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Direct electrical tuning of localized plasmons at optical frequencies boasts the fascinating prospects of
being ultrafast and energy efficient and having an ultrasmall footprint. However, the prospects are obscured
by the grand challenge of effectively modulating the very large number of conduction electrons in three-
dimensional metallic structures. Here we propose the concept of nanoscopic electron reservoir (NER) for
direct electro plasmonic and electro-optic modulation. A NER is a few-to-ten-nanometer size metal feature
on a metal host and supports a localized plasmon mode. We provide a general guideline to construct highly
electrically susceptible NERs and theoretically demonstrate pronounced direct electrical tuning of the
plasmon mode by exploiting the nonclassical effects of conduction electrons. Moreover, we show the
electro-plasmonic tuning can be efficiently translated into modulation of optical scattering by utilizing
the antenna effect of the metal host for the NER. Our work extends the landscape of electro plasmonic
modulation and opens appealing new opportunities for quantum plasmonics.

DOI: 10.1103/PhysRevLett.128.217401

Introduction.—Plasmonics with metallic nanostructures
lies at the nexus of photonics, electronics, and nano-
technology [1]. By exploiting conduction electrons at a
metal surface, the diffraction limit of light can be overcome,
promising the miniaturization of many functional photonic
devices and their integration with microelectronics on one
chip [1-5]. Along this line, there is a key need to devise fast
electrically tunable plasmonic systems or modulators for
dynamic control and data transimission [1,6]. Indeed,
active plasmonics has flourished with the development
of various dynamic tuning schemes and applications [7—
11]. To enable electrical reconfigurability, there are basi-
cally two classes of approaches, i.e., indirect approaches
through changing the dielectric environment adjacent to the
plasmonic element and direct schemes via modifying
the metal properties. The indirect approaches rely on the
susceptibility of the dielectric material to the external
stimulus and have been applied for electro-optic modu-
lators with outstanding performance [12], although they
often require quite a long propagation path to accumulate
appreciable changes. Compared with indirect approaches,
direct plasmon tuning could have a smaller footprint and be
in principle much faster since it is only the free electrons
involved [13]. However, in practice, direct electrical tuning
at optical frequency is a grand challenge because the very
large number of conduction electrons in metals can hardly
be maneuvered to a considerable extent. To circumvent the
difficulty, researchers have used electrochemical means for
plasmonic nanoparticles submerged in an ionic environ-
ment [14,15] and explored few-nanometre-thick metal
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films [16]. While impressively flexible plasmon tunings
have been demonstrated along with interesting potential
applications, their tuning speed is quite limited. Recently,
the electron tunneling effect in tunneling junction structures
has been studied toward electrically modulated nanoscale
plasmon sources [17-19] or absorbers [9]. For such
schemes based on quantum tunneling, ultrathin gaps are
often required to ensure an appreciable tunneling current
and ultrafast response might be obscured by the RC time in
practice.

Here we introduce the concept of the nanoscopic electron
reservoir (NER) for ultrafast and efficient direct electro
plasmonic tuning and then theoretically show electro-optic
modulation for three dimensional (3D) nanoantenna struc-
tures. A NER consists of a few-to-ten-nanometer size metal
feature on a metal host and supports a highly localized
plasmon mode. At such a scale length, conduction electrons
exhibit significant nonclassical effects, including electron
nonlocality [20-22], spillover [23,24], and Landau damp-
ing [25,26], which are often considered detrimental to the
performance of designed plasmonic devices [21,25,27].
Here surprisingly, these nonclassical effects are harnessed
to enable ultrafast and energy-efficient electric modulation.
We illustrate firstly the material effect with one-dimen-
sional (1D) structures and then the geometrical effect with
3D structures on the electro plasmonic tunability. To
convincingly reveal the effects, we perform rigorous
calculations based on density functional theory (DFT)
for 1D systems and develop a refined quantum hydro-
dynamic model (QHDM) [26,28,29] for noble metals
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FIG. 1. (a) Schematic illustration of electro plasmonic and optic
modulation via a NER situated on a metal host. The black
arrowed lines represent the electrostatic field lines under an
applied field E., where U, and U, are the resulting potentials.
(b) Plasmon mode field profile associated with the NER.
(c) Change of the stationary conduction electron distribution
Ang varies with Uj,. Any affects the plasmon mode and system
far-field scattering. The red wavy lines with E; and E denote the
incident and scattering optical fields, respectively.

interfacing with dielectrics for 3D nanostructures. Finally
we show that the pronounced electrical tuning of the
plasmons can be translated into a deep modulation of
the far-field scattering through the optical antenna effect of
the host for the NER. We envision the present Letter will
refresh the landscape of electro plasmonic tuning and bring
appealing new opportunities for quantum plasmonics.
The concept.—The idea of the proposed electro plas-
monic and -optic modulation is schematically illustrated in
Fig. 1. The heart of Fig. 1(a) is a few-to-ten-nanometer
feature at the bottom of the upper metal piece. The feature
forms a NER and supports a localized plasmon mode,
which is feasible since even atomistic protrusions can form
isolated eigenmodes [30,31]. A typical plasmon mode
profile is displayed in Fig. 1(b). The resonance depends
on the stationary conduction electron density distribution
no(r), which could be modified by an applied electrostatic
or low-frequency (compared with optical frequency) field,
for instance with a bias voltage across the metallic dimer.
Indeed, as shown in Fig. 1(c), the change of ny(r) could be
prominent thanks to the small volume. Such electro
plasmonic tuning is purely originated from nonclassical
effects, out of which, the electron spill-out effect is the key
[32]. By exploiting the antenna effect of the host on the
NER [41], the change in the localized plasmon mode could
be translated to the modification of system far-field
response, i.e., modulation of the optical scattering. The
electrical tunability of the NER mode is the key and
depends on both the material and geometry of the structure.
Electrical tuning of electron distribution in 1D.—We
perform a quantitative analysis of the material effect on the
electrical tunability with a 1D configuration. The simple
geometry allows us to reveal the critical roles of the
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FIG. 2. (a) Sketch of the 1D configuration under study.

(b) Calculated (DFT) position dependent An,/n . for a variety
of ¢, and Ugp — (6V) (electron affinity difference of the metal
and dielectric). (c) Ang/n, (left) and ng/n, (right) for three
metal-dielectric combinations. Results from DFT and our QHDM
are both plotted.

interfacing materials’ electron affinity and static per-
mittivity in controlling the tunability by using rigorous
DFT calculations based on a generalized jellium model
[32,42,43]. It also serves as a benchmark for a refined
QHDM we develop for noble metals in an applied bias
field. As displayed in Fig. 2(a), the 1D system under study
consists of a 5 nm thick metal slab embedded in a dielectric
under an applied electrostatic field E ... The effect from the
permittivity &; and electron affinity of the dielectric on the
extent of electron spill over the metal-dielectric interface
without E. has been studied in the context of enhancing
plasmonic absorption [44] and second-harmonic generation
[45]. Here we investigate how the electrical tunability is
affected by ¢, the effective static permittivity due to metal’s
ion lattice €., and the difference of the electron affinities
between the dielectric and the metal’s ion lattice. While the
dielectric is known to have an electron affinity Ug,, the
metal’s ion lattice actually also has near-field effects
describable by a pseudopotential (5V) [42], which effec-
tively leads to an affinity difference of Ug, — (6V) at the
interface.

Fig. 2(b) presents the calculated stationary electron dis-
tribution change Ang(r) [i.e., ny(r,E.) — no(r,E, = 0)]
normalized by the ion density in the metal n, as a function
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of the position for a variety of Ug, — (§V) and ¢,. Here we
take silver as an example for the metal. All the plots show
that An, grows with the increase of ¢,. However, the more
important feature is the location of the maximum change.
When Ugy — (5V) is relatively low [cf. the first panel of
Fig. 2(b)], Any(r) mainly resides inside the metal and will
not provide good tunability to the plasmon mode since the
small percentage change is on top of a large ng(r).
Conversely, as the affinity difference increases and turns
positive [cf. the third panel of Fig. 2(b)], the maximum
Ang(r) is out of the metal where ny(r) is much lower and
therefore offers a high tunability. This important finding
guides us to make appropriate metal-dielectric combina-
tions. In Fig. 2(c), we demonstrate the properties of electron
tunability for three workable combinations: Ag/BN(boron
nitride), Au/ZnO, and Al/HfO,. They all exhibit compa-
rable maxima for Ang(r) in regions with relatively low
no(r) (cf. gray shadings). Large electrical tunability thus
could be expected. Next we focus on the Ag/BN combi-
nation and provide the results of other combinations in the
Supplemental Material [32].

OHDM for noble metals under an applied bias.—While
the DFT can conveniently treat the above 1D configura-
tions, it becomes computationally impractical for 3D
systems larger than a few nanometers. QHDMs are capable
of efficiently describing the microscopic details of con-
duction electrons in a macroscopic system [26,28,29].
Good agreements between QHDM and DFT calculations
have been recognized for simple metals like sodium
[28,46]. However, for noble metals, their ion lattice con-
taining bound electrons exerts near-field effects on the
stationary distribution of conduction electrons that are not
treated in usual QHDMs. Moreover, the present situation
involves the metal interfaced with dielectrics in an applied
field. There is no existing QHDM applicable, which
motivates us to develop one. We separately treat the
contributions of bound and conduction electrons [32].
The latter is described by the QHDM where the density
distribution n(r, ) is perturbatively treated as n(r,7) =
no(r) + ny(r, t). ny(r, 1) is the optical response considered
small relative to the stationary distribution ng(r). The
essence of our development lies in rectifying ng(r) via
the following set of modified QHDM equations for fj,; =

\/ng;/n, ; and electrostatic potential ¢:

AR
<— sz + Veff)fo,i = pifois (1)
Vet = Vine = Uit + 4e® + qePexis (2)
V- (eVg) =1 (ny i~ o). (3)

0

where the subscript i denotes the ith metal piece in a
system. The first term in Eq. (1) is the von Weizsicker

kinetic energy characterized with 4,,, and V; in Eq. (2) is
the interaction energy describing various nonlocal and
quantum effects [26,28,29,32]. m, ¢,, and p; are the
electron mass, charge, and chemical potential of the metal
[47], respectively. U, and €, concisely represent Ug, and
ey in the dielectric, or (§V) and g, in the metal,
respectively. These two newly introduced ingredients
effectively amend the QHDM by accounting for the
near-field and polarization effects of the metal ion lattice
(including bound electrons) and the dielectric. When E,
is applied, the external potential ¢, is found from the
homogeneous Poisson equation V- (¢,V.) =0 with
boundary condition —V¢.|,, = E.. For a system consist-
ing of two or more metal pieces, bias voltages instead of E,.
may be more convenient to apply, and then ¢, is set to
zero. The chemical potentials y; are related to the applied
voltages u; —pu; = q,U,;.

In Fig. 2(c), no(r) at E. = 0 and the change Any(r) with
E,. from our QHDM are compared with the DFT calcu-
lations. In all cases, ny(r) distributions from QHDM (dash-
dotted lines) in Fig. 2(c) perfectly match with the DFT
results (shadings). In view of the small magnitudes of
Any(r), the distributions obtained from our QHDM agree
pretty well with the DFT results. Once ny(r) is obtained,
the calculation of the optical response via QHDM follows
from the established procedure [26,28,29]. The model
parameters of our QHDM (including Ay, and Landau
damping strength) for computing the stationary state and
optical responses are respectively calibrated with (time-
dependent) DFT by fitting the n, of a metal slab and
nanoparticle resonances of simple metals [48]. The cali-
brated QHDM is further benchmarked with time-dependent
DFT under jellium approximation within the pack-
age Octopus [49] for few-to-ten-nanometer particles of
different shapes and materials (both simple and noble
metals). Good agreements are obtained for all the studied
cases [32,48].

Electro plasmonic tuning in 3D configurations.—We
proceed to reveal the geometry effect of the NER based on
our QHDM calculations and demonstrate direct electro
plasmonic tuning. As sketched in Fig. 3(a), a generic
structure, i.e., a 40 nm Ag nanosphere with a cone-shaped
NER in the dielectric background of BN, is studied. The
NER has a height H of 4 nm and a base diameter D. The
radius of curvature at the tip apex is fixed to 1 nm, which is
assumed for all NER structures studied in this Letter.
The structure is subject to an electrostatic field E,, and
the resulting field is intuitively illustrated by the lines.
Figure 3(b) presents Any/n, in the NER for D = 4 nm as
E, varies from —0.1 V/nm to 0.1 V/nm, which exhibits
more and more electron spill out. Remarkably, here
Ang/n_ reaches 4%, an order of magnitude higher than
in the 1D configuration. To reveal how these changes affect
the plasmon mode associated with the NER, we per-
form quasinormal mode analysis [32,50-52] and show
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FIG. 3. Electro plasmonic tuning in 3D metallic configuration.

(a) Schematic of a 40 nm Ag nanosphere with a conical NER
characterized by the base D and height H. The nanosphere is
under an external electrostatic field E., and the black arrowed
lines denote the field lines. (b) Ang/n_ in the NER for various
E.. The dotted lines indicate the metal boundary. (c) Evolution of
the complex eigenwavelengths (1) with E. for three (D,H).
Insets: far-field scattering spectra of the nanosphere with D =
H = 4 nm at various E..

the evolution of the complex eigenwavelengths of the
modes [32] with E,. in Fig. 3(c). Symbols of circles,
triangles, and squares correspond to the modes of the
structures with D = 5 nm, 4 nm, and 3 nm, respectively.
The resonance at 569 nm is the dipolar mode of the
nanosphere host and does not change with the applied field.
In stark contrast, the plasmon mode associated with the
NER exhibits remarkable electrical tunability. The resonant
wavelength redshifts by about 30 nm for all D values as E,.
varies from —0.1 V/nm to 0.1 V/nm. Further calculations
show the shape of the NER regulates the resonant wave-
length and its size influences the range of electro plasmonic
tuning [32]. However, such pronounced electro plasmonic
tunability is not necessarily observable from spectroscopic
studies. The far-field scattering spectra for the D = 4 nm
case under various E,. are depicted in the inset of Fig. 3(c)
and exhibit negligible change due to the fact that the
localized mode is nonradiative. The nonradiative nature and
the electric tunability of the NER mode could also be
probed by using a dipole emitter as the excitation source
[32,53]. Our analysis by tracing the mode evolution helps
us to grasp the intrinsic physics of plasmon tuning.
Electro-optic modulation.—The remaining task is to
resolve the nonradiative problem of the NERs’ plasmon
mode and achieve electro-optic modulation. The problem
has its root in the mismatch of the size of the mode with the

(a) Vacuum (C) X]04 nl’l’l2
5 $nm Isp 0 - 2V
ISnm ,: ", 2v
16nm S10F 400
BN °© HE o~
Ag 51 4 \ '." “\
0 1 |.' 1
(b) 2 U (V) 2 _ 150
2 40 g 100
= Mode 1 2
=357 Mode 2 o 50
S o [ = 0
ERl M N ibil 5
830 840 950 960 970 50 800900 1000
Re(4) (nm) J (nm)

FIG. 4. Electro-optic modulation. (a) Schematics of the hybrid
antenna with structural specifications. (b) Evolutions of the
complex eigenwavelengths of the modes with the change of
the bias voltage. (c) Top: spectra of far-field scattering cross
sections (o) for U =2 V (solid) and —2 V (dashed). Bottom:
spectrum of (6, _,y — 6,,y)/0,0y in percentage.

free-space optical wavelength. Inspired by the idea of using
optical antenna to enhance the spontaneous emission of an
atom [41], we utilize the host body of the NER as an
antenna to interface the far field and the NER mode. Similar
principles have been employed to enhance the radiation of
extremely localized modes [30,31,54], which are order-of-
magnitude more localized than here. Here specifically, we
devise a cylindrical heterodimer nanoantenna shown in
Fig. 4(a) as the host for the NER in the BN gap. As
sketched in Fig. 4(a), a 16 nm thick gap is used to enhance
the radiation and avoid electron tunneling under a few-volt
bias. Moreover, the dimer configuration admits a more
convenient voltage based tuning. The cone-shaped NER
has a much larger size than those studied in Fig. 3 in order
to improve the coupling with the far field and for ease of
fabrication and structural robustness by sacrificing a bit of
tunability.

We perform quasinormal mode analysis for the whole
system and show in Fig. 4(b) the evolution of the complex
eigenwavelengths of its modes as the control voltage U
varies from —2 V to 2 V. The system supports two
eigenmodes (Mode 1 and 2) [32] as a result of strong
coupling between the host and the NER. The optical modal
field and Any(r) due to the applied voltage have good
spatial overlap [32]. The radiation efficiency of the modes
now could reach 20%, much larger than the efficiency of
the NER mode in Fig. 3 [32]. Therefore, there should be
pronounced far-field optical modulations although the
tuning range is smaller than those of Fig. 3(c) as explained
earlier. The upper panel of Fig. 4(c) displays the spectra of a
far-field scattering cross section for two bias voltages of
U = -2 and 2 V. The spectrum of relative change is plotted
in the lower panel and exhibits a maximum achievable
change of 150% near 944 nm with a full width of half
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maximum of about 10 THz. Importantly, it is remarkably
bright with a far-field scattering cross section of o, =
(230 nm)? for U = -2 V.

Discussion and summary.—We have theoretically shown
that a nanoscopic electron reservoir formed on the surface
of a metal host allows direct electrical tuning of its localized
plasmon mode, which can be broadcast to the far field over
a broad bandwidth. The origin of the direct tuning lies in
that the stationary electron distribution ny(r) in the tiny
reservoir is susceptible to the external electrical stimulus
and determines its optical response. We reveal that the
electrical tunability critically relies on the electron affinity
difference and dielectric permittivity of the interfacing
materials. We consequently provide a guideline to select
appropriate combinations of metal-dielectric for nano-
scopic electron reservoirs with plasmon modes highly
susceptible to electrical stimulus.

There are a number of remarkable features in our finding.
A key feature is the potential for ultrafast operation. The
conduction electrons respond to electric field within
10 ~20 femtoseconds (fs) considering their relaxation
time. Meanwhile, considering the tiny footprint of the
structure, the RC time of establishing the electric field
could be less than 1 fs [32]. Thus a simple estimation of the
time to form a changed ny(r) upon an electrical stimulus
gives around 10-20 fs. We remark that a more sophisticated
theory is certainly required to accurately describe the
detailed dynamics [55]. Another accompanying crucial
feature is the ultralow energy required for the modulation.
In our scheme, there is no conduction or tunneling current
since the gap is too large for tunneling [8 nm in Fig. 4(a)].
This is in stark contrast to the modulations involving
inelastic electron tunneling [17-19], where the low elec-
tron-to-photon conversion efficiency requires a consider-
able tunneling current that consumes energy. Here, in our
scheme, the electric signal does not generate light but only
modulates the far-field scattering. For the tiny capacitance
of our device, a simple estimation of the minimum energy
consumption for one operation of changing 2 to —2 V is
about 71 aJ [32,56,57]. An additional feature of our finding
is the generality. The proposed electro plasmonic and -optic
modulation could work for a variety of metal-dielectric
material combinations and geometries [32]. It may also
work for narrow magnetoplasmonic resonances associated
with a cluster of metal nanoparticles [58]. The concerned
structural features have dimensions of few to ten nano-
meters and are challenging but possible for deterministic
fabrication [59—64]. Our theoretical finding opens up
exciting applications of quantum plasmonics and stimulates
new experiments.
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