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Light—Matter Interaction in Quantum Confined

2D Polar Metals

Katharina Nisi, Shruti Subramanian, Wen He, Kanchan Ajit Ulman, Hesham EI-Sherif,
Florian Sigger, Margaux Lassauniére, Maxwell T. Wetherington, Natalie Briggs,
Jennifer Gray, Alexander W. Holleitner, Nabil Bassim, Su Ying Quek,* Joshua A. Robinson,*

and Ursula Wurstbauer*

This work is a systematic experimental and theoretical study of the in-plane
dielectric functions of 2D gallium and indium films consisting of two or three
atomic metal layers confined between silicon carbide and graphene with a
corresponding bonding gradient from covalent to metallic to van der Waals
type. k-space resolved free electron and bound electron contributions to the
optical response are identified, with the latter pointing towards the existence of
thickness dependent quantum confinement phenomena. The resonance energies
in the dielectric functions and the observed epsilon near-zero behavior in the
near infrared to visible spectral range, are dependent on the number of atomic
metal layers and properties of the metal involved. A model-based spectroscopic
ellipsometry approach is used to estimate the number of atomic metal layers,

providing a convenient route over expensive invasive characterization techniques.

A strong thickness and metal choice dependence of the light-matter interaction
makes these half van der Waals 2D polar metals attractive for quantum

1. Introduction

Understanding the interaction between
light and matter is a continuously
evolving discipline with high techno-
logical relevance, including but not
limited to the fields of bio-medical
engineering, communication, energy
conversion, sensing, computation, cryp-
tography, and quantum technologies.
Central to all optical technologies is the
manipulation of the light-matter inter-
action to achieve a high level of control,
particularly in technologically relevant
solid-state nanomaterials with function-
ality in a large wavelength range—near
infrared (NIR) to visible and ultraviolet

engineered metal films, tunable (quantum-)plasmonics and nano-photonics.

(UV) regions. The weak interaction of
this large wavelength range of light with
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Figure 1. a) Schematic of the layered 2D metal heterostack. b) High-resolution cross-sectional transmission electron micrograph of the graphene/2D Ga/
SiC heterostack. Encapsulation of the 2D metal between epitaxially grown graphene and SiC substrate, allows for environmental stability and its charac-
terization outside of UHV conditions. The two atomic layers of Ga show up with brighter contrast in the transmission electron micrograph. c) Multivariate
analysis of the EELS map reveals five unique components and the score plot intensity for each component are shown along the z-direction of the TEM
cross-section. This EELS score plot reveals a 1-2 nm thick modified SiC peak that shows up at the interface of the 2D Ga and the SiC substrate.

solids necessitates the development of approaches to enhance
and controllably manipulate the light-matter interaction.
One such approach is the investigation of near-zero index
(NZI) materials for nano-plasmonics or nano-photonics.l¢
Epsilon near-zero (ENZ) materials are a class of NZI mate-
rials that exhibit unique properties such as vanishing group-
velocity, giant field enhancement, static light, decoupling of
spatial and temporal field variations, light tunneling, and
extreme non-linear interactions.*”~3l Access to these field
dynamics and tunable properties allows for the design of
unconventional photonic and plasmonic devices using ENZ
materials.'12131 ENZ materials with high losses are not
suitable for applications using the slow light and wavelength
expansion properties,** but suitable for applications using
confinement and impedance effects.! Potential applications
for ENZ materials with high losses include optical absorbers,
for generating hot-electrons, or for nanoparticle trapping.
Both structured and homogenous ENZ materials have been
extensively studied. Structured ENZ materials offer high
tunability, but their complex fabrication is expensive. The
family of homogenous ENZ materials encompasses metals,
semi-metals, doped semiconductors and interband materials,
which allow for easy integration with other nano-photonic ele-
ments like single photon emitters and wave-guides.?2 Bulk
metals with plasmon frequencies in the ultraviolet to visible
spectral range are commonly studied, but they miss out on
the telecommunication wavelengths, possess low tunability
via gating, straining, and suffer from high losses.! Reduced
losses have been theoretically predicted for ultrathin metallic
films.33-3 Such thin metallic films are also of interest in the
field of quantum plasmonics®® and to study and tailor the
quantum physical properties of thin metals.’¥) Slow plas-
mons and giant field enhancement have been theoretically
shown for atomically thin quasi 2D metals.? Although gate
tunable ultrathin gold films have recently been realized,*!
the fabrication of ultrathin 2D metals and other small-band
gap systems remains challenging, and these materials are
prone to interfacial environmental degradation.

Recently, 2D polar metals were realized via confinement het-
eroepitaxy (CHet)—a process of intercalating metals between
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epitaxially grown graphene and its silicon carbide (SiC) sub-
strate (Figure 1).2 These 2D gallium (Ga) and 2D indium
(In) structures are protected by the graphene overlayers,
demonstrate a gradient in their bonding covalency along the
z-direction, and exhibit fascinating properties like superconduc-
tivity,*?l strong plasmonic response in the visible range,*} and
strong nonlinear optical properties emerging by giant second
harmonic generation in the NIR range approaching 10 nm? V1.

In this study, we explore the linear optical response of
2D Ga and 2D In. The fundamental light-matter interac-
tion which is described by the complex dielectric functions.
We determine the dielectric functions of 2D Ga and 2D In
via a combination of spectroscopic ellipsometry (SE)
and density functional theory (DFT) in a large spectral range
from NIR to UV. We are able to distinguish between the free
and bound electron contributions to the optical response.
In addition to an expected ENZ region around the plasmon
frequency of free electrons in the UV spectral range, a pro-
nounced ENZ region is observed in the visible to NIR spec-
tral range for these 2D metals. A comparison can be drawn
between the quantized bound electron transitions in bilayer
and trilayer 2D metals,* and thickness dependent eigen
energy states in quantum wells. The imaginary part of the
dielectric functions coupled with DFT calculations allows
for the determination of the number of atomic metal layers.
The studied samples consist of predominantly homogenous
bilayer 2D Ga, and a mixture of bilayer and trilayer 2D In
with approximately 66% bilayer (see Section S1, Supporting
Information). The characteristic signatures for bi- and trilayer
2D metal films and their variation between Ga and In suggest
tunability of the ENZ region by quantum confinement
(number of layers and atomic radii), atomic number, and
potentially by alloying and external stimuli such as gating.
The half van der Waals nature of 2D metals facilitates their
combination with other 2D or low dimensional structures as
well as photonic or plasmonic circuitries, making them espe-
cially interesting for next generation photonics, quantum
plasmonics, quantum technologies, hot-electron generation,
photo-catalysis, solar power harvesting, sensing, and nano-
particle trapping.[3841:45-50]

© 2020 The Authors. Published by Wiley-VCH GmbH
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2. Results and Discussion
2.1. Spectroscopic Ellipsometry

Ellipsometry is a non-destructive, optical method that meas-
ures the change in the polarization of collimated monochro-
matic light being reflected from thin films at a finite angle of
incidence as schematically shown in Figure 2a. We use SE
in reflectance geometry, where light from a tunable source is
guided through a polarizer for linear polarization, and then
through a compensator to prepare elliptically polarized light.
The reflected light is directed to the detector through an ana-
lyzer. In a suitable coordinate system, the complex reflectance
matrix is described by p = r,/r; = tan'¥' - ¢, where p is the com-
plex reflectance ratio, r, and r; are the amplitudes of the parallel
(p) and orthogonal (s) components of the reflected light normal-
ized to the amplitude of incoming light, ¥ and A are the ellip-
sometric angles.’!l In our 2D metal heterostacks, the complex
dielectric function ¢ (w) = &(w) + i&(w) is dominated by the
isotropic in-plane contribution £€*(w), and layer thickness d of
the thin films constituting the layer stack. We perform variable
angle spectroscopic ellipsometry (VASE) measurements, and
spectroscopic imaging ellipsometry (SIE) to obtain high lateral
resolution (results shown in Section S2, Supporting Informa-
tion).¥% For the VASE measurements, the entire sample is
illuminated with collimated monochromatic light with a spec-
tral range of 300-1700 nm under three angles of incidence

(AOI)—55°, 60°, and 65°, and subsequent regression analysis
to extract the dielectric functions from the measured ¥(w) and
Ao).

To describe the VASE and SIE spectra of the 2D polar metals
and extract their dielectric functions, a comprehensive optical
model is developed and fit to the experimental data via regres-
sion analysis. To minimize the number of unknown parameters,
quasi-free-standing hydrogen intercalated epitaxial graphene
(QFEG)P3% is measured and modeled separately to determine
dielectric functions and optically active film thickness of epitaxial
graphene and the SiC substrate. These parameters are then used
as input to model the VASE and SIE spectra of the full heterostack
comprised of (from bottom to top) the SiC substrate, thin modi-
fied SiC, 2-3 atomic layers of metal, QFEG, and air as shown in
Figure 1a. The dielectric function of QFEG is determined by mod-
eling A(w) and ¥(w) with a Drude term for the free electrons in
the graphene, and SiC is modeled using a Cauchy function.[32-55>¢]
To model the ellipsometric ¥(w) and A(w) spectra of the 2D metal
films, a Drude function is used to describe the free electron con-
tribution to &) due to intraband excitations, Tauc-Lorentz and
Lorentz functions are used to describe the bound electron contri-
butions to &) due to interband excitations. A Cauchy-modeled
intermediate layer, labeled modified SiC, is introduced to model
the changes in the top few atomic layers of the SiC substrate
during the EG growth and subsequent intercalation processes.
The ellipsometric phase shift described by A is very sensitive
to surface roughness and materials with finite refractive index
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Figure 2. a) Schematic of the polarization state and geometry of light reflected from a thin film sample in VASE. b,c) The obtained ellipsometric
angles, A and P, respectively, for 2D Ga and 2D In at three different angles of incidence—55°, 60°, and 65°. SE was realized using an M-2000
ellipsometer (J. A. Woollam) in RCE-mode. The data was obtained in a spectral range of 300-1700 nm, that is, 0.73-4.13 eV. The blue and red
curves show the fit obtained from the model for the 2D Ga and 2D In heterostacks, respectively. A Drude—Lorentz model is developed to fit the
2D metals.
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Table 1. Overview of the materials in the 2D metal heterostack (as
shown in Figure Ta) including the model contributions to the total func-
tion and the respective parameters.

Metal Model Parameters
Air n, k fix n, k
Graphene Drude Eo [eV]; damping Tyraphene [€V]

SiC Cauchy

Ay, B, [nm?]

vanishing absorbance (e.g., insulating materials), and a constant
offset of this angle to the model was observed when the modified
SiC layer was not accounted for.””! The first few atomic layers of
SiC are altered during the synthesis of graphene via silicon sub-
limation, which is readily identified by a modified contrast in the
bulk SiC substrate at the metal/substrate interface (Figure 1b). A
corresponding multivariate curve loading score plot of the elec-
tron energy loss spectroscopy exhibits a unique peak between EG
and SiC, demonstrating the existence of the modified SiC layer
(Figure 1c) signal. The existence of a 1-2 nm thick modified SiC
layer was estimated independently from high-resolution cross-
sectional TEM investigations (Figure 1a) and analysis of the ellip-
sometry spectra.

The measured VASE spectra, A(w) and ¥(w), for angles of
incidence of 55°, 60°, and 65°, and the corresponding fit to the
data, are plotted in Figure 2b,c respectively. The models fit the
measured VASE spectra very well with a root mean square error
of =1. Table 1 summarizes the parameters and models applied
for each constituent material of the 2D metal heterostack. The
utilized functions, all parameters and values for each constit-
uent layer can be found in Table S2, Supporting Information.
The (optically active) layer thickness from the VASE models
are 0.49 + 0.04 nm for 2D Ga and 0.46 * 0.04 nm for 2D In,
matching cross-sectional TEM.

2.2. Density Functional Theory Calculations

In order to explore the microscopic origin of the light-matter
interaction of the 2D polar metals, we perform first principles
DFT calculations using the plane-wave pseudopotential code,
QUANTUM ESPRESSO,P®! with the local density approximation
(LDA)B! for the exchange-correlation functional. All calculation
parameters are chosen to ensure convergence of the quantities of
interest (see Methods Section). We model bilayer (2L) and trilayer
(3L) Ga or In bonded to Si-terminated 6H SiC substrates, using
slabs with six units of SiC per unit cell (Figure 3) (see Methods
Section). Following previous studies on the energetically favored
stacking configurations,*! the first (bottom) and the second Ga/
In atomic layer are aligned, respectively, with the silicon atoms
and carbon atoms in SiC1 (Figure 3), while for the trilayer, the
third (top) atomic layer is aligned with the hollow sites of SiCl.
The resulting interlayer distances are shown in Table S3, Sup-
porting Information. The complex dielectric function is com-
puted using the independent particle approximationl®” (see
Section S3, Supporting Information).
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Figure 3. Atomic structures of half van der Waals 2D metals on SiC sub-
strates. Top view and side view of the atomic structure of a) SiC/2L Ga
or In, b) SiC/3L Ga or In. The SiC substrate is passivated by hydrogen
atoms at the bottom.

The DFT band structure obtained for bilayer Ga/SiC
(Figure 3a) agrees well with angle-resolved photoemission
spectra (ARPES), except for the position of the Fermi level
which is shifted by a few tenths of eV, consistent with the find-
ings that graphene does not have a significant effect on the
band structure.?l To investigate the effect of an error in the
Fermi level on the predicted &;", we shift the Fermi level in
the calculations by £0.4 eV and 0.6 eV and present the results
in Figure S4, Supporting Information. The results show that
the peak positions above 1.0 eV are essentially unchanged by
these Fermi level shifts.

2.3. Dielectric Functions

The experimentally extracted real and imaginary parts of dielec-
tric functions €™ (w)= & (w) +i&;"(w) are compared with DFT
calculations in Figures 4 and 5, respectively. The free electron
intraband contributions to &(w) are described by the Drude
function as dashed lines in Figure 4a. A comparison of the
absolute values of &(®) shows that the lowest investigated spec-
tral region is dominated by the Drude term, that is, for wp(Ga)
<1 eV for 2D Ga and wp(In) < 0.7 eV for 2D In, respectively.
The visible spectral range is dominated by a combination of a

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Real part of the complex dielectric function &. a) Real part of the complex dielectric function & obtained from fits to the spectro-
scopic ellipsometry data using the model defined in the text for 2D Ga and 2D In shown in blue and red, respectively. b) Calculated real part
of the complex dielectric function &> for 2L Ga (dark blue) and 3L Ga (light blue). c) Calculated real part of the complex dielectric function
g™ for 2L In (dark red) and 3L In (light red). The isolated free electron intraband contributions are included as dash-dot lines for experimental
as well the calculated dispersions. The epsilon near zero (ENZ) spectral regions are highlighted in grey and the ENZ region around 1.5 eV by
a green arrow.
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Figure 5. Imaginary part of the complex dielectric function &™. a,b) Depict the imaginary part of the complex dielectric function & obtained
from SE for 2D Ga and 2D In, respectively. The inset of (a) shows a statistical analysis of the number of 2D metal layers from several cross-
sectional transmission electron micrographs. c,d) Depict the theoretically calculated imaginary part of the complex dielectric function & for
2D Ga and 2D |In, respectively. These calculations are performed for 2L and 3L Ga and In. Resonances due to interband transitions are marked
as well as the ENZ region in &™ around 1.5 eV. Comparison of (a) and (c) shows good agreement between the experimentally observed inter-
band resonance at 1.9 eV with the resonance at 2.06 eV for 2L Ga indicating the dominance of bilayer Ga. This is in excellent agreement with
the statistical analysis shown in the inset of (a) suggesting that Ga is predominantly 2L. Comparison of (b) and (d) shows good agreement of
the experimentally observed interband resonance at 1.2 and 1.8 eV, and the theoretically calculated interband resonance at 1.21 eV for 3L and at
1.70 eV for 2L indicating the coexistence of 3L and 2L In, which is also in an excellent agreement with the statistical analysis shown in the inset
of (b). The inset of panel (d) shows the calculated resonance energies as a function of layer number, that is, quantum confinement for Ga and
In, respectively.
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Tauc-Lorentz and two Lorentz functions for 2D In with peak
energies of wri(In) = 1.77 eV and @yy(In) = 1.21 eV, whereas
the visible spectral range in 2D Ga is comprised of a single
Tauc—Lorentz function with a peak energy of wr(Ga) = 1.89 eV.
In the violet to UV spectral range, the dielectric functions are
dominated by a combination of Drude and another Lorentz
term with peak energies of w;;(Ga) = 3.62 eV (out of experi-
mental range, deciphered by fitting the obtained experimental
data) and wy,(In) = 3.19 eV for 2D Ga and 2D In, respectively.
The amplitudes of the Tauc—Lorentz and the Lorentz oscillators
are directly correlated with the loss function (extinction), and are
high in the visible range, but significantly reduced in the violet
to UV range. In this spectral range, the Drude term asymptoti-
cally pushes the real part &(w) — 0. This higher energy ENZ
region marked in grey in Figure 4, is predominantly due to the
free electron contributions close to their plasmon resonance
as known for metals.®!l In this spectral region, the losses due
to the bound electron contributions are also minimal, making
this spectral range attractive for ENZ applications utilizing the
properties of slow light and wavelength expansion.

The real part of the dielectric function &(w) is near zero for
2D Ga at wgyz(Ga) = 1.6 eV, and even crosses &(w) = 0 twice
for 2D In at wgnzi(In) = 1.45 eV and wgyz,(In) = 0.82 €V, in the
red to NIR spectral region marked in Figure 4a. The losses are
dictated by the magnitude of the imaginary part of the dielec-
tric function &(w) in Figure 5. Although the losses for 2D In
in the red to NIR spectral range is large (Figure 5d), the losses
for 2D Ga are lower by a factor of two for energies at the joint
ENZ region centered around 1.5 eV. While high loss is unfa-
vorable for applications like wave-guiding, light confinement
or quantum plasmonics, other ENZ applications like efficient
light absorber, hot-electron generation, photocatalysis, local
heating, and nanoparticle trapping will benefit from the high
losses.[% Most importantly, the light-matter interaction,
ENZ properties, and related losses vary spectrally between 2D
Ga and 2D In and are largely affected by quantum confinement
(see inset of Figure 5d), indicating that controlling the number
of layers and alloying these two materials would allow for intro-
duction of a knob to tune the light-matter interaction. Further-
more, different metals and external stimuli such as gating or
strain will allow for spectral tuning of the ENZ characteristic,
a feature nearly impossible for their 3D metallic counterparts.
Strain is expected to modify the quantum confinement and to
alter the effective mass and electron—phonon coupling strength
affecting the losses in the system, while gating is expected to
impact the charge transfer characteristic, to presumably cause
renormalization effects as well as to possibly modify the elec-
tron—electron and electron—phonon coupling strength.

The microscopic origin of the light-matter interaction of
these 2D polar metals is explored via DFT calculations for in-
plane real & (w) and imaginary & () parts of dielectric func-
tions in Figures 4 and 5, respectively, with the free-electron
intraband contributions plotted as dashed lines in Figure 4.
A quantitative and qualitative agreement is seen between the
experimentally observed dielectric spectra and the calculated
values. DFT calculations show distinct energetic positions of
the localized electron contributions for different metals and
number of atomic metal layers. The influence of the broad-
ening parameters in the calculation on the complex dielectric
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function of 2L Ga is demonstrated in Figure S3, Supporting
Information. Larger interband broadening results in broader
and smoother features in & (®), but the peak positions are
rather robust. Due to Kramers—Kronig relations, the shape of
&7 () is determined by the actual values of & (w), and there-
fore changes with larger broadening. However, the computed
& (w) is close to zero over a broad spectral range for all broad-
ening parameters used here.

SE shows a strong interband resonance for 2D Ga at o (Ga)
~1.89 eV, and a hint for a weaker resonance at @y (Ga) = 3.62 eV
(Figure 5a). DFT calculations for &*(®) in bilayer Ga shows a
distinct resonance at 2.06 eV, while trilayer Ga has a resonance
at 1.25 eV. A comparison between experiment and theory sug-
gests that the 2D Ga film is predominantly bilayer in nature.
This is corroborated by statistical analysis from cross-sec-
tional TEM micrographs shown in the inset of Figure 5a. SE
of 2D In shows strong resonances at wy;(In) = 1.21 eV and
wp(In) = 177 eV, and a weak resonance at wp,(In) = 3.19 eV
(Figure 5b). The energetic positions of the strong resonances
agree well with the calculated energies at 1.21 eV for trilayer
In and 1.70 eV for bilayer In, while broad features are present
at =2.6-3.0 eV for bilayer In. The characteristic energy posi-
tions of these calculated resonances and their dependence on
the number of layers allow for the conclusion that the investi-
gated 2D In sample is a mixture of bi- and trilayer regions. By
comparing the ratio of the calculated loss intensities & (@) at
1.21 eV for trilayer In and 1.70 eV for bilayer with the measured
intensity ratios of these peaks in the experimental data, we can
estimate the amount of bi- and trilayer 2D In. Following this
analysis, we estimate, based on peak intensities, that roughly
55% of the 2D In sample is bilayer and the rest trilayer. This
is not too far from the statistical analysis from cross-sectional
TEM micrographs shown in the inset of Figure 5b, and
matches well with the predicted layer stability of 2D In.*?! It is
to be noted that we do not observe significant differences from
the dielectric spectra from global VASE and spatially resolved
SIE measurements (see Figure S2, Supporting Information)
indicating that the distribution of bi- and trilayer regions is
homogeneous. Therefore, the grain size of bi- and trilayers are
expected to be below 1 um.

While the free-electron intraband contributions are sig-
nificant for & (w) over a large energy range, these intraband
contributions decay quickly for & (w), and are small for ener-
gies larger than 0.75 eV. The characteristic resonance energies
in & () discussed above arise from interband contributions.
We analyze the microscopic origin of these resonance ener-
gies by projecting the states involved in the interband transi-
tions onto specific atomic orbitals (see Section S3, Supporting
Information). Figure 6a,b (and Figure S6a,d, Supporting Infor-
mation) show that the main peaks in & (w) arise from transi-
tions within the metallic states in each system. However, these
peaks are present only for the SiC-supported 2D metals and
not for the free-standing 2D metals (see Figure S7, Supporting
Information). Charge transfer transitions involving both SiC
and Ga/In states also contribute significantly to these optical
absorption peaks, especially for the SiCl (interface) layer, and
to a lesser extent, the SiC2 layer (see Figure 3). Transitions
within SiC also contribute to this peak while contributions of
charge transitions between lower SiC units to Ga/In states are

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. Analysis of interband transitions in SiC/2L In and SiC/3L In. £5*(®) of a) SiC/2L In and d) SiC/3L In arising from interband transitions
between In states and In states, between SiC states and SiC states, and between In states and SiC states. The atomic layers for SiC follow the nota-
tion in Figure 3. Charge transfer transitions involving In and SiC layers SiC4, SiC5, and SiC6 yield negligible contributions to £3* and are omitted here.
Electronic band structure for b) SiC/2L In and e) SiC/3L In. The colored symbols represent projections of the wavefunctions onto specific orbitals as
shown in the legend. Arrows depict schematically interband transitions contributing to the main transition peaks. c,f) k-point-resolved (g} =& + &}/
) within £0.1 eV of the main transition peak (b) at 1.70 eV SiC/2L In and (d) at 1.21 eV for SiC/3L In systems. High symmetry points I, K, and M are
marked as white stars and the black hexagon is the boundary of the first BZ. The same color bar is used for both (c) and (f).

negligible. This analysis shows that the major peaks in & (®)
arise primarily from interband transitions involving states of
the 2D metal layer as well as the interface region. The energies
of states primarily responsible for the interband transitions are
also indicated in the partial density of states plots in Figure S5,
Supporting Information, which further corroborates the finding
that these transitions involve states localized on the metal layer
and interface region.

The fact that the dielectric functions can be tuned by
layer thickness (Figures 4 and 5) underlines the potential of
designing from bottom-up the dielectric properties of these
2D polar metals. To understand why the major peaks in & (®)
shift to lower energies going from bilayer to trilayer metals, we
plot in Figure 6 the band structures as well as k-resolved values
of (€)=} + &) for the major peaks in bilayer In and trilayer
In systems. Similar results are shown in Figure S6, Supporting
Information for bilayer Ga and trilayer Ga. In all systems, the
interband transitions contributing to the major peaks arise pri-
marily from the BZ boundaries (Figure 6c¢,f; Figure Séc,f, Sup-
porting Information). Both the intensity of the k-resolved &} and
the region of k-space involved in the transitions increase when
going from bilayer to trilayer, explaining the larger intensity
predicted for the major peaks in the trilayer systems compared
to bilayer ones. From the band structure plots, it is to be noted
that the states involved in the interband transitions along K-M
and close to K and M are dispersive states close to the Fermi
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level. Arrows in Figure 6 and Figure S6, Supporting Informa-
tion depict schematically these interband transitions. Along
K-M, the transition involves an occupied state on the 2D metal,
to an unoccupied state involving the metal and interface Si (Sil)
layer. This observation is consistent with the discussion above,
where interband transitions within the metal, and between the
metal and SiC1 states were found to dominate the contribution
to the major characteristic peaks in & (). Transitions from Sil
to Sil states can be seen close to the M point as well. We now
explain the red-shift of major peaks in &;* (@) when going from
bilayer to trilayer for the 2D SiC-supported metallic systems.
Comparison of Figure 6b,e (as well as Figure S6b,e, Supporting
Information) reveals that more metal layers result in more
bands, which in turn have a smaller energy spacing along K-M
and close to K and M points. These results can be qualitatively
understood from the picture of confinement in a quantum well
potential, where the energy spacing between quantum confined
states decreases as the width of the well increases. Thus, the
interband transitions discussed here will correspond to smaller
transition energies for thicker metal films. Following the same
quantum-mechanical confinement arguments, we can also
explain the reduced energies of the resonances for 2D In as
compared to 2D Ga, with the increased thickness of one atomic
layer of In compared to Ga (see Table S3, Supporting Informa-
tion). As shown in the inset of Figure 5d, the major peak posi-
tions @, computed for &;"(w) for Ga and In (2L and 3L systems)

© 2020 The Authors. Published by Wiley-VCH GmbH
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decrease as the estimated effective width of the quantum well w
increases. The best fit curve to these data points follows a rela-
tionship @, =~ w3, The deviation of the fit from that expected
for an infinite square well potential @, =~ w™ is consistent with
the important role of the interface between silicon carbide and
the 2D metal in the interband transitions. Strong coupling
of the metal wavefunctions to the silicon carbide substrate is
expected to result in quantum tunneling out of the effective
square well potential, thus reducing the confinement effect
compared to that of an infinite square well. The fundamental
understanding relating the thickness of the metal films to the
major peak positions in & (w) serves as a guide to further tune
both the real and imaginary parts of the dielectric functions in
future work.

3. Conclusion

In summary, we have determined the frequency dependent
in-plane complex dielectric functions € (w)= &" (w)+i&™ (w)
of atomically thin 2D In and 2D Ga layers hosted in half van
der Waals heterostructures via combined theoretical and experi-
mental approach utilizing DFT calculations and spectroscopic
ellipsometry. The optical responses of these 2D metals are
composed of electron contributions due to intraband excita-
tions described by Drude functions and bound electron con-
tributions due to different interband excitations described by
Lorentzian functions. At lowest energies < 0.75 eV, and in the
violet to UV range, the free electron contributions dominate
the optical responses of the 2D metals. In the NIR to visible
range however, the interband contributions govern the optical
response. The resonance frequencies are characteristic of the
number of atomic metal layers and choice of metal, allowing
a high degree of tunability. Our developed approach allows for
a rapid non-destructive determination of the thickness of the
as-grown 2D polar metals. A quantum mechanical confinement
effect is observed to act on the atomic orbitals forming the
band structure, causing them to experience different confine-
ment based on the number of atomic metal layers, analogous
to quantum well structures. Therefore, energy separation of the
underlying single particle bands is larger in bilayer compared
to trilayer systems, but also for Ga layers compared to In due to
the different thicknesses of each atomic monolayer. Both phe-
nomena are confirmed experimentally. We observe the depend-
ence of ENZ properties on the choice of metal and number of
atomic metal layers in both the blue to UV region, and the NIR
region, thus holding promise of the tunability of the ENZ spec-
tral range. While the losses for bulk metals in the high energy
ENZ region are small, the losses in the NIR regions and the
technologically relevant telecommunication spectral region are
large, again strongly dependent on the choice of metal and the
number of atomic metal layers. Consequently, both the spectral
range and the losses may be tunable by internal and external
stimuli. These properties together with the possibility of their
quantum mechanical tuning makes 2D polar metals in half van
der Waals structures highly attractive for next generation plas-
monics, quantum-plamonics, and nano-plasmonic materials.
These half van der Waals materials are fully integrable with
other promising optically active 2D materials such as transition
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metal dichalcogenides” and their heterostructures,”74 atom-
istic quantum emitters in 2D materials,”! and topologically
non-trivial materials. Coupling with different material systems
and (quasi-) particles therein, might result not only in field
enhancement but in new quasiparticles such as chiral plas-
mons® and plexcitons.”778 Strong light matter interaction in
the non-linear” as well as linear regime with ENZ properties
found for these 2D polar metals is expected to result in fasci-
nating and unprecedented phenomena facilitated by the unique
properties of the 2D metals and their expected high tunability
and integrability in photonic, plasmonic, and optoelectronic
circuitries for next generation photonics, quantum plasmonics,
hot-electron generation, photo-catalysis, solar power harvesting,
sensing, and nano-particle trapping.[62-%Y

4. Experimental Section

Sample Preparation: A thermal vaporization-based method was
used to intercalate the 2D Ga and 2D In at the epitaxial graphene/SiC
interface.’l Epitaxial graphene was synthesized via high-temperature
Si sublimation of SiC. Defects were then introduced in the graphene
layers by exposing it to an O,/He plasma. Following this treatment,
30-60 mg of Ga or In metal was placed in an alumina crucible along
with the defective graphene sample in a Lindberg/Blue M Mini Mite
tube furnace equipped with a 1" outer diameter quartz tube. The
furnace is then heated to 600-800 °C under 300 Torr of argon and
50 sccm continuous argon flow for 30 min. This process yields metal
intercalation at the epitaxial graphene/SiC interface.

EP4  Ellipsometry: Imaging spectroscopic measurements were
implemented using a customized EP4 ellipsometer (Accurion GmbH).
The data were obtained using the nulling ellipsometry mode in a
spectral range of 480-1100 nm. The reflected light was focused with a
20x objective. The lateral resolution was in the order of a few um by
displaying the focused reflected light (objective with 20x magnification
and an NA < 0.0018) on a CCD detector, enabling the micron-scale
lateral resolution that allowed for investigating the homogeneities
of the synthesized samples. The AOI is set at 50°. A razor blade edge
was implemented as a beam cutter and set as close as possible to the
sample surface to minimize the signal of backscattered light. 3-8 regions
of interest were defined on the sample and measured under ambient
conditions. The measurement method was EP4 nulling with a C-angle
of 45° and a balanced quality, two zone or four zone measurement, two
iterations and a P and A-angle range of £10. The laser setting is set to
power correction, which adjusts the laser output in reference to the
power signal, and the camera was set to auto exposure. 100 datapoints
were collected from 500-1100 nm and further 100-150 datapoints were
collected from 500-900 nm.

VASE Ellipsometry: VASE were achieved using an M-2000 ellipsometer
(). A. Woollam) in rotating-compensator (RCE)-mode. The measurements
were implemented at wavelengths ranging from 300 to 1700 nm, with
the angle varied from 55° — 65° in five steps. Data were collected under
ambient conditions in a clean room with a macroscopic laser spot size
(=1 mm). Each angle was assigned to an individual sample and in turn,
each sample was assigned to one common dielectric function. Therefore,
the obtained dielectric function was an average of the three angles.

The complex dielectric function e(w) = &(w) + ig(w) and layer
thickness d for each film of a measured layer stack can be extracted
using the measured ellipsometric angles ¥(w) and A(w) as inputs to
a Levenberg-Marquardt-fit based on the Berreman 4 x 4 matrix method
for multilayered films.[% The obtained data was modeled using the EP4
modeling program (Accurion EP4 Model 3.6).

Transmission Electron Microscopy: Cross-sectional transmission electron
microscopy samples were prepared by a Helios G4 PFIB UXe DualBeam
with a Xe* plasma ion source to avoid contamination from typical Ga
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focused ion beam. A = 500 nm carbon/platinum coating was deposited by
the electron beam followed by a 50 nm thick layer of carbon at 5 keV and
6.4 nA. Then the Xe ion beam was used to deposit a 5 um tungsten layer
at 30 keV. A standard lift-out procedure was used and the samples were
thinned down until they were transparent to a 5 keV electron beam. High-
resolution STEM imaging of the prepared cross-sections was performed
in an FEI Titan 80-300 HB Cubed transmission electron microscope
equipped with a high-brightness gun (XFEG) and two spherical aberration
correctors in both the probe and the image forming lenses. Several STEM-
HAADF images were collected using an in-column Fischione detector at
63.8-200 mrad collection angles at 91 mm camera length and 19.1 beam
convergence. The images were acquired at 200 keV with a screen current
of 100 nA and 50 um C2 aperture. A series of STEM images at 1.3 M X
are acquired along the cross-section of 2D Ga and 2D In samples with
2048 x 2048 resolution and 2 us pixel time. In all images, 10%-20%
overlap was maintained between every image with both the previous
and the next image to help to identify mutual fiducial markers from the
carbon/platinum coating. Then, all the images were stitched manually to
make a panorama image which was used to identify the number of Ga or
In layers across the FIB cross-section and build the thickness histogram.

Low-Loss Electron Energy Loss Spectroscopy: Electron energy loss
spectroscopy (EELS) was performed in the FEI Titan Krios operating
at 300 kV and at liquid nitrogen temperature. The Krios was equipped
with a GIF Quantum filter with two cameras behind the GIF including
a Gatan ultrascan UST000XP and K2 direct electron detector. EELS
spectra were collected on the K2 over a STEM image area of 66 x 205
pixels with a pixel size of 0.2 nm at a magnification of 2.55 million.
The GIF 5 mm entrance aperture was used and a dispersion on 0.1 eV
over the energy loss range of 3-374 eV in order to record both low loss
and core loss regions. In order to not overexpose the K2, the exposure
time was set to the minimum of 0.0025 s and a shutter duty cycle of
20% is used. The total time to collect the spectrum image was 48 s.
The EELS spectra was averaged across each row of the cross-section
EELS image to help improve the S/N (0.2 X 25 nm or 1 x 125 pixels).
A power law background was applied to remove the tail from the elastic
scattering line. Multivariate Curve Resolution (MCR) decomposition
analysis was applied to the averaged EELS spectra from each row.” The
accumulative percentage variation reached a maximum at 5 loadings
(99.98%) and the loadings all correlated with identifiable features within
the TEM cross-section (SiO, protective layer, EG, Ga, bright region of
the SiC surface, and the SiC bulk).

Density Functional Theory Calculations: Density functional theory
calculations were performed using the local density approximation
(LDA)B for the exchange-correlation functional as implemented in the
plane-wave pseudopotential code, QUANTUM ESPRESSO.® Optimized
norm-conserving pseudopotentials® were used to treat the electron-ion
interactions. To obtain converged results, plane-wave kinetic energy cut-
offs of 80 Ry and 90 Ry were used for 2D Ga/SiC and 2D In/SiC systems,
respectively, and an energy threshold of 107° Ry was used for the self-
consistent cycle. A Monkhorst—Pack k-point mesh of 26 x 26 x 1 was
used for geometry optimization and self-consistent field calculations,
while the density of states and dielectric functions were obtained using
a denser k-point mesh of 52 x 52 x 1. The SiC slabs were modeled with
six SiC units per unit cell, and dangling bonds at the bottom of the
slab were passivated with hydrogen atoms. The bottom SiC unit was
kept fixed while all other atomic positions were relaxed until the forces
acting on the atoms were <0.0001 Ry/Bohr. The theoretically predicted
lattice constant for bulk 6H SiC (a = 3.06 A) was used as the in-plane
lattice parameter, which was in a good agreement with the experimental
value of 3.08 A.82 Periodic boundary conditions with an electrostatic
dipole correction were used, with a vacuum length of 16 A to separate
periodic slabs. The complex dielectric function was computed using the
independent particle approximation.®l In the sum over states, states
with energies within £ 4 eV of the Fermi level for £ were included. The
results shown in this work were not changed when this energy window
was widened. All valence states were involved in the computation
of €® and in total, 70 bands were considered for each system to get
converged results. In the calculation of the complex dielectric function,
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the intraband and interband broadening parameters were taken to be,
respectively, 0.01 and 0.08 eV. Dependence of the complex dielectric
functions on these broadening parameters is shown and discussed in
Figure S3 and Section S3, Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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