
Research Article Vol. 30, No. 8 / 11 Apr 2022 / Optics Express 12630

Deep ultra-violet plasmonics: exploiting
momentum-resolved electron energy loss
spectroscopy to probe germanium

ZOHREH POURSOTI,1,7 WENBO SUN,2,7 SATHWIK
BHARADWAJ,2,7 MAREK MALAC,3,4 SURAJ IYER,2 FARHAD
KHOSRAVI,1 KAI CUI,3 LIMEI QI,1 NEDA NAZEMIFARD,1

RAVICHANDRA JAGANNATH,5 RAJIB RAHMAN,6 AND ZUBIN
JACOB2,*

1Department of Electrical and Computer Engineering, University of Alberta, Edmonton, Alberta T6G 2V4,
Canada
2Birck Nanotechnology Center, Elmore Family School of Electrical and Computer Engineering, Purdue
University, West Lafayette, Indiana 47907, USA
3Nanotechnology Research Centre, National Research Council of Canada, Edmonton, Alberta T6G 2M9,
Canada
4Department of Physics, University of Alberta, Edmonton, Alberta T6G 2E1, Canada
5KLA Corporation, 5 Technology Dr, Milpitas, California 95035, USA
6School of Physics, University of New South Wales, New South Wales, Sydney 2052, Australia
7Equal contribution
*zjacob@purdue.edu

Abstract: Germanium is typically used for solid-state electronics, fiber-optics, and infrared
applications, due to its semiconducting behavior at optical and infrared wavelengths. In contrast,
here we show that the germanium displays metallic nature and supports propagating surface
plasmons in the deep ultraviolet (DUV) wavelengths, that is typically not possible to achieve with
conventional plasmonic metals such as gold, silver, and aluminum. We measure the photonic
band spectrum and distinguish the plasmonic excitation modes: bulk plasmons, surface plasmons,
and Cherenkov radiation using a momentum-resolved electron energy loss spectroscopy. The
observed spectrum is validated through the macroscopic electrodynamic electron energy loss
theory and first-principles density functional theory calculations. In the DUV regime, intraband
transitions of valence electrons dominate over the interband transitions, resulting in the observed
highly dispersive surface plasmons. We further employ these surface plasmons in germanium to
design a DUV radiation source based on the Smith-Purcell effect. Our work opens a new frontier
of DUV plasmonics to enable the development of DUV devices such as metasurfaces, detectors,
and light sources based on plasmonic germanium thin films.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The plasmonic properties of materials have found a number of applications in the development of
photovoltaic devices [1,2], medical sensors [3], perfect absorbers [4,5], lithographic techniques
[6], surface enhanced spectroscopy and sensing [7–9]. Obtaining the plasmonic properties of
different materials across the electromagnetic (EM) spectrum is of great interest for all such
nanophotonic applications [10] (see Fig. 1(a)). Surface plasmons can be observed in graphene in
the terahertz regime [11], highly doped III-V semiconductors in the infrared range [12], metallic
systems such as copper (Cu) in the visible [13], and heavy metals such as magnesium (Mg) and
gallium (Ga) in the ultraviolet region [14]. Observing surface plasmons at much higher energies
is a new frontier to design devices in the deep ultraviolet (DUV) regime.
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Fig. 1. a) Comparison of surface plasmon frequency in different material systems across
the electromagnetic spectrum. b) Schematic display of bulk and surface plasmons in
Germanium.

New light sources operating in the extreme ultraviolet (EUV) and deep ultraviolet regions have
several potential scientific and industrial applications. DUV and EUV sources are extremely
important in semiconductor photolithography techniques. The most popular technique is the
immersion lithography [15] which employs excimer laser sources of wavelength 193 nm. Currently,
the immersion lithography has been succeeded by EUV lithography through laser-produced
plasmon sources [16]. The state of art for lithography is at 13.5 nm, however currently a major
interest exists in the development of DUV sources for next generation longer wavelength reticles
and wafers [17]. DUV sources also have huge relevance in designing helical drilling systems
[18], protein structural analysis [19], and angle-resolved photoemission spectroscopy [20].

In this paper, we explore the plasmonic properties of germanium (Ge) in the DUV regime.
We show that Ge supports surface plasmon polaritons (SPP) in the DUV region with its surface
plasmon resonance more than twice that of aluminum, a typical material of choice to construct
UV devices [21–23]. One can employ DUV plasmons in Ge to construct DUV waveguides,
metamaterials, and other devices that are currently not possible with other conventional plasmonic
materials. Germanium is a technologically important material thanks to its semiconducting
properties at the infrared wavelengths. Counterintuitively, here we show that Ge acts like a
Drude-type metal in the DUV region.

We probe the plasmonic properties of Ge using relativistic electrons through momentum
resolved electron energy loss spectroscopy (k-EELS). Unlike the traditional electron energy
loss techniques [24], in this work both the energy and momentum dispersion of the plasmons
are mapped simultaneously [25,26]. This allows us to obtain the plasmonic behavior and the
corresponding photonic band spectrum in thin Ge single crystal slabs even as small as 60 nm.
The measured photonic band spectrum shows an excellent agreement with the macroscopic
electrodynamic electron energy loss theory. Furthermore, we explain the dielectric behavior
of DUV plasmons in Ge through first-principles density functional theory (DFT) calculations.
Finally, we numerically simulate a Smith-Purcell radiation source (with a wavelength resonance
close to 145 nm) in the DUV regime by employing SPP in Ge.

2. DUV plasmons in germanium measured with k-EELS

The DUV plasmonic properties of germanium are measured with relativistic electrons and
k-EELS setup in a transmission electron microscope (TEM). Traditional electron energy loss
spectroscopy techniques account only for the amount of energy loss of the electron. In k-EELS,
the momentum loss information is also obtained by measuring the scattering angle (θ) of the
electron after passing through the sample (see Ref. [25] for details on the k-EELS experimental
setup). The amount of energy and momentum carried away by the excitations within the sample
directly corresponds to the energy and momentum lost by the incident electron. Thus, using
k-EELS one can clearly map the photon/polariton band structure [26] and identify photonic
excitations such as Cherenkov radiation (CR), waveguide modes, surface and bulk plasmons
(BP).
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The samples were prepared via focused ion beam milling (FIB) and mounted on a TEM grid
to create free-standing (10 µm × 5 µm) slabs with thickness 60 nm, 100 nm and 200 nm. The
focused ion beam milling is conducted through a 40 keV Ga+ ion beam in a Hitachi NB5000 dual
beam instrument, and polished using a 5 keV Ga+ ion beam to reduce amorphous layer. This is
important as we try to observe SPP, as the surface needs to be free of Ga+ damage as much as
possible.

In Figs. 2(a)–(c), we have shown the photonic band spectrum measured using k-EELS for the
free standing Ge samples of thicknesses 60 nm, 100 nm and 200 nm, respectively. A flat-band is
observed at 16 eV without any dispersion in all three samples. This flat-band is attributed to the
BP excitation of germanium. Bulk plasmons occur when εGe → 0, which is well into the EUV
regime (See Fig. 1). We note that such longitudinal BP oscillations occur at such high energies
even in other materials such as aluminum and silicon [25].

Fig. 2. (a), (b), (c) Photonic band structure of thin germanium samples of thicknesses
60 nm, 100 nm and 200 nm are measured using k-EELS. The dispersionless BP is observed
at ∼ 16 eV, the SPP lies at the DUV energy range (4-10 eV) and the CR is observed at
2-4 eV. The solid lines represent the energy-momentum dispersion of the scattered electrons
obtained using macroscopic electrodynamic calculations. (d), (e), (f ) The electron scattering
probability for all three exciations as measured by k-EELS integrated over several scattering
angle intervals are plotted as a function of energy for the 60, 100, and 200 nm thin germanium
slabs, respectively. A blue-shift is observed for the peak of the surface plasmon with increase
in scattering angle for all three samples, whereas no such shift is observed for the bulk
plasmon peak. Insets in (d), (e) and (f) display the scanning electron microscope images of
the free-standing germanium films prepared via focused ion beam milling (FIB) milling and
mounted to the TEM grid.

The highly dispersive bands observed between ≈ 4 − 10 eV in Figs. 2(a)–(c) are the surface
plasmon polariton excitations of Ge in the DUV regime. Note that ωsp = ωp/

√
2 ≈ 11.3 eV,

which indicates that Ge is a Drude-like metal in the DUV. This is in stark contrast with the
semiconducting properties of the Ge observed at visible and infrared wavelengths. The highly
dispersive nature of SPP bands is further evident in Figs. 2(d)–(f), where we have plotted the
scattering probability as a function of energy, obtained within several intervals of scattering
angles. We observe a blue-shift in the SPP peak with increase in scattering angle for all three
samples, whereas no such shift is observed for the BP peak. In the following, through DFT
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calculations we explain that the metallic nature of Ge in DUV regime is due to the weak interband
transitions between valence and conduction bands, which creates unbound valence plasmons that
can support SPP excitations.

Bandstructure of Germanium is calculated using HSE06 hybrid functional [28] along W-L-
Γ-X-W points (see Fig. 3(a)) in the Vienna ab-initio simulation package (VASP) [29]. Hybrid
functional approximates the exchange correlation functional by separating electron interaction
into long-range and short-range part in the exchange energy. In the DUV region, the interband
transition between valence band and conduction band is very weak and the electrons in valence
band behave like free electrons which leads to the plasmonic behavior of germanium in the DUV
region.

Fig. 3. (a) The face-centered diamond-cubic crystal structure of germanium is shown.
(b) The first Brillouin zone and the high symmetry points of the germanium crystal are
displayed. (c) Electronic bandstructure of germanium obtained using density functional
theory calculations is plotted. (d) Experimental [27] and density functional theory calculation
values for the permittivity of germanium are compared. Plot shows the metallic character of
germanium in the DUV (ε<0) in the 6–12 eV (103–207 nm) range.

Dielectric function of germanium shown in Fig. 3(d) is calculated using GW0 & Bethe-Salpeter
Equation (BSE) in VASP. GW0 & BSE takes the excitonic effects into consideration on top of
GW0 results for the electron energy. In the DUV regime, electron-hole pairs are not tightly
bound and the dielectric function reduces to a simpler form similar to Drude model with Re(ε)<0.
At high frequencies, valence electrons behave as collective oscillations instead of undergoing
interband transition. In Ge, due to exhaustion of f -sum rule [27] in the DUV region, valance band
electrons behave effectively like unbound free electrons and contribute to the observed metallic
behavior. For frequencies below the transition frequency between d-band and conduction bands,
coupling between bounded d-band electrons and unbounded valance electrons will not disturb
the Drude-like optical response [27].
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Further, we compare our experimental data with the simulations of the macroscopic electrody-
namic electron energy loss function [30] in Ge for electrons normally incident on the sample. In
Fig. 2(a)-(c) we see that the measured data show a strong match with the theoretical calculations
(shown in solid lines).

Finally, we observe a low energy branch in the visible range (1.5–2.5 eV) in Fig. 2. Through
electron energy loss function theory, we recognize that this low energy branch is the visible
CR in germanium. When an electron passes through a medium with a velocity greater than the
phase velocity of light in the medium, it generates the CR radiation. Such CR radiation has been
observed previously in energy loss experiments [31–33], metamaterials [34,35], and even in
two-dimensional materials [36,37]. In dielectrics, CR occurs if the electron velocity is larger than
the phase velocity in the medium (v ≥ c/

√
ε). The threshold electron velocity for the relativistic

electrons used in our experiment is achieved when ε ≥ 1.64. In our k-EELS experiment, the
incident electron beam energy is set at 300 keV (v ≈ 0.79c), which is above the CR radiation
threshold.

3. DUV radiation source in germanium

Light-matter interactions mediated through periodic structures have been employed often in
stimulating scientific and technological advancements. A worthy objective premised upon the
same is to design alternative sources of light. One such phenomenon dependent upon the
periodicity of the medium is the Smith-Purcell effect which was first experimentally demonstrated
in 1953 [38]. It was observed that the charged particles moving close to a periodic structure at a
constant velocity emit electromagnetic waves. In this section, we numerically simulate a DUV
radiation source in Ge based on the Smith-Purcell effect.

In a periodic grating structure, non-radiating evanescent surface modes exist near the surface.
An electron beam moving above the grating interacts with these evanescent surface modes. As
a result, Smith-Purcell radiation is created during this transient process [39]. Smith-Purcell
radiation is typically observed in metallic grating structures. For a perfect electric conductor (PEC)
grating, the wavelength of the Smith-Purcell radiation is given by [39] λ = (a/g) (cos θ − 1/β) ,
where a is the periodicity of the surface and g is the diffraction order (a negative integer), β = v/c,
and θ is the angle of propagation of the emitted electromagnetic wave relative to the initial
direction of particle motion.

Smith-Purcell radiation phenomenon can be alternatively understood through the method of
image charges. When an electron is moving above a periodic grating structure, the distance
between the electron and its image charge has a periodic variation [40]. The resulting oscillating
dipole moment created by the electron and its image charge emits the electromagnetic radiation
[41]. However, if we pass an electron beam through a hole grating structure (Fig. 4(a)) instead
of the electron beam above a periodic grating structure, the number of dipole oscillations is
quadrupled, and thereby enhancing the intensity of the radiation in the far-field regime.

We can utilize the metallic behavior of Ge in the DUV region to design Ge based free electron
laser source. We propose a hole grating structure made up of Ge as shown in Fig. 4(a). The hole
grating structure is constructed to significantly enhance the Smith-Purcell radiation.

To confirm the existence of Smith-Purcell radiation from the Ge based periodic structure, we
simulate this laser source by particle-in-cell (PIC) method in CST Studio Suite [42]. In this
simulation, a is chosen to be 35 nm with grating hole size 20× 20 nm. Electrons pass through the
grating structure with a kinetic energy of 20 KeV. Given an electron beam propagating through
the grating along the positive x-axis, we analyze the transient and frequency response of the
far-field radiation pattern at different observation points. The resulting Smith-Purcell radiation
component Ex is plotted as a function of frequency in in Fig. 4(b).

From the spectra of Ex, we find a broad peak with its center close to 8.6 eV (145 nm). Position
of this peak matches with the frequency range defined by spectral order g = −1 (shown by the
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Fig. 4. (a) The schematic diagram depicts the Ge hole grating structure for generating
the Smith-Purcell radiation. (b) The fast fourier transform (FFT) of the radiated Ex field
component is plotted as a function of frequency for Ge and silica. Smith-Purcell radiation for
the hole grating structure is simulated by PIC method in CST [42]. Radiation peak around
8.6 eV (145 nm) is observed in the spectra of Ex for the Ge grating structure. Germanium
has a distinctive radiation peak due to its metallic nature in the DUV regime, whereas such a
peak is absent in silica. Inset shows the difference in the behavior of dielectric function for
both Ge [27] and silica [43] in the DUV regime.

region between two dashed vertical red lines in Fig. 4(b)). Origin of this phenomenon is the
metallic behavior of Ge in the DUV region. In order to show the contrast, we also simulated
the radiation from the same hole grating structure made with silica. The result is shown by
the orange curve Fig. 4(b). We find that the real part of silica’s permittivity is positive in this
frequency range and as a result, radiation peak in the DUV range is not distinct. Whereas, Ge
has negative values of the real part of permittivity in the same range (see inset in Fig. 4(b)), as a
result we obtain a radiation peak close to 8.6 eV.

It should be noted that the radiation created by a continuous electron beam is not coherent, and
does not have a unique direction. We can easily solve these problems by instead injecting groups
of electrons in intervals. The idea is to shape the electrons into groups with a required frequency
and pass it through the hole grating structure to create a super-radiant emission [40,44]. With
this extension, by using the proposed grating structure made from Ge one can design a coherent
unidirectional DUV laser source. This idea will be discussed further in a future publication.

4. Conclusions

We have experimentally demonstrated the existence of DUV surface plasmons in germanium with
its resonance energy twice as large as those observed in conventional metals such as aluminum.
Through k-EELS technique, we could map the plasmonic excitations in Ge (bulk plasmons,
surface plasmonics and Cherenkov radiation) up to a large energy and wavevector values that are
not possible through traditional electron energy loss spectroscopy techniques. The measured
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photonic band spectrum has a strong match with the macroscopic electron energy loss theory. We
have described the observed metallic behavior of Ge in the DUV region through first-principles
density functional theory calculations. Further, we employ the DUV plasmons in Ge to design a
DUV radiation source based on the Smith-Purcell radiation phenomena. By passing an electron
beam through a Ge hole grating structure, we demonstrated a radiation resonance close to
145 nm. This free electron radiation source has a great potential to be employed in DUV device
applications.

5. Methods

k-EELS measurements were performed using a Hitachi HF-3300 TEM/STEM with a cold field
emission gun (CFEG), a Gatan Image Filter (GIF) TridiemTM (model 863) and the MAESTRO
central computer control system [45]. An electron beam of energy 300 keV is injected normally
onto a thin specimen. EEL spectrometer is used to resolve the electron energy loss over a range
of 0-18 eV. The energy-momentum loss of the electrons were mapped to the calibrated CCD to
obtain the energy-momentum photonic dispersion in the specified range. Our k-EELS captures
the surface plasmon dispersion that are not possible with the earlier EELS techniques. Details of
the k-EELS experimental setup and the measurement procedure are described in Ref. [26].

First-principles density functional theory calculations are carried out using Vienna Ab-initio
Simulation Package [29]. Germanium bandstructure is calculated through a hybrid functional
method with HSE06 functional [46]. To obtain the dielectric function values with a reasonable
accuracy, we first perform a single shot GW0 calculation. A cutoff energy of 180 eV was
considered for the expansion of the plane wave basis, and a Γ-shifted 6 × 6 × 6 Monkhorst–Pack
[47] grid was used for the sampling of the Brillouin zone with a default Gaussian smearing.

Germanium grating structure as a DUV radiating source is demonstrated based on the
simulations using CST Studio by PIC method [42]. Open boundary conditions are applied on all
boundaries of the simulation cell. Electron source is placed on one end of the grating structure
which generates electrons with a kinetic energy 20 KeV and an effective current 1.6 mA. The x
component of the radiated transient electric field (Ex) is analyzed by Fourier transform to obtain
the corresponding spectrum. Ex Spectrum is normalized with respect to the peak amplitude at
8.6 eV.
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