green, and red colored devices, respectively. ¢) Current density-voltage
characteristics of the solar cells under AM 1.5 illumination and dark conditions. Adapted with permission.[?l Copyright 2014, Nature Publishing Group.
d) Device structures and photon flux simulation results (the sum of both directions) of the bidirectional OLEDs using ITO/Ag-based anodes and Ag-
based cathodes. e) Electroluminescence (EL) spectra from the bottom side (left panel) and top side (right panel) of the three OLED devices, using the
same driving current of 1 mA. Adapted with permission.?*4 Copyright 2011, AIP Publishing LLC.

thin metal films.1671683013021 Among them, thin-metal-film-
based low-E coatings stand out by their simple design and
compatibility with mass production. The relation between its
reflection of IR radiation and electrical conductivity of a con-
ducting material is given by the Hagen—Rubens relation[>033%4

2e0w
o

R=1-2

(12)

where w is the frequency of the IR radiation, & is the permit-
tivity of vacuum, and o is the material’s electrical conductivity.
Under a simplified consideration, o is frequency-independent
and equal to the material’s DC conductivity. The Hagen—Rubens
relation indicates that metals with large electrical conductivity

(a) Sun light

WY

UV & IR radiation

B zno

PET

Visible light

I Cu-doped Ag

are good reflectors in the IR region. By its lowest DC conduc-
tivity among metals, Ag exhibits the best IR shielding capa-
bility. More importantly, Ag also has the lowest optical loss over
the visible range, which guarantees a high visible transmit-
tance. Consequently, a majority of low-E coatings are based on
Ag films or Ag/dielectric multilayer structures.

Zhang et al. demonstrated large-area (6 in. in diameter) low-E
coatings deposited on flexible PET substrates (Figure 27a).l!
The coating consists of stacks of ZnO and Cu-doped Ag layers
(75 nm ZnO/8 nm Cu-doped Ag/30 nm ZnO/8 nm Cu-doped
Ag/75 nm ZnO). The constituent Cu-doped Ag films effectively
suppress the coating’s IR transmission by their high IR reflec-
tivity. At the same time, three ZnO dielectric layers help to create
optical resonances at different wavelengths across the visible
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Figure 27. a) Schematic representation of a low-E coating which transmits a large percentage of the visible light, while blocks both UV and IR radia-
tion. The sample consists of 75 nm ZnO/8 nm Cu-doped Ag/30 nm ZnO/8 nm Cu-doped Ag/75 nm ZnO on a PET substrate. b) Simulated (dashed
red line) and measured (solid blue line) transmittance through the low-E coating. The visible transmission window is denoted by the shaded blue area.
The inset shows the photo of a 6 in. sample. Reproduced with permission.[? Copyright 2019, American Chemical Society.
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range, inducing a broadband and high visible transparency. The
thickness of each individual ZnO layer is carefully optimized to
ensure a high and flat transmittance between 400 and 700 nm.
The device exhibits an averaged 85.2% visible transmittance
(400-700 nm). At the same time, there is a minimal transmit-
tance for UV light, and the transmittance in the IR region drops
under 10% beyond 1250 nm (Figure 27b). Moreover, the low-E
coating exhibits a neutral color appearance, making it highly
desirable for window applications. When evaluated in the
International Commission on Hlumination (CIE) L*a*b* color
space, the coating’s transmission spectrum corresponds to a L*
value of 95.7 (meaning close to diffusive white), and a* (b*) value
of —0.01 (0.42) (meaning neutral color appearance). Compared to
previous work utilizing Ag/dielectric multilayer structures, this
work utilizes ultrathin and low-loss doped Ag films, which not
only guarantees the coating’s high visible transparency, but at the
same time, maintains the coating’s neutral-color appearance.
One important thing to consider is the stability of low-E coat-
ings, as they are often applied on the building windows and
need to withstand harsh environment conditions. Many strat-
egies discussed in Section 3.3 have been utilized to enhance
the stability of these coatings. Also, low-E coatings are usually
packed with desiccant during their storage and transport, and
are properly shielded inside the glass windows after installation.

6.5. Transparent Electromagnetic Interference Shielding Coatings

Radio frequency (RF) electromagnetic waves have been increas-
ingly employed in diverse applications such as telecommuni-
cations and wearable electronics in recent years. While at the
same time, the associated electromagnetic energy pollution
has also been gaining an increased attention. Such electromag-
netic interference (EMI) could lead to malfunction of electronic
devices, and exposure to intensive electromagnetic radiation is
believed to hazardous to human health.3%:3%1 Consequently,
EMI shielding technology plays a vital role for maintaining an
appropriate operation condition for sensitive electronic devices
and a healthy living environment for human beings.39-3%

For many EMI shielding applications, the shielding coatings
are desired to be optically transparent and mechanically flexible.
This facilitates their easy integration into existing optoelectronic
systems such as displays, mobile devices, smart windows, etc.
Toward this goal, various designs have been exploited, including
carbon-based materials,?'%312l metal meshes and nano-
wires, 313351 and thin metal films.°2202316] Compared to other
candidates, thin metal films exhibit unique advantages of simple
structure and large-scale manufacturing compatibility, and
therefore, have been gaining increased attention in recent years.
For example, Maniyara et al. demonstrated DMD-based trans-
parent EMI shielding coatings on silica substrate (Figure 28a).1%!
By choosing a 12 nm thick Ag film as the sandwiched metallic
layer and optimizing the thicknesses of the top (AZO) and
bottom (TiO,) dielectric layers, the coating exhibits an averaged
visible transmittance of 91.6% (Figure 28b) and shielding of RF
and microwave interference signals with =30dB attenuation
up to 18 GHz (Figure 28c). Wang et al. demonstrated flexible
EMI shielding coatings with a DMD structure of ITO (40 nm)/
Cu-doped Ag (8 nm)/ITO (40 nm).2%2 The coating transmits

Adv. Optical Mater. 2021, 9, 2001298

2001298 (33 of 40)

www.advopticalmat.de

96.5% visible light relative to the substrate (Figure 28d) and
shows an excellent average EMI shielding effectiveness (SE) of
~26 dB, over a broad bandwidth of 32 GHz, covering the entire
X, Ku, Ka, and K bands (Figure 28e). By adding a monolayer gra-
phene on the backside of the substrate, they were able to further
increase the structure’s RF absorption without scarifying much
of its visible transparency.l31¢!

7. Conclusions and Outlook

This review summarizes some key concepts and recent achieve-
ments of thin-metal-film-based transparent conductors. A few
strategies are identified for preparing a high-performance thin-
metal-film-based conductor, which include: i) choosing a con-
stituent metal with low optical loss; ii) optimizing the metal
film’s structural morphology; iii) reducing the optical absorption
or reflection of the transparent conductor. By their highest elec-
trical conductivity and lowest optical loss among metals, Ag, Au,
and Cu stand out as promising candidates for thin-metal-film-
based transparent conductors. However, fabricating high-quality,
ultrathin films using these metals is challenging, due to the
metal atom’s intrinsic Volmer—-Weber (3D) growth mechanism.
Consequently, various fabrication techniques have been explored,
including dielectric wetting layer, metallic wetting layer, metal
doping, molecular surfactant, polymer surfactant, and deposi-
tion condition optimization. The optical properties and thickness
values of the fabricated thin metal films can be reliably character-
ized using the spectroscopic ellipsometry method.

The transmittance through a single-layer metal film is still
limited, largely due to its high optical reflection. One effective
approach to mitigating the above limitation is to employ antire-
flection dielectric coatings atop and beneath the metal film,
forming a DMD structure. This review discusses the relevant
strategies for choosing the appropriate dielectric layers and pro-
cedures of designing DMD-based conductors with optimized
transmittance. By their high electrical conductivity over large
areas, good optical transmittance, low haze, and compatibility
with large-scale manufacturing, thin-metal-film-based trans-
parent conductors and their derivatives have been increasingly
employed in various optoelectronic devices such as solar cells,
light emitting diodes, optical filters, low-emissivity windows,
and transparent electromagnetic interference shielding coatings.

Although an array of fabrication techniques for obtaining
high-quality metal films has been demonstrated, a large portion
of these reported methods are described empirically without a
consistent theoretical guideline. The metal film deposition is a
very complicated process, which is not only influenced by the
employed “wetting” layer, but also highly affected by numerous
deposition tool factors such as vacuum level, deposition power,
gas ratio, chamber impurity, etc. Future development in both
experimental characterization techniques and computational
modeling capabilities could help to get a deeper understanding
of the wetting-layer’s mechanism and facilitate the develop-
ment of universal guidelines for preparing ultrathin metal
films. Also, combining two or more “wetting mechanisms”
could help to further reduce the associated percolation thresh-
olds and obtain thin-metal-film-based transparent conductors
of enhanced optoelectronic performance. Finally, the constantly
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Figure 28. a) Schematic representation of the DMD-based transparent EMI shielding coating on a silica substrate. b) Measured transmission spectrum
of the DMD-based transparent EMI shielding coating. The transmission spectra of a bared fused silica substrate, single-layer graphene, and commer-
cial ITO are also plotted for comparison. c) Measured shielding effectiveness (SE) of the coating. Adapted with permission.l®?l Copyright 2016, Nature
Publishing Group. d) Schematic representation of a flexible transparent EMI shielding coating with a DMD structure of ITO (40 nm)/Cu-doped Ag
(8 nm)/ITO (40 nm). e) Photo of a large-area (=200 x 50 cm?) flexible sample. f) Measured EMI SE results of the flexible transparent EMI shielding
coating over the X band (8-12 GHz), Ku band (12-18 GHz), K band (18-26.5 GHz), and Ka band (26.5-40 GHz). Adapted with permission.?%4 American
Chemical Society.
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