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ABSTRACT

Nanoplasmonics is an important, emerging research area in technologies such as energy
conversion using photovoltaic devices and hydrogen sensing using Pd nanoparticles. So far,
plasmon excitations are only known to exist at the interface between two different dielectric
media such as two solids, or at solid-vacuum surfaces. There has been no evidence for the
presence of a plasmon at a solid-liquid interface. This paper presents results on the existence and
nature of the plasmon resonance between a semiconducting solid and a liquid metal, investigated
in a transmission electron microscope having sub-eV and sub-A resolution. The results are
compared with calculations of the plasmon based on dielectric theory, and corroborated with
energy-filtered imaging analyses. The unique plasmon resonance observed at the solid-liquid
interface provides new insight in to the behavior of plasmons in research areas from biomedical

imaging to liquid crystals, including the technologies mentioned above.



I. INTRODUCTION

Plasmon excitations are important phenomena both scientifically and
technologically. For example, the discovery of surface plasmons and the realization that they can
be manipulated in small structures has lead to the current important field of
nanoplasmonics.'**** Similarly, it has been recognized for some time that plasmons can exist at
internal surfaces, or interfaces, such as between two solids®’ and there is experimental evidence
for this in metal alloys and semiconductor systems.*”'® Whether plasmons exist and can be
detected at a solid-liquid interface remains an unanswered question. There is a potential
application for this in the cancer therapy, where the body fluid/Au layer interaction'' is critical,

for example.

Dielectric theory places no restrictions on the state of two materials present across
an interface, and therefore, predicts that an unique plasmon should be present at a solid-liquid
interface. Further, one expects the valence/conduction electrons at the solid-liquid interface to be
different than in either of the bulk phases, due to difference in the Fermi energies of the
materials, potential ordering in the first several layers of the liquid, as well as any composition
gradients that may exist at the interface.''>'*'>!® Hence, the collective oscillations of these
electrons should be different, although they may be delocalized. Unfortunately, given these
expectations, it is very difficult to investigate the solid-liquid interface experimentally,
particularly in inorganic materials because the materials are opaque, must be heated to melting,
require an experimental technique that has high spatial resolution, etc. In spite of these
difficulties, progress has been made in observing solid-liquid interfaces in organic and inorganic

13,14,16,17

materials using high-resolution transmission electron microscopy (TEM), scanning probe

microscopy'® and synchrotron X-ray scattering. ">’



With the availability of electron-beam instruments with sub-eV and sub-A
resolution, one can explore the physical,”’** mechanical®' and optical'* properties of materials
with unprecedented spatial resolution. A striking example of this is recent work by Nelayah et
al? using electron energy-loss spectroscopy (EELS) in a TEM to investigate the surface
plasmons on Ag nanoparticles. In contrast, the fundamental plasmon physics in liquid metals,
and more specifically, the behavior of free electrons at the interface between a liquid metal and
semiconducting solid is largely unknown. The interface between a metal and a semiconductor
(the so-called Schottky junction™) is technologically important in microelectronics, since it
controls the electrical transport properties in semiconductor devices. While sophisticated

I*" and optical®® properties of

experiments”* and theories™ have explored the electrical,*® therma
such interfaces, only a few studies have explored the interface between a liquid metal and
semiconducting material like Si.'"* The current study investigates the interfacial plasmon present

between molten Al-Si alloy in contact with a singular Si interface using in-situ valence EELS in

the TEM.?

II. EXPERIMENTAL PROCEDURE

Atomized Al-17.8Si-1.8Cu-0.6 Mg alloy in powder form was supplied by
Valimet Inc. 0.5 g of the powder sample was added to 25 ml of ethanol and ultrasonicated for 1
hr to disperse the aggregated particles. The solution was left undisturbed for 24 hrs to allow the
larger-sized particles to settle. The remaining particles were collected near the top of the
suspension using a pipette and deposited on an ultra-thin holey carbon support film on a 200-

mesh Cu grid obtained from Ted Pella, Inc.



A JEOL-JEM 2010F TEM with a Schottky field-emission gun operating at 200
kV and having a post-column Gatan imaging filter (GIF-Model 652) was used to acquire the low
energy-loss spectra from a pure liquid Al particle at 700 °C. The energy resolution measured
from the full-width at half maximum (FWHM) of the zero-loss peak was 1.1 eV. Digital
Micrograph™ software was used to acquire and process the energy-loss spectra to obtain the
energy dependence of real (g;) and imaginary (g;) parts of the dielectric constant through

Kramers-Kronig analysis,*® after plural scattering removal by Fourier-log deconvolution.™

A Gatan double-tilt heating holder was used to resistively heat the sample to 590
°C, where the solid Si is in contact with liquid Al alloy at this temperature, and a Pt/Pt-13%Rh
thermocouple in contact with the furnace provided the specimen temperature to within £15 K. A
bright-field TEM image and diffraction patterns from the Si and liquid Al phases were acquired

to determine that the Si facet in contact with the liquid Al was {111}.

The Zeiss sub-eV, sub-A microscope (SESAM) with a Schottky field-emission
gun operating at 200 kV, fitted with a Collected Electron Optics Systems omega-type
monochromator, Koehler illumination and an in-column Mandoline energy-filter was used to
acquire the low-loss spectra across the solid-liquid interface and from a Si single crystal close to
a <100> zone-axis at 590 °C, and this was processed through Digital Micrograph™ software to
obtain the real (¢;) and imaginary (g;) parts of the dielectric constant. The energy resolution
measured at the FWHM of the zero-loss peak was 0.14 eV. The collection half-angle was limited

to 6 mrad using an objective aperture.



A low-loss spectrum image was acquired in the scanning TEM (STEM) mode of
the SESAM TEM using a probe size of 0.6 nm and stepping 35 nm across the singular solid Si-
liquid Al interface in 0.8 nm increments. A total of 45 spectra were acquired using the auto
acquisition mode with an acquisition time of 2 s for each spectrum. The inelastic mean free path
lengths of Al and Si are 142 and 139 nm, respectively at 200 kV. A particle size of ~150 nm was
chosen for the present study, and this leads to multiple plasmon peaks from the Si and liquid Al
phases. These are useful for accurately calibrating the plasmon energies. An energy dispersion of
0.018 eV/channel for spectrum image acquisition allowed the Si, liquid Al and the interface
plasmon energies to be measured with high accuracy. A series of energy-filtered TEM (EFTEM)
images were acquired in a charge-coupled device (CCD) 2048x%2048 pixel camera using a 0.2 eV
energy slit taken 0.2 eV apart from 12.5 to 17.7 eV across the plasmon energies of Si to liquid
Al Due to 4-fold binning of the camera the effective pixel size in the EFTEM image is 0.89 nm
% 0.89 nm. A total of 26 EFTEM images were acquired with an acquisition time of 10 s. The
spatial drift of the energy-filtered images was corrected using an auto-cross-correlation script
developed by B. Schaffer er al.’' Multivariate statistical analysis software plug-in in Digital
Micrograph™ was used for processing the EFTEM images. This allows one to obtain an
improved signal-to-noise ratio in the images and is based on a principal component analysis. The

data was reconstructed using four statistically significant principal components.*



ITII. RESULTS AND DISCUSSIONS

Valence electron energy-loss spectroscopy (VEELS) and energy-filtered
transmission electron microscopy (EFTEM) were performed on a partially molten Al-Si-Cu-Mg
alloy particle in a Zeiss sub-eV, sub-A microscope (SESAM) operated at 200 kV. A bright-field
TEM image of the particle taken at 590 °C is shown in Fig. 1(a). The particle contains two
phases, Si, which displays a prominent {111} facet, in contact with liquid Al containing ~8 at. %
Si in solution, as expected from the equilibrium phase diagram.”> The EELS spectrum image
shown in Fig. 1(b) was acquired by stepping a 0.6 nm diameter electron probe from the liquid Al
across the solid-liquid interface and into the Si (dotted line in Fig. 1(a)) in 0.8 nm increments for
a total distance of 35 nm. Figs. 1(c) and 1(d) show the energy dependence of the real (g;) and
imaginary (g;) parts of the complex dielectric constants of liquid Al and solid Si, respectively.
These data were used to calculate valence electron energy-loss spectra (plasmons) across the

solid-liquid interface using equation (1).

The relatively narrow, high-intensity spectral feature in Fig. 1(b) is due to the
volume plasmon excitation in liquid Al corresponding to an energy-loss of 14.2 eV, and the low-
intensity broader spectral feature is the volume plasmon from Si at 16.3 eV. The volume
plasmon energy of solid Al at room temperature is ~15.3 eV,*® and the lower plasmon energy
measured in liquid Al is due to the increased atomic volume in the liquid phase, i.e., expansion
on melting (In the jellium model,*® the volume plasmon energy of a nearly free-electron metal
like Al is proportional to the valence-electron density). This is consistent with previous studies in
liquid AL**** A unique plasmon feature corresponding to the interface between the crystalline Si

and liquid Al is clearly visible in the spectrum image in Fig. 1(b). To corroborate this result,



complimentary theoretical calculations based on the dielectric theory, and EFTEM imaging

analyses, were performed.

The energy-loss (scattering) probability of a fast moving electron with velocity V

traveling parallel to a planar interface with normal x between two materials as a function of

frequency w, is given by,

dP(x) _ e? [In acv |
dhw  2m2goh2v2

2wb {_ —} . {

(0)) €1(w )+€ 2(w) & (w)

DI

where in the present investigation, &; (w) and &,(w) are the complex dielectric functions of

1
liquid Al and Si. The imaginary terms, Im (— e )) and Im (— ) are the energy-
1w

&1(w)+&2(w)
loss functions that define the shape of the volume plasmons of Si and liquid Al, and the interface
plasmon, respectively. Ky is a modified Bessel function that describes the contributions of the

volume plasmons from liquid Al and Si for an electron beam at a distance b (impact parameter)

from the interface, and g is the critical wave-vector (1.19 nm™).

Figure 2(a) shows a schematic near the interface, with arrows indicating the
locations where experimental spectra (slices 12 to 24) and calculated spectra (using eqn. 1 with
distance b in 1.6 nm increments) were compared across the liquid Al-Si{111} interface. The
plasmon energy and the full-width at half-maximum (FWHM) of the liquid Al plasmon in slices
12, 14 and 16 compare well with the calculated spectra, as shown in Figs. 2(b), 2(c) and 2(d).

8



The FWHM measured for the liquid Al plasmon is 1.85 eV, which is higher than the half-width
of 0.5 eV for solid Al,*" indicating that damping of the plasmon in liquid Al is faster’ than in the
solid. The interface slice 18 in Fig. 2(e) (and to a lesser extent slice 16) exhibits an asymmetric
tail on the high-energy side. This asymmetry could be an inherent feature of the solid-liquid
interface plasmon and/or attributed to electron-phonon interactions that occur during high-

temperature EELS studies involving molten liquids.™

Comparing the experimental spectra on the Si side (slices 20, 24 and 26) with the
calculated ones in Figs. 2(f), 2(g) and 2(h), shows that the calculated spectra display a lower
plasmon energy than the experimental spectra, i.e., close to that of the plasmon energy in the
interface slice 18. With increasing distance away from the interface the plasmon peak
progressively moves until it is coincident with the experimental spectrum in slice 26. Thus, an e-
beam located 4.8 nm away from the interface only excites the volume plasmon of Si. When the
electron beam is closer to the interface than this, the excitation probability of the interface
89.38)

plasmon is higher on the Si side than on liquid Al side (the well-known Begrenzungs effect

and this reduces the volume plasmon of Si relative to the interface plasmon.

Since the electron beam has a finite size of 0.6 nm and it broadens as it travels
through the particle, when the beam is on or near to the interface, there is a probability of
exciting volume plasmons from both liquid Al and solid Si. In addition, there is some
delocalization of the plasmon excitation due to the inelastic scattering process.**~° Therefore, the

interface spectrum (slice 18) has relative contributions from both liquid Al and Si plasmons, but



can be deconvoluted based on the measured plasmon energies of liquid Al and crystalline Si,
which are 14.4 and 16.3 eV, respectively. Since the electron-plasmon interaction in a material

can be described as a quantum harmonic oscillator,”*

the plasmon peak can be appropriately
fitted by a Lorentzian function. The experimental and calculated plasmon energies and the
FWHM of liquid Al, crystalline Si and the interface plasmon were extracted by fitting Lorentzian
functions™ to the plasmon peaks and these are given in Table 1. The experimental and calculated
results agree within +£0.2 eV. Fig. 2(i) shows the deconvolved contributions of the Si, Al and
interface plasmon peaks to the total interface spectrum 18. For comparison, the experimental

spectrum and the summation of all the individual plasmon contributions are also shown. The

summation of all the plasmon contributions matches the experimental spectrum well.

Figure 3(a) shows normalized low-loss spectra near the interface region. The spectra
were displaced at regular intervals along the ordinate for comparison. Solid lines correspond to
the peak centers of the liquid Al and crystalline Si volume plasmons at 14.4 and 16.3 eV,
respectively, and the interface plasmon peak in the spectrum (arrow on left) is visible at an
energy-loss of 15.5 eV as indicated by a dotted line. The interface plasmon energy of solid
Si/liquid Al is lower as compared to solid Si/solid Al and is attributed due to the change in the
liquid Al plasmon energy as solid Si plasmon energy does not change with temperature.'****° To
substantiate the presence of a unique plasmon peak between the solid Si and liquid Al plasmons,
EFTEM images were acquired using a 0.2 eV energy slit scanning from 12.5 eV to 17.7 eV in
0.2 eV increments to obtain 26 images. In order to obtain a high signal-to-noise ratio in the
images, a multivariate statistical analysis based on principal component analysis was

performed.*'** A tableau of selected EFTEM images is shown in Fig. 3(b), with the energy-loss

values indicated on the image. The bright phase in the 14 eV image corresponds to liquid Al, and
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this brightness persists at higher energy losses due to the broad nature of the liquid Al plasmon
peak. The Si phase becomes bright at 16.5 eV, although its intensity is not even because the Si is
oriented along a <110> zone-axis and strong Bragg diffraction is contributing to the contrast in
the EFTEM image. In the 15.5 and 16 eV images, the interface is brighter than either of the
liquid Al or Si phases, further validating the presence of a plasmon peak/signal between the
volume plasmons of Si and liquid Al in the experimental spectrum. A naturally formed oxide
layer ~7 nm is also visible in the image and this prevents the liquid Al from evaporating into the
microscope column. These results demonstrate that the valence-electron density at the solid-
liquid interface is different from either the bulk Al or Si, and that an interfacial plasmon
resonance can be imaged when excited by an electron beam. Interfacial plasmons have been
previously observed at solid-solid interfaces™ and solid-vacuum®** interfaces in thin films and

small particles, but not at a solid-liquid interface.

Multiple linear least-square (MLLS) fitting®® was performed on the reference spectra
from liquid Al and Si in the energy range of 12.5 to 17.5 eV. Figs. 3(c) and 3(d) show the MLLS
fit coefficient maps and the bright phases in the images correspond to the liquid Al and Si,
respectively. Fig. 3(e) shows the reduced chi-square fit map obtained by the MLLS fitting, which
reveals the interface plasmon component. This additional result also corroborates the plasmon
peak observed at the interface between solid Si and liquid Al in the experimental spectrum image

in Fig. 1(a), and in the EELS spectra in Fig. 3(a).

Figure 4 shows an average intensity profile taken across the solid-liquid interface from
the 15.5 eV EFTEM image (the dotted rectangular box) in Fig. 3(b). The intensity on the liquid
Al and Si side (shown in horizontal dotted lines) is almost constant; therefore, the peak width in

the intensity profile corresponds to the plasmon signal at the solid-liquid interface. The
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background intensity profile on the Si side was matched to that of the Al side by removing 1 nm
and shifting it vertically to yield an approximately Gaussian function of the plasmon signal at the

solid-liquid interface. The peak half-width measured from the profile was ~5.5 nm.

This value is substantially larger than the width of any ordered liquid layers of ~2
nm found at the Al-liquid Si* and Si-liquid Pb'* interfaces. This difference is likely due to the

30.39.44 (Which is an inherent

delocalization of the excitation process of the plasmon at the interface,
nature of the inelastic scattering of electrons at energy-losses less than ~100 eV. It is worth
mentioning that in the present experiments the spatial resolution in EFTEM mapping® is not
limited by chromatic aberration because of the use of narrow energy slits and the observation of
small energy losses (< 100 eV). Also non-isochromaticity is negligible (< 10 meV across the Al—-
Si particle) because of the use of a high-transmissivity energy filter.** Therefore the plasmon
signal at the interface can be entirely accounted for by delocalization of the inelastic scattering of

13,14,15 could

electrons. Although the ordering of atoms in the liquid at the solid-liquid interface
change the free-electron density and hence the signal from the interface, this effect is likely

overshadowed by the delocalization of scattering.

IV. CONCLUSION

The experimental results and theoretical calculations presented herein provide
convincing evidence for the existence of a unique plasmon state at a singular solid-liquid
interface. Although this interface plasmon can be predicted by dielectric theory, the present study
provides detailed information on its characteristics and behavior at the interface, as well as direct
evidence that the free-electron density at the interface is different from the bulk phases. EFTEM

image analyses indicated that the electron excitations at the interface are delocalized to within

12



about 5.5 nm. The present study on the interfacial plasmon behavior between Si and liquid Al
provides further insight into phenomena important to the active research area of nanoplasmonics,
such as in biomedical imaging of body fluid and Au nanoparticle interactions for cancer

therapy'', and potentially in liquid crystals, for example.
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FIG. 2. (COLOR ONLINE) Comparison between experimental and calculated EELS
spectra across the solid Si-liquid Al interface. (a) Schematic of a thin specimen showing the
locations across the solid-liquid interface where experimental spectra (slices) were
compared with calculated spectra. (b), (c), (d), (e), (f), (g) and (h), Comparison between
experimental and calculated EELS spectra at different impact parameters, i.e., distances
from the interface. (i) Deconvolution of the interface spectrum showing the relative
contributions of the volume plasmons of Si, liquid Al, and the interface plasmon.
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(b)

FIG. 3. (COLOR ONLINE) Normalized experimental EELS spectra across the solid-liquid interface and
EFTEM analyses. (a) EELS spectra near the solid-liquid interface, vertical solid lines correspond to the
peak centers of the volume plasmons of liquid Al and Si at 14.4 and 16.3 eV, respectively. Dashed line
corresponds to the peak center of the interface plasmon at 15.5 eV. Arrow on the left side indicates the
interface. (b) Tableau of the EFTEM images acquired using a 0.2 eV energy slit with the energy-loss
values indicated on the images. The images were reconstructed after multivariate statistical analysis to
improve the signal-to-noise ratio. (¢) MLLS fit coefficient map of liquid Al. (d) MLLS fit coefficient map
of Si. (¢) Reduced chi-square map of the interface.
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FIG. 4. (COLOR ONLINE) Intensity profile across the solid-liquid interface. The
average intensity profile from the dotted rectangular box across the solid-liquid interface
in the 15.5 eV EFTEM image in Fig. 3(b). The horizontal dotted lines represent the
background on the liquid Al and Si side. The dashed red curve is the background shifted
from the Si side to match that of the Al side minus 1 nm of intensity to the left of the
vertical dashed line (hatched region) that was removed so the background intensities are
the same on the Al and Si sides.
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