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Metals have been widely used for harvesting and storing energy in devices such
as superabsorbers and Li-ion batteries. However, incorporating metals into a wider
range of energy applications is severely limited by their intrinsic optical and elec-
trochemical properties. Therefore, in this thesis, we provide a new class of metallic
materials by forming binary mixtures of Ag, Au, Cu, and Al with novel physical
properties for photonics, and a comprehensive understanding of the fundamental
electrochemistry in Al and Si anode all-solid-state batteries for energy storage.

The first part of my thesis focuses on developing metallic alloys with a tunable
optical response. We realize a new family of metallic materials by alloying Ag, Au,
and Cu with on-demand dielectric functions, which can be used in superabsorbers
and hot carrier devices. We design and fabricate alloyed nanostructures with en-
gineered optical response and spatially resolve the electric field distribution at the

nanoscale by utilizing near-field scanning optical microscopy, which can potentially



enhance the performance of optoelectronic devices. To understand the physical ori-
gin of the optical response of the alloys, we measure the valence band spectra and
calculate the band structures of Ag-Au alloys, providing direct evidence that the
change in the electronic bands is responsible for its optical property. Further, we
obtain a photonic device with superior performance using metallic alloys. Specif-
ically, an Al-Cu/Si bilayer superabsorber is reached in a lithography-free manner
with maximum absorption > 99%, which can be used for energy harvesting.

The second part of my thesis highlights the importance of understanding the
reactions and ion distribution in energy storage devices. We inspect how the Al
electrode surface changes upon cycling and directly map the Li distribution in 3-
dimensions within all-solid-state batteries by implementing time-of-flight secondary
ion mass spectroscopy. This research indicates that undesired chemical reactions,
including the formation of an insulating layer on the Al anode surface and the
trapping of Li ions at the interfaces, hinder the cycling performance of the devices.
Overall, our results will contribute to the design of energy storage devices with

enhanced electrochemical performance.
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Chapter 1: Introduction to Energy Harvesting and Storage

1.1 Metals and Metallic Alloys in Photonics

As a branch of photonics, plasmonics is the study of light interaction with the
free electrons in a metal. Different classes of materials have been explored for plas-
monic applications including ceramics, intermetallics, semiconductors, and metals,
depending on the desired wavelength range of operation [1-3]. In particular, noble
metals such as Ag and Au have been extensively explored due to their localized
surface plasmon resonances (LSPR) and surface plasmon polariton (SPP) waveg-
uiding properties throughout the visible range [4,5]. These phenomena are closely
related to the metal dielectric function €, which describes the electric polarizability
of light (e;) and the absorption properties of the material (e5), where a small value
of €5 is associated with a low-loss material. For Ag, Au, Cu and Al, these metals
absorb light for different regions of the spectrum, which is related to their intrinsic

dielectric functions (see Figure 1.1) and cannot be controlled [6].
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Figure 1.1: (Left) Real part (¢;) and (Right) imaginary part (ez) of the
dielectric funcitons for pure metals. Data from [7].

In the past decade, plasmonic materials have been widely used for energy har-
vesting, ranging from applications in solar cells to hot carrier devices. In the realm of
photovoltaics (PV), it is well known that Si solar cells have limited light absorption
due to their indirect band gap. Thus, plasmonic nanostructures have been imple-
mented to trap light inside the semiconductor by promoting forward light scattering
and, therefore, enhancing the light absorption within the solar cell [8]. In addition,
heat generation for energy harvesting induced by light absorption for plasmonics
nanostructures has potential applications in the field such as steam generation un-
der room temperature [9]. For hot carrier devices, the heat generated by light ab-
sorption in metals is used to harvest energy [10]. While nanofacbricaiton techniques
have been successfully implemented to realize engineered metallic nanostructures
and surfaces at the nanoscale with tunable optical response, the band energy and
the dielectric function of metals are pre-defined. Here, we suggest alloying metals
as an additional knob to access a class of metallic materials with optical properties

not obtained otherwise [11].



Motivated by the rapid growth of information processing speed, researchers
are constantly searching for ways of surpassing the tens of GHz limit of today’s
nanoelectronics. While photonics enables THz bandwidth data processing, it suffers
from diffraction limitations [5], which restricts the size of the optical components,
such as optical fibers, to approximately the wavelength of light. Plasmonics has
the advantage of combining the high bandwidth from photonics with the nanoscale
integration of nanoelectronics, by creating a sub-wavelength and oscillation of the
free-electron gas, a plasmon [12], which can transport information [13,14]. However,
one of the main challenges for effectively integrating metals into nanoscale devices
is the fact that the metals have losses in the visible range of the spectrum, partially
due to interband electronic transitions [1,15]. Loss here is defined as the light ab-
sorbed by the metal, which is related to high e;. One option to achieve low-loss
plasmonic materials for CMOS compatible plasmonic devices in the near-infrared
(NIR) wavelength range is to realize transparent conducting oxides (TCO), such as
doped zinc oxide (ZnO) and indium tin oxide (ITO) [1,16,17]. Nitrites, such as
TiN, are also a promising option for NIR applications. These materials are radia-
tion tolerant and can be epitaxially grown onto substrates with cubic symmetry [2],
which have the advantage of achieving ultra-smooth surfaces and thin-films without
boundaries. Nevertheless, metals are still the most common materials under investi-
gation for nanoplasmonic devices. Therefore, the control of the optical properties in
metal thin films can have a significant impact on the development of metasurfaces
and metamaterials in general [18,19].

In systems where it is desired that the metal absorbs light there is a need



for large €5, such as in hot carrier devices [10,20,21] and perfect absorbers [22-31].
Broadband perfect absorbers are devices that present near unity absorption over a
large bandwidth of the spectrum. All incident radiation is absorbed independent of
the frequency (transmission, reflection, and scattering events are negligible). These
absorbers can find applications as thermal emitters, detectors or sensors, in infrared
camouflage, etc. Nevertheless, despite all the progress in the field, it is still chal-
lenging to find a material/geometry that will not reflect or transmit light over an
extremely broad range of the spectrum. Plasmon excitations in metallic nanostruc-
tures can be used to produce hot carriers and cause photoemission, a process where
the energy of the electron is larger than the equivalent thermal excitation at ambient
temperature. This phenomenon has been successfully implemented in a variety of
situations, ranging from the photodissociation of Hy and Oy molecules to photode-
tector [32] and photovoltaic [33] devices. In all these applications the efficiency of
the energy conversion processes involved are highly dependent on the Fermi level of
the metal and, indirectly, its dielectric function.

In solar cells, the photons from the sun are absorbed by the semiconducting
material, exciting electrons, which generate photocurrent. In the last ten years,
there has been tremendous effort to improve the efficiency and decrease the cost of
the solar cells technologies by: developing new materials for earth-abundant ap-
proaches [34, 35|, new strategies for third generation concepts [36, 37|, applying
metallic nanostructures to enhance light absorption [38], among other methods.
In particular, metallic nanostructures have been successfully implemented for con-

centrating and trapping light in PV devices because of the excitation of surface

4



plasmons. They can increase light absorption (Abs) in the semiconductor by es-
sentially three mechanisms. First, by reducing reflection through increased forward
scattering. Second, by increasing the local fields throughout the excitation of lo-
calized plasmon resonances, acting as antennas. Third, the incident light can be
coupled into waveguide modes of the solar cell material (waveguiding), which can
significantly increase the optical path length within the semiconductor [4,8,39-41].
These processes all heavily depend on the dielectric function € of the metal, where
Abs o €5 |E[’.. An important figure-of-merit that describes the fraction of light

scattered by the nanoparticle (NP) is defined by the scattering efficiency [42]:

O scat
scat — 1.1
scat Uscat+0abs ( )
where
1 /27\* € €
scat — ~ 4 L - 1.2
7 scat 6#()\)’ Em + 22, (1.2)
and

2 —
o= (57 )t far® 22 (13

Em + 24
Here, 04 and o, are the scattering and absorption cross-sections for a
spherical NP, respectively, A is the wavelength of light, r is the radius of the NP, ¢,
and €, are the dielectric functions (real + imaginary parts) of the metallic NP and
the surrounding medium (solar cell), respectively. Note that the smaller o, the
larger ngeqr. Therefore, for PV applications, we want NPs with minimized o,,s and
maximum 7)geq¢-

Extensive work has focused on using Ag sub-wavelength NPs to enhance light



absorption within PV devices due to its low loss throughout the visible spectrum
(which requires small €5) [43]. These approaches have been shown to significantly
increase the generated photocurrent within the solar cells; however, at short wave-
lengths Ag absorbs a large fraction of the light, which limits its application for PVs.
Recent results have shown that Al can replace Ag when enhanced light absorption
by the solar cells is required at short wavelength of the spectrum [44]. Nevertheless,
Al oxidizes very easily and, depending on the volume of the NP, the plasmon reso-
nance is sensitive to the intrinsic Al,O3 [45]. Despite all the progress achieved with
pure Ag [40,41,43,46-53], Au [54-59], Cu [4] and Al [44,60], a material that leads
to broadband enhancement in photocurrent is still missing.

For all the applications mentioned above, it is highly desired that one can
predict and control the optical properties of the material to be synthesized. To
overcome the limitations imposed by the pre-defined dielectric function of metals
we are developing binary, ternary and quaternary mixtures of Ag, Au, Cu and Al to
access materials with tunable optical responses not found in nature. Combinations
of Ag, Au and Cu represent an ideal model system to investigate how alloying can
affect the optical properties of the mixed material due to their similar structural
properties (cubic crystalline structure and lattice constants differ by less than 11%)
and energy bands (comparable energy gaps for transitions between the s- and d-
bands at similar symmetry points) [15].

Al-based alloys are a promising material to realize CMOS-compatible and
cheap building blocks with unique absorption characteristics.Recently, pure Al nanos-

tructures has been investigated for plasmonics applications in the ultraviolet (UV)
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and visible regions of the spectrum [32,45,61,62]. While the binary nanostructures
have been realized before [63-68], the understanding of how the chemical composi-
tion affects their optical response is still missing. e of alloyed metals should not be
approximated by the simple linear combination of the respective contribution from
the individual metals because that would provide a physically non-realistic optical
response for the new material, including negative absorption [65,69]. Although e for
pure Ag, Au, Cu and Al has been extensively measured and calculated [6,7,70-72],
there is very little work investigating its behavior as a function of the composition

of the binary, ternary and quaternary alloys.

1.2 Metals in Li-ion Batteries

The ever-increasing demand for energy storage for intermittent power sources,
such as solar and wind renewable power generation sources, for transportation (e.g.
hybrid electric vehicles), and for mobile devices has stimulated intensive research
on the pursuit of high energy and high power densities batteries [73-75]. Among
these energy storage devices, rechargeable Li-ion batteries (LIBs) have become one
of the most prominent candidates due to their low cost, high energy density and
long lifetime [74]. The first rechargeable Li-ion battery was fabricated in the mid-
dle 1970s and was based on AlLi for the anode materials [76]. Since then, metals
and metal alloys have been widely used for electrodes in LIBs. Particularly, Alu-
minum (Al), low-cost, earth-abundant, and non-toxic, is a potential candidate for

battery anode because of its high specific energy (993 mAh/g) [77]. Batteries con-



sist of two electrodes, the anode and the cathode, connected by the electrolyte, a
material with high ionic and low electronic conductivity. The two electrodes should
have different equilibrium potentials, to yield a high voltage. During charging the
electrons spontaneously flow from the cathode to the anode (with a more positive
potential), resulting in the simultaneous transport of ions from the cathode to the
anode, to keep the charge constant. An external circuit is used to store the elec-
trical energy resulting from this electrochemical process. During the discharging
step, the ions move back to the cathode, and now the electrons flow in the same
direction, see Figure 1.2. In rechargeable (or secondary) batteries when the applied
voltage exceeds the electrochemical potential of the cell, the flow of current reverses,
thereby recharging the battery. However, usual rechargeable batteries contain a lig-
uid electrolyte, resulting in severe design and safety constrains (e.g., the battery
system on the Boeing 787 Dreamliner airplanes caught on fire several times in 2012-
2013). First, the electrolyte is usually a flammable liquid. Second, it prevents the
miniaturization of the battery device itself, restricting its usage in ultra-compact
electronics. To overcome these limitations, all-solid-state (rechargeable) batteries
are being developed, encompassing a variety of materials and geometries.

For nearly all of today’s applications, batteries with high energy density (en-
ergy stored/unit of mass) and power density (power stored/unit of mass) are being
pursued. Mobile and small device applications require energy density around 250
Wh/Kg and power density of 500 W/Kg for fast charge/discharge [78,79]. Here,
we choose to investigate Li-ion batteries because Li has the highest electrochemical

potential, delivers the largest energy density per weight, and is the lightest of all
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Figure 1.2: (Left) When a battery is used, the electrons are transported
between the anode and the cathode to balance the charge transfer that
takes place within the material (Li-ions diffusion). (Right) All-solid-state
batteries enable compact devices due to smaller packaging, compared to
liquid electrolyte designs.

metals [80,81] (at standard temperature and pressure).

One promising alternative to conventional liquid electrolyte cells are the all-
solid-state Li-ion batteries, which provide: (i) high power density (> 200 kW /kg)
[82], (ii) long cycle life, (iii) inherent safety, due to the absence of an organic liquid
electrolyte that could cause leakage and fire, (iv) lightweight and possible compact
packaging , and (v) flexibility in the types of materials that can be used as the elec-
trodes [81,83-87]. The performance of all-solid-state batteries is usually described
by their discharge capacity: the electric charge they can deliver at the rated volt-
age/unit of area or mass (Ah/cm? or Ah/g). This capacity depends on the current
used to discharge the device, and is related to the C-rate: the discharge current
divided by the theoretical current under which the battery would deliver its rated
capacity in one hour. Another useful metric that defines how well a battery is per-

forming is its Coulombic efficiency: the fraction of the electrical charge stored during



charging that is recoverable during discharge (Quu / Qin) [88,89].

A primary advantage of all-solid-state batteries is the fact that small devices
(nano- and micron-scale) can be achieved. The electrolyte of thin-film microbatter-
ies is usually < 1 pm in thickness, compared to ~ 20 um used in liquid-electrolyte
cells [87]. These batteries are usually fabricated by the deposition of each active
layer onto an inert substrate via different methods, depending on the materials cho-
sen. In all-solid-state LIBs the ions diffuse from the cathode to the anode during the
charging step by essentially three different types of reactions: (i) intercalation, (ii)
conversion, or (iii) alloying. The intercalation mechanism dominates the commonly
used graphite [81,90-92] and LisTi5O12 [93] anodes. The graphite reaction is de-
scribed by: ( xLit + Cg+ xe~ = Li,Cg). In these anode materials, this reaction is
only reversible after a solid-electrolyte interface (SEI) is formed, which occurs during
the first charging cycle of the battery, and ideally results in an ionically conductive
and electrically insulating new layer. The conversion reaction commonly happens in
anodes of the T, A, type, where T stands for the transition metals (Cu, Ni, V, Ti,
Cr, Mn, Fe, Co), and A for anions (such as O, N, F, S, P). The conversion reaction
is described by: T, A, + (yn)Lit+ xe~ = zT+yLi,A. Finally, alloying reactions
can take place between Li and metals and semiconductors as: M + xLit +xe” =
Li,M , where M refers to Si, Ge, Sn, Al, and their alloys [78]. These materials
present very high theoretical capacity, e.g. 4,200 mAh/g for Si, representing a very
attractive class of anodes for high-energy density storage batteries. Nevertheless,
the alloying reactions are usually accompanied by substantial volume changes of the

anode during lithiation, which can lead to pulverization and the electrical isolation
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of the active layer, limiting the lifetime of the device under repeated cycles.
Thin-film all-solid-state batteries have been successfully fabricated using a
wide variety of materials for the anode, cathode, and electrolyte. The main advan-
tage of the thin-film geometry is that one can leverage the well-established knowledge
from microelectronics, including the materials physical deposition methods (sput-
tering, e-beam deposition, atomic layer deposition - ALD, chemical vapor deposition
- CVD, pulsed laser deposition - PLD, ion-beam assisted deposition - IBAD, etc.)
and photolithography to scale up the procedure involved in the fabrication of these
devices. The simple fabrication routes resulted in a rapid improvement in the field,
which used thin-film batteries as a model system to investigate the fundamental
electrochemistry phenomena involved during the charging/discharging steps of the
devices. Conversely, the key challenge of the thin-film design is the well-known vol-
ume expansion experienced by the anode during Li-ion insertion (charging) [94,95].
During cycling, the anode “breathes” due to Li-ions insertion /extraction upon charg-
ing/discharging, leading to the capacity fading. Thus, it is necessary to investigate
the degradation mechanism by resolving where the Li-ions are in the batteries during

cycling.

1.3 Scope and Contributions of this Thesis

This thesis explores novel metallic materials with physical and chemical prop-
erties not reachable by pure metals and sheds light into the applications ranging

from photonics to energy storage. This work investigates the novel optical proper-
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ties of alloys and the usage in fields including near-field optics and perfect absorbers.
It also discloses the chemical and electrochemical properties of metallic materials
and their applications in electrodes for all-solid-state LIBs.

Chapter 1 offers an introduction of utilizing metals and metallic alloys for
energy harvesting and storage, and points out the suppressing need of discovering
new metallic materials with novel optical properties for photonics and understanding
the electrochemistry for energy storage.

Chapter 2 provides a detailed discussion of how the optical behavior of metal
alloys can be modulated by changing their composition [11].

Chapter 3 discusses the fabrication and characterization of metal-alloyed nanos-
tructures, including a comparison between experimental results and full-field simu-
lations of light-matter interactions at the nanoscale [96].

Chapter 4 investigates the physical origin of the tunable optical properties of
metallic alloys by measuring valence band spectra and calculated the band structure
(manuscript under review).

Chapter 5 displays the implementation of a binary mixture of Cu and Al in
energy harvesting devices, namely superabsorbers. The obtained Cu-Al/Si super-
absorbers shows a maximum absorption > 99% [97].

Chapter 6 presents a detailed analysis of the surface/interface effects on the
electrochemical performance of thin-film all-solid-state batteries by comparing Al
and Si electrodes [77].

Chapter 7 focuses on building a 3D tomography of Li ions in solid-state en-
ergy storage devices and providing a universal imaging tool to study the correlation
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between the ion migration and electrochemical performance (manuscript in prepa-
ration).
Chapter 8 gives the conclusion and outlook of this thesis, and part of the

chapter is based on our Review [98].
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Part I

Metallic Materials for Photonics
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Chapter 2: Coin-age Metal Alloys for Plasmonics

Summary: The fixed optical properties of noble metals limit their use in pho-
tonic devices that operate at optical frequencies. To achieve metals with tunable
optical response, we present noble metal alloyed thin-films formed by the binary mix-
ture of Ag, Au, and Cu. As the permittivity (¢) of the alloys cannot be modeled as
the linear combination of the pure metals, we combined transmission and reflection
measurements of the alloyed thin films with a B-spline model that takes into account

the Kromers-Kronig relation and experimentally determined the permittivity.
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Figure 2.1: Illustration of noble metal alloys for plasmonics.
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We found that in some cases a mixture can provide a material with higher
surface plasmon polariton quality factor than the corresponding pure metals. We
independently measured the surface plasmon polariton coupling angle for all alloys
using the Kretschmann configuration and found excellent agreement between the two
methods when determining €. Our approach paves the way to implement metallic
thin films and nanostructures with on-demand optical responses, overcoming the
current limitation of the dielectric function of noble metals. This chapter is adapted

from the following reference [11].
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2.1 Introduction

If one had the option to arbitrarily modulate the dielectric function (¢ = € +
i€y) of metallic structures, this would enable unprecedented control of the plasmon
resonances in nanostructures and the surface plasmon propagation in thin films [5].
This, in turn, would allow for the development of a new class of metallic materi-
als with tunable optical response for the fabrication of optoelectronic devices with
unique characteristics, such as metasurfaces for tunable absorbers and optical fil-
ters [99-101], high-performance detectors [32,102], and thin-film solar cells with
enhanced performance [44,46,103], among others. Therefore, ways to control the
dielectric function of a material are potentially very useful. In situations where one
wants to minimize the material light absorption, such as in low-loss metamaterials
with rationally designed composition and geometry or photonic devices where sur-
face plasmons propagate on the surface of the metal, a small imaginary part of the
dielectric function (e2) is required. Conversely, when one desires to use a metal as a
light absorbing layer, for example, in hot carrier devices and perfect absorbers [30],
a large value of €; is essential.

Different classes of materials have been explored for plasmonics applications
including ceramics, intermetallics, semiconductors, and metals, depending on the
desired wavelength range of operation [1-3]. One promising option to achieve low-
loss plasmonic materials in the NIR wavelength range is to realize TCO, such as
ZnO and ITO [1]. Nitrides, such as TiN, are also a promising option for NIR appli-

cations [104]. These materials are radiation tolerant and can be epitaxially grown
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onto substrates with cubic symmetry [2], which have the advantage of achieving
ultrasmooth surfaces and thin films without boundaries. Noble metals such as Ag
and Au have been extensively explored due to their LSPR and SPP waveguiding
properties throughout the visible range [4,5]. However, despite all the research using
noble metals, there are still considerable limitations related to their predetermined
optical response.

One pathway to modulate the dielectric function of a metallic material is by
alloying two metals [63-68,105]. Combinations of Ag, Au and Cu represent an ideal
model system to investigate how alloying can affect the optical properties of the
mixed material due to their similar structural properties (cubic crystalline structure
and lattice constants differ by less than 11%) and energy bands (comparable energy
gaps for transitions between the s- and d-bands at similar symmetry points) [15].
Nevertheless, € of the alloyed metals cannot be approximated by the simple linear
combination of the respective contribution from the individual metals because that
would provide a physically nonrealistic optical response for the new material, in-
cluding negative absorption [65,69]. Recently, it has been shown that the dielectric
function of Ag-Au alloys can be predicted by using a multiparametric approach
based on the Drude-Lorentz model [7], taking into account the band structure of
each pure metal separately [106]. Although € for pure Ag, Au and Cu has been
extensively measured and calculated [6,7,70-72], there is very little work investigat-
ing the interpolated behavior of € as a function of a range of compositions for the
respective binary noble metal alloys.

Here we present the tuning of the optical properties of thin-film noble metal
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mixtures by modification of their chemical composition, as a result of alloying.
Thin films with a linear composition gradient formed by the binary mixture of
Ag, Au, and Cu yielded alloys, an ideal model system to probe how the respective
dielectric functions can be modulated by varying the content of each metal. Through
the transmission and reflection measurements of the alloyed thin films and a B-
spline model that takes into account the Kromers-Kronig relation, we experimentally
determined the dielectric function of the noble metal alloys and found that, for
the experimental conditions used here, in some cases a mixture of two metals can
provide a material with higher SPP quality factor (Qspp) than the corresponding
pure metals. We independently measured the SPP coupling angle for all alloys
using the Kretschmann configuration and found excellent agreement between the
two methods when determining e. We provide a method for creating metallic thin
films and nanostructures with tunable dielectric function, removing the predefined

optical response constrain of pure noble metals.

2.2 Optical Properties of Metals and Metallic Alloys

Figure 2.2 shows the noble metal alloyed thin-film samples, formed by the
binary linear combination of Ag, Au, and Cu, fabricated by cosputtering deposition.
The evident color variation matches the composition gradient within the samples.
In all cases a linear gradient in composition was obtained (Figure 2.3 and Table
2.1), as desired. All samples were very smooth (roughness < 1.7 nm, as measured

by AFM; see Figures 2.4 and 2.5) [107,108], and were composed of polycrystals, as
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Figure 2.2: (top) Schematic of the cosputtering process used to achieve
alloyed thin films with variable composition. (a-c) Photographs of three
samples (nominal thickness = 30 nm in all cases) formed by binary com-
binations of Ag, Au, and Cu. Glass slides are 4 x 6 in?.

determined by X-ray diffraction measurements (see Figure 2.6). All thin films were
approximately 30 nm in thickness and, therefore, suitable for both transmission and
SPP prism coupling measurements. Note that the hazy texture observed in the
photograph of the samples is actually from the cleanroom wipes under the samples
and not from the roughness of the samples itself.

Figure 2.7 displays the transmission spectra for all alloyed samples, acquired
at equally spaced locations across each sample, corresponding to a well-defined com-
position of the alloyed films. As expected, the pure metals (Ag, Au, and Cu) showed
respective transmission peaks at 324, 499, and 581 nm, attesting to the high qual-
ity of the films, despite the fact that the metals were sputtered at low deposition
rates [72]. In all cases, the samples were measured immediately after being removed

from the sputtering chamber, minimizing air exposure and consequent oxidation. As
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Figure 2.3: Photographs and EDS data obtained in plan view for (a,d)
Ag-Au, (b,e) Au-Cu, and (c,f) Cu-Ag thin film samples. For EDS: ac-
quisition area is 50 x 50 pm?, acquisition time is 120 sec. The colored
dots refer to the position where the EDS was acquired (out of scale for
clarity). O, <=, B and % refer to C, O, Na and Si (from the glass slides),
respectively.
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0 nm I

Figure 2.4: SEM plan-view images of (a) Ag, (¢) Au, and (e) Cu thin
films showing extremely small grains at the surface of each sample. AFM
images of (b) Ag, (d) Au, and (f) Cu thin films and respective root-mean-
square (RMS). The AFM measurements were performed in non-contact
mode, using a Si probe (42 N/m) with 10 nm radius of curvature.
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Figure 2.5: SEM plan-view images of (a) AgysAugs, (¢) AugsCugs, and
(e) CUO‘5Ag0‘5 thin films. AFM images of (b) Ag0A5AU0.5, (d) AU_O‘5CUO.5,
and (f) CugsAgos thin films and respective root-mean-square (RMS).
The AFM measurements were performed in non-contact mode, using a
Si probe (42 N/m) with 10 nm radius of curvature.
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Figure 2.6: X-ray diffraction 6-20 measurements for (a,b,c) pure and
(d,e,f) binary metal thin films. The right side shoulder peak on (e) refers
to the presence of a small amount of AuCu(I) [109], (which can form even
at room temperature [110]), while the left side peak is most likely due to
the oxidation of Cu, as reported in [111]. For all measurements, the XRD
signal was collected with 2D area detector, using a Cu K-alpha source.
Five frames were collected for 10 minutes each, with a step size of 0.05
degrees. The intensity was then integrated and merged into a single
diffraction. According to the international center for diffraction data
(ICDD): Ag: PDF 01-087-0717, Au: PDF 01-071-4616, Cu: PDF 00-
004—0836, Ag0_5Au0.5: PDF 01—071—9134, AU.().5CU[).5Z PDF 01—074—5367,
CUO.5Ag0.5Z ref [112]
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shown in Figure 2.7, the transmission measurements and are in very good agreement
with the calculated transmission spectra. The AggsAug s alloy presents a broad peak
at 454 nm, resulting from the contribution of both Ag and Au transmission signals,
as shown in Figures 2.7a,b. In Figure 2.7c,d, all the Au,Cu;_, alloys show one
minor peak at ~ 350 nm and a major peak at 520-550 nm, resulting from both
metals being present. The transmission spectra for the Cu,Ag;_, sample (Figure
2.7e,f) present a continuous transition between the two pure metals, interpreted as a
smooth change in relative intensity between the peaks of Cu and Ag. In particular,
the region of the film corresponding to CugsAgys shows a flat response over the
360 to 553 nm wavelength range. This behavior strongly indicates that the optical
response of the alloys is not a result of the simple linear combination of the optical
properties of the pure metals and requires a full investigation by an independent
measurement technique, as will be discussed below.

In order to probe how the optical response of the noble metal alloys changes as
a function of material composition we measured the dielectric function € of the thin
films by ellipsometry, combining transmission and reflection measurements [113].
To determine €, we used a B-spline model to describe the optical response of the
alloyed thin films, where the Kromers-Kronig relation was enforced at all times
and the film thickness was also a variable parameter [114]. We verified the film
thickness via cross-section TEM (see Figure 2.9) and found excellent agreement with
the thickness value obtained by ellipsometry and the calculated optical response of
the film. Figure 2.8 shows the measured real (¢;) and imaginary (e2) parts of the

dielectric function for all the noble alloyed thin films. The raw ellipsometry data
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Figure 2.7: Normalized transmission measurements and calculations for
30 nm thick (a,b) Ag-Au, (c,d) Au-Cu, and (e,f) Cu-Ag thin films on
glass showing the dependence of the peak shifts with the film composi-
tion. The dashed lines are guides for the eyes, showing the wavelength
shift from one pure metal to another.




for all samples (¥ and A as a function of wavelength) are presented in Figure
2.10. According to their phase diagram, Ag and Au form a solid solution over the
whole concentration range [64], with a nearly constant lattice parameter [115]. As a
result, the degree of disorder of the Ag-Au mixture is also constant for the different
compositions, leading to a similar mean free path of conduction electrons for all
alloys. This explains why €; and €3 for Ag-Au do not vary drastically from 400 to
900 nm (see Figure 2.8a,b). € has a minimum value equal to 0.5 at ~ 700 nm,
dominated by a disordered AgysAugs alloy [106]. The threshold of the interband
transition, characterized by the sharp decrease of €5, changes from about 300 nm
(pure Ag) to 500 nm (pure Au) [106], as shown in Figure 2.8b.

For the Au-Cu alloy system, multiphases can also be obtained over certain
composition ranges, such as Auga5Cug7s, AugsCugs and AugasCugas [116]. Here,
the threshold of the interband transition shifted from 500 to 550 nm, from pure Au to
pure Cu. From the spectrum of e, (Figure 2.8e), the absence of peaks at 331 and 344
nm, corresponding to the ordered phase of Aug5Cugs and AugoCug 74 respectively,
strongly indicates that these alloys form a disordered phase, as previously observed
by Rivory [68]. Yet, De Silva recently reported that the overall effect of ordering on
the dielectric function of Au-Cu is minor and can be easily masked by the scatter
band resulting from variations of experimental measurements [109]. For instance,
they observed that the Au-Cu porous thin film was composed by small grains, and
that the resulting high density of boundaries enhanced light scattering and therefore
the absorption by the thin-film layer, causing an overall increase of €;. Conversely,

they found that bulk Au-Cu was composed by large grains (almost free of defects
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Figure 2.8: Measured dielectric function of noble metal alloyed thin films
with variable composition. Real (¢;) and imaginary (es) parts of the
dielectric function for metallic thin films with variable composition: (a,
b) Ag-Au, (d, ) Au-Cu, and (g, h) Cu-Ag thin films. Insets: zoom-in of
€1 as a function of wavelength for the ultraviolet and visible regions of
the spectrum. Surface plasmon polariton quality factor Qspp for (c) Ag-
Au, (f) Au-Cu, and (i) Cu-Ag thin film samples fabricated by sputtering,
showing that metal alloyed thin films can outperform individual noble
metals.
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Figure 2.9: (a) Bright field TEM image showing 25 4+ 2 nm thick
AgpsAug s thin film. Insets show high-resolution TEM image and elec-
tron diffraction pattern of polycrystalline film. (b) HAADF image and
EDS maps of (c) Ag and (d) Au showing uniform distribution of metals
within the thin film. (e) Four representative EDS point measurements [as
marked in (b)] showing average composition of Aggs5Aug.45. Carbon (C)
and tungsten (W) were sequentially deposited on top of the AgysAugs
sample for layer protection during Ga™ milling process by FIB ( O, ==,
and W refer to W, N, and Cu from the TEM grid, respectively). (f)
Real and (g) imaginary parts of the dielectric function of AgysAug s thin
film for the film thickness values obtained by ellipsometry (24.01 nm,
red line) and while fixing the film thickness at 2542 nm (black line, as
determined by TEM). (h) Measured (blue line) and the calculated trans-
mission spectra for AgysAug s film using layer thickness equal to 25 nm
(as determined by TEM, black line) and equal to 24 nm (as determined
by ellipsometry, red line). In (f-h) the grey region refers to the variation
in € resulting from the variation in thickness determined by TEM (&£ 2
nm).
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Figure 2.10: Ellipsometry data (reflection + transmission), Psi (¥, red)
and Delta (A, green), for five different compositions of (a-e) Ag,Au;_,,
(f-j) Au,Cu;_,, and (k-0) Cu,Ag;_,, obtained at three different angles
(60, 65, and 70 degrees), including the fit (dashed black line, model)
using a B-Spline function and enforcing K-K relation. Here, the thickness
of the film was also a variable, as indicated in Tables 2.2-2.4.
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and thus light scattering centers). Note that the experimental conditions of the film
deposition can substantially affect the size of the grains constituting a film and the
density of interfaces, which explains the different values of e; reported by different
groups. Postdeposition annealing treatments and the deposition rate are known for
influencing the final structural characteristics and optical response of metal thin
films [72].

Conversely, the phase diagram of the Cu,Ag;_, system has a broad miscibility
gap for the whole composition range for room temperature deposition as Cu-Ag does
not form a solid solution [116], unless a liquid or vapor quenching is applied after
deposition [117]. The spectra of €5 for the Cu-Ag alloys (Figure 2.8h) show two
distinct absorption edges in the visible range, at 300 and 530 nm, indicating the
independent contribution from both metals [117]. For this system, the d-bands
from the pure metals slightly overlap, and the electron density of states from each
metal contributes separately to the dielectric function of Cu-Ag alloys [68]. Our
measurements show that both €; and €; can assume values higher and lower than
what would be wrongly predicted by the composition-weighted linear combination,
see Figures 2.11-2.13.

We compare the measured/modeled dielectric function of the noble metal al-
loys investigated here with the linear combination of its pure metals (see Figures
2.11-2.13). For these calculated values of €; and €, (dashed lines) we use the linear
combination measured quantities of the pure metals as the input. Our measurements
(solid lines) show that both €; and €5 can assume values higher and lower than what

would be wrongly predicted by the composition-weighted linear combination. As
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Figure 2.11: (a-d) Real and (e-h) imaginary parts of the dielectric func-
tion experimentally obtained (solid line) and calculated using the linear
combination (dashed line) of pure Ag and Au. The colored areas high-
light the difference between the measured and the calculated values of
€1 and €. The residue graphs show the difference between these data.

demonstrated by the high discrepancy between the calculated and measured data,
the simple linear combination weighted by the fraction composition of each metal is
insufficient to describe the optical response of the alloys in a realistic manner. Here,
the residue R refers to the difference between the measured and the calculated values

of €; and ey, respectively, as a function of wavelength, as described below:

__measured calculated

Here, the mean squared error (MSE) is the average of the square of the difference be-
tween the measured and the calculated values of €; and e, respectively, as described

below:

1 n
MSE = E Z eg)eﬁ‘;’lﬂ”ed _ Efgjllc’lélated (22)

i=1
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Figure 2.12: (a-d) Real and (e-h) imaginary parts of the dielectric func-
tion experimentally obtained (solid line) and calculated using the linear
combination (dashed line) of pure Au and Cu. The colored areas high-
light the difference between the measured and the calculated values of
€1 and €. The residue graphs show the difference between these data.

The quality factor of the surface plasmon polariton of the alloys, defined as [20]
Qspp = (€i/e2) x 107° (2.3)

was calculated from the measurements of €, and we found that certain compositions
(AgosAugs, AugiCugg, and CugiAgog) present higher values of Qgpp than the
respective pure metals (see Figures 2.8¢,f,i, 2.14, and 2.15). For instance, the disor-
dered mixture of Agys5Aug s showed the largest values of Qspp for wavelength > 600
nm, with maximum value at ~ 830 nm, suggesting that a higher electron mean free
path in the mixture of Ag and Au can provide a less absorptive material for NIR
applications. Note that in all cases higher wavelength-dependent values of Qspp
could be obtained by optimizing the deposition rate of each metal [72]; nonetheless,
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Figure 2.13: (a-d) Real and (e-h) imaginary parts of the dielectric func-
tion experimentally obtained (solid line) and calculated using the linear
combination (dashed line) of pure Cu and Ag. The colored areas high-
light the difference between the measured and the calculated values of
€1 and €. The residue graphs show the difference between these data.

the trend of the relative improvement in QQgpp as a function of the alloy composi-
tion should be the same, independent of the deposition rate used. Similarly, selected
compositions of the binary-alloyed films exhibit higher propagation length of surface
plasmon polariton than the pure metals (see Figure 2.15). To validate the ellispom-
etry model, we determined scatter bands for transmission taking into account a film

thickness variation of + 3 nm (see Figure 2.16), finding that the originally obtained

thicknesses are the best match to our experimental data.
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Figure 2.14: Quality factor Qgpp for pure (a) Ag, (b) Au, and (c) Cu
thin-film samples fabricated by sputtering (solid lines) and the respective
values obtained by the Palik model of the dielectric functions (dashed
lines) [7]. Note that the lower values of Qspp obtained for the fabricated
thin films is simply due to the low deposition rate used here (2-5 A /sec),
which can be improved by implementing rates > 10, 30, and 150 A/sec
for Au, Cu and Ag, respectively [72].

2.3 Surface Plasmon Polariton Coupling Angle

Measurements

The SPP angle-dependent reflection spectra for all samples were measured
using the Kretschmann configuration [118], using a 637 nm diode laser p-polarized
with 3.6 mW. The metal alloy thin film was placed on a rotational stage with step
size of 0.1° and attached to an equilateral CaFy prism with np.s, = 1.433 using
an index matching fluid for effective light coupling (see Methods for experimen-
tal details). As shown in Figure 2.17, in all cases (under identical experimental
conditions) a well-defined minimum of the reflected laser power was observed, con-
firming the excitation of surface plasmons. Figures 2.17ab displays the measured
and calculated reflection spectra for the Ag-Au alloys, where the Agg 5Aug 5 thin film

presents a fairly shallow dip. Here, the small discrepancy between the measured and
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Figure 2.15: The propagation length (L,) of the surface plasmon po-
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Figure 2.16: Measured (blue line) and calculated (green line) transmis-
sion spectra for (a) AggsAugs, (b) Aug1Cugyg, and (c¢) Cug;Agog, where
the thickness of each thin-film sample, as determined by ellipsometry,
is indicated in the respective figures. The light green region refers to
the calculated transmission for film thickness 4+ 3 nm, showing that the
originally obtained thicknesses are the best match to our experimental
data. This comparison demonstrates that the measured transmission
data is in very good agreement with the calculated one, using the film
thickness as determined by ellipsometry as the input on the calculations.
The small variations between the measured and calculated data could
be due to light scattering effects caused by the grain interfaces in the
samples. Real and imaginary parts of the dielectric function of (d,g)
AgosAugs, (e,h) Aug1Cugg, and (fi) CugiAgoe thin films, where the
light green region refers to the film optical response assuming thickness
variation of + 3 nm in all cases.
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calculated angle is primarily due to: (i) the uncertainty of the initial angle on the
rotation stage (< 0.1°), (ii) the presence of contaminants at the film surface, and (iii)
the temperature variation of the sample during the SPP measurements [118-120].
The minimum reflection point for the Au,Cu;_, alloys varies nonlinearly and non-
monotonically as a function of the composition (see Figures 2.17c,d), in agreement
with the ellipsometry measurements presented in Figure 2.8c. According to Figures
2.17e,f, despite the fact that the Cu-based alloys are formed by ~ 50 nm grains (see
Figure 2.5 for AFM images) and that an extremely thin layer of CuyO is present
(Figure 2.18), the SPP coupling angle is very well defined.

We find excellent agreement between the values of €; measured by SPP cou-
pling measurements and those obtained from ellipsometry, see Figures 2.19, two
independent techniques. The real part of the dielectric function for each pure metal

and the alloys (€]") were calculated using the following equation:

m air
€1 X €1

m air
€+ €1

(2.4)

(Mprism - sin @sm)z =

where np,ism 1S the refractive index of the prism, 0y, is the angle of minimum
reflection in the SPP measurement, and €{"" (= 1) is the real part of the dielectric
function for air. From the measured value of the internal angle corresponding to the
minimum of the reflected power and the refractive index of the prism, we calculated
€, at 637 nm, and compared the results with the independent values obtained by
the ellipsometry measurements on the same region of the samples. As confirmed by

the latter, both Ag-Au and Au-Cu alloys only have one absorption edge over the

visible range of the spectrum. As a result, the d bands strongly overlap in these
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Figure 2.18: Comparison between the dielectric function of Cu thin film
with and without considering a thin CusO top layer. (a) €, (b) €, and
(c) schematic of the thin-film stacks modeled by the B-spline function
in each case. For both fit: MSE < 2.3.

systems, and the value of €; varies as a function of the composition and the amount
of overlap. For Au,Cu;_,, € decays almost monotonically as a function of x (see
Figure 2.19b). The disordered AuCu and AuCujs alloys lead to constant values of
€1 (for 0.48 < x < 0.52 and 0.71 < x < 0.77), corroborating Rivorys hypothesis
that ordering/disordering can strongly affect the optical properties of these binary
mixtures [68]. The dielectric function of very thin films is extremely sensitive to the
film overall thickness, the grains size and the density of interfaces. As a result of the
metal deposition conditions implemented, one can obtain thin films with a strong
porous character and a high density of interfaces, which can result in additional
light scattering centers and enhanced light absorption by the thin film [109]. In
these situations, the effect of ordering on the dielectric function is indeed negligible,
as the characteristic atomic disordering causes a flattening of the double peak usually
observed in ordered Au-Cu (at ~ 330 nm for Aug5Cug s, according to ref. [68]). The

optical response of the Cu-Ag system is substantially different: the alloys do not
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Figure 2.19: Real part of dielectric function € (at 637 nm) as a func-
tion of film composition, as determined from surface plasmon polariton
excitation (SPP, open triangles) and ellipsometry (Ellip., solid squares)
experiments for (a) Ag-Au, (b) Au-Cu, and (¢) Cu-Ag thin films.

form a solid solution and the value of €; decreases almost linearly from pure Cu to
pure Ag [68,117], see Figure 2.19¢. In this mixture, the d bands do not overlap
strongly.

Here we show evidence that the chemical composition of noble metal alloys can
affect the dielectric function of the material in nontrivial ways, modifying both the
strength of the polarization induced by an external electric field and the losses in the
material due to absorption. Finding the precise physical origin of the nonmonotonic
behavior of ¢; for the alloys would require determining their band diagram and the
density of states by X-ray photoelectron spectroscopy measurements as a function
of their composition, which is beyond the scope of this work. Nevertheless, we have
shown that depending on the wavelength range of interest, the alloying of noble
metals yields materials with controlled optical response, such as enhanced surface

plasmon propagation length or minimized optical loss.
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2.4 Experimental Methods

2.4.1 Sample Fabrication

All metal-alloyed thin films were fabricated by the cosputtering deposition of
single metals, at room temperature, with deposition rates between 2.0 and 5.0 A/ S,
onto 4 x 6 in? glass slides. The glass slides were cleaned with acetone, isopropanol,
and DI water, and then dried with Ny, prior the physical deposition. The pure
metal sources (with purity > 99.99%) were placed 180° from each other, allowing

for a linear gradient in composition for each alloyed sample.

2.4.2 Transmission and Reflection Measurements

The transmission and reflection measurements were performed using a variable-
angle spectroscopic ellipsometer with a white-light source over a wavelength range
of 200-1000 nm. Incident angles (with respect to normal incidence) of 60, 65, and
70° were used for reflection and 0° for transmission measurements. The ellipsometry
data were analyzed using a B-spline model to determine the dielectric function for
each pure metal and for the alloys, by assuming a two-layer vacuum-metal model to

extract the dielectric function of each pure metal and each alloy.
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2.4.3 Modeling the Dielectric Function

The dielectric function of each pure metal and the corresponding binary alloys

was parametrized by B-spline function S(z) defined as [114],

S(z) =) eB(x) (2.5)
i=1
where ¢; is the B-spline coefficient and B;* is a B-spline basis function defined as,

1, t, <z < ti—l—l
BY(z) = (2.6)

0, otherwise

Bl = () B (S ) e e

itk — i itk+1 — b1
where ¢; is the perpendicular distance of the knot (where each polynomial segment
in the curve is connected) from the y axis, and k is the degree of the B-spline.
The Kramers-Kronig (K-K) relation was enforced during fitting to ensure the phys-
ical meaning of the results, as the imaginary part of the dielectric function ey is

parametrized by the B-spline curve as a function of wavelength A as,

e2(N) = Z ¢;:BE (M) (2.8)

Then, €¢; was calculated using the Kramers-Kronig relation. Therefore, each re-
flection measurement was appended to the corresponding transmission spectrum
and was fitted using the Kramers-Kronig enforced B-spline model simultaneously.
Roughness was neglected during fitting of the measured data due to the minimal
root-mean-squared (RMS) surface roughness of the thin films (< 1.7 nm), as deter-
mined by AFM. In all cases, the root mean square error (RMSE) of the fits was <
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4.3, and the thickness of the film was also a variable. For Cu-rich alloys, the thin
layer of oxide was neglected in the modeling, as it was found that the thickness of
oxide layer is negligible (< 0.55 nm) by considering this extra oxide layer using our

model.

2.4.4 SPP Coupling Experiments

The SPP measurements were performed using the Kretschmann geometry,
using a 637 nm diode laser with 3.6 mW incident power. A half-wave plate was used
to select p-polarized light. The metal alloy thin film was attached to an equilateral
CaFy prism with n,.sm = 1.433 using an index-matching fluid. The sample was
placed on a rotational stage that allowed us to change the angle of incidence, and
the reflected light was detected using a silicon photodiode. The power of the reflected
light was recorded at each external angle with a step size of 0.1°. The internal angle
was calculated from the external one by considering the equilateral geometric shape
and the dielectric function of the prism. The internal angle, corresponding to the
reflection power minimum, was designated as 6,,,. The following equation was used
to calculate the real part of the dielectric function for each pure metal and the alloys

(™) [118].
el x 1

2.9
e +1 (2.9)

(Tprism * sin 88pp)2 =
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2.4.5 Transmission and SPP Calculations

The calculated transmission spectra and SPP spectra (R,,,) were obtained

using the equations below [5],

Toi2.p + To12,s
2

Transmission = (2.10)

to1pt —1
Torop = — 2 12,62P(~i5)) (2.11)

1 4 o1 prizpexp(—if))
to1.st12.5 —1
Tyig,s = —Obstizsep(Zih)) (2.12)
1+ ro1 s712,s€xp(—if3))
7'01,p7“12,p€37])(_i2ﬁ))
1+ ro1prizpexp(—i2f3))

Rszvp =

(2.13)

where the transmission coefficient for p- (¢;,) and s-polarized (¢;xs) light are defined

as,
2N;cosO;
tity = J S 2.14
PN cos ©; + Njcos 6y, (2.14)
2N.cosO;
tiks = S0 (2.15)

Njcos0; 4+ Nycos Oy,

and the reflection coefficient for p- (rj,) and s-polarized (rjj ) light are defined as,

Nycos©; — Njcos 6y,

o 2.16
Tk NycosO; + Njcos 6 ( )
s — N;cosO; — Nycos Oy, (2.17)
N;cosO; 4+ Nycos 6,
where 7, k=0, 1, 2. And the phase variation of the light is,
2md
3= %(Nf — N2sin?Qy)"/? (2.18)

where d is the thickness of the film, as determined by ellipsometry. In the transmis-
sion calculations, 0 stands for air, 1 for the metal thin-film layer, and 2 for the glass
substrate. In the SPP calculations, 0 refers to the prism, 1 to the metal thin-film
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layer, and 2 to air, N is the experimentally determined complex refractive index of
each layer, 6 is the incidence angle of light (with wavelength \) with respect to the

normal direction.
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Table 2.1: Chemical composition for (top) Ag-Au, (middle) Au-Cu, and (bottom)
Cu-Ag thin-film samples, obtained from EDS data shown in Figure 2.3.

Nominal film composition | EDS atomic ratio of Ag (%) | EDS atomic ratio of Au (%)

AgooAugy 86 14
Agos2Augs 80 20
Ago.7aAug .26 71 29
AgossAuo.ss 65 35
AgossAug.az 58 42

AgosAugs 52 48
Ago.a2Augss 42 58
Ago.3aAug 66 35 65
Ago.asAuo 74 27 73
Ago.1sAugsn 14 86

AgoiAugg 8 92

Nominal film composition

EDS atomic ratio of Au (%)

EDS atomic ratio of Cu (%)

Aug9Cug 86 14
A g2Cug 15 83 17
Aug 74Cug 96 76 24
Aug6Cug.34 68 32
At 55Cug.42 60 40

Aug5Cuq s 48 52
Aug.42Cug 58 37 63
Aug 34Cug 66 28 72
Aug26Cug.74 22 78
Aug.15Cug 52 16 84

Aug1Cugg 10 90

Nominal film composition

EDS atomic ratio of Cu (%)

EDS atomic ratio of Ag (%)

CugoAgo. 91 9
Cuo.s2Ag0.18 83 17
Cug.74Ag0.26 78 22
Cug.66Ag0.34 66 34
Cug.s8Ag0.42 54 46

CugsAgos 47 53
Cuo.42A80.58 42 58
Cuo.34Ag0.66 35 65
Cuo.26Ag0.74 28 72
Cug.18A80.82 21 79

Cug.1Ago.0 14 86
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Table 2.2: Optical properties for Ag;_,Au, alloyed thin films from measurements
and calculations. #°FF corresponds to the angle of minimum reflection in the SPP
measurement, and eyFF is calculated using equation shown before. The error for
€7 PP is calculated via error propagation, considering the step size (0.1 degrees) of the
angle in each SPP measurement. efllip is the real part of the dielectric function, as
determined from ellipsometry measurements, and 8% is calculated. The thickness
of the alloyed thin film was a variable parameter on the fitting of the experimental
data, as displayed in column six. RMSE is the root mean square error from the

ellipsometry fitting, as shown in Fig. 2.10.

Film composition 65" z)dz;rizs?) nm | ;7 at 637 nm | €77 at 637 nm HE”E’;l:;riie’»S?) nm | Thickness RMSE
measured calculated measured calculated (nm)

Ag 46.30 -14.64+0.34 -13.16 46.55 54.32 2.750
AgooAug 46.52 -13.3240.27 -14.24 46.36 39.12 2.280
Agys2Aug s — — -12.53 46.67 38.25 2.451
Ago 74Aug 26 47.02 -11.0940.18 -11.66 46.87 37.34 2.877
Ago.e6Auo.aa — — -9.91 47.39 36.21 3.380
AgossAup gz 47.74 -9.014+0.12 -9.31 47.62 35.72 3.951
AgosAuos 47.02 -11.09+0.18 1113 47.01 24.01 | 3.367
AgparAugss 48.03 -8.4040.10 -8.76 47.85 35.50 4.269
Ago 34Au0.66 — — -10.40 47.22 34.86 2.713
Agpo6Aug 47.24 -10.3540.16 -11.28 46.97 36.19 3.304
Agy1sAugse — — -12.39 46.70 37.55 2.508
Ago1Aug 47.02 -11.09+0.18 -12.10 46.77 52.79 | 1.747
Au 47.17 -10.57+0.161 -11.52 46.91 69.21 1.836
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Table 2.3: Optical properties for Au;_,Cu, alloyed thin films from measurements
and calculations. #°FF corresponds to the angle of minimum reflection in the SPP
measurement, and eyFF is calculated using equation shown before. The error for
€7 PP is calculated via error propagation, considering the step size (0.1 degrees) of the
angle in each SPP measurement. efllip is the real part of the dielectric function, as
determined from ellipsometry measurements, and 8% is calculated. The thickness
of the alloyed thin film was a variable parameter on the fitting of the experimental
data, as displayed in column six. RMSE is the root mean square error from the

ellipsometry fitting, as shown in Fig. 2.10.

Film composition 65" z)dz;rizs?) nm | ;7 at 637 nm | €77 at 637 nm HE”E’;l:;riie’»S?) nm | Thickness RMSE
measured calculated measured calculated (nm)

Au 47.17 -10.57£0.16 -11.52 46.91 69.21 1.836
AugoCug 47.24 -10.35£0.16 -10.36 47.24 52.29 2.464
Augg2Cug.1s — — -10.13 47.31 44.61 2.459
Aug74Cugag i77‘_671’ %Bﬁ%lﬁ -9.29 47.62 44.71 2.624
Aug.66Cu0.34 — — -9.64 47.49 3820 | 2.385
Aug55Cug.a2 47.17 -10.57£0.16 -11.25 46.98 2791 2.674
Aug5Cug i??ﬁ’ 11%31‘11%1165 -10.40 47.22 18.32 1.942
Aug 42Cug 58 47.24 -10.35£0.16 -11.34 46.95 27.31 2.915
Aug.34Cug g -12.45 46.69 25.49 2.000
Augo6Cugrg 46.74 -12.23£0.23 -12.40 46.70 25.15 2.192
Aug.13Cug g2 — — -13.34 46.52 24.15 2.372
Aug1Cugyg 46.59 -12.95+0.26 -13.11 46.56 24.05 2.588
Cu 47.95 -8.56+0.10 -8.10 48.19 29.42 2.222
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Table 2.4: Optical properties for Cu;_,Ag, alloyed thin films from measurements
and calculations. #°FF corresponds to the angle of minimum reflection in the SPP
measurement, and eyFF is calculated using equation shown before. The error for
€7 PP is calculated via error propagation, considering the step size (0.1 degrees) of the
angle in each SPP measurement. efllip is the real part of the dielectric function, as
determined from ellipsometry measurements, and 8% is calculated. The thickness
of the alloyed thin film was a variable parameter on the fitting of the experimental
data, as displayed in column six. RMSE is the root mean square error from the

ellipsometry fitting, as shown in Fig. 2.10.

Film composition 65" z)dz;rizs?) nm | ;7 at 637 nm | 7' at 637 nm HE”E’;l:;riie’»S?) nm | Thickness RMSE
measured calculated measured calculated (nm)

Cu 47.95 -8.56+0.10 -8.10 48.19 29.42 2.222
CugoAgo 47.09 -10.84+0.17 -11.62 46.88 37.49 1.960
Cug.g2Ag0.18 — — -11.66 46.87 34.79 1.940
Cug.74Ag0 26 46.95 -11.35£0.19 -11.66 46.87 32.52 1.977
Cup.e6A80.34 — — -11.92 46.81 30.05 | 2.202
Cug 580 42 46.66 -12.60£0.24 -13.69 46.45 25.01 2.433
CuosAg0s AfG‘ﬁ 11?,)37211%22; -14.16 46.37 2592 | 3.145
Cug.42A80 55 46.30 -14.64+0.34 -15.15 46.23 25.13 3.370
Cuo.31Ago.c6 — — -15.68 46.15 25.64 | 3.186
Ctig26Ag0.74 46.09 -16.20-£0.42 -16.66 46.04 26.65 | 3.467
Cug.13Ago.s2 — — -17.00 46.00 28.40 3.059
Cug.1Agog 45.87 -18.2740.54 -17.90 45.91 29.42 3.063
Ag 46.30 -14.64+0.34 -13.16 46.55 54.32 2.750
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2.5 Conclusions

In conclusion, we have shown the correlation between the chemical composi-
tion of noble metal alloyed thin films and their respective dielectric functions, which
can be tailored by tuning the composition fraction between the two metals. Our
ellipsometry and SPP excitation measurements are in excellent agreement, demon-
strating the validity of the ellipsometry analysis. Moreover, we have shown that for
the deposition conditions implemented here the Qgpp of some alloyed mixtures is
higher than the respective pure metals, allowing for the rational design of metallic
nanostructures with a high control of their optical response in the visible range of
the spectrum. Our approach to fabricate a new class of metallic materials with op-
tical response on-demand can be applied to metasurfaces and metamaterials, which
commonly requires low optical loss materials, hot carrier devices, whose performance
is very sensitive to the light absorption within the active layer, and other optical

and optoelectronic devices.
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Chapter 3: Optical Properties of Fully Alloyed Ag-Au

Nanostructures

Summary: Combining metallic elements with different compositions at the
nanoscale to obtain fully alloyed nanostructures can pave the way for an optical-
electronic platform with fine-tunable response over a very broad range of the elec-
tromagnetic spectrum, from the UV to the IR. While the optical properties of pure
metallic nanostructures have been extensively investigated by varying their size,

shape and distribution, their intrinsic dielectric function still limits its application.

Figure 3.1: lustration of fully alloyed nanostructures.
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Here, we implement the dewetting of metallic thin films to produce fully al-
loyed Ag,Au;_, nanoparticles (NPs), and show how their chemical composition
affects the optical response of the self-assembled arrays. To show how alloying
can be used to tune the LSPR of metallic nanostructure systems, we analyze the
near-field optical properties of alloyed AggsAugs NPs by combining spectrally de-
pendent near-field scanning optical microscopy (NSOM) with full-field simulations
of the light-matter interactions. Our results demonstrate the potential of realizing
alloyed nanostructures by a scalable method with engineered optical properties for
applications ranging from nanophotonics to sensing. This chapter is adapted from

the following reference [96].
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3.1 Introduction

LSPR is the confinement of the collective oscillation of the electron charges in
metallic nanostructures, causing a pronounced electric field enhancement at their
surface and high optical absorption. This property has been widely explored for
Ag and Au NPs in the fields of nanophotonics [5,121], energy harvesting [103,122],
molecular detection [123], biomedical therapeutics [124], and catalysis [125]. The
possibility of fabricating pure metallic NPs with controllable size and shape enables
the modulation of the LSPR from the UV to the IR regions of the electromagnetic
spectrum [12,126,127]. However, the pressing need for providing on-demand plas-
monic properties for nanophotonic applications still remains due to the fact that the
optical response of pure metals, such as Ag and Au, is dominated by their intrinsic
dielectric function. Alloying of these noble metals has been applied to tune the ma-
terial dielectric function, where the LSPR can be modulated progressively from the
UV (pure Ag) to the NIR (pure Au) [11,128-130]. Thus, metallic nanostructures
composed of Ag-Au can enable the rational design of building blocks for different ap-
plications, such as metamaterials [131,132], hot carrier devices [10], light absorption
improvement in photovoltaics [133, 134], colored glasses [135], displays [136, 137],
and catalysis [138].

To date, different fabrication techniques have been successfully utilized to re-
alize Ag,Au;_, alloyed NPs. They can be formed by colloidal synthesis via the
reduction of precursors containing metals in solution [65,139], and by the sequential

pulsed laser deposition of Ag and Au targets [106,140], which can yield large amounts
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of NPs with narrow size distribution. However, the overall size of the NPs cannot
be varied beyond 150 nm [141]. Alternatively, nanolithographic methods enable full
control of NPs size, shape and distribution [128]. Nevertheless, this technique is con-
strained to specific applications due to its high cost and very limited scalability. The
dewetting of metallic thin films has also been used to fabricate pure [135,142-144]
and alloyed [133] metal NPs. In this simple and effective fabrication route, a very
thin layer of metal (< 50 nm) is initially deposited onto a substrate. Then, when the
thin-film sample is annealed under a controlled environment (oxygen free), surface
diffusion takes place and results in the formation of nanostructures to minimize the
energy of the system [125,145-147]. This method has been particularly useful for
optoelectronic devices, where these metallic NPs act as light scattering centers that
ultimately increase light absorption within the semiconductor [4,122].

In this work, we fabricate fully alloyed Ag,Au;_, NPs with controlled chem-
ical composition by dewetting thin films and characterize their optical response at
the macro- and nano-scale. Surprisingly, we find that the NPs’ distribution heavily
depends on the thin-film chemical composition, irrespective of the original film thick-
ness. Simultaneously, we measure a shift of the LSPR due to the NPs' composition
variation, which defines their optical response. We map the elemental distribution
of Ag and Au and confirm that the NPs are fully alloyed, forming a solid solution at
the nanoscale. To further illustrate how the chemical composition affects the ma-
terial optical response, we perform a detailed analysis of the optical characteristics
of fully alloyed AggsAugs nanostructures in the visible range of the spectrum. For

that, we combine spectrally dependent NSOM measurements and finite-difference
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time-domain (FDTD) simulations to locally resolve the optical response of indi-
vidual NPs. Our results of the near-field light-matter interactions for AggsAugs
nanostructures reveal an electric field enhancement of 30 times in the visible range
of the spectrum under the NPs and in its vicinity. The NSOM measurements are in

excellent agreement with our full-field simulations.

3.2 Morphology, Transmission and Chemical Analysis

We fabricate alloyed NPs by the co-sputtering deposition of Ag and Au on
ITO/glass substrates, followed by a thermal annealing treatment under a controlled
environment. Upon annealing, the thin film suffers substantial surface diffusion, and
the NPs are formed to minimize the nanoparticles 4 substrate system'’s energy (the
surface and edge energy terms of the enthalpy) [146]. A sequence of scanning elec-
tron microscopy (SEM) plan-view images of the NP samples are presented in Figure
3.2a to e, with its corresponding diameter statistics. NPs are obtained across the
whole composition range, from pure Ag to pure Au, using the same annealing con-
dition. Table 3.1 and Figure 3.3 show that Hemispherical NPs are formed in all
alloyed samples containing Ag, with average base diameter equal to 53 4+ 29 nm,
141 + 70 nm, 253 + 62 nm, and 184 + 70 nm for Ag, Agyr5Augas, AgosAugs,
and Aggo5Aug 75, respectively. The spatial distribution (density) of the particles
corresponds to a coverage area of 7%, 12%, 19%, and 19%, respectively. The sam-
ples with Agg75Aug.95 and AggosAugrs present NPs with similar average size, but

different distribution (see Figure 3.2). In particular, we observe a large population
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of extremely small NPs on sample Agg75Aug.25, most likely resulting from incom-
plete ripening process, a common phenomenon defined by the coarsening of larger
particles at the expense of smaller ones, resulting from their chemical potential min-
imization [148]. Conversely, the pure Au NPs are faceted, with an average major
and minor axis equal to 441 4 176 nm and 368 £ 148 nm, where the substrate area
covered by the NPs is 9% [108]. The relatively strong cohesion between Ag and ITO
leads to the formation of small particles, whereas the weak cohesion between Au and
ITO gives rise to larger, faceted particles [145]. Therefore, the combination of such
properties resulted in a narrower size distribution for AggsAugs NPs, compared to

the other samples.
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Figure 3.2: SEM plan-view images of (a) Ag, (b) AgorsAugas, (c)
AgosAugs, (d) AgoasAugzs and (e) Au nanoparticles (NPs) showing size
and shape distribution. The corresponding diameter statistics are shown
on the second row, where the average diameter for each sample is 53 +
29 nm, 141 £ 70 nm, 253 + 62 nm, 184 4+ 70 nm, and 441 + 176 nm, re-
spectively. Here, the uncertainties refer to the full-width-half-maximum
of the Gaussian fits. For Au NPs the major axis of a hemispheroid is
used to describe their size distribution.

61



RN 45 om 60} (b) —
50|
a0l
30+
20
10F

Counts

0nm 0 . !
50 100 150 200 250

Height (nm)

Figure 3.3: (a) AFM image of AgysAugs NPs sample. (b) Histogram of
NPs height distribution (average height = 126 + 40 nm).

Table 3.1: Statistical parameters for Ag, Au;_, samples, obtained by the deposition
of thin film alloys and sequential annealing treatment in No. The initial film thick-
ness and root mean square error (RMSE) were determined by ellipsometry (through
transmission and reflection measurements). The particle size and distribution were
determined by analyzing at least 500 ym?. The nominal and measured (by EDS)
chemical composition are in very good agreement. Here, size refers to the base di-
ameter for all samples containing Ag, and to the major axis of a hemispheroid for
the pure Au sample (where the minor axis is equal to 368 + 148 nm).

Ag | AgorsAuoas | AgosAugs | AgoasAugrs | Au

Initial film thickness (nm) 12.8 14.9 10.8 14.7 11.2
Thin film RMSE 3.1 2.7 3.0 2.6 2.8

Average NP size(nm) 53 142 253 184 441

Size standard deviation (nm) 29 70 62 70 176
Substrate area coverage (%) 7.0 12.0 19.0 18.6 9.3
Number of particle / ym? 37 12 3 7 0.7
NPs with aspect ratio 1.0 - 1.3 (%) | 83.2 86.1 79.1 80.2 32.7
EDS Agio Agos4A0.46 Auy g
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To assess the potential of our scalable fabrication method to produce arrays
of NPs with tunable LSPR, we analyze the optical response of the NPs at the
macro- and nanoscale. Figure 3.4 presents the measured and simulated transmission
spectra for the Ag,Au;_, system. For all samples containing Ag we observe well-
defined resonance peaks, and a red shift of the LSPR by increasing the Au content.
Figure 3.4b displays the photographs of the alloyed NPs on ITO/glass, where the
corresponding colors of the samples are in agreement with the measured transmission
spectra (due to their respective plasmon resonance). In order to corroborate our
measurements, we use the FDTD method. Our calculated transmission spectra are
in good agreement with our measurements, as shown in Figure 3.4c. We calculate the
transmission for NPs with average diameter and density obtained from Figure 3.2,
mimicking the fabricated nanostructures. Because the dielectric function of metal
alloys cannot be estimated as the linear combination of their pure counterparts
[77], we use the experimentally determined index of refraction of the alloyed thin
films (before annealing treatment) as the input in our calculations by combining
transmission and reflection ellipsometry measurements (see Figures 3.5, 3.6, and
3.7). The small discrepancy observed on the width of the LSPR peak results from
the fact that our calculations do not take into account the size and the random
spatial distributions of the NPs, which is well known to affect the broadening of the
LSPR [49,149,150]. The chemical composition contributes to the red shift of the

transmission (see Figures 3.8 and 3.9 for NP size and morphology effects).
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Figure 3.4: (a) Measured transmission spectra of the Ag,Au;_, NPs.
(b) Photographs of alloyed NPs on ITO/glass substrate on a white back-
ground. (c) Finite-difference time-domain simulated transmission spec-
tra.
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Figure 3.5: Raw ellipsometry measurements for Ag,Au;_, alloyed thin
films. Here, Psi (W, open red circles) and Delta (A, open blue circles)
were obtained from combined transmission and reflection measurements
at 60, 65 and 70 degrees. The solid lines correspond to their fit, obtained
by enforcing Kramers-Kronig relation, as described in. Substrate: glass.
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Figure 3.6: Transmission spectra for Ag,Au;_, alloyed thin films. The
measured and the calculated data refer to the open circles and solid lines,
respectively.
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Figure 3.7: (a) Real n and (b) imaginary k& components of the index
of refraction for Ag,Au;_, thin films measured by ellipsometry (open
circles) and fit obtained using the multi-coefficient material model (solid

lines).
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Figure 3.8: Calculated transmission as a function of NP size for
Ag,Au;_,. The NP diameter (D) and spatial distribution used in the
calculations were obtained from experimental data (Table 3.1). The di-
electric function is experimentally determined (from Figure 3.7).

Also, we observe a similar red shift on the LSPR from pure Ag to pure Au
through the scattering and absorption efficiencies of perfectly spherical NPs using
the Mie Scattering Theory, see Figure 3.10. Here the scattering efficiency @)4.q; and

the absorption efficiency Qqs are defined as:
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Figure 3.9: Calculated transmission spectra for AgysAugs NPs with
different aspect ratio. Major axis = 253 nm.

O scat

scat = 3.1
t 72 (3.1)
and
O abs
abs — 3.2
Qe = 2 32)

where, 0.+ and o4 are the scattering and the absorption cross-sections, respec-
tively, and r is the radius of the particle. The absence of a transmission peak for
the pure Au sample is due to the very low density of NPs; because the peak shift of

pure Au NPs has been extensively studied [108] it is not the focus of this work.
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Figure 3.10: Scattering and absorption efficiencies calculated through
Mie Scattering Theory for Ag,Au;_, spherical nanoparticles showing a
progressive red shift of the LSPR from Ag to Au.
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To further evaluate if the fabrication method implemented here provides fully
alloyed nanostructures, we perform energy-dispersive X-ray spectroscopy (EDS) ele-
mental mapping on the Agy5Aug s sample, as shown in Figure 3.11a. We first mill the
front and back of a representative NP using a Ga™ focused ion beam (FIB) to mini-
mize background signal from other NPs; see Figure 3.11b. Secondly, as presented in
Figure 3.11c-h, we sequentially mill and image the NP to determine the elemental
distribution within the structure and to confirm that no material segregation took
place during the annealing treatment. A volumetric homogenous distribution of
both Ag and Au is detected within the NP, verifying that a solid solution is formed
at the nanoscale, in agreement with the phase diagram for Ag,Au;_, system [151].
The amount of Ag and Au per NP is further confirmed by the plan-view EDS anal-
ysis of different NPs, which show an average chemical composition of AggssAug 46,

(see Figures 3.12-3.13 and Table 3.2).
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Ag Au

Figure 3.11: SEM images of a representative AgysAugs NP (a) before
and (b) during FIB milling. (c-h) EDS composition maps obtained dur-
ing serial milling (70 nm slice thickness) of the NP, showing homogenous
distribution of Ag and Au throughout their volume, confirming the for-
mation of a solid solution at the nanoscale. Insets: Cross-sectional SEM
images of the NP after each milling step.
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Figure 3.12: SEM image of (a-b) AgysAugs NPs (tilt: 52 degrees). (c-
d) Cross-section EDS mapping of two NPs [marked in (b)] with very
distinct size and shape, showing uniform distribution of Ag and Au.
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(b) EDX - Ag (c) EDX -Au

Figure 3.13: (a) SEM image of AggsAugs NPs sample. EDS mapping
of (b) Ag and (c¢) Au on the same the area, showing metals uniform
chemical distribution.

Table 3.2: Chemical composition obtained from EDS point measurements on nine
representative NPs for the AggsAugs sample, showing average composition of
Ago.54An0.46.

NP number | Ag (fraction) | Au (fraction)
1 0.56 0.44
2 0.57 0.49
3 0.51 0.49
4 0.49 0.51
5 0.57 0.43
6 0.52 0.48
7 0.56 0.44
8 0.54 0.46
9 0.55 0.45
Average 0.54 0.46

71



Measurements Simulations

500 nm

A=

550 nm

K=

A =600 nm

650 nm

L

700 nm

Ni=

0 m—— 180 nm Min s Max Min s Max
Topography Transmittance |E|?

Figure 3.14: (a-e) Topography and (f-j) NSOM transmittance measure-
ments for representative AgysAugs NPs showing strong spectral depen-
dence. (k-0) FDTD simulation of the square modulus of the electric field
(JEJ?) profile as a function of wavelength, where the dashed circles refer
to the NP position. Ilumination conditions: unpolarized point dipole
located at the top of the NP.
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3.3 Near-field Optical Response: Experiments and

Simulations

We probe the near-field optical response of the fully alloyed AggsAugs NPs
sample by spectrally dependent NSOM measurements in illumination mode. Here,
an Al-coated Si cantilever with a hollow SiOy pyramid tip with ~ 60 nm aperture
is scanned across the sample surface and the transmission signal is detected at the
far-field with a 60x objective lens located 0.3 mm underneath the sample. The to-
pography and transmission signals are acquired simultaneously. As shown in Figure
3.14a-e, the NPs are well resolved throughout all measurements, indicating no signif-
icant tip changes during the scans. Figure 3.14f-j displays the spectral dependence
of the transmittance for the NPs within the visible range of the spectrum, from 500
nm to 700 nm. We observe high transmittance features irrespective of the illumi-
nation wavelength, both underneath and around the edges of the NPs (see Figure
3.15 for more details). Nevertheless, there is a remarkable higher local transmission
at 600 nm, compared to the scans acquired at other wavelengths. This singular
characteristic results from the electric field enhancement caused by the particles
LSPR at 600 nm. In fact, the shape of the macroscopic transmission (see Figure
3.4) follows the same behavior revealed by the wavelength dependent NSOM scans,
caused by the LSPR. As expected, the bare ITO shows high transmittance between
500 nm and 700 nm. Figure 3.14k-o shows simulated maps of the square modulus

of the electric field (JE|?) underneath a hemispherical AgysAugs NP on ITO/glass
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substrate, using an unpolarized point dipole at the top of the NP as the illumination
source [120], where the dashed lines refer to the NP size. Our simulations are in
excellent agreement with the NSOM measurements: at 600 nm the |E|? is extremely
high just below the NPs, at its center and around its edges. The |E|? is very low
on the ITO layer due to the fact that the simulations are performed using a dipole

light source, instead of multiple ones throughout the simulation space.
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Figure 3.15: (a-e) Topography and (h-j) NSOM transmission measure-
ments for the AgysAugs NPs sample as a function of wavelength, where
the counts refer to the number of transmitted photons. For the trans-
mission measurements: incident power from 500 nm to 700 nm equal to
149 pW, 132 pW, 52 pW, 96 W, and 230 W, respectively.
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To acquire the full picture of the near-field light-NPs interactions taking place,
we simulate the cross-section electric field |E|? decay as a function of wavelength.
Figure 3.16 shows |E|? across a 253 nm hemispherical AgysAugs NP on top of a 70
nm [TO and 500 nm glass substrate. Due to the LSPR, the intensity of the electric
field at 600 nm is enhanced 30 times around the NP, in the ITO layer. Conversely,
at 500 nm and 700 nm this effect is almost fully suppressed, and the field intensity in
the substrate gradually diminishes. The overall decrease of the electric field intensity
at 500 nm is not as strong as at 700 nm due to the proximity with the quadrupole
LSPR, as shown by the transmission spectra in Figure 3.4. Moreover, at 700 nm a
large fraction of the incident light is reflected by the NP, the electric field is screened,
resulting in low transmittance. The calculated field profile agrees very well with the
NSOM measurements, Figure 3.14f-j, which also shows a maximum transmittance

at 600 nm, assisted by the LSPR.
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Figure 3.16: Cross-section profile of the square modulus of the electric
field |E|? for a 253 nm hemispherical AgysAug 5 nanoparticle on a 70 nm
ITO / 500 nm glass substrate as a function of wavelength. Illumination
conditions: unpolarized point dipole at the top of the nanoparticle (A =
500 nm, 550 nm, 600 nm, 650 nm and 700 nm).

3.4 Experimental Methods

3.4.1 Fabrication of Alloyed Nanostructures

Alloyed thin films were fabricated via the co-sputtering deposition of pure Ag
(99.99%) and Au (99.99%) at room temperature, with deposition rates calibrated
to reach different nominal chemical compositions, ranging from Ag, Agg75Augas,
AgosAugs, AgoasAug7s to Au. During deposition, the sample stage was rotated at
8 rpm to ensure uniform elemental distribution within each thin-film sample. The
thin films were deposited onto 1 x 1 in* ITO (70 nm)/glass substrates that were
previously cleaned with acetone and DI water, then dried with Ny. The as-obtained

thin films were annealed at 600 °C for 1 hour in Ny flow of 1 atm to form the alloyed
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nanostructures.

3.4.2 Macroscopic Transmission Measurements

The transmission measurements were performed using an ellipsometer (200-

1000 nm) at normal incidence, where the base line was air.

3.4.3 Chemical Composition Analysis

Surface and cross-sectional energy dispersive x-ray spectroscopy (EDS) was
performed using a dual-beam focused ion beam /scanning electron microscope, equipp-
ed with an EDS detector. Cross sections of the NPs were milled with a Ga*t ion
beam current of approximately 1 pA. Because the resolution of the EDS analysis
is limited by the electron interaction volume (rather than by the beam size), prob-
ing thin sections of the NPs ensured a reliable analysis, with high spatial resolution.
The relative composition of the particles was determined using the Au-M and Ag-La
X-ray lines (at characteristic energies of 2.120 and 2.984 keV, respectively), excited
using a primary electron beam with a 10 kV accelerating voltage, ~ 2 nA current,

and a 100 us dwell time.

3.5 Conclusions

In summary, we have investigated the optical properties of fully alloyed Ag,Au;_,
NPs at the macro- and nano-scale. Making use of a scalable and low-cost process,

random and fully alloyed NPs were produced by the dewetting of alloyed thin films,
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with chemical composition ranging from pure Ag to pure Au. We found that the
NPs spatial distribution heavily depends on the original chemical composition of the
thin film, instead of its thickness. As confirmed by EDS measurements, a uniform
elemental distribution of Ag and Au was obtained for the Agy5Aug 5 sample demon-
strating that a solid solution is formed at the nanoscale. We revealed the near-field
effect of the LSPR in the alloyed NPs through spectrally dependent NSOM mea-
surements. High local transmittance was observed both underneath and around the
edges of the nanostructures. These measurements were in excellent agreement with
our FDTD simulations, which showed that the |E|? in the vicinity of and within the
particles strongly varies as a function of wavelength. Our results open the possibility
to explore an additional knob to tune the LSPR in metallic nanostructures fabricated
by a scalable physical approach: their chemical composition. By using different sub-
strates, with distinct wettability, one could implement the method presented here to
realize self-assembled alloyed nanostructures with a variety of chemical compositions
and optical responses extended to a broader range of the spectrum. For instance,
Al-based alloys could expand the functionality of some optoelectronic devices that

operate in the visible into the UV range of the spectrum.
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Chapter 4: Band Structure Engineering by Alloying for

Plasmonics

Summary: SPP enables the subwavelength confinement of an electromagnetic
field, which in turn can be used in optical devices ranging from sensors to nanolasers.
However, the intrinsic band structure of metals severely limits its occurrence in
photonic devices. Here, we introduce the strategy of engineering the band structure
of metallic materials by alloying. We experimentally and theoretically establish the

control of the dispersion relation by varying the film chemical composition.

Energy (eV)

Figure 4.1: Band structure of Ag-Au alloy.
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We study the valence band spectra (VBS) of Ag-Au alloys. Our density func-
tional theory calculations of the alloys’ band structure predict the same variation of
the threshold of the interband transition, which is in very good agreement with our
optical and VBS results. By achieving Ag-Au alloys with tunable dispersion relation
and by elucidating the correlation between its optical behavior and band structure,
we anticipate the fine control of the optical properties of metallic materials beyond
pure metals. In turn, our results will likely enable the further development of new
material options for plasmonics, including other metal alloy combinations with en-
gineered chemical composition. This chapter is adapted from a manuscript that is

currently under review.
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4.1 Introduction

SPPs are defined as travelling electromagnetic waves at the interface between
a metal and a dielectric, resulting from a waveguiding effect that occurs when the
wave vector of both the photons and the surface plasmons match. The subsequent
electromagnetic field propagates along the metal-dielectric interface with a much
smaller wavelength than the incident light [5]. These characteristics give rise to
a strong electric field confinement near the surface, which allows for the manip-
ulation of light at deep sub-wavelengths [152], leading to a variety of applications
including nanolasers [153], sensors [154], bio-imaging [155], surface-enhanced Raman
spectroscopy [123,156], color displays [157], and others [158-161].

To improve the performance of todays photonic systems, researchers have ex-
tensively investigated the fundamental relation between the wave vector and energy
of an SPP wave - named dispersion relation. This quantity describes the propagation
of light within a material (i.e. medium), extremely relevant for the abovementioned
optical devices. Therefore, understanding the dispersion relation can allow the de-
sign of optical materials with superior response, ranging from 2D van der Waals
to oxides and metals. Concerning 2D materials, it can uncover the origin of tun-
able polaritons in hyperbolic metamaterials based on graphene and hexagonal boron
nitride (h-BN), which is due to the hybridization of SPP and surface phonon polari-
tons [162]. As another example, by utilizing the band-edge mode of the dispersion
relation in metallic nanocavities [153], lasing with a 200 times enhancement of the

spontaneous emission rate of the dye has been reached [163].
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As one of the emerging photonic materials, noble metal alloys with permittivity
not achievable by pure metals [11,158], have been proposed as alternative candidates
for plasmonics [130,161,164,165] because of their tunable dielectric functions, which
make it possible to engineer the alloy composition to attain optical properties that
will meet desired resonances. In turn, this tunability could be used to improve the
performance of devices for a variety of applications, such as perfect absorbers [97],
photovoltaics [133], metallurgy [166], catalysis [167], and electrocatalysis [168-170].
However, in contrast to the well-investigated dispersion relation of pure noble metals
(Ag and Au) [171-176], the dispersion of SPPs for Ag-Au alloys has rarely been
explored [177]. Additionally, the correlations between the effect of alloying on the
optical dispersion relation, the threshold of the interband transition, and the new
materials band structure are still not well understood.

Here, we experimentally and theoretically demonstrate the SPP dispersion
relations of Ag-Au alloyed thin films (Ag,Au;_,) and explain the origin of their
behavior by combining optical and X-ray photoelectron spectroscopy (XPS) mea-
surements with density functional theory (DFT) calculations of band structure.
The Ag,Au,_, alloy represents an ideal model system to establish the correlation
between the material dispersion relations and its electronic band structure as a solid
solution is formed for the entire chemical composition range [64]. We map the reflec-
tivity as a function of wavelength and angle of incidence for Ag,Au;_, films using
the Kretschmann configuration [178], and find that the dispersion relations can be
engineered by changing the alloy chemical composition. The physical origin of the

observed optical response is correlated to the valence band spectra (VBS) obtained
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by XPS measurements. In particular, the VBS in conjunction with partial density-
of-states (DOS) calculations reveal a dependence of the binding energy onset of the
d band and the corresponding energy of the transmission resonance peak for a given
alloy. This dependence indicates the relation between the threshold of the interband
transition and the energy of the d band. To underpin this relation, we further cal-
culate the band structure for each alloy by DFT to assess the regions in reciprocal
space where optical transitions occur. A similar change for the interband transition
is determined, agreeing remarkably well with our optical and XPS measurements.
Further, we reveal the non-linear specific contribution of each metal to the band
structure of the alloys. Overall, our results provide fundamental insight into the ori-
gin of the surface plasmon modes in Ag,Au;_, alloys and show that the dispersion
relation can be tuned upon changing the alloys chemical composition. We antic-
ipate the combined experimental + computational approach presented here to be
extended to other materials, including non-metallic ones. Ultimately, their optical
behavior is influenced by the electronic properties (e.g. density of carriers), which
urgently requires a combined analysis. When merged with a combinatorial materials

screening, this paradigm can offer a library of emerging materials for photonics.

4.2 Tunable Dispersion Relations

We fabricate the alloyed metallic thin films by co-sputtering Ag and Au onto
glass microscope slides. The samples are rotated during deposition to ensure uniform

chemical composition, confirmed by EDS as shown in Table 4.1. To evaluate the
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macroscopic optical properties, we measure transmission spectra for each sample,
as shown in Figure 4.2. The experimental transmission peaks in Figure 4.2a reveal
the surface plasmon resonances of the films. These peaks shift from 325 nm (pure
Ag), to 375 nm (Agy75Aug.9s), to 425 nm (Agps0Augso), to 480 nm (AggosAug7s),
to 510 nm (pure Au), indicating the change of the optical response upon varying
the chemical composition. These measurements agree with the color change of the
sample (see photographs in Figure 4.2b). Further, we use the Fresnel equations [179]
to calculate the transmission of the thin films. The spectra in Figure 4.2c show
excellent agreement between our calculations and the experimentally determined
values. Here the permittivity (see Figure 4.3) and the film thicknesses (inputs of

our calculation) are determined by ellipsometry measurements .

Table 4.1: Chemical and optical properties of Ag,Au;_, thin films.

Sample Average EDS of 3 locations | Thickness from Ellipsometry (nm)
Ag N/A 50.11
Ago.rsAug 25 Ago.rrAug.as 51.42
Ago.s0Au0.50 Agos2Aug.as 49.66
Ago.25Aug 75 Ago.a3Aug 77 49.85
Au N/A 49.85
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Figure 4.2: (a) Measured transmission spectra of Ag,Au;_, alloyed thin
films. (b) Photographs of the alloyed films on glass substrates. (c)
Calculated transmission spectra using Fresnel equations. Film nominal
thickness: 50 nm. Sample size: 2.54 x 2.54 cm?.
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Figure 4.3: (a) Real (¢;) and (b) imaginary (e2) part of the permittivity
for Ag,Au;_, thin films. Inset: zoom-in of ¢; for the ultraviolet region
of the spectrum.

One approach to assess the dispersion relations of the SPP for the Ag,Au;_,
alloys is by measuring the reflectivity of the films. Here, we use the Kretschmann
configuration [178] to provide sufficient momentum to excite SPPs [118]. In our
setup, the laser passes through a fused silica prism, which is attached to the glass
substrate using an index matching liquid. The ratio of the reflected power to the
incident power is then recorded at each wavelength and incident angle to obtain the
reflectivity. Figure 4.4 displays the reflectivity maps for all Ag,Au;_, alloyed thin
films. The blue narrow band in Figure 4.4a-e shows reflectivity damping originating
from the excitation of leaky modes due to destructive interference of reflected and
transmitted light when using prism coupling [180]. Our measurements shows that
as the Au content increases, the SPP band broadens. For example, at 600 nm the
full-width-half-maximum of the band is 0.5 degrees for pure Ag and 1.9 degrees for

pure Au. The change of the bandwidth for SPP modes provides a tunable optical
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sensitivity while the chemical stability is kept by the use of Ag-Au alloys [181]. In
addition, our experiment has excellent agreement with the theoretical calculations
using the transfer matrix method [182], as shown in Figure 4.4f-j. The position
and intensity of the band, as well as the critical angle (corresponding to the max
reflection), match well between the measurements and calculations. To optimize
for the largest attenuation of reflection power the films are fabricated with a 50 nm

nominal thickness as per critical coupling when using the Kretschmann configuration

[118).
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Figure 4.4: (a-e) Measured and (f-j) calculated reflectivity maps for
Ag,Au;_, alloyed thin films. The reflectivity is recorded by dividing
the reflected power over the power of the incident light. Transfer matrix
method is adopted using the experimentally determined permittivity and
thickness for each metal and alloy as the inputs.
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Figure 4.5 provides the dispersion relations for the Ag,Au;_, alloys obtained
from the SPP reflectivity measurements. The wavelength of the light and the inci-
dent angle are converted to energy and wave vector, respectively, using the following
equations:

B="C (4.1)

k= \/m%sinH (4.2)
where F is the energy of the incident light, h is Plancks constant, ¢ is the speed
of the light in vacuum, A is the wavelength of the incident light, k£ is the wave
vector, €prism 1s the permittivity of the fused silica prism [183], f is the frequency,
and @ is the incident angle. The intensity in the dispersion map corresponds to the
reflectivity at each A and 6. Figure 4.5a shows the measured dispersion relation
of pure Ag with the anti-symmetric plasmon mode resolved [184]. The symmetric
mode requires wave vector larger than the prism coupling configuration could offer,
thus not accessible [5]. We find that the dispersion relation varies from Ag to
Au and it bends towards a lower frequency region for Au-rich alloy (AggosAug.7s),
which established the control of the dispersion relation by changing the film chemical
composition. To corroborate our experiment, we use the experimentally determined
permittivity (see Figure 4.3) to calculate the dispersion maps, as shown in Figure
4.5f-j. An excellent agreement is achieved between the experiments and calculations,

validating our approach to resolve the dispersion.
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Figure 4.5: (a-e) Measured and (f-j) calculated dispersion relation for
Ag,.Au;_, alloys. The color refers to the reflectivity at each wave vector
k and energy. The minimum reflectivity corresponds to the excitation of
surface plasmon polaritons (SPP).
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4.3 Electronic Band Structures for Metallic Alloys

We experimentally determine the VBS for the alloys with XPS measurements
to understand the underlying physics responsible for the change of the surface
plasmon resonance, as shown in Figure 4.6. The overall shape of the VBS for
Ag,Auy_, (Figure 4.6a) agrees with what has been previously reported in the lit-
erature [185,186]. Because the electrons of the d band are responsible for the elec-
tronic transitions within the visible range, we extract both the ds/; peak, and its
corresponding split-off ds/, by fitting Gaussian functions to the raw spectra after a
Shirley background subtraction. Figure 4.7 displays the fitting results. From the
fitting analysis, a third contributing peak is found along with the d5/» and ds/» com-
ponents, as evidenced by a shoulder on the lower binding energy side for each alloy.
Therefore, the ds/, does not appear at the center of the lower energy peak in the
VBS. The three fitted curves changed position with alloy composition (see Figure
4.7). Based on the partial DOS calculation (Figure 4.8), the three peaks are primar-
ily represented by the d band component (i.e., largest fractional contribution) at
binding energies greater than ~ 1 eV for each metal or alloy. During the fitting, the
peak splitting is variable, and we find that the separation between the ds/, and ds
bands increases non-linearly (Figure 4.6b) as the Au content rises [187]. The width
of the d bands has been attributed to several material characteristics [185,186], but
since the overall band structure contains information about additional populated
states (i.e., the shoulder peak) care must be taken when identifying the relaxed

energy of excited electrons, and ascribing changes in VBS to specific properties.
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The onset binding energy of the ds/; band is specifically investigated because it
corresponds to the minimum energy needed for an optical excitation. We define the
onset as the lower energy value at 5% of the peak height in order to distinguish
the emergence of the peak from the background signal. Figure 4.6¢ reveals that
this onset aligns well with the transmission measurement (also see Figure 4.9). For
instance, the onset of ds/5 for Agps0Augs is at 2.05 eV and the transmission peak is
at 2.40 eV (see Table 4.2), indicating the origin of the tunability for the interband

transition is from the energy shift of the d band.
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Figure 4.6: (a) Valence band spectra of Ag,Au;_, alloyed thin films
obtained by XPS. Dashed lines show the peak shift for ds;; and ds),
where the dg3/» and ds/, peaks are fit by Gaussian functions. (b) Energy
difference between ds/, and ds/, for each alloy. (c) Peak energy of ds/,
band (solid squares) and transmission measurements (hollow diamonds).
The error bars refer to bandwidth of ds/, and transmission peak, which
is determined by the lower and higher energy values at 5% of its height.
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Figure 4.7: (a-e) Measured valence band spectra (black) and the Gaus-
sian fittings (in color) of Ag,Au;_, thin films.
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(solid line) of Ag,Au;_, bulk cells using density functional theory. The
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Figure 4.9: (a-e) Valence band spectra from XPS measurements for the
Ag,Auy_, alloyed thin films, only showing the raw spectra (black, top
row) and the ds/, component (blue). (f-j) Normalized transmission spec-
tra for the alloyed thin films. The dashed lines show the position of the
transmission peak aligned with the onset of the ds/, band.
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Table 4.2: Peak position extracted from valence band spectra for the Ag,Au;_, thin
films. The width is determined by the lower and higher energy value at 5% of the

peak height.

Sample ds/2 (eV)

ds/2 band width (eV)

Transmission peak (eV)

Transmission band width (eV)

Ag 5.45 3.34 3.13 1.78
AgorsAug s 5.15 3.66 2.72 2.40
Agos0Aug50 4.68 5.26 2.40 2.06
AggasAug s 4.45 5.80 2.13 2.56

Ag 441 4.34 2.01 2.50
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To further investigate the electronic properties of Ag,Au;_, alloys, we calcu-
late its band structure using DFT [188], as shown in Figure 4.10. Figure 4.10a-e
displays the band structure of Ag,Au;_, alloys with the states from the d band (be-
low the Fermi level) and the empty states (above the Fermi level). Here we model all
alloys and pure metals as occupying sites in a cubic lattice containing four atoms per
unit cell, providing a consistent picture of the unit cells. Because Ag,Au;_, forms
a solid solution [64], and the lattice constant remains roughly the same across the
whole chemical composition range [115], four atoms are sufficient to fully describe
the unit cells. While the important transitions within the visible range occur in the
X-point, which was commonly defined, due to the folding of the bands, the critical
point corresponds to I" point in a 4-atom cubic cell [106]. Our computational study
predicts that at the I' point the position of the d band moves closer to the Fermi
level as the Ag content is reduced, leading to a decrease of the energy gap between d
band and empty state. This reduction indicates that the threshold of the interband
transition for Ag,Au;_, alloys should shift to longer wavelength regions as the Au

content rises, agreeing with our optical and VBS measurements (see Figure 4.6¢).
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Figure 4.10: (a-e) Density functional theory band structure of Ag,Au;_,
alloys, showing empty states (> 0 eV) and the d bands (< 0 ¢V). The
color scale refers to the weighted contribution of Ag (red) and Au (black)
to each state.

Moreover, we identify the contribution of each metal to the overall band struc-
tures: the color scale in Figure 4.10 represents the weight of the pure constituents
on each k-dependent electronic state. For example, in AgysoAugsg alloy Au dom-
inates most of the high-energy states in the d band from -2 to -3 eV, see Figure
4.10c, while Ag and Au have comparable contributions on other states across all the
critical points of the Brillouin Zone (reference to Figure 4.11 for the positions of I,
R, X, and M). This non-linear behavior is a direct consequence of the fact that the

energy of the d band of Au is ~ 1.6 eV higher than Ag.
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Figure 4.11: Illustration of critical points and the symmetric paths (blue)
in the Brillouin zone along which the band structures were calculated
using density functional theory.

Here, we report a class of metallic materials based on Ag,Au;_, with tunable
optical response, where we vary the alloy chemical composition to engineer its op-
tical dispersion relation. We attribute the tuning of the SPP dispersion relations
to a change of the band structure resulting from alloying, which is theoretically
confirmed by DFT calculations. Valence band analysis reveals that the optical
resonance variation is directly related to a shift of the d band position, which is
tuned by varying the chemical composition. Note that our combined analysis can
be expanded to other binary mixtures of metals, such as Au-Cu and Al-Mg, for low-
loss optical devices that operate in the near-infrared and ultraviolet-visible range
of the electromagnetic spectrum, respectively. By calculating the band structure of
combined metallic elements, one can establish a library of possible mixtures with
predictive optical /electronic response that are currently not available. In turn, this
data could be used as a guideline for identifying the ideal combination of metals for

applications ranging from (photo)electrocatalysts to superabsorbers and hot carrier

devices [168,189-191].
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4.4 Experimental Methods

4.4.1 Sample Fabrication

The metallic alloyed thin films were fabricated by cosputtering of Ag (99.99%)
and Au (99.99%). Before the deposition, the glass substrates were cleaned with
acetone, isopropanol, and de-ionized water, and then dried with Ny. The samples
were rotating at 8 rpm during deposition to ensure uniform chemical composition

across the entire glass substrate.

4.4.2 Energy-dispersive X-ray Spectroscopy

The chemical composition of the Ag,Au;_, films was analyzed by energy-
dispersive X-ray spectroscopy (EDS). The results presented in Table 4.1 are the
average of three representative point measurements, each acquired on a 20 x 20

pum? area of the sample.

4.4.3 Reflection and Transmission Spectra

The reflection and transmission spectra were acquired by a variable-angle spec-
troscopic ellipsometer. We recorded the reflection spectra at the incident angles
(with respect to the surface normal) of 55, 60, 65, 70, and 75°, respectively. For
transmission measurements, air was used as the baseline. We utilized a B-spline
model to fit both reflection and transmission simultaneously to extract the permit-

tivity for each pure metal and the metallic alloys. We determined the film thicknesses
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by fitting it as a variable during the ellipsometry modeling, see Table 4.1 for the

results. The transmission spectra were calculated using Fresnel equations.

4.4.4 Reflectivity Maps

The reflectivity of the films was measured using the Kretschmann configura-
tion. A supercontinuum laser was used as the light source and the laser passed
through a half-wave plate to select the p-polarized light. A fused silica prism was
attached to the glass substrate using an index matching liquid, and placed on a
rotation stage. The reflection power was then recorded using a silicon photodiode
at each wavelength and incident angle and divided by the corresponding power of

the incident light to determine the reflectivity.

4.4.5 Valence Band Measurement

X-ray photoelectron spectroscopy (XPS) was used to acquire the valence band
spectra (VBS) of Ag-Au alloyed samples of various compositions using a monochro-
mated Al-Ka X-ray source (1486.6 eV), and all scans were performed with a 45°
take-off angle. The surfaces of all samples were neutralized with a combination of a
barium oxide electron neutralizer, and a low voltage (10 V) argon ion beam in neu-
tralization mode. High resolution elemental transition scans were performed with
a 100 pm X-ray beam size, with a power of 25 W, and a pass energy of 55.0 eV.
Relative sensitivity factors were calibrated with Ag, Au, and Cu standards prior to
testing [192]. All spectra were shifted based on the adventitious carbon Cls transi-
tion set to a binding energy of 284.8 eV. Also, all spectra were averaged over two
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cycles per scan region. VBS fitting was performed with commercial software. A
Shirley background was subtracted in each region to remove noise signal and peaks
were fit using Gaussian shape factors. The valence region was fit with Gaussian
curves with the peak locations and fit parameters of the remainder being regarded

as residual non-physical information.

4.4.6 Density of States Calculation

Plane-wave density of functional theory (DFT) calculations were carried out
using the CASTEP code [193]. Geometry optimizations were performed with the
BFGS minimization algorithm for 2x2x2 supercells of Ag, Au and different Ag-
Au combinations [194]. The Perdew-Becke-Ernzerhof (PBE) functional in the gen-
eralized gradient approximation (GGA) was adopted with a relativistic and spin-
unrestricted formalism [195]. For all calculations, ultrasoft Ag and Au pseudopoten-
tials were employed with a plane-wave basis energy cut-off of 360 eV. The electronic
minimization was achieved with a Pulay density mixing scheme and converging the
total energy per atom to less than 5x1077 eV. The Monkhorst-Pack scheme was
utilized with a 10x10x10 k-point grid size for Brillouin Zone sampling [196]. The
total and partial projected DOS were obtained for all optimized supercells for both
gaussian smearing and eigenvalue interpolation. The eigenvalues and partial weights
were interpolated onto a k-point grid of 200x200x 200 with instrumental broadening

of 0.1-0.3 eV.

102



4.4.7 Element-projected Band Structure Calculations

DFT calculations using SIESTA [188] were performed on a 4-atom supercell
for Ag,Au;_, with x=0, 0.25, 0.50, 0.75, 1.00. For all calculations the PBE flavor
of GAA was used for the exchange and correlation potential. Norm conserving
relativistic pseudopotentials, a real space mesh with an energy cutoff of 400 Ry,
and up to 30 k points in each direction within the Monkhorst Pack scheme were
employed throughout. Albeit those transitions are not well described by ground
state DFT, the position of the occupied d orbitals with respect to the Fermi level

are well characterized in the case of noble metals such as Au and Ag.

4.5 Conclusions

In conclusion, we experimentally and theoretically mapped the optical disper-
sion for Ag,Au;_, alloyed thin films. By varying the content of Ag and Au, the
SPP properties of this metallic material were finely tuned in the visible range of
the electromagnetic spectrum. To corroborate our results, we collected the VBS
through XPS measurements and deconvoluted the contribution from the d band to
the DOS. We found that the shift in energy of the d band aligns very well with the
transmission peak of the alloy. The degeneracy of the ds/» and d3/, bands is broken
as we increase the content of Au in the film. Further, the band structure calcu-
lated by DF'T is in good agreement with optical and VBS results when determining
the threshold of the interband transition, showing a shift to longer wavelength of

the interband transition when Au content increases. Overall, our results helped ex-

103



plaining the electronic and optical properties of new metallic materials and provide
the potential for the fabrication of scalable, low-cost thin films for surface disper-
sion engineering. Given that a thorough understanding of the band structure and
the optical response allows a systematic method to obtaining metallic materials
with tunable optical response, we foresee that our work will be useful to advance
materials selection for a wide range of applications including, but not limited to,
photoelectrochemical water splitting [197], superabsorbers [97], metasurfaces [198],

and active plasmonic devices [199].
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Chapter 5: Al-Cu/Si for Lithography-free Thin-film

Superabsorbers

Summary: Superabsorbers based on metasurfaces have recently enabled the
control of light at the nanoscale in unprecedented ways. Nevertheless, the subwave-
length features needed to modify the absorption band usually require the implemen-
tation of complex fabrication methods, imposing severe constraints to their practical

applications.

Figure 5.1: Ilustration of thin film superabsorbers.
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To overcome the scalability limitations associated with the fabrication of metal-
lic nanostructures, we propose to engineer the optical response of superabsorbers
by metal alloying, instead of tuning the geometry/size of the nanoscale building
blocks. We numerically demonstrate the superior performance of thin film AlCu
alloys as the metallic component of planar bilayer superabsorbers. Our calculation
presents a Si/AlCu structure with > 99% absorption at selected wavelength ranging
from the visible to the NIR regions of the spectrum, depending on the thickness of
the semiconductor layer. Additionally, we validate our findings by fabricating and
testing a-Si/AlCu superabsorbers, where we find good agreement between the nu-
merically and experimentally determined optical response. The system investigated
here is relevant for integration in complementary metaloxidesemiconductor (CMOS)

technologies. This chapter is adapted from the following reference [97].
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5.1 Introduction

Building blocks that perfectly absorb electromagnetic radiation from UV to
radio frequency (RF) have direct applications in thermal emission and detection
[200, 201], thermoelectronics and thermophotovoltaics [202-204], sensors [26], and
radar and stealth technology [205,206]. Superabsorbers (also termed perfect ab-
sorbers) are artificially constructed materials (or metamaterials) that present a res-
onance that corresponds to near unity absorbance over a single, multiple, or broad-
band frequency of the electromagnetic spectrum. The ultra-high light absorption is
obtained due to an impedance match between the material and the medium [30].
Here, the electric and magnetic resonances are designed so that the bulk effective
impedance is equal to the one of the free space (air or vacuum). As a result, most
of the incident light is absorbed and the reflection is negligible. Salisbury [207] and
Dallenbach [208] first idealized classical absorbers to operate in the microwave range
of the electromagnetic spectrum. The former included a resistive layer located at a
quarter wavelength from a metallic substrate while the latter consisted of a dielectric
layer on top of a metallic substrate.

In the past two decades, advances in nanofabrication have given rise to nanos-
tructures with controlled geometry, recently inspiring the design of metamaterials
and metasurfaces for superabsorbers [209]. With the flexibility of tuning nanostructures
geometry and periodicity, such absorbers have been demonstrated in the visible
[210,211], NIR [212], mid-infrared (MIR) [213] and far-infrared (FIR) [214,215] fre-

quency ranges, proving to be a powerful approach for producing optical responses
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that are not feasible by any conventional material. However, the cost of the current
fabrication methods limits their commercial applications. For instance, metasur-
faces consisting of arrays of nanostructures on a dielectric surface are difficult to
manufacture through physical deposition approaches in large scale even by using
state-of-the-art bottom-up nanolithography methods.

To overcome the scalability constraints of the fabrication methods currently
implemented for metasurfaces, the use of thin films in superabsorbers has been
explored for a broad range of the spectrum, extending from visible to the FIR [99,
101,216-223]. The Dallenbach configuration provides significant benefits regarding
the fabrication of ultrathin, planar, omnidirectional and polarization independent
structures with very high absorption. Recently, it was reported that more than 98%
of the normally incident light could be absorbed in an ultrathin layer of Ge on top
of Ag at a wavelength () of 625 nm, decreasing to 80% for incident angles up to
66 degrees for both polarizations [101]. In addition, highly doped Si has been used
as a metallic-like substrate under a thin Ge layer to absorb light in the MIR, where
the doping concentration in Si was the knob to engineer its dielectric function [221].
Further, GaAs on Au has been experimentally reported to absorb 96% of incident
light at A = 38 m [222].

To control the range of operation of metallic thin films and nanostructures for
nanophotonics, alternative materials and geometries have been recently considered,
such as metal alloys, transparent conducting oxides, transition metal nitrides, yt-
trium hydride, semiconductors, among others [11,96,128,130,224,225]. Specifically,

the alloying of metals has allowed materials with optical responses unachievable
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by the individual metal components [11]. Imminent material options for on-chip
nanophotonics rely on metals like Al and Cu due to their fully CMOS compati-
bility and low-cost/earth abundance. These metals have well-defined permittivity
with absorption at A = 460 nm and A = 600 nm, respectively. Therefore, mixing
them could provide thin films with adjustable permittivity that complement the
thin semiconductor layer for near-unity absorption in the thin film configuration.
Here, we demonstrate by analytic calculations and numerical simulations that
near-unity absorption (> 99%) is achieved in a bilayer planar configuration su-
perabsorber composed of an alloyed metallic layer (with nominal composition of
Alp5Cugs or AlCu) and a semiconductor (Si, Ge, and GaAs). Using the transfer
matrix method (TMM), we perform a quantitative and comparative analysis of the
optical response of different metals, including Ag, Au, Cr, Al, Cu, and AlCu. We
find that AlCu substantially outperforms those pure metals commonly used in pho-
tonics. The Si/AlCu system supports Brewster modes, where the high absorption
resonance peak can be finely tuned from the visible to the NIR by simply varying the
thickness of the semiconductor layer. Furthermore, we find that the planar structure
of Si/AlCu is a dual-band superabsorber with the first and second modes in the NIR
and the visible regions of the electromagnetic spectrum, respectively. As desired, the
high absorption is independent of the polarization and spans a large oblique angle
of the incident light. Additionally, by increasing the value of the index of refrac-
tion of the surrounding medium, the absorption maxima blue shifts while changing
between optical modes. Finally, as a proof of concept, we fabricate a-Si/AlCu thin

film superabsorbers and demonstrate that a single and dual-band near-unity ab-
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sorption is obtained by adjusting the semiconductor thickness, in agreement with
our simulations. Our results reveal the potential of thin film metal alloys in fu-
ture nanophotonic applications, spanning from integrated optical circuits to sensing

devices and thermophotovoltaics.

5.2 Materials Selection for Near-unity Absorption

A schematic illustration of the thin film superabsorbers investigated here is
presented in the top row of Figure 5.2. The thin film thicknesses considered are d
(variable) and h = 100 nm for the Si top and the metallic bottom layers, respectively.
Here, we choose Si as the semiconductor because of its CMOS compatibility. Also,
the band gap energy of Si (at 1117 nm) lies in the NIR, enabling us to access the
optical response of the absorber stack for energies lower than the semiconductors
band gap, where light is absorbed by the metal alloy (a process that is assisted by the
refractive index contrast between Si and AlCu). We first compare the absorption
profile of superabsorbers with adjustable Si thickness and using Ag, Au, Cr, Al,
Cu, as well as AlCu. The permittivity (see Figure 5.3) of all metals is obtained
experimentally by ellipsometry measurements from thin film samples fabricated by
sputtering. Figure 5.4 shows the raw data of ellipsometry measurements and Table
5.1 displays the chemical composition analysis of the AlCu film. To minimize the
contribution of metal oxidation due to air exposure, we perform the ellipsometry

measurements immediately after the deposition of the thin films.
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Figure 5.2: Top row: schematic of the bilayer structure, where h = 100
nm and d are the thicknesses of the metallic thin film (Ag, Au, Cr, Al
Cu, AlCu) and the Si layer, respectively. 6 is the angle of the incident
light from the air. (a-f) Calculated normal incidence absorption spec-
tra as a function of d (color-coded). (g-1) Calculated normal incidence
absorption maps as a function of d showing optical modes (m;). (m-r)
Calculated absorption maps as a function of 6 (here, d = 45 nm).
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Figure 5.4: (a-f) Raw ellipsometry measurements for metallic thin films.
Here, Psi (¥), open red circles and Delta (A), open blue circles, were
obtained from combined transmission (when applicable) and reflection
measurements at 60, 65 and 70 degrees. The solid lines correspond to
their fit, obtained by a B-spline model enforcing Kramers-Kronig rela-
tion. Film thickness: 40 nm. Substrate: glass.
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Table 5.1: Chemical composition obtained from EDS point measurements on 3

representative regions for the AlCu thin film.

Location | Al (at%) | Cu (at%)
1 55 45
2 55 45
3 55 45
Average 55 45

The absorber with the alloyed metallic layer outperforms all stacks contain-
ing pure metals with a remarkably higher absorption peak for a broad range of Si
thicknesses, as displayed in Figure 5.2a-f. Then we compare the absorption using
both the experimentally obtained permittivity and Paliks data (see Figure 5.5). The
absorption profile within the semiconductor /metal alloy stack is presented in Figure
5.6, and shows strong light absorption in the AlCu layer, beyond the bandgap of
Si, as expected. For the analysis of the first absorption resonant mode (m;), we
consider the normal incidence absorption spectra as a function of d = 5 to 75 nm
(color-coded). In all cases, m; redshifts as the film thickness d increases. Au has an
absorption maximum of 94.85% for d = 10 nm. The overall absorption of the noble
metals lowers in the NIR range of the spectrum for thicker Si films (> 40 nm). For
Cr, the absorption peak of the superabsorber slightly increases in the NIR, reach-
ing its maximum value (94.56%) at d = 75 nm. Despite the fact that Si does not

absorb beyond its band gap, its n value allows a resonance due to the non-trivial
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phase shift at the interface between Si and Cr, enhancing the overall absorption of
the stack [226]. Pure Al and pure Cu present an absorption maximum of 97.07%
and 98.50% in the visible range of the spectrum for d = 10 nm and 15 nm, respec-
tively, see Figure 5.2d and 5.2e. The superabsorber containing AlCu clearly holds
the maximum absorption over a wide range of the electromagnetic spectrum. From
d = 5 nm to 75 nm, > 98.16% of the light is absorbed, spanning visible to NIR
wavelengths - as shown in Figure 5.2f. We attribute the unique optical response of
the AlCu alloy in the NIR to a change in the band structure of the material [227]. In
addition, it is likely that the small grains composing the film and their boundaries
lead to increased absorption [228,229]. Thus, as a consequence, the permittivitys
imaginary part presents a higher value than the pure metals (see Figure 5.3).
Figure 5.2g-1 presents the normal incidence absorption maps as a function of
d, where four distinct modes (m;, i = 1 to 4) are identified. As expected, for Au
and Ag all modes with high absorption values are restricted to the visible range of
the electromagnetic spectrum while decaying drastically over the NIR. Cr extends
its high absorption response of m; and mgy from the visible to the NIR (see Figure
5.2i). Al and Cu present a comparable behavior to noble metals in the visible
while decaying modestly in the NIR. Figure 5.7 shows a quantitative comparison
between the absorption maps of bare Si and the Si/metal stacks. Note that AlCu
and Cr have similar characteristics: both extend their high absorption responses
of m; and my from the visible to the NIR (Figure 5.21 and 5.2i). Nevertheless,
AlCu retains near-unity absorption (> 99%) from A = 409 nm (d = 5.5 nm) to
A = 1016 nm (d = 47.6 nm). Moreover, for d between 60 nm and 75 nm both
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Figure 5.6: Cross-section profile simulations of normal incidence absorp-
tance for a 100 nm AlCu film underneath a Si layer with thickness d
equal to 15 nm, 45 nm, and 75 nm.

modes, m; and my, have its absorption > 98.60%, making this structure a dual-
band superabsorber with one peak in the visible and another in the NIR. Similarly,
for Ge and GaAs, near-unity absorption can also be obtained (see Figures 5.8, 5.9,
5.10, 5.11 and 5.12). Commonly, a dual-band absorber is achieved by designing
arrays of nanostructures [230]. The origin of the optical response of AlCu lies on
both real (€;) and imaginary (e3) parts of the permittivity. The low magnitude of
le1| over the entire spectrum is responsible for the strength of dynamical screening
effects which, in combination with the large value of e; (especially in the NIR),
leads to a high absorption of AICu. One advantage of the planar configuration
for superabsorbers is the wide oblique angular tolerance of its resonant peak [209].
Figure 5.2m-r displays the absorption maps as a function of the incident angle (6)
of an unpolarized light for d = 45 nm. Ag and Au have an inferior response for

the mode m;, absorbing < 45% of light in the NIR. However, for the mode msy, ~
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Figure 5.7: Calculated normal incidence absorption maps as a function
of the top layer thickness (d) and incident wavelength for (a) bare Si and
100 nm of (b) Al, (¢) Cu and (d) AlCu underneath Si.

98% and ~ 84% is absorbed in the visible for Ag and Au, respectively. The angle
dependent maps for Cr, Al, Cu, and AlCu show that the characteristic peaks m;
and my remain high for a large (> 70 degrees). The superior performance of
the system containing the AlCu alloy strongly indicates its potential application in
CMOS-compatible superabsorbers.

We quantitatively compare the absorption maps of Si/metal stacks with an
arbitrary index of refraction

n=mn+ik (5.1)

for the metal; see Figure 5.13, where the selected wavelengths refer to the maximum
absorption for the Si/AlCu stack with different semiconductor thickness shown in
Figure 5.2a-f. We find that the stack with the AICu alloy outperforms the ones
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Figure 5.8: Calculated absorption spectra of thin film superabsorbers
formed by (a) Si, (b) Ge, and (c) GaAs, with a 100 nm AlCu bottom
layer. The thickness of the semiconductor varies from 5 to 75 nm, as
color-coded.
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Figure 5.9: Cross-section profile simulations of normal incident absorp-
tance for a 100 nm AlCu film underneath a Ge layer with thickness d
equal to 15 nm, 45 nm, and 75 nm.
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Figure 5.12: Calculated normal incident absorption maps as a function
of the top layer thickness (d) and incident wavelength for (a) bare GaAs
and 100 nm of (b) Al, (¢) Cu and (d) AlCu underneath GaAs.

formed by pure metals whenever the thickness of the semiconductor is > 15 nm.
The symbols in Figure 5.13 correspond to the refractive indices of Ag, Au, Cr,
Al, Cu, and AlCu. In our calculations we consider an optimal thickness of h =
100 nm for the metallic layer in order to eliminate the transmission signal of the
system (see Figures 5.14 and 5.15 for details); thus, the performance of each metal
can be independently evaluated. For all cases, AlCu offers the best alternative
from all metals investigated. Figure 5.16 displays the performance of potentially
CMOS-compatible metals in a Si/metal stack. Figure 5.13a presents the results for
a Si film thickness d = 5 nm at wavelength A = 400 nm. Here, AlCu is the only
material that fulfills the condition of near-unity absorption, where the maximum

absorption is 98.99%. Figure 5.13b corresponds to d = 15 nm at A = 536 nm with
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is fixed at 100 nm. The selected wavelengths refer to the maximum
absorption of the Si/AlCu for each semiconductor thickness.

an absorption maximum of 99.74%. Likewise, for d = 45 nm at A = 970 nm, AlCu
presents maximum absorption of 99.13% (Figure 5.13¢). Finally, for d = 75 nm at A
= 1404 nm, AlCu (98.16%) and Cr (92.92%) present comparable performance with

high values for the absorption, as shown in Figure 5.13d.

5.3 Superabsorbers: Simulation and Experiment

To assess the possible effects of angle and light polarization on the optical
response of the Si/AlCu system, we deconvolute these parameters by calculating
the absorption profile for three different Si thicknesses. The planar configuration
containing AlCu exhibits near-unity absorption that is insensitive to the incident
angle and polarization, a desired feature for emitters and sensors. Figure 5.17 dis-
plays the absorption maps as a function of # and A for d = 15 nm (Figure 5.17a-c),
45 nm (Figure 5.17d-f), and 75 nm (Figure 5.17g-i). In all cases, the absorption

peak corresponding to m; remains high over a large incident angle range. At ~ 50
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degrees, 95% of the unpolarized light continues to be absorbed, decreasing slightly

to 80% at ~ 70 degrees (Figure 5.17a, d, and g).
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Figure 5.17: Polarization dependent absorption maps calculated as a
function of incident angle # and wavelength for 100 nm AlCu metallic
film coated with (a-c) 15 nm, (d-f) 45 nm, and (g-h) 75 nm Si films.

For oblique incidence, the s- and p-polarized light exhibit different responses.
For s-polarized light, the mode m; presents > 95% absorption for € up to ~ 60
degrees (see Figure 5.17b, e, and h, respectively). For p-polarized light, the features
are considerably different for the three Si thicknesses considered. Figure 5.17c¢ corre-
sponds to d = 15 nm, where the absorption of m1 persists high for 6 up to 41 degrees
(> 95%) while for # > 81 degrees my (A ~ 345 nm) exceeds this value (> 98%).
Figure 5.17f shows the characteristics of d = 45 nm, where more than 95% of the
incident light is absorbed over 35 degrees, while for # > 40 degrees the absorption
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maximum blue shifts to my (A ~ 193 nm). Finally, Figure 5.17i displays the high
absorption for d = 75 nm corresponding to m; (A ~ 310 nm) over 24 degrees, to ms
up to 50 degrees (A ~504 nm), and to my for 64 < § < 84 degrees (A ~ 395 nm).
These results illustrate the effective high performance of the semiconductor/metal
alloy model system investigated here, including in situations where incident light is
oblique, applicable for thermophotovoltaics and bolometers.

Motivated by the multi-wavelength near-unity absorption behavior of the Si/AlCu
system, we discuss in Figure 5.18 the effect of the surrounding media on the absorp-
tion characteristics of the superabsorber. For all semiconductor thicknesses consid-
ered, at normal unpolarized incident light, the absorption maximum of Si/AlCu blue
shifts while increasing the index of refraction (n), changing from m; to ms or ms.
Figure 5.18a shows the near-unity absorption peak gradual shift from the visible
range of the electromagnetic spectrum to the UV, from A ~ 490 nm (99.04%) to
341 nm (76.36%), for n = 1.0 to 2.5, respectively. Similarly, Figure 5.18b presents
the absorption maximum changing from A ~ 895 nm (98.2%) to 406 nm (99.95%)
as n goes from 1.0 to 2.0 when d = 45 nm. Lastly, Figure 5.18c shows a transition
from a dual- to a single-band superabsorber. For n = 1, there are two peaks with
extremely high absorption, one at A ~ 1319 nm (96.97%) and another at A ~ 506
nm (99.93%). As n increases, the absorption peak at A ~ 397 nm also increases,
reaching a maximum of 97.25% for n = 2.5.

As a proof of concept, we fabricate a-Si/AlCu thin film superabsorbers. The
superabsorbers surface is smooth (see Figure 5.19) and the measured transmission is

at zero (see Figure 5.20). Figure 5.21 shows the measured and calculated absorption
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Figure 5.18: Calculated normal incidence absorption spectra of Si/AlCu
with a semiconductor layer of d = (a) 15 nm, (b) 45 nm, and (c) 75
nm. The index of refraction of the surrounding medium (n) varies from
1 (blue) to 2.5 (red). The inset in (a) displays a schematic of the super-
absorber; out of scale for clarity.

maps as a function of # and X for 95 nm AlCu metallic films coated with 6 nm, 53 nm,
and 94 nm a-Si. The resonant peak redshifts as the thickness of the semiconductor
increases. For all cases presented here, the multi-wavelength near-unity absorption
of the a-Si/AlCu system is > 85% for a wide angle of incidence. In particular for d
= 6 nm the mode m; at A ~ 216 nm spans over 40 degrees (Figure 5.21a). Likewise,
for d = 53 nm at A ~ 645 nm the maximum absorption goes up to 70 degrees (Figure
5.21c¢). For the sample with d = 94 nm, we obtain a dual-band superabsorber, where

an absorption > 85% is maintained up to 70 degrees for the two modes (A ~ 451
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nm and A ~ 1062.3 nm). Our experimental results are in good agreement with the

calculations, where peak position, intensity and maximum angle of incidence match.
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Figure 5.19: (a) AFM image and (b, ¢) two line profiles for 53 nm a-Si/95
nm AlCu sample showing very smooth surface.
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Figure 5.20: Measured transmission spectra for a-Si/AlCu samples with
variable thicknesses of a-Si, and 95 nm of AlCu.
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Figure 5.21: Measured and calculated absorption maps as a function of
incident angle 6 and wavelength for 95 nm AlCu metallic films coated
with (a, b) 6 nm, (c, d) 53 nm, and (ef) 94 nm of Si.

Here, we provide a guide for obtaining superabsorption through a lithography-
free, CMOS-compatible approach that can be easily scaled up. We show numerical
and experimental evidence that the alloying of Al and Cu metals yields a unique
permittivity, not obtained by its pure counterparts. When combined with a thin film
semiconductor layer this alloy enables near-unity and multi-wavelength absorption.
According to the phase diagram of Al-Cu [231], we speculate that our AlCu could
be a disordered material, with lower electron mean free path when compared to
both pure Al and Cu [232]. In turn, this leads to a higher value of the imaginary
part of the permittivity in the NIR region for the alloy (see Figure 5.3). Thus, the
combination of the strength of the polarization generated by an external electric

field (small |e;]) and the losses in the metal (large €;) provides the ideal condition
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for tuning the wavelength of the near-unity absorption (> 99%) ranging from the

visible to the NIR.

5.4 Experimental Methods

5.4.1 Sample Fabrication

Ag, Au, Al, Cu, AlCu thin films were deposited by sputtering/cosputtering
and Cr was deposited through thermal evaporation on glass substrates, which were
cleaned with deionized water, acetone and dried with Ny before the deposition step.
The deposition rate was 5.5 nm/min for Al, Cu, and AlCu, 53 nm/min for Ag,
38 nm/min for Au, and 6 nm/min for Cr. All deposition rates were calibrated by
adjusting the power of each metal source based on the film thickness determined
by ellipsometry. During the deposition, the glass substrate was rotated at 8 rpm to
obtain a uniform chemical composition for the thin films. Note that the fabricated
Cr sample is metallic in the visible despite the presence of Cr oxide that commonly
results from thin film deposition. For the superabsorber samples, a-Si was deposited
on AlCu alloyed thin film and glass by e-beam evaporation at a rate of 1.5 A /second.
The sample holder was rotated at a speed of 50 rpm during the deposition. The

a-Si thickness and permittivity were determined using ellipsometry.

5.4.2 Dielectric Function Model

The ellipsometry measurements were performed using a J. A. Woollam spec-

troscopic ellipsometer (wavelength range: 193-1680 nm) to record both reflection
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and transmission spectra. The reflection measurements were acquired at 60, 65,
and 70 degrees and the transmission was performed at 0 degrees (from the normal
incidence). A B-spline model was applied to extract the dielectric function for each
metallic thin film. For all metallic films, the mean square error (MSE) of all fits was
< 6. Ellipsometry was used to determine the thickness of the sample less than 100

nm, otherwise the thicknesses were obtained by profilometer.

5.4.3 Absorption Maps

The absorption maps were obtained based on the reflection maps by consid-
ering zero transmission for Si/AlCu stack (Figure 5.14), which were measured by
ellipsometry. Baseline measurements were performed at each incident angle using a

standard 25 nm SiO9/Si wafer.

5.4.4 Elemental Analysis

The elemental analysis for the AlCu alloyed thin film was performed by X-ray
dispersive spectroscopy (EDS) in a SEM system (see Table 5.1). These measure-
ments were acquired on three 20 x 20 ym? representative regions of the sample, and
showed a chemical composition of Alys5Cug4s. To determine the atomic ratio be-
tween Al and Cu, the quantification was performed for each location after acquiring

the signals for 2 minutes and 40 seconds.
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5.4.5 Transfer Matrix Method

The transfer matrix method (TMM) was used to calculate the transmission
(T') and reflection (R) coefficients of an incident plane wave propagating along the
z-axis through a thin layer of semiconductor on top of a metal substrate. Therefore,
light absorption (A) was computed as A = 1- R - T'. For an optically thick film T’
= 0; and A = 1 - R. In this stack configuration, the field within one layer can be
represented as the superposition of left- and right-traveling electromagnetic waves.
Applying the proper boundary conditions, one can describe the propagation of the
waves in the matrix form as:

Ey + E, E E mi Mg E
() = Mt (5 ) = a5 ) = ()
(Eio — Ero)o Y Ey YvEn wEN

Ma1 M2

(5.2)
where E;o, E,¢ and E; are the incident, reflected and transmitted electric fields for

a system containing N layers. For each layer j the transfer matrix is given by

isind;

cosd; -
Mj == ! (53)

i7j5in0; C€0s0;

with
5]' = WﬁjdeOSQj/C (54)
cosfl; = ;' \/n;2 — Ng2cos2, (5.5)
and for TE polarization,

v; = njcosb; (5.6)
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and for TM polarization,

v; = nj/cosb; (5.7)

Thus, the reflection () and transmitted (¢) amplitudes are written as:

- Yomi1 + YoYeMi2 — Ma1 — Y¢Ma2 (5.8)
Yomai1 + YoYeMi2 + Ma1 + ViMoo .

270

= (5.9)
Yomi1 + YoYeMi2 + Ma1 + ViMoo
where
R=|r)? (5.10)
T = [t|* ky/ ks (5.11)

k, and k; are the transmitted and incident wave numbers.

5.4.6 Numerical Simulations

We used the finite-difference time-domain (FDTD) method to simulate the 3D

full-field light-matter interactions, with a normally incident plane wave as the light

source. A thin layer of semiconductor on top of a metal was used in the simula-

tion space. Perfect matched layer (PML) boundary conditions were applied in the

z-direction while periodic boundary conditions were used in the z- and y- in-plane

directions. The broadband radiation of the plane wave light source was propa-

gated from air into the stack with the semiconductor on the front, as shown in the
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schematic of Figure 5.2. For all simulations presented here, the index of refraction
of Ag, Au, Cr, Al, Cu, AlCu and a-Si was modeled through the multi-coefficient
material model using transmission and reflection ellipsometry measurements of thin
films as the input data. For Si, Ge, and GaAs we used data from Palik [7]. The
cross-section distribution profiles of the absorptance were calculated as a function

of wavelength for each simulation.

5.5 Conclusions

In conclusion, we presented a multi-wavelength, polarization-independent and
wide-angle near-unity superabsorber formed by a semiconductor/AlCu metal-alloyed
thin film stack. For the metallic material, we designed an alloy of Al and Cu that
outperforms pure metals. A complete description of the light absorption within
the stack, using TMM and numerical simulations demonstrated that ultra-high ab-
sorption (> 99%) arose from the Si/AlCu system, where the peak could be finely
tuned from visible to NIR by increasing the thickness of the semiconductor layer.
Absorption maps of the incident angle for an unpolarized light confirmed its omni-
directionality, where 95% of light was absorbed within 50 degrees from the normal
incidence angle and decreasing slightly to 80% at 70 degrees. The index of refraction
of the surrounding media was found to be an efficient knob to promote the second
and third optical modes with maximum absorption. Additionally, we obtained a
dual-band superabsorber with a planar Si/AlCu structure, with both peaks pre-

senting absorption > 98%. To validate our predictions, we fabricated a-Si/AlCu
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superabsorbers and confirmed that near-unity single- and dual-band responses are
achieved by simply changing the thickness of the semiconductor layer. Superab-
sorbers containing an engineered AlCu metal alloy thin film could have a significant
impact in applications such as sensors, photodetectors, optical filters, and radar
technologies due to their high performance and straightforward scalability in size,
overcoming the current challenges of incorporating nanostructures. Further, the po-
tential compatibility with well-established CMOS fabrication processes could likely
enable low-cost, mass production of nanophotonic devices incorporating these earth-
abundant metal alloys. We foresee this new material as a promising alternative to
modulate the optical response of active components in photonic devices. By vary-
ing the chemical composition of the alloyed metals, one can reach responses not

obtained by pure elements.
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Part 11

All-solid-state Batteries
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Chapter 6: Aluminum for All-solid-state Li-ion Batteries

Summary: The further development of all-solid-state batteries is still limited
by the understanding/engineering of the interfaces formed upon cycling. Here, we
correlate the morphological, chemical, and electrical changes of the surface of thin-
film devices with Al negative electrodes. The stable Al-Li-O alloy formed at the
stress-free surface of the electrode causes rapid capacity fade, from 48.0 to 41.5
ph/cm? in two cycles. Surprisingly, the addition of a Cu capping layer is insufficient

to prevent the device degradation.

Figure 6.1: Illustration of thin-film all-solid-state batteries.
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Nevertheless, Si electrodes present extremely stable cycling, maintaining >
92% of its capacity after 100 cycles, with average Coulombic efficiency of 98%. This

chapter is adapted from the following reference [77].
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6.1 Introduction

In today’s society, rechargeable battery technologies with improved perfor-
mance are urgently needed to address the growing power and energy demands of
electric and hybrid vehicles and mobile devices [233,234]. A promising alternative
to conventional liquid electrolyte cells is the all-solid-state Li-ion battery (SSLIB),
which provides (i) high power density (> 250 W/kg), (ii) long cycle life, (iii) in-
herent safety, due to the absence of an organic liquid electrolyte that can cause
leakage and fire, (iv) lightweight and possible compact packaging, and (v) allows
for a variety of materials to be implemented as the electrodes including those with
higher operating voltages [78,79,235]. As in liquid electrolyte LIBs, in all-solid-
state batteries the processes at the negative electrode (commonly denoted as the
anode) during the charging step can be classified into essentially 3 different types
of reaction: intercalation, conversion, or alloying [73,236,237]. Alloying reactions
usually take place between Li and certain metals or semiconductors used as negative
electrodes, as: M + xlit +xe” = Li,M , where M refers to Si, Ge, Sn, Al, and
their alloys. These reactions are accompanied by substantial volume changes, which
can lead to pulverization and the electrical isolation of the active layer, limiting
the lifetime of the device under repeated charge/discharge cycles. Therefore, while
these materials represent an attractive class of negative electrodes due to their high
theoretical capacity, provided that the large strains that accompany Li alloying can
be accommodated, it is crucial to engineer the interfaces between the active layers

of the devices to prevent undesirable irreversible reactions.
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Extensive work has been realized quantifying the volume expansion/contraction
during charging/discharging (lithiation/delithiation) of electrode materials in nanoscale
devices [92,237,238], as well as determining the morphological changes that oc-
cur during charging due to stress/strain accumulation resulting from Li alloying
[239-243]. In particular, in situ transmission electron microscopy (TEM) experi-
ments have been implemented to probe atomic scale processes in real time that take
place during the battery charging and discharging [241, 244, 245]. Further, struc-
tural [92] and chemical characterization [245] tools have been combined to demon-
strate scenarios where lithiation is irreversible. However, there is still a pressing need
to identify how the negative electrode chemical composition changes upon lithiation,
because it is closely related to the reversibility of the electrochemical reactions.

Aluminum, low-cost, non-toxic, and earth abundant, is a promising alterna-
tive for ultra-lightweight negative electrodes for portable devices, with theoretical
capacity equal to 993 mAh/g for lithium storage [246,247]. Al metal electrodes
have recently presented extremely high-rate capability (charging time of 1 minute,
with current density of ~ 4,000 mA /g), with specific capacity of about 70 mAh/g,
resulting from the intercalation/de-intercalation of chloroaluminate anions from the
liquid electrolyte into the cathode [248]. Nevertheless, in all-solid-state devices, the
alloying reaction between Al and Li leads to the formation of a very stable AlLi
alloy (Al + Lit + e~ = AlLi), with consequent pulverization of the negative elec-
trode and rapid loss in capacity in nanoscale devices [246,249]. However, many
details of the degradation mechanism, particularly in thin-film micron-size batteries

remain unclear, including the effects of an intrinsic Al,O3 layer which covers the
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negative electrode surface. This oxide layer is present even when fabricating/testing
the battery under high-vacuum conditions (10 A of Al,O4 forms in < 15 min at 104
Torr) [250].

Here we combine X-ray photoelectron spectroscopy (XPS) with local electrical
conductivity measurements to characterize the processes that occur on the Al neg-
ative electrode outer surface during lithiation in thin-film batteries with the aim of
gaining deeper understanding for the rapid loss in capacity. We hypothesize that a
few-monolayer thick Al-Li-O compound forms on top of the Al electrode, substan-
tially increasing the electrical resistance at its surface, thus hindering surface-bound
charge transport processes and degrading the batterys overall performance. We also
demonstrate that coating the Al electrode with a Cu film without breaking vac-
uum does not resolve the rapid capacity loss. Finally we show that similar SSLIBs
fabricated with thin-film Si negative electrodes capped with Cu exhibit remarkably
stable performance, retaining > 92% of their discharge capacity after 100 cycles,

with an average Coulombic efficiency equal to 98%.

6.2 Effect of Surface Reactions on the Electrochemical

Performance
Thin-film SSLIBs were fabricated by sputtering 300 nm of LiCoO, as the
positive electrode (140 mAh/g), 365 nm of LiPON for the electrolyte (3 x 107°

S/cm), and 400 nm of Al (993 mAh/g) as the negative electrode and the current

collector, as shown in Figure 6.2a. Figures 6.2b-d show scanning electron microscopy
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(SEM) images of the morphology of the Al negative electrode surface before (pristine
sample) and after cycling the battery under ultra-high vacuum (8.5 x 107! Torr).
The as-deposited Al surface is smooth, with roughness < 20 nm. The lithiation of
the Al layer, accompanied by the volume expansion of the negative electrode, results
in the formation of ~ 1 ym diameter mounds distributed on its surface and composed
principally of AlLi alloy, as previously determined - see Figure 6.2¢ for a cross-section
SEM image of all the active layers of the device (with a protective Pt capping layer
deposited during the FIB process) [240]. AlLi does not form in the bulk of the
Al electrode, nor at the LIPON /Al interface; its formation is confined to the outer
surface where the large (~ 100%) volumetric strain can be best accommodated.
The surface segregation of AlLi, however, does not in itself explain the rapid loss in
capacity, as shown in Figure 6.2f.

Previously, we postulated that formation of the AlLi mounds occurred mainly
by surface or grain boundary mediated diffusion, because bulk diffusion coefficients
for both Li and Al are very low. Further, we suggested that loss of electrical contact
with the negative electrode outer surface segregated AlLi phase did not substantially
contribute to the capacity loss, because the mounds remained physically attached to
the bulk Al. Because the chemical transformations that accompany charge transfer
in SSLIBs with Al negative electrodes occur predominantly on the top surface and
because surface diffusion paths for Al and Li are needed for cycling the battery,
we have reasoned that loss of surface conductivity could degrade the battery perfor-
mance. To test this hypothesis, we use conductive atomic force microscopy (c-AFM)

to measure the effects of electrochemical cycling on the surface electrical conduc-
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Figure 6.2: (a) Schematic of all-solid-state batteries with Al nega-
tive electrodes. (b) SEM of micron-scale devices showing morphology
changes upon cycling. SEM of Al surface for (c) pristine and (d) cycled
devices shown in (b). (e) Cross-section SEM image of Al electrode after
10 charging cycles, tilt = 45° . The Pt layer is added uniquely to protect
the surface of the battery during the ion milling process and is not an
active layer of the device. (f) Discharge capacity as a function of the
number of cycles for 10 nA.

tivity of the negative electrode, as shown in Figure 6.3. Prior to lithiation the Al
layer is highly conductive. Although the Al outer surface is covered with an intrinsic
Al, O3 layer (Figure 6.3a-b), the oxide is sufficiently thin (~ 3 nm) to allow electron
tunneling during the c-AFM measurements. Following 10 charge/discharge cycles
at 30 nA, the electrode surface becomes insulating throughout and irrespective of
morphology, indicating the formation of a thicker, uniformly distributed insulating
layer (Figure 6.3c-d). The possible presence of an insulating layer on top of the
Al and AlLi layers can substantially hinder the charging and discharging processes

because these must be accompanied by electron flow in and out of the negative
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electrode, respectively.

The ¢-AFM and XPS measurements both suggest that cycling of the SSLIB
with Al negative electrodes leads to formation of an insulating surface oxide, which
could contribute to capacity loss by preventing electron flow to the surface layers
where AlLi alloy is formed. Given that additional oxygen (i.e. oxygen not present
as native Al,O3 prior to cycling) must come from the surrounding environment, we
can hypothesize that an electrically conducting film which does easily oxidize on
top of the Al surface would increase the battery cycle life by preventing, or at least
slowing the rate of Al-Li-O growth. To test this idea, we evaporated a 400 nm thick
Cu capping layer immediately after the Al deposition without exposing the samples
to the ambient. As shown in Figure 6.4, the Cu overlayer does not increase the cycle
life of the batteries. This result is not entirely surprising given that diffusivity of
O in Cu at room temperature is ~ 10712 cm?/s [251], which implies that it would
take ~ 1600 s for oxygen to diffuse through the 400 nm thick Cu layer. This new
result suggests that capacity fade is likely due to a combination of reasons, which
include loss of surface diffusion paths for the Li in the porous AlLi alloy once the
surface is oxidized, as well as loss in electrical conductivity. It is interesting to
note that from the charge/discharge curves (see Figure 6.5), the charge cycle of the
Al/Cu battery does not show a local maximum at 3.8 V compared with that of the
uncapped Al-based device, strongly indicating that the existence of the Cu capping
layer has altered the electrochemical reactions taking place at the negative electrode
and could be another reason for the capacity fade.

Our proposed mechanism implies that if bulk Li diffusion were faster so as
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Figure 6.3: Topography and conductive atomic force microscopy scans
for (a, b) pristine and (c, d) cycled Al-based batteries, respectively, show-
ing complete loss in electronic conductivity upon cycling. XPS of Al
negative electrode for pristine and cycled batteries showing (e) oxygen
peaks, (f) Al metal and oxide peaks, and (g) Li peak for the cycled
device.
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Figure 6.4: Discharge capacity for 400 nm Al, 400 nm Al / 400 nm Cu,
and 50 nm Si / 400 nm Cu negative electrodes, for batteries charged at
10 nA in ultra-high vacuum, under identical conditions. Inset: schematic
of solid-state devices (out of scale for clarity).

not to depend on surface diffusion, capacity retention could be improved. To test
this point, we fabricated similar batteries with 50 nm thick Si negative electrodes
[252,253] covered with 400 nm thick Cu. Like Al, Si also rapidly forms an insulating
surface oxide; however, Li diffusion is ~ 10 orders of magnitude faster in Si compared
to Al [254] and therefore does not depend on surface diffusion mechanism. The
SSLIBs with Si electrodes are tested using exactly the same procedure as used with
SSLIBs with Al. As shown in Figure 6.6, these batteries retained over 92% of their

capacity after 90 cycles.

6.3 Excellent Cycling Performance of Silicon Anode

Figure 6.6 shows the morphology and the electrical analysis of the Si negative
electrode after cycling the battery in ultra high vacuum and its electrochemical

profile. After cycling the device, the interface between the electrolyte and the Si
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Figure 6.5: Cycling curves for thin-film solid-state batteries with (a) Al,
(b) Al/Cu, and (c) Si/Cu negative electrodes, charged at 10 nA.

does not present any accumulation of Li [255], as shown in the cross-section SEM
image of Figure 6.6b. c-AFM measurements show that the electrical properties of the
Si/Cu layer are unaltered upon cycling the battery (see Figure 6.6¢-f). The Si/Cu
battery shows an excellent performance, with discharge capacity of ~ 15 mAh/cm?
after 100 cycles at 30 nA (Figure 6.6g). As a consequence, the Coulombic efficiency
of the device is near 100%. This remarkable improvement in performance is due to
the fact that Li diffuses almost 10 orders of magnitude faster in Si than it does in
Al[254], and thus the formation of the surface mounds and the associated trapped Li
does not occur in Si (or at a much lower level).Additionally, an insulating compound
analogous to the Al-O-Li, i.e. Si-O-Li does not seem to form on the Si electrode
surface (see Figure 6.7). The SSLIB with Si has an electrochemical performance
similar to micron- and nano-scale size electrodes [117,256], with high cycling stability
despite the large volume change that takes place during lithiation. Furthermore,
given the same Cu capping layer, the Si-based SSLIB still outperforms the Al/Cu

system regarding the capacity retention after long-time cycling. One possible reason
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Figure 6.6: (a) Plan-view and (b) cross-section SEM images of Si/Cu
negative electrode after 10 charging cycles at 30 nA. A 2 um thick Pt
layer was added to prevent the damage of the Cu/Si top surface during
the ion milling process for cross-sectional imaging. Topography and
conductive atomic force microscopy scans for (c, e) pristine and (d, f)
cycled battery, respectively, showing uniform and constant conductivity
upon cycling. (g) Discharge capacity as a function of number of cycles.
Capacity retention > 92%, with average Coulombic efficiency = 98%.
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Figure 6.7: Cross-section SEM image of Si-based thin-film all-solid-state
battery after 10 cycles at 30 nA, showing smooth interface between the
active layers of the device. The Pt layer was added uniquely to pro-
tect the surface of the battery during the ion milling process and is not
an active layer of the device. SEM settings: 5 kV, 0.10 nA, detector:
secondary electron (SE), image tilt = 52 °.

for the limited performance of the Al/Cu battery is that the diffusion of Cu into Al
may lead to the loss of lithium diffusion path along the Al grain boundaries that
constitute the negative electrode, because Cu does not react with lithium ion at
low electrical potential [257]. Moreover, as mentioned before, Li diffusion is much
faster in Si than in Al, therefore the potential loss of diffusion path along the grain
boundaries in the Si film may not have a significant effect on its electrochemical
performance. More detailed studies as to how much each factor contributes to the
battery overall performance, such as probing a SSLIB with a thick layer of Al;O3
and using a current collector with a substantially different coefficient of thermal
expansion as the Al, is planned for the near future.

Our systematic study revealed that the Al/Al;O3 is the limiting interface
for the Li reversible diffusion in SSLIB, instead of the electrolyte/electrode inter-

face. Previously, a P-Si interdiffused layer has been observed at the LiPON/Si elec-
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trolyte /negative electrode interface during nano-battery over-charging [241]. How-
ever, for the micron-scale devices like the ones probed here, the effect of this interface
is negligible compared to the total volume of the negative electrode. For the thin-
film SSLIB containing Al, the surface of the material substantially changes upon
cycling, forming a new material (Al-Li-O) that traps Li, according to the following

chemical reaction:

This alloy substantially reduces the surface diffusion paths for the Li in the porous
AlLi. Further, even after discharging the batteries, the Al-Li-O is still stuck at the
surface of the electrode, indicating that this material is thermodynamically stable

and that the alloying reaction with Li is not reversible.

6.4 Experimental Methods

6.4.1 All-solid-state Battery Fabrication

The samples were fabricated on a Si (001) substrate with a 100 nm thick SiOs
layer. 20 nm of Ti and 120 nm of Pt were used as the bottom contact for current
collection. 300 nm of crystalline LiCoOy (cathode) was deposited by sputtering in
the same chamber and without exposure to air. The sample was then annealed in
ambient oxygen at 700 °C for 2 hours to smooth the cathode layer. Following the
heat treatment, the sample was sputter coated with 365 nm of LiPON (electrolyte)

and finally Al, Al/Cu, and Si/Cu negative electrode. Batteries with 0.51 mm in
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diameter were fabricated by using a steel mask for the top electrode deposition.
All solid-state Li-ion batteries were cycled under ultra-high vacuum, at 8.5 x 107!
Torr, to prevent any undesired chemical reactions of lithium on the top surface of
the negative electrode, and to exclude the possible influence of humidity on the

device degradation.

6.4.2 High-resolution XPS Measurements

The XPS data were collected using a 12 kV monochromated Al Ka X-ray
source (1486.6 e€V), and the analyzer was in hybrid lens mode for survey spectra.
High-resolution spectra were collected in the same mode using a step size of 0.1 eV
and pass energy of 20 eV. For all measurements, the analysis spot size was 220 um
in diameter as defined by the instrument electron optics. The charge neutralization

system was used and all spectra were calibrated to the C 1s hydrocarbon peak at

284.8 eV.

6.4.3 Conductive AFM Measurements

The c-AFM measurements were carried out at room temperature using a
diamond-coated probe with 83 4+ 17 nm in diameter and a cantilever with force
constant of 2.8 N/m, at ambient environment. During the measurements, the c-
AFM probe was in contact with the negative electrode top surface and the current
collector located underneath the positive electrode was grounded. The current path-
way was then across all the active layers of the thin-film solid-state-battery. Scans
were acquired by using a piezo scanner in closed loop, at 0.4 sec/line. The topogra-
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phy and current signals were acquired simultaneously, in contact mode, under 10 V

bias applied to the probe (see Figure 6.8).

(a) Schematic of c-AFM Al pristine Al charged Si pristine Si charged
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Figure 6.8: (a) [llustration of c-AFM measurements performed on thin-
film all-solid-state batteries. The measurements were carried out at room
temperature using a diamond-coated probe with 83 + 17 nm in diameter
and a cantilever with force constant of 2.8 N/m, at ambient environment.
During the measurements, the c-AFM probe was in contact with the neg-
ative electrode top surface, and the current collector located underneath
the positive electrode was grounded. The current pathway was then
across all the active layers of the thin-film solid-state-battery. Scans
were acquired by using a piezo scanner in closed loop. The topography
and current signals were acquired simultaneously, in contact mode, while
10 V was applied to the probe. (b-i) Topography and current maps for
thin-film batteries with Al and Si negative electrodes.

6.4.4 Cross-section SEM Imaging of Batteries

2 pm thick film of electron-beam and ion-beam Pt was initially deposited to
protect the negative electrode surface during the milling process for cross-sectional
imaging. Then, the samples were milled by Ga focused ion beam (FIB), using low

current to minimize sample damage (9.3 and 0.8 nA).
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6.5 Conclusions

Summarizing, we investigated the degradation of SSLIBs with Al and Si neg-
ative electrodes and identified substantial Li accumulation at the top surface of the
Al electrode, accompanied by morphological and electrical changes. The Al layer
showed fast capacity fade possibly caused by the formation of a ternary Al-Li-O al-
loy at the top surface of the negative electrode, as confirmed by XPS measurements.
This ternary alloy is thermodynamically stable, does not decompose upon battery
discharging, and forms an insulating barrier at the top surface of the electrode, as
indicated by ¢c-AFM measurements. The addition of a Cu protective film did not
prevent the capacity loss, due to the presence of an Al,O3 thin layer between the
negative electrode and the Cu layers, and the sufficiently rapid oxygen diffusion in
Cu at room temperature. By comparison, thin-film Si electrodes showed excellent
performance up to 100 cycles, retaining > 92% of its discharge capacity, with sta-
ble Coulombic efficiency of 98%. The results presented here show the importance of
electrode surface and current collector/electrode interface reactions in SSLIB, in ad-
dition to those occurring at the electrode/electrolyte interfaces, which are typically

the focus of investigation in liquid electrolyte LIBs.
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Chapter 7: 3D Tomography of Li ions in All-solid-state

Batteries

Summary: Determining where Li preferentially accumulates and how it re-
lates to the formation of solid-electrolyte interphases (SEI) is required for the im-
provement of power performance and long-term cyclability of all-solid-state energy
storage devices. Here, we directly map, in 3-dimensions, the Li distribution in all

active layers of batteries by implementing time-of-flight secondary ion mass spec-

troscopy (ToF-SIMS).
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Figure 7.1: 3D tomography of Li ions in all-solid-state batteries.
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We deconvolute material diffusion from the chemical changes due to electro-
chemical processes. We find a remarkable concentration change in Li upon charging,
due to the formation of an SEI at the LiPON-LiCoO; interface. Resolving Li dis-
tribution profile within the battery components is imperative for elucidating the
mechanisms of the undesired chemical reactions that currently limits their perfor-

mance. This chapter is adapted from a manuscript in preparation.
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7.1 Introduction

There is currently a pressing need for the development of safe, high-performance
battery components for a variety of applications, ranging from portable electron-
ics to electric vehicles [74,258]. Mobile and small device applications entail vol-
umetric energy density of 1.5 kWh/L for fast charging/discharging [74, 78, 79].
Rechargeable all-solid-state Li-ion batteries (SSLIBs) can potentially meet these de-
mands [240,259-261]. However, the understanding and control of the mechanisms
currently responsible for their limited power and degradation are required for the
realization of technologically competitive, long-life energy storage components [262].
For example, reactive interphase (SEI) layer formation between one or both of the
electrodes and the solid state electrolyte have been associated with high charge
transfer resistance and capacity loss [241,263]. Methods that can identify such lay-
ers by quantitatively measuring the Li distribution can therefore be highly valuable
in understanding the operation of the SSLIB and its degradation mechanisms.

Conventional X-ray and electron scattering methods are unsuitable for detect-
ing Li due to its weak scattering efficiency. Surface analysis methods, including
X-ray photoelectron spectroscopy (XPS) spectroscopy can be used to determine the
chemical composition of Li-ion batteries, but the information obtained is commonly
limited to the surface of the material being probed [77]. Band excitation electro-
chemical strain microscopy, an atomic force microscopy method, has been developed
in the past decade to map the spatial variation of Li-ion diffusion paths [264]. Here,

the material deformation resulting from the well-known volume expansion that hap-
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pens during lithiation has been attributed to Li accumulation within the cathode
layer [265-267]. Further, this high spatial resolution measurement (~ 100 nm) re-
vealed the Li diffusion dependence with grain boundaries in promising cathode ma-
terials, such as LiCoO, [264], LiFePOy [265], and LiNi; ;5Co; /3Mn; /304 [266]. In situ
scanning [240] and transmission [245,258,268-270] electron microscopies (S/TEM)
have been widely implemented to analyse electrodes in both liquid electrolyte cell
and nanoscale all-solid-state devices. These methods, combined with voltammo-
grams, provide a direct correlation between morphological and chemical changes
in the battery layers of interest, including the spatial distribution of Li-rich com-
pounds and the formation of SEIs. Electron energy loss spectroscopy (EELS) [241]
and glow discharge optical emission spectroscopy [271] have also been proved to en-
able Li imaging. Depth profiling by neutron scattering has offered valuable insights
about the SEI formation in Li half-cells through in-situ non-destructive measure-
ments [272-275].

More recently, time-of-flight secondary ion mass spectroscopy (ToF-SIMS) has
been implemented as a diagnosis technique to qualitatively determine the spatial ar-
rangement of Li in liquid cells at different lithiation stages [276]. In ToF-SIMS, a
pulsed ion source produces primary ions with a well-defined kinetic energy. These
ions are condensed to a focused beam using an electromagnetic lens, which is raster
scanned over the sample under investigation, removing and ionizing molecules from
the outermost surface. Then, these particles are accelerated into a flight tube and
their mass is resolved by determining the time at which they reach the detector

(time-of-flight). ToF-SIMS provides elemental and chemical state information of
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solid materials, with depth resolution as small as ~ 10 nm [277] and lateral spatial
resolution of 100 nm [278], thus, very suitable to investigate the formation of SEIs
in Li-ion batteries. To map the elemental distribution within the layers of interest,
the devices are usually mounted under a controlled environment and transferred to
a SEM/ToF-SIMS in high vacuum for analysis [278]. Despite the very recent use of
ToF-SIMS to map the concentration of Li in batteries before and after cycling, this
powerful imaging tool has not yet been realized to resolve Li spatial distribution
in all the active layers of SSLIBs. Here, we directly resolve the spatial distribu-
tion of Li upon lithiation/delithiation processes in SSLIBs with Si and Al anodes,
ideal model systems. Using ToF-SIMS we determine, with sub-micron spatial res-
olution, the concentration of Li within all active layers of the devices at pristine
and cycled states of charge, building a 3D tomography of Li ions distribution. The
pristine battery with Si anode shows uniform Li distribution within both the cath-
ode (LiCoOs) and the LiPON electrolyte. We find that, upon the first lithiation, Li
is trapped non-uniformly within the Si anode (close to the interface with the elec-
trolyte), causing a Li deficiency in the cathode. After cycling the battery multiple
times, we observe that Li does not fully retract from the Si anode upon delithiation,
which results from an irreversible lithiation process during cycling. Conversely, the
Al anode device experiences substantial volume expansion upon cycling and presents
an accumulation of Li ions at the top surface of the anode. Further, it shows a SEI
formed at the anode/electrolyte interface for both systems. For polycrystalline and
amorphous layers composing solid-state energy storage components, mapping the

spatial distribution of ions and the simultaneous formation of SEIs are extremely
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valuable to identify undesired chemical reactions that result in capacity fading. The
imaging method presented here can be expanded to other solid-state systems, such

as Na- and Mg-ion batteries.

7.2 3D Lithium Mapping in All-solid-state Batteries

All battery samples are fabricated on the Si wafer. Briefly, the Pt current
collector, LiCoO, and LiPON layers are deposited sequentially via sputtering with
an annealing process at 700 °C performed after the LiCoO, deposition to ensure
that the cathode is in the high-temperature phase [262]. The Si anode with the Cu
current collector (or the Al anode) are then deposited using electron beam evapora-
tion with a stainless steel shadow mask that defines each SSLIB active area. Then,
the devices are cycled to reach different state-of-charge under Ar environment, pre-
venting exposure to moisture and oxygen. Figure 7.2 shows the cross-section SEM
image of the Si anode battery, which presents homogeneous morphology and uniform
thickness (also see Figure 7.3). The LiPON conformally coats the LiCoO, cathode.

To investigate where undesired chemical reaction(s) takes place we spatially
resolve the Li distribution within all active layers upon cycling. We perform galvano-
static charging/discharging test and chemical composition analysis by ToF-SIMS.
When combined with a focused ion beam (FIB) in a scanning electron microscope,
ToF-SIMS provides lateral spatial distribution information, as will be presented
later in this chapter. We acquire depth Li concentration information simultane-

ously by sequentially sputtering the sample using the Ga-ion beam, resulting in
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a Li depth profile (red solid line in Figure 7.2). The increase in Li concentration

at the LIPON/LiCoO, interface likely results from interdiffusion between the two

materials.

(wrd) yydep

Li counts (a.u.)

Figure 7.2: Cross-section SEM image of a pristine battery with Si anode
overlaid with the Li depth profile obtained from ToF-SIMS. Cu and Pt

are used as the anode and cathode current collectors, respectively.

Pristine Charged Cycled

Figure 7.3: SEM images of (a) pristine, (b) charged, and (c) cycled
batteries with Si anode (tilt at 55°). Inset: plan-view SEM image for

the pristine battery.
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Figure 7.4a shows the voltage profile of the cycled Si anode battery, where
the colored squares highlight the three different states of charge investigated in this
work. The initial capacity loss is due to the irreversible lithiation process [262] of the
SSLIBs (see Figures 7.2a). The charged battery is at 4.1 V and another device cycled
for four times is left at 3.0 V (at a discharged, cycled state). Figure 7.4b presents the
Li depth profiles of these three batteries (fabricated simultaneously for comparison),
acquired over a 5 by 5 um? region (see Figure 7.5 for SEM images of the samples
after the ToF-SIMS measurements). The Li concentration profile of the pristine
battery (red curve) differs from both the charged and cycled devices (blue and black,
respectively). First, in the initial ~ 200 s of sputtering time we measure the Cu and
Si layers. The presence of Li within the pristine battery only appears very close to the
electrolyte layer and is caused by its diffusion during the layers deposition. Second,
the higher concentration of Li at shorter sputtering time for the charged device
indicates that Li moved to the Si anode during lithiation (compare red and blue
curves). The maximum Li concentration at ~ 250 s refers to the Si/LiPON interface,
as the Si counts decreases significantly around the same time (see Figure 7.6 and we
determine the interface accordingly. Third, the variation in Li concentration that
takes place between 600 s and 750 s is likely related to the formation of an SEI, as
reported in similar battery systems [241]. The charged battery (blue curve) shows
the highest Li concentration at the LiPON/LiCoOs interface (in Figure 7.6 the Co
signal in-creases between 600 s and 750 s at the LiPON/LiCoOs interface). The
cycled sample (in black) presents a similar depth profile, with a modest reduction

in the Li content, strongly suggesting that even after delithiation Li preferentially
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accumulates at this newly formed SEI. Similar depth profiles are measured among
other repre-sentative regions for the Si anode SSLIBs (see Figure 7.6). The Li
distribution in each layer/interface and where Li is accumulated upon cycling within

the SSLIBs are discussed in detail below.
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Figure 7.4: (a) Voltage profile for a Si anode all-solid-state battery cy-
cled at 50 nA. (b) Li depth profiles acquired from ToF-SIMS for three
batteries at different state-of-charge: pristine (red), charged (blue) and
cycled (black).

Pristine Charged Cycled

Figure 7.5: SEM images after ToF-SIMS measurements on (a-c) a 7 by 7
pum? region for three batteries with Si anode at different state-of-charge:
pristine, charged, and cycled. Tilt: 55°. An area of 5 by 5 um? in (a-c)
was analyzed for the depth profiles and Li distributions to avoid the edge
effect in ToF-SIMS.
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Figure 7.6: Depth profiles for Li (blue), Si (black), and Co (grey) ac-
quired in 5 by 5 ym? representative regions (spots 1-3) for (a-c) pristine,
(d-f) charged, and (g-i) cycled batteries with Si anode. The count is
plotted in log scale for clarity.

To acquire a full picture of Li spatial distribution in each active layer within
the SSLIBs and correlate it with lithiation/delithation processes, we determine its
spatial concentration in 3D, with sub-micron spatial resolution. We measure all ac-
tive layers of the three devices by ToF-SIMS under high vacuum to prevent material
contamination. Figure 7.7 shows 3D maps of Li spatial distribution for all samples.
The Si surface remains unchanged upon cycling the battery, with no obvious Li ac-
cumulation see Figure 7.7a-c. Figure 7.7d-f refers to the Si/LiPON interface where
we measure Li trapped upon first charging (Figure 7.7¢). Note that Li does not fully

retract during delithiation (Figure 7.7f). Thus, both charged and cycled Li maps
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present similar concentration. This result is consistent with the ca-pacity loss after
the batterys first charging, as shown in Figure 7.8. Figure 7.7g-i corresponds to
the LiPON electrolyte, and shows similar Li concentration for all states of charge.
The spatial distribution of Li at the LIPON /LiCoQO, interface is presented in Figure
7.7j-1. Here, the increase in Li concentration upon cycling is likely due to the forma-
tion of an SEI. The maps for the LiCoO, cathode and the LiCoO, /Pt interface are
displayed in Figures 7.7m-o, and 7.7p-r, respectively. Note the Li depletion within
the cathode even when the device is fully discharged, see Figure 7.7r. Moreover, the
Li ions cannot fully extract/insert in the Si anode after cycling, as confirmed for
multiple representative regions mapped by ToF-SIMS measurements (see Figures

7.9, 7.10, and 7.11 for addition-al Li concentration maps).
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Figure 7.7: Li ions distribution maps for representative regions of pris-
tine, charged, and cycled batteries. (a-c) Top surface, (d-f) Si/LiPON
interface, (g-1) within LiPON layer, (j-1) LIPON /LiCoO, interface, (m-o)
within LiCoOs layer, and (p-r) LiCoOy/Pt interface.
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Figure 7.8: Charge/discharge capacity of the cycled Si anode battery
(cycling at 50 nA).
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Figure 7.9: Li distribution maps for the pristine battery with Si anode
of (a-e) spot 1, (f-j) spot 2, and (k-0) spot 3
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Figure 7.10: Li distribution maps for the charged battery with Si anode
of (a-e) spot 1, (f-j) spot 2, and (k-0) spot 3
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Figure 7.11: Li distribution maps for the cycled battery with Si anode
of (a-e) spot 1, (f-j) spot 2, and (k-0) spot 3

7.3 Universality of the Imaging Method

Our 3D imaging method for Li ions can be adapted to other solid-state en-
ergy storage device, such as Al anode SSLIBs with the potential ultra-lightweight
applications. Figure 7.12a, b shows that Li ions accumulate on the top surface of
Al anode after we cycle the battery and its volume expansion results in the dif-
ferent height of the SSLIBs. We also identify a negligible amount of Li within
the Al anode before and after cycling, see Figure 7.12c-d. This result agrees with
our previous report [77,240] that after cycling the SSLIB a Li-Al-O layer is irre-
versibly formed on the top surface. The formation of the Li-Al-O capping layer is

thermodynamically stable and it decreases the amount of Li ions for reversible lithi-
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ation/delithiation, partially leading to capacity fade (see Figure 7.13). As presented
in Figure 7.12e, f, the Li concentration significantly increases at the Al/LiPON
interface after cycling. We hypothesize that the SEI formation is responsible for
trapping Li at the anode/electrolyte interface. Similarly, we detect a Li depletion
within the LiCoOy after cycling (see Figure 7.12g, h and Figure 7.14). There is no
evidence of Li accumulation at the LIPON/LiCoO; interface, differing from the Si
anode SSLIB. Further investigation to identify the preferential pathway for lithia-
tion and the reactions at the electrodes/electrolyte interfaces during cycling through

in-situ ToF-SIMS measurements are planned for the near future.

Top surface Al Al/LIPON LiCoO,/Pt
interface interface
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Figure 7.12: 3D Li ions distribution maps for representative regions of
pristine and cycled Al anode solid-state batteries. (a, b) Top surface, (c,
d) within Al anode, (e, f) Al/LiPON interface, and (g, h) LiCoOy/Pt

interface.
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Figure 7.13: Voltage profile of an Al anode all-solid-state battery cycled
at 10 nA.
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Figure 7.14: Li distribution maps for the cycled battery with Al anode.

In this work we achieve critical information about the electrochemistry of

171



SSLIBs through direct imaging of Li within all active layers of model system de-
vices. Resolving Li distribution provides insights as to where the undesired chemical
reactions take place (irreversible lithiation/delithiation) while cycling the SSLIBs.
For batteries with Si anode, the Li trapped in the anode contributes to the irre-
versible modest capacity loss upon first cycling and the non-uniform Li distribution
within LiPON electrolyte strongly suggests that a structural dependent inter-grain
diffusion [264, 278] is favored in the system under investigation. Nevertheless, Li
ions accumulate and trap at the top surface of Al anode and form a Li-Al-O layer
after cycling. This leads to drastic capacity fading, indicating the importance of
controlling and engineering the electrochemical reactions at the surface to boost
the battery performance. Our results combining galvanostatic charging/discharging
and ToF-SIMS imaging support the hypothesis that preferential lithiation paths
originate from the structural and chemical properties of the material [240,278]. We
expect ToF-SIMS to become a routine characterization tool to probe Li spatial dis-
tribution in a variety of energy storage systems due to: (i) imaging where Li ions
accumulates (often results in volume expansion and strain) will help to engineer the
microstructure of battery materials to avoid potential cracks and failure of the de-
vice, and (ii) building 3D tomography of Li distribution at the electrode/electrolyte
interfaces will facilitate the study of electrochemical stability of solid electrolytes
by showing how the new interphase alters the Li distribution and migration after
cycling. Overall, resolving the driving forces for the irreversible chemical reactions
often observed in rechargeable SSLIBs and where Li accumulates will, no doubts,

help the solid-state battery community to design and engineer the next-generation

172



of energy storage devices, with enhanced electrochemical performance and longer

lifetime.

7.4 Experimental Methods

7.4.1 Battery Fabrication

Pt is initially sputtered as the cathode current collector on a Si substrate
with a SiOq layer (100 nm thick). 300 nm thick LiCoO; (cathode) was sputtered
on top of Pt without air exposure. An annealing process (700 °C for 2 hours in
ambient oxygen) was applied to reach high-temperature LiCoO, phase, followed by
sputtering 500 nm of LiPON (electrolyte) on top of LiCoOs. Subsequently, 100
nm of Si (anode) with 300 nm of Cu (current collector) or Al were deposited using
electron beam evaporation through a steel mask with arrays of 1.65 mm in diameter.
The thin-film all-solid-state batteries were cycled under Ar environment in a glove
box to prevent any side reactions or possible contaminations from air exposure.
Galvanostatic charging/discharging were carried with voltage window from 3.0 to

4.1 V.

7.4.2 ToF-SIMS Imaging

ToF-SIMS maps are acquired using a SEM/FIB dual beam system. Two
different cells were charged/cycled at 50 nA for Si anode device and one cell with
Al anode were cycled at 10 nA to reach various states of charge. The all-solid-

state batteries were then mounted on a sample holder and transferred to the FIB
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chamber. The ToF-SIMS measurements were performed using a 20 keV Ga™ ion
beam scanning across the sample with current at ~130 pA. The generated positive
secondary ions were analyzed by a ToF-SIMS detector in situ, in the FIB system.
Areas of 5 x 5 um? were analyzed. During the measurement, the vacuum was kept

below 2.7 x 1072 Pa (2 x 10~* Torr) at all times.

7.5 Conclusions

In conclusion, we implemented ToF-SIMS to determine the Li spatial distri-
bution within each active layer of SSLIBs with Si and Al anodes at different states
of charge. We deconvoluted the depth variations in Li concentration that are due
to diffusion and the formation of an SEI upon lithiation. The pristine battery with
Si anode showed the presence of Li near the Si/LiPON interface, caused by ma-
terial diffusion during the films deposition by sputtering. Concurrently, a uniform
distribution of Li was found within the cathode. We identified that Li is retained
in the Si anode and cannot be fully extracted/inserted upon cycling, resulting in a
remarkable spatial variation of the Li concentration within the anode, irrespective
of the original distribution of this element, for both charged and cycled batteries.
We further extended the 3D tomography of Li distribution to Al anode devices
and demonstrated the universality of our imaging method. The direct imaging of
Li distribution in all active layers of SSLIBs upon lithiation/delithiation represents
a significant step towards resolving the chemical reactions that take place within

these devices. The use of ToF-SIMS to directly map Li can be applied to other 3D

174



configurations, including wire-shaped and scaffold geometries, and to other material
systems, such as Na and Mg-ion devices. We foresee the precise determination of
where the ions preferentially accumulate upon cycling to elucidate the chemical reac-
tions responsible for the capacity fade that currently limits a variety of rechargeable

batteries.
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Chapter 8: Conclusions and Outlook

In conclusion, we provided, in the first part of this thesis, a novel class of
metallic materials with tunable optical properties by forming binary mixtures of
Ag, Au, and Cu. We studied how the chemical composition changes its optical
response in both thin films and nanostructures. Further, by implementing a binary
mixture of Cu and Al, we demonstrate an Al-Cu/Si stacks with maximum absorption
> 99%. In the second part of this thesis, we delivered a comprehensive study of
Li-ion distribution in Al and Si anode all-solid-state battery. By resolving where the
ions preferentially accumulate and the irreversible reactions take place, our results
will help elucidate the degradation mechanism of solid-state energy storage devices.

We fabricated binary noble metal mixture thin films of Ag, Au, and Cu by
co-sputtering, which yields an ideal model system to investigate how the chemi-
cal composition affects the dielectric functions. By experimentally determining the
dielectric functions of each alloyed thin film, we showed the tuning of the optical
properties of noble metal mixtures by modifying their chemical composition. Fur-
ther, we use Ag-Au alloyed nanoparticles as an example to illustrate how alloying can
tune the LSPR of metallic nanostructures. We found a localized field enhancement

around and within the alloyed nanoparticles, agreeing very well with our calcula-
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tions. This part of the thesis builds a platform of metal alloys with tunable optical
properties, which make it possible to control the alloy composition to attain opti-
cal properties that will meet desired resonances for the applications ranging from
nanophotonics to bio-sensing.

We provided the SPP dispersion relations of Ag-Au alloyed thin films and
reveal the physical origin of the optical behavior by VBS with DFT calculations of
band structures. We found that the dispersion relations can be engineered upon
changing the chemical composition of the alloy. The VBS showed a correlation
between the binding energy onset of the d band and the corresponding energy of
the transmission resonance peak. To further explain how the energy position of
the d band determines the threshold of the interband transition (resonance), we
investigated the energy position of the d band by calculating the band structure for
each alloy by DFT. We confirmed that d band moves to closer to the Fermi level as
Au content increases, leading to the change of the interband transition which agrees
very well with the optical properties.

By using metallic materials, we obtained a photonic device, namely superab-
sorbers, with maximum absorption > 99%. The superior performance of Al-Cu/Si
thin film absorbers was first demonstrated by calculations and then validated with
experiment. We show that the maximum absorption peak (remains > 99%) could
be tuned through changing the thickness of Si layer. The multi-wavelength near-
unity absorption persists for oblique angle of incidence, up to 70 degrees. Our
superabsorber made of Al-Cu/Si stacks was fabricated by co-sputtering, which is

lithography-free and capable of scalable and wafer-scale productions.
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For energy storage, we used a multi-approach method to study the degrada-
tion mechanism of Al anode all-solid-state battery. We disclosed the formation of a
Li-Al-O complex on the Al anode surface upon cycling based on c-AFM, XPS, and
galvanostatic charging/discharging. The Li-Al-O layer was insulting and prevented
the electrons flowing and out of the electrode, leading to the capacity fading. Nev-
ertheless, Si anode presented a stable cycling performance, maintaining > 92% of
its initial capacity after 100 cycles. Further, we directly mapped the Li distribution
within all layers of all-solid-state batteries. We built a 3D tomography of Li-ion
distribution in solid-state batteries and deconvoluted the concentration change of
Li that are due to the ion diffusion and the formation of the SEI after cycling. We
revealed that Li ions accumulate at the anode/electrolyte interface and cannot fully
retract upon cycling, resulting in the irreversible capacity fading. We extended the
3D Li-ion tomography to batteries with different anodes and demonstrated the uni-
versality of our imaging tools. We foresee that our imaging method can be used to
provide critical insight into the electrochemistry in other systems, such as Na- and

Mg-ion batteries.
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Figure 8.1: Building the library of optical properties for metallic alloy.

The future work is to (i) enrich the library of the metallic alloys to other bi-
nary, ternary alloys and study their optical behavior, as shown in Figure 8.1, and
(ii) imaging where Li ions are during cycling and building the Li tomography at
the solid electrode/electrolyte interface. For the first task, we will use co-sputtering
to fabricate alloy thin films, such as Au-Cu, Al-Mg, and Ag-Au-Al for plasmonic
materials that operate in the visible and/or UV range of the spectrum. We will
study the dielectric function of each alloy. Besides correlating the chemical compo-
sition to the dielectric functions, structural information based on X-ray diffraction
of the binary and ternary alloys will be added to the library. The long-term goal
is to build a relation of the structural, chemical, and optical properties of the novel
metallic materials. For the second task, the future work lies in the development

of advanced AFM systems to allow in-situ characterizations of chemical, electrical,
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and electrochemical behaviors of battery materials (adapted from Ref [98]). For
this, innovative environmental cell stages and cycling accessories will be integrated
into an AFM to scan the sample while cycling. The advantages of in situ analy-
sis are both eliminating sample transfer and preventing contamination due to air
and /or moisture exposure. It is especially necessary to access the SEI formation and
possible degradation, both locally and during cycling, because such information is
time-sensitive and often hard to validate in ex-situ methods. We also anticipate the
combination of chemical and ion diffusion imaging, e.g. Tip-Enhanced Raman Spec-
trum, on the same region, as the relationship between the chemical composition and
electrochemistry for multi-component electrodes is still under pursuit. Ultimately,
this correlative microscopy approach will describe the intricate relationship between
the structural, chemical, and electrochemical properties of materials used in energy

storage devices.
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M. S. Leite, “Near-field optical properties of fully alloyed noble metal nanoparticles,”
Adv. Optical Mater. 5, 1600568 (2017) (*equal contribution) Front cover

2. C. Gong, M. S. Leite. “Nobel metal alloys for plasmonics,” ACS Photonics,
3, 507 (2016). Front cover

1. C. Gong, D. Ruzmetov, A. Pearse, D. Ma, J. N. Munday, G. Rubloff, A.
A. Talin, M. S. Leite. “Surface/Interface effects on high-performance thin-film all-
solid-state Li-ion batteries,” ACS Applied Materials & Interfaces, 7, 26007 (2015).

Front cover
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A.2.2 Additional Publications during Ph.D.

2. D. Ha, C. Gong, M. S. Leite, J. N. Munday, “Demonstration of res-
onance coupling in scalable dielectric micro-resonator coatings for photovoltaics,”
ACS Appl. Mater. Interfaces 8, 24536 (2016) Front cover

1. E. M. Tennyson, B. Roose, J. L. Garrett, C. Gong, J. N. Munday, A. Abate,
M. S. Leite, “Fully reversible local electrical response of Caesium-incorporated triple

cation perovskites.” In preparation

A.2.3 Oral Presentations

(Presenter marked by *)

27. M. R. Dias*, C. Gong, Z. A. Benson, M. S. Leite, “AlCu alloyed thin films
for perfect absorbers in a planar bilayer configuration,” American Physical Society
March Meeting, Los Angeles, CA (2018)

26. C. Gong*, Z. A. Benson, A. Kaplan, M. R. Dias, M. S. Leite, “Metal
alloy thin films and nanostructures for plasmonics,” Materials Research Society Fall
Meeting, Boston, MA (2017)

25. C. Gong*, E. J. Fuller, F. E. Gabaly, Z. Jadidi, A. A. Talin, M. S. Leite,
“Investigation of the degradation mechanism for solid-state Li-ion batteries by chem-
ical composition mapping,” Materials Research Society Fall Meeting, Boston, MA
(2017)

24. C. Gong*, Z. Jadidi, F. E. Gabaly, E. J. Fuller, A. A. Talin, M. S. Leite,

“Resolving lithium ions in all active layers of lithium ion all-solid-state batteries,”
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232nd Electrochemical Society Meeting, National Harbor, MD, (2017)

23. C. Gong*, Z. Jadidi, F. E. Gabaly, E. J. Fuller, A. A. Talin, M. S. Leite,
“Resolving the mechanism of capacity fading in Li-ion solid-state batteries,” Amer-
ican Chemistry Society Fall Meeting, Washington, DC (2017)

22. A. Kaplan*, C. Gong, M. R. Dias, M. S. Leite, “Dispersion measurements
and calculations of AlCu thin films,” American Chemistry Society Fall Meeting,
Washington, DC (2017)

21. Z. Benson®, M. R. Dias, C. Gong, M. S. Leite, “Exploring optical proper-
ties of self-assembled supracolloidal nanostructures with varying compositions and
geometries,” American Chemistry Society Fall Meeting, Washington, DC (2017)

20. D. Ha*, C. Gong, M. S. Leite, J. N. Munday, “Dielectric resonator-based
antireflection coatings,” Materials Research Society Spring Meeting, Phoenix, AZ
(2017)

19. C. Gong, M. S. Leite*, “In situ investigation of capacity fade in all-solid-
state batteries,” Materials Research Society Fall Meeting, Boston, MA (2016)

18. C. Gong, M. R. Dias, M. S. Leite*, “Metal alloys for plasmonic applica-
tions,” Materials Research Society Fall Meeting, Boston, MA (2016)

17. M. R. Dias, C. Gong, G. Wessler, M. S. Leite*, “Alloyed metallic nanopar-
ticles for photovoltaics,” Materials Research Society Fall Meeting, Boston, MA
(2016)

16. C. Gong, M. S. Leite*, “Optical response of noble metal alloys,” SPIE
Optics and Photonics, San Diego, CA (2016)

15. Z. Jadidi*, C. Gong, M. S. Leite, “Mapping lithium in all-solid-state bat-
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teries by time-of-flight secondary-ion mass spectrometry,” REU-NSF Transportation
& Electrification Program, College Park, MD (2016)

14. C. Gong™*, M. S. Leite, “Nobel metal alloyed thin-films with optical proper-
ties on demand,” American Physical Society March Meeting, Baltimore, MD (2016)

13. D. Ha*, C. Gong, M. S. Leite, J. N. Munday, “Dielectric micro-resonator
arrays for optical coupling to solar cells,” American Physical Society March Meeting,
Baltimore, MD (2016)

12. M. S. Leite*, C. Gong, D. Ruzmetov, A. A. Talin, “In situ analysis of ca-
pacity fade in thin-film anodes for high performance Li-ion all-solid-state batteries,”
American Physical Society March Meeting, Baltimore, MD (2016)

11. G. Wessler*, C. Gong, M. R. Dias, J. A. Tailon, L. G. Salamanca-Riba,
M. S. Leite, “Alloyed noble metal nanoparticles with tunable optical properties,”
American Physical Society March Meeting, Baltimore, MD (2016)

10. M. R. Dias*, C. Gong, G. Wessler, M. S. Leite, “Metal alloyed nanostruc-
tured with tunable optical properties,” American Physical Society March Meeting,
Baltimore, MD (2016)

9. C. Gong, M. S. Leite*, “Alloyed metallic thin-films with tunable dielectric
function,” Materials Research Society Fall Meeting, Boston, MA (2015)

8. C. Gong, E. M. Tennyson, J. Garrett, G. Wessler, J. N. Munday, M. S.
Leite*, “Mapping the contribution of plasmonic nanoparticles to the Voc of so-
lar cells by scanning probe microscopy,” Materials Research Society Fall Meeting,
Boston, MA (2015)

7. C. Gong, A. Chang, E. Cesewski, M. S. Leite*, “Alloyed thin-films and
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nanostructures with dielectric function on demand,” SPIE Optics and Photonics,
San Diego, CA (2015)

6. C. Yu*, G. Godbey, C. Gong, C. Blythe, M. S. Leite, “Fabrication of 3D self-
rolled thin-films for high density energy storage devices,” REU-NSF Transportation
& Electrification Program, College Park, MD (2015)

5. C. Blythe*, C. Gong, G. Godbey, C. Yu, M. S. Leite, “Modeling of self-
rolling thin-film lithium-ion microbatteries,” REU-NSF Transportation & Electrifi-
cation Program, College Park, MD (2015)

4. C. Gong*, M. S. Leite, “Nobel metal alloys with tunable optical properties,”
Univ. of Maryland ResearchFest, College Park, MD (2015)

3. C. Gong, D. Ruzmetov, N. Bartelt, A. A. Talin, M. S. Leite*, “Al anodes
for compact all-solid-state batteries,” Materials Research Society Spring Meeting,
San Francisco, CA (2015)

2. C. Gong, A. Chang, J. A. Taillon, E. Cesewski, L. G. Salamanca-Riba, M.
S. Leite*®, “Alloyed metallic nanostructures with tunable Optical Response for Solar
Cells Application,” Materials Research Society Spring Meeting, San Francisco, CA
(2015)

1. C. Gong*, A. Pearse, D. Ruzmetov, G. Rubloff, N. C. Bartelt, A. A. Talin,
and M. S. Leite, “Mapping capacity loss in Al anodes for ultra-lightweight and
compact all-solid-state batteries,” SPIE Defense + Commercial Sensing, Baltimore,

MD (2015)
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A.2.4 Poster Presentations

18. J. Huddy, C. Gong, M. S. Leite, “Three-Dimensional Analysis of Ion
Distributions within Thin-Film All-Solid-State Lithium-Ion Batteries,” REU-NSF
Transportation & Electrification Program, College Park, MD (2017)

17. C. Gong, M. R. Dias, M. S. Leite, “Alloyed metallic thin films and nanos-
tructures with tunable optical properties for plasmonics,” American Chemistry So-
ciety Fall Meeting, Washington, DC (2017)

16. C. Gong, M. R. Dias, M. S. Leite, “Alloyed thin films and nanoparticles
with engineered optical properties for plasmonics,” ResearchFest, College Park, MD
(2016)

15. C. Gong, M. R. Dias, M. S. Leite, “Metallic alloys for plasmonics and
energy harvesting,” SPIE/IEEE/OSA poster competition, College Park, MD (2016)

14. C. Gong, D. Ruzmetov, A. A. Talin, M. S. Leite, “Large-capacity alu-
minum electrodes for all-solid-state Li-ion batteries,” Annual Meeting of the Center
for Research in Extreme Batteries, College Park, MD (2016)

13. Z. Jadidi, C. Gong, M. S. Leite, “Mapping lithium distribution in thin-film
all-solid-state batteries by time-of-flight secondary-ion mass spectrometry,” REU-
NSF Transportation & Electrification Symposium, Arlington, VA (2016)

12. Z. Jadidi, C. Gong, M. S. Leite, “Mapping lithium in all-solid-state batter-
ies by time-of-flight secondary-ion mass spectrometry,” REU-NSF Transportation
& Electrification Program, College Park, MD (2016)

11. M. R. Dias, C. Gong, G. Wessler, M. S. Leite. “Metal alloyed nanostruc-
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tures with on-demand optical response,” Schlumberger Foundation Faculty of the
Future Forum. Boston, MA. November 2015.

10. D. Ha, C. Gong, M. S. Leite, J. N. Munday, “Dielectric micro-resonator
coatings for photovoltaics,” Materials Research Society Fall Meeting, Boston, MA
(2015)

9. C. Yu, G. Godbey, C. Gong, C. Blythe, M. S. Leite, “Fabrication of 3D self-
rolled thin-films for high density energy storage devices,” REU-NSF Transportation
& Electrification Program, College Park, MD (2015)

8. C. Blythe, C. Gong, G. Godbey, C. Yu, M. S. Leite, “Modeling of self-rolling
thin-film lithium-ion microbatteries,” REU-NSF Transportation & Electrification
Program, College Park, MD (2015)

7. A. Chang, C. Gong, E. Cesewski, M. S. Leite, “Alloyed metal nanoparticles
with modulated optical properties for photovoltaics,” SPIE Defense + Commercial
Sensing, Baltimore, MD (2015)

6. C. Gong, M. S. Leite, “Metal alloyed thin-films with tunable optical prop-
erties,” SPIE/IEEE/OSA poster competition, College Park, MD (2015)

5. A. Chang, C. Gong, M. S. Leite, “Alloyed metal nanoparticles with mod-
ulated optical properties for photovoltaics,” SPIE/IEEE/OSA poster competition,
College Park, MD (2015)

4. C. Gong, D. Ruzmetov, N. C. Bartelt, A. A. Talin, M. S. Leite. “High
spatial resolution mapping of capacity loss in Al anode all-solid-state batteries,”
Materials Research Society Fall Meeting, Boston, MA (2014)

3. C. Gong, A. Chang, D. Ma, E. Tennyson, J. N. Munday, M. S. Leite, “Spec-
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troscopy of metal alloyed nanoparticles with tunable optical properties,” Materials
Research Society Fall Meeting, Boston, MA (2014)

2. A. Chang, C. Gong, M. S. Leite, “Developing low-loss plasmonic metal
alloyed nanoparticles,” Univ. of Maryland Nanoday, College Park, MD (2014)

1. E. M. Tennyson, J. L. Garrett, C. Gong, J. A. Frantz, J. D. Myers, R.
Y. Bekele, J. S. Sanghera, J. N. Munday, M. S. Leite, “Assessing local voltage in
CIGS solar cells by nanoscale resolved kelvin probe force microscopy and sub-micron
photoluminescence,” 40th IEEE Photovoltaic Specialists Conference, Denver, CO

(2014)

A.3 Students Mentored during Ph.D.

8. Allen Chang (01/2014 - 07/2015). Now NSF-GRF fellow, PhD student at
University of Massachusetts Amherst. Best MSE/UMD researcher award, IREAP
Undergraduate Student Award, Outstanding ASPIRE Student Research Award,
ASPIRE fellow

7. Ellen Cesewski (06/2014 - 05/2015). IREAP Undergraduate Student
Award. Now PhD student at Virginia Tech

6. Garrett Wessler (06/2015 - 06/2016). Now NSF-GRF fellow, PhD student
at Duke University. Best MSE/UMD researcher award, ASPIRE fellow

5. Clayton Blythe (summer 2015). Best Student presentation at NSF-REU.
Now Machine Learning Engineer at Asurion

4. Cynthia Yu (summer 2015). Best Student presentation at NSF-REU. Now
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Battery Engineering Intern at Tesla

3. Zinab Jadidi (06/2016 - 05/2017). Now NSF-GRF fellow, PhD student at
UC Berkeley. ASPIRE fellow, Best overall project at NSF-REU

2. Alan Laplan (09/2016 - present). Now NSF-GRF fellow, undergraduate
student in UMD. ASPIRE fellow

1. Julia Huddy (summer 2017). Now undergraduate student in Dickinson

College. NSF-REU program
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