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junction-based surface plasmonic
waveguides
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The ability to finely control the surface plasmon polariton (SPP) modes of plasmonic waveguides
unveils many potential applications in nanophotonics. This work presents a comprehensive theoretical
framework for predicting the propagation characteristics of SPP modes at a Schottky junction
exposed to a dressing electromagnetic field. Applying the general linear response theory towards a
periodically driven many-body quantum system, we obtain an explicit expression for the dielectric
function of the dressed metal. Our study demonstrates that the dressing field can be used to alter and
fine-tune the electron damping factor. By doing so, the SPP propagation length could be controlled
and enhanced by appropriately selecting the intensity, frequency and polarization type of the external
dressing field. Consequently, the developed theory reveals an unexplored mechanism for enhancing
the SPP propagation length without altering other SPP characteristics. The proposed improvements
are compatible with existing SPP-based waveguiding technologies and could lead to breakthroughs

in the design and fabrication of state-of-the-art nanoscale integrated circuits and devices in the near
future.

Meeting the ongoing demand for faster information sharing and data processing through traditional electronic
engineering approaches, which are fundamental to all modern electronic devices and components, may be
difficult. The thermal and resistor-capacitor time delays pose a challenge in achieving faster and more power-
efficient electronic devices'. To overcome this bottleneck, optical waves can be used in place of electronic signals,
as optical interconnections can enable high-speed and massive data transmissions. However, the conventional
photonic engineering approach has poor integration and miniaturization capabilities due to the diffraction
limit, which leads to physical size or dimensional inconsistencies between modern electronic and conventional
photonic components?. To bridge the gap between nanoscale electronic components and microscale photonic
components, researchers have turned to plasmonic nanostructures, which have the potential to route and actively
manipulate light at the nanoscale®. As a result, plasmonics has been investigated in various scientific disciplines,
including materials science, chemistry, biology, and communication systems®*®.

Surface Plasmon Polaritons (SPPs) are quasiparticles that carry information in plasmonics. They represent
a quantum of propagating charge density oscillation at the metal-dielectric interface in the presence of electro-
magnetic radiation. SPPs are localized at the interface due to their resonant interaction with free electrons in
the metal®. SPP-based waveguides are used in modern plasmonic devices to focus and deliver light energy to
nanoscale regions. The performance of these waveguides depends on the propagation length and the localization
of the field in the SPP mode. Achieving high-performance waveguides based on SPP requires considering the
propagation losses imposed by the limitations of signal propagation distance. Various modifications to the metal-
dielectric interface have been proposed to improve SPP waveguide performance, including arrayed nanoparticles,
sharp metal wedges, nanogrooves, gap waveguides, slot waveguides, and cylindrical waveguides’%. Recently,
active waveguiding solutions have been proposed to achieve better SPP propagation length in plasmonic wave-
guides by providing loss-compensating energy to the SPP waveguide'*~'>. One method for enhancing active SPP
performance is substituting conventional dielectric material with a doped semiconductor and using electrical
pumping to boost performance!'®'. There is a great need for a clear theoretical understanding of SPP behavior
at the interface between a semiconductor and a metal, known as a Schottky junction.
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The behavior of SPPs at a Schottky junction is different from conventional SPPs at dielectric-metal interfaces
due to the material properties of the semiconductor before and after the Schottky interface formation. The charge
carrier density variation in the space charge region formed during the Schottky junction formation impacts the
susceptibility and permittivity functions of the interface, offering the ability to manipulate the SPPs propagate
along the Schottky junction'”. This property has attracted researchers’ attention in modern plasmonics'”'s.
However, previous studies'”'® on Schottky junction-based SPPs have been restricted to a junction originating
with a lossless metal, which is not suitable for real-world plasmonic waveguides with lossy metallic mediums and
SPPs with finite propagation lengths. Therefore, it is critical to understand the fundamental mechanism behind
Schottky junction-based SPPs that are based on lossy metals to develop next-generation plasmonic waveguides.
The purpose of this study is to theoretically analyze the impact of damping effects on Schottky junction-based
SPPs and to suggest a novel analytical approach using Floquet engineering to improve the performance of SPPs
modes.

Recent advancements in laser technology have made Floquet engineering an intriguing topic, which uses
high-intensity periodic driving to obtain new characteristics of matter that are not accessible in equilibrium
states?®. In quantum many-body systems, time-periodic radiation is a powerful tool that can control material
properties on an as-needed basis. The Floquet formalism?! is the primary analytical tool used in this area of
study, and it can describe the effects of an external field even at high intensities, unlike perturbation techniques.
The Floquet formalism allows for better control over material properties, making it an essential tool in the study
of quantum many-body systems. Instead of treating quantum particles and electromagnetic fields separately,
they should be treated as a single composite quantum system in a non-perturbative approach. This system is
commonly referred to as a dressed system, with the high-intensity electromagnetic field acting as the dressing
field. While Floquet engineering has found applications in various fields of physics, we will specifically examine
its application in plasmonic waveguides. The paper by Herath and Premaratne?? discusses how to improve the
performance of SPPs in metal-dielectric plasmonic waveguides using Floquet engineering. However, there has
been no evaluation of how external radiation affects Schottky junction-based plasmon waveguides. This study
uses the Floquet formalism to identify new phases of dressed Schottky junctions and manipulate SPP propagation
lengths. This allows us to change the propagation length of Schottky junction-based SPP modes while maintain-
ing their other properties. Previous studies have shown that the Schottky junction bias voltage can manipulate
the propagation length of SPP, but this will also change the space charge region and alter other properties of the
SPP modes'”?. The proposed method in this study, using Floquet engineering, can modify the SPP propagation
length based on the dressing field’s intensity, frequency, and polarization type. Thus, we believe that Floquet
engineering-based method can be applied to nanoplasmonic circuits? in a very promising manner. For this work,
it is essential to assume that the system is in a low-temperature stable state, and the electromagnetic field should
be solely dressing to prevent any energy exchange with electrons. The electrons in a metallic system can absorb
the field through two mechanisms, namely, electron transitions between different energy levels and transitions
between various states within the broadened energy level. To avoid these mechanisms, the frequency of the
dressing field should be carefully selected to be far from the resonant frequency and larger than the scattering-
induced energy band broadening. This allows the avoidance of interband and intraband energy absorptions.

This work examines the optical properties of dressed Schottky junctions and proposes a method to enhance
their performance. The analysis considers more generalized conditions than previous studies. The Floquet states
in a dressed metallic system are examined, and their optical characteristics are studied using the Floquet formal-
ism and liner-response theory. An analytical expression for the susceptibility function of the dressed metallic
system is derived. The external dressing field can manipulate the damping factor for charge carriers in the metal.
The wave-function solution of the Floquet state in a quantum Floquet system depends on the radiation strength,
which enables the possibility to tailor the charge transport and SPP characteristics under external radiation.
The dispersion relations for possible SPP modes in a dressed Schottky junction are derived, and an analytical
technique is proposed to reduce electron-impurity scattering in the dressed metal and manipulate the propaga-
tion length of SPP modes. A detailed numerical analysis of the Schottky junction-based dressed SPP properties
is performed under differing polarization conditions. This research provides a new possibility for controlling
the properties of SPP modes within a Schottky junction, which could benefit next-generation nanoplasmonic
components and devices.

Theoretical formulation

The theoretical basis for Schottky junction-based SPPs and their behavior when exposed to a high-intensity
dressing field is described in this section. The optical response of a dressed metal is analyzed, and expressions
for its susceptibility and dielectric functions are derived. The Floquet-Fermi golden rule is used to examine the
damping effects in dressed metal electrons, demonstrating the possibility of manipulating the metal dielectric
function. Ultimately, expressions for the dispersion relations of potential SPP modes at a lossy Schottky junc-
tion are derived.

Dielectric function of dressed metals. This part of the analysis presents the derivation of an expression
for the conductivity of a dressed metal film. The equilibrium linear response theory is extended to a driven sys-
tem out of equilibrium, which is probed by a weak external potential. Moreover, an expression for the current
response is derived, which depends not only on the frequency of the probe but also on the frequency of the drive.
Finally, an analytical expression for the susceptibility and dielectric functions of a dressed metal is presented.

Floquet theory. 'We consider a metal film subjected to a high-intensity periodical dressing field. The wave func-
tion of a single electron in the dressed metal can be identified as Floquet states*>?>%
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In this case, « represents a discrete set of quantum numbers, |1, (¢)) are corresponding Floquet modes, and
€4 are the corresponding quasienergies. The periodicity of the Floquet modes, allow to rewrite them as a Fourier
expansion as follows

lua (D)) = ) exp(—inQ1)|uy), 2)
n
where €2 is the angular frequency of the dressing field.

The Floquet picture of the Kubo formula. In linear response theory, the average current response of an equilib-
rium system for a probe bias with a vector potential A(k, w) can be expressed by the general Kubo formula in k
-momentum space”’
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Here, ; is the single-particle current operator of the system, w is the frequency of the response current, V is
the system volume, a, b € {x, y, z} present the directional components in three-dimensional coordinate space,
and (-)o denotes the statistical thermal average with respect to the system without the probe bias. Due to the
presence of high-intensity external dressing in our case, the system will not be in equilibrium. Since the occupa-
tion number of Floquet states are independent, we can assume our system to be in a statlonary state under the
dressing field?. From second quantization formalism, we can expand the current operators j*?(k, t) using the
Floquet states as the basis for our system as follows?

et = jas (0l (to = 0)ag(to = 0), @
af

where al(t) and 4, (t) are creation and annihilation operators for «-th Floquet state. These operators should
satisfy the following relationships

al o) = [y (1), a(D10) =0, [aq(1), fl;(t)]i =08up, and [Ag (1), ap(D)]x = [a](1),a ﬂ(t)]i =0.
(5)
Here, |0) is the vacuum state containing no particle, and positive (negatwe) subscripts refer to the fermionic
anticommutators (commutators) for the Floquet state particles. Furthermore, jg 4 (k, t) is the single particle matrix
element given in Schrodinger’s picture by

Jes 1) = (Yo (O R)[Yp (1)) = <ua<t>|exp( . ) “(k) e p(——)| ug(6)), 6)

where j“ k) = ]'“ (k,t = 0). Considering the Fourier series expand of the time-periodic Floquet modes, we can
identify that
), %

where 11, 1, are integers. Next, we can evaluate the commutator operator in equation (3) using the above derived
second quantization expansion
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Here, 4,4, represent the number operator for the a-th Floquet state. Thus, we introduce the distribution
functions for the Floquet state particles in the system as follows

Foui=(}as), and Fp:=(ajagp). 9)

It is important to note that these distribution functions not necessarily to be equilibrium distribution func-
tions, however it is assumed that these are time-independent. Thus, the statistical thermal expectation value of
the above commutator becomes

(&, 1,7 (—k, )]) = zﬁ: > exp {}%[(ea —€p) + (m — nz)hmt} exp {%Keﬁ —€a) + (13— mmﬂ]’}
aB Ni,...,1g=—00
< (up [ [ug) (uf i (=K [upt ) (F o — F p).
(10)
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Then, we can represent the vector potential corresponding to the probe bias in the frequency domain as
follows

1 o0
Al t) = . / APk, ") exp(—iw’t") do”, (11)
—00

and submitting these back into the Kubo formula and evaluating the time integrals and ' integral, we can obtain
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<J(kw)>—ling+—*2/ > Z [+ +(ea — €p) + (11 — m)Q + ip]

QB Nstia=—00 (12)
s (up [0 [ug ) (ug [P (=K |u ) AP (k, ") (F o — F ) doo” — %Aﬂ(k, ).
We can specify the probe electric field relation with vector potential using the electromagnetic theory
AP, 0) = ———EP(, 0. (13)

(0 +iy)

Here, the factor y is a phenomenological way to include electron scattering-caused damping effects in the
quantum calculations. Then, we can rewrite the Kubo formula in a compact form
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by initiating the conductivity tensor for the dressed metallic system
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Based on this expression, the current is no longer a simple product of conductivity and perturbation electric
field as it is convoluted over the bias frequency w”, as opposed to the un-driven case. There is significance in the
fact that the conductivity tensor depends on both the response frequency w and the bias frequency w”.

With the above-derived general expression for conductivity, we can determine a new expression for our
Floquet system by specifying the conditions which affect the parameters. First, we assume that the response and
bias frequency w and o are in the central Floquet zone

o], |"| < |R2/2] = |Jo—o"|<Q. (16)

Under this condition, we can identify that the delta distribution in Eq. (15) only can be non-zero with the
condition

ny —ny +n3 —ng =0. (17)

Focusing on more special case of conductivity by analyzing only the longitudinal conductivity where
a = b = x, and assuming that the current response is spatially homogeneous (k — 0), we can obtain

ug') (ug'|p

(Za—7p)
ox = lim
(@) = u—>0* hV(a) + iy) m2 Z Z [a) + %(ea —e€g) + (n —m)Q + iO‘*’]

af Np,...,Ng=—00
ie? N
m(w + iy) ’

(18)
where p* is the x-directional momentum operator. Polarization and current responses are physically indistin-
guishable effects of the conductivity tensor. Accordingly, susceptibility function of the system can be expressed
in general as a function of linear conductivity*
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Subsequently, we can identify the susceptibility function of the dressed quantum system as
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The study involves a dressed metallic system that utilizes the free electron model to explain its transport
properties. The particle distribution functions can be described using the Fermi-Dirac distribution. Additionally,
very low-temperature conditions (I — 0) are considered, leading to a re-writing of the Fermi-Dirac distribution

1
F ()= lim ————— ~ O(er — €),
() = Jim, exp(TF) + 1 (€r —e) 1)

where, €F is the Fermi energy, kp is the Boltzmann constant, T is the absolute temperature, and ®(-) is the

Heaviside function. Now, we can restructure the general susceptibility function according to the dressed metal-
lic system
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Considering the transport properties of metallic electrons, it’s only necessary to analyze the behavior of the
conduction electrons. This limits the analysis to electrons with energy similar to the Fermi energy. This leads to
assume thate, = €/, and eg = €”, where €/, €” — €r. Next, we can apply these changes back into the suscepti-
bility function and obtain

1
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In our study, we assume that w # 0 and w < |€2/2]. It follows that the denominator of the above expression
cannot be very small. Therefore, we can see that the first term of the above expression goes to zero. Finally, now
we can assume that there is no contribution from the first term in the susceptibility function. Moreover, we can
derive final expression for the susceptibility function for a dressed metallic quantum system as

2
o e2n
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w(w+iy) €om

Here, yy is the un-driven damping factor. Finally, we can identify the dressed metal dielectric function
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where &, is the high-frequency permittivity of the metal. Although the derived expression is the same as
the general Drude-Sommerfeld model description, we need to consider the effects on the damping factor y
induced by the dressing field. As the previous literature?>*! describes, the dressing field modifies the electron
wave functions. As long as the electron scattering rate and the electron transport damping factor depend on the
wave function, we can control the damping factor as well as the optical properties of the system by applying an
external dressing field. These effects can be analytically evaluated by applying the Floquet-Fermi golden rule for
a dressed metallic system?2. This enables us to achieve high-performance SPP modes in Schottky junction-based
waveguides. Next, we can rewrite the x-directional metal dielectric function by introducing the normalized
damping factor y as follows
2

Cpm where y = Y. (26)

em(w) = epy — ———=—>
" T w(w+iPw) Yo

Here, yy is the un-driven damping factor. Moreover, y depends on the intensity and the frequency of the
applied dressing field?2. For details on the derivation of these results, see Section 1 and 2 of the Supplementary
Information. Under the results section, we investigate numerically how metal dielectric function can be manipu-
lated under various driving fields.

SPP modes at the Schottky junction. Our primary interest is to analyze the optical properties of
Schottky junctions and achieve improved SPP modes at the interface. The interface between a semi-infinite
metal and a semi-infinite n-type semiconductor film in the xy plane of the Cartesian coordinate space is consid-
ered as shown in Fig. la top section. The contact between metals and semiconductors leads to the flow of free
charge carriers until their Fermi levels align according to thermodynamic principles, causing changes in charge
density and creating a space charge region near the interface of the two materials. Notably, the width of the space
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Figure 1. (a) Formation of a Schottky junction (top) and piecewise-linear variation of charge density in the
Schottky junction (bottom) under the full depletion approximation. Here, ; is the bulk charge density in the
semiconductor, 1, is the charge density in the metal, and d represents the width of the space charge region. (b)
A schematic illustration of the Schottky junction, including divided of the junction regions A, B, C and D are
based on the carrier density distribution. Furthermore, carrier density #n(z) and plasma frequency wp (z) for each
region are depicted. The plots presented in this figure may not adhere to a linear scale on the vertical axis.

charge region d can be manipulated by applying an external voltage across the interface. Due to this, the Schottky
junction plays a crucial role in modern electronics.

In general, a complex charge density profile can be approximated by a piecewise-linear fluctuation. There-
fore, to model the charge profile of the semiconductor region, a piecewise-linear variation is used as shown in
Fig. 1a bottom section. This model has been used in earlier literature'”'®, and is also employed in this study for
comparison purposes. Additionally, the frequencies of the electromagnetic fields are carefully selected to be in
an off-resonant regime to minimize photon absorption by the system.

The complex dielectric functions for n-type semiconductor &, can be described using the following form*

&5(w) = €intra(®) + Einter (@) (27)

The proposed approach explicitly distinguishes between the intraband effects €inra and the interband effects
€inter- In this context, the intraband effects are generated by the free electrons, whereas the interband effects are
generated by the bound electrons. The intraband component of the dielectric function is can be characterized
by the Drude model*

(1)2

P
€intra(®) = €00 0 + iwcs (28)
Here, e« is the high-frequency permittivity of the semiconductor, w,, is the plasma frequency of the semi-
conductor, and ¢; is the damping factor of the semiconductor induced by the electron scattering in the material.
The interband component of the dielectric function can be represented by both a real part and an imaginary
part:einter () = &, (@) + i€l (@). Under the absence of interband absorptions we can neglect the imaginary
part of the interband component. This leads to

2
“ (29)

gs(w) =eps — ————,
s S W +iwg

where gj3 = €00 + & (). Generally, ey exhibits dependence on the angular frequency. However, for certain
spectral ranges, it can be approximately treated as constant®. Since the semiconductor plasma frequency is
contingent upon the electron density, the dielectric function is also influenced by variations in electron density.
In our system, the electron density of the semiconductor varies with the coordinates along the z-direction.
Hence, the dielectric function of the semiconductor relies on both the angular frequency of the SPP excitation
radiation and the spatial coordinate in the z-direction. Therefore, we can determine the dielectric function of
the semiconductor in our Schottky junction as follows*®

2
w3 (2) | n(z)e?
&s(z, ) = epg [1 - 21757, , where wps(z) = @) . (30)
w* + 1wGs EpsEom
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Here, n(z) is position-dependent free charge carrier density, &g is the vacuum permittivity, and m is the
effective mass of the free charge carriers. In addition, we assume that the damping factor is not dependent on
the free charge carrier density. Moreover, we define the plasma frequency of the bulk semiconductor region as

2
nge
@pso = || ———> (31)
Eps€om

and it is independent of the position. Since the charge density inside the semiconductor of the Schottky junction
varies, we can identify four main regions inside a Schottky junction, as depicted in Fig. 1b. For the metal region,
we use the general dielectric function expression derived in Eq. (26). With the dressing field removed, one is
left with the well-known Drude model-based metal dielectric function expression.Then, we summarize these
characteristics of each region under the Table 1.

Next, we try to identify electromagnetic wave modes E(x, y, z, t) and H(x, y, z, t) that can exist on the Schottky
junction. Here, we represent the electric field of the SPP mode with E and the magnetic field with H. Then, we
hope to find solutions with two properties: (i) wave modes propagate through the surface towards the x-direction,
and (ii) wave modes decay through both mediums in a perpendicular direction to the surface. Without loss of
generality, we can assume that|E|and [H|are independent of y-coordinates. Therefore, we can find the solutions
for E and H by defining them as vector components of the Cartesian coordinate system in the following form

. . , . T . . T
B,z 0) = (2% 79,0,6, ™7 ) | and Hop 20 = (0,4,(2e%7,0) . (32)

Here, we restricted our study to the TM-polarization mode. Furthermore, w is the frequency of the SPP mode,
and k, represents the x-directional wavenumber. Using the well-known Maxwell’s equations, we can derive two
differential equations for the possible electromagnetic modes in a Schottky junction

i [068,(2) dlne(z, w)
& = — & —_,
x(2) k { 2 T 2(2) oz } (33)
and
2 e 1 , © 2 , 1 2 , 1 , 2
0°8,(2) n dlne(z,w) 06,(2) _ k;zc o &(z, w) B 0°e(z, w) 0e(z, w) 6.(2) =0,
922 9z 0z c2 e(z,w) 0z e(z,w) 0z

(34)
where c is the speed of light in vacuum. Applying these two differential equations, we can find the wave mode
solutions for each region of the Schottky junction.

Region A. In this region &(z, w) = &, (w) is not depending on the z-directional space coordinates, and we can
identify that

3¢ 2
# — /cf,édz(z) =0, where Kﬁ = {ki — Mz(w)] (35)
a9z c
Then we can solve this equation and obtain the solutions
iKA
E,(z) = E4€4%, and &Ey(z) = TgAeKAZ (36)
X

Here, we only considered the Re[k4] > 0 solutions (with z < 0 values) as we need only the decaying solution
on the outside of the interface, and &4 is an unknown real constant.

Region B. In this region, £(z, w) = &y is a real-valued constant. Thus,

326 ,(2)
. (37)

2
- Kﬁ&(z) =0, where Kﬁ» = {kﬁ _e 8h5}.

c2

Region | Range Charge carrier density n(z) | Plasma frequency w, | Dielectric function &(z, )
A z<0 N @pm 1— O
D +iwgy

B 0<z<d 0 0 Ehs

rwlz”o hu);s0
C dy <z=<dy |ns(rz+h) wpsoN/12 + h ens |1 = hiee 2 ries

“’;m
D dy <z ng Wps0 ens |1 — @ +iwgs

Table 1. Characteristics of each region in the Schottky junction. Here,r = 1/(d; — di), and h = —rd}.
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For k3 > 0, we can express the solutions as
_ ikp _
62(z) = Eg1€F° + Epe ™ P and  Ex(z) = . (68157 — Epre™*], (38)

X

where &'p1 and &g, are unknown constants. However, under the scenario Kf; < 0, we need to introduce different
type of solutions such as

&,(z) = &) cos (w/—K%Z) + &py sin <\/ —Kf;z),
/ (39)
iy —K3
and &y(z) = p 5 {—6’31 sin (\/ —Kéz) + &gy cos (w/—KﬁZ):|.

X

Region C. In this region, charge carrier density varies linearly. Thus, the permittivity function of this region is
also dependent on the z-directional coordinates. Before further analysis, we should consider the practical aspect
of these parameters. Our analysis uses an excitation field frequency  in ~ 10'°s~! order. In addition, we model
the semiconductor using the parameters of n-type doped gallium arsenide material, and we can identify that its
damping factor is in ~ 10'2s~! order. Under these practical conditions, we can assume that ¢; < , and neglect
the effects of damping in the semiconductor region. It is important to notice that ford; < z < d,, we can assume
that

2 2

2
1 w rayg &h hwsy,
kﬁ < m - ?ZQ(Z_V)} where o = —eh{ w‘; } and v =—?5 1+wp;] (40)
This leads to
328,(2) 1 36.(2) w’o 1

—|——(z— — & =0,

92> (z—v) 0z [ c2 (@=v)+ (z — v)z} 2(2) (41)
and we can present the solutions as

AV (0) Bi'(¢) i[éc . Eca .

£ =62 b and 8@ = - | “EHAi) + “2Bi) . (12)
X

Here,{ = (z —v)/0, 0 = ¢/ cz/shsra);so, A{'(¢) is first derivate with respect to ¢ of the first kind of Airy

function Ai(¢), Bi'(¢) is first derivate with respect to ¢ of the second kind of Airy function Bi(¢), and &¢; and
& ¢7 are unknown constants.

Region D.  Since the dielectric function in this region is a contact respect to the z-directional space coordinates,
we can observe that

826” 2
2&) _36.)=0, and «}= {kﬁ - %2(‘”)} (43)
z
Same as the region A, we can present the solution as
_ ikp , _
6.(z) = Epe”™P* and 6x(z) = —k—efne ke (44)

Here, we only considered the Re[xp] > 0 solutions (with z > d, values) as we need only the decaying solution
on the outside of the interface, and &p is an unknown real constant.

Dispersion relation of SPP modes at the Schottky junction. The dispersion relation for possible
SPP modes relates the excitation light’s angular frequency to the SPP mode’s in-plane wavenumber magnitude.
The dispersion relation can be found by applying the self-consistent boundary conditions required by Maxwell’s
equations®

eR16-R1(2) = eR26zR2(2), and  Exri1(2) = Exra(2), (45)

whereR1,R2 € {A, B, C,D}atz = 0,z = d;, and z = d; to ensure the continuity of the SPP electromagnetic field.
Using the previously identified wave modes for each region in the Schottky junction, we can derive six linear
simultaneous equations for these boundary conditions, and represent them in a matrix equation

Mgxs(w,kx)E6x1 = 0. (46)

Here, Mgx6(w, k) is the matrix of coefficients, and it can be represented as
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fem(@w) — epg — &ps 0 0 0
KA — KB KB 0 0 0
0 ekBdi e—kBd1 _ w _ % 0
[ L
Mexs(w, ky) = 0 KBeKBdl _ KBE—KBd] A‘(gdl) _ Bl(édl) 0 > (47)
AlGy)  BGh) _epd
0 0 0 A.Idz B?dz e
| 0 0 0 l(gdz) ‘(gdz) KDekadz_
for K% > 0. However, under the I(é < 0 condition, we can find that
[em(®) — & 0 0 0 0
KA 0 — Ky 0 0 0
. AY Bi’
0 cos(kpdy) sin(kgdy) — %ldl) — %ﬁl) 0
= Ai Bi
M6><6((U; kx) 0 — kp sin(kp dl) Kp COS(KB/dl) _ 1(§d1) _ l(§d1) 0 5 (48)
AlGy)  BIGa) —kpds
0 0 0 Aﬁ“dz B~§d2 e
| o 0 0 % 1(%‘12) KDe*KDdz_

where kg = 4/ —Kf;, and Esx1 = [Ea, 51, Emay Ect, Eca, Ep]T. A nontrivial solution to &g« can be obtained
by ensuring that the determinant of the coefficient matrix Mgy (w, k) is equal to zero

det(M6><6(a)) kx)) =0, (49)

and this leads to a secular equation relating w and ky. This is the dispersion relation for the possible SPP modes
in a Schottky junction.

Results and discussion

This section presents the numerical results we received for the characteristics of SPP modes in dressed Schottky
junction-based waveguides. In this analysis, we consider silver (Ag) metallic material and n-doped gallium
arsenide (GaAs) semiconductor material. To ensure the validity of the free electron model, a plasmonic metal
with minimal natural damping effects needs to be chosen. Ag was selected as it has the lowest natural damping
factor among popular plasmonic materials®*. Additionally, Ag is a better candidate for dressed SPP modes with
long propagation lengths, while other properties remain unaffected®. In prior studies on Schottky junctions,
n-doped silicon (Si) or n-doped GaAs were used as the semiconductor material'®!’. The selection of the semi-
conductor material for the Schottky junction does not impact the research outcomes since the main focus is on
reducing propagation losses in the metallic region. However, selecting a semiconductor with a higher plasma
frequency can provide a higher frequency range for operating SPP modes. GaAs was selected over doped Si as
it has a lower effective electron mass, resulting in a higher plasma frequency. Unless specified otherwise, the
following empirical material parameters are used in the numerical calculations®”*: the metal plasma frequency
wpm = 1.352 x 10'6 rads ™, natural damping factor yy = 0.2 eV, the high-frequency permittivity &5,,, = 5, and
energy €p = 5.5eV for Ag. The effective mass m is 1.0m,, and 0.067m, for Ag and GaAs respectively. Here,
m, is the mass of an electron. Furthermore, we assume static dielectric constant g;; = 12.3, and bulk carrier
density n; = 2 x 10%* m~3 for GaAs. According to Newman's research®, this bulk carrier density is achievable
for n-doped GaAs. With these empirical data, we can evaluate the bulk plasma frequency for the semiconduc-
tor region and obtain wys = 8.789 x 10" rads™'. In addition, we assume that the dressing field frequency
Q =1 x 10" rads™!, and the reference dressing field intensity Iy = 3kWcm 2. The full MATHEMATICA code
for the numerical calculations is available under the Supplementary files.

Dispersion relation with lossy metal. The previous literature!”!® assumed that the dielectric function of
the metal is a real-valued function for all frequency ranges. Under the @ < w conditions, it is not fair to use this
assumption for dispersion relation calculations. Here, we introduced the normalized frequencies w = @wpm/@pso,
and @ = w/wpso. For our calculations, we can identify that for all the SPP operating frequency range @ < w.
Thus, we can not neglect the effects of the imaginary part of the dielectric function under our calculations.

By solving the expression given in Eq. (49) under the assumption that the metal is a lossy medium, we can get
dispersion relation for different d; and d, values as given in Fig. 2. We must note that we can identify two separate
SPP modes in a Schottky junction'’. Our analysis, however, focuses on the high-frequency SPP mode, similar to
the SPP dispersion of a bi-metal system. Figure 3a—e present the comparison of dispersion relation under lossy
metal condition and lossless metal condition for different d; and d, values. It appears that the changes in the
damping factor are insufficient to affect the dispersion relation, and the dressing field can not alter the dispersion
relation of the natural Schottky junction-based SPP modes. In terms of the dispersion relation, the lossy metal
results are very similar to the lossless metal results'”. Each SPP mode has a maximum achievable frequency
defined by d and d,. This explains how the SPP properties may be manipulated by adjusting the dimension of
the space charge region. Nevertheless, we must not ignore one important result of lossy metal calculations. For
each k value in the above relationship, we find that the imaginary part of it is not zero. The imaginary part is
responsible for the energy losses that occur within the metal region. This results in a finite propagation length
of the considered SPP modes due to the energy losses. This scenario can be observed in real materials, and these
effects should be considered in the context of a comprehensive Schottky junction-based SPP waveguide analysis.
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Figure 2. Dispersion relation (l~c — ) for different values of d; and d,. Here, k= Re[ky]/A, and A = ¢/wgpo.

Furthermore, d; = di/A, and dy = di/A.
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Figure 3. Comparison of the dispersion relation under the lossy metal condition and lossless metal condition
for different values of d; and d,. The black dots represent the dispersion relationship for lossless metal
conditions. Here, k = Re[ky]/A, and A = ¢/wspo. Furthermore, dy = di /A, anddy = d,/ A.

SPP propagation length analysis. The finite propagation length associated with SPP modes is a signifi-
cant barrier to advancing plasmonic devices. Long-distance electromagnetic wave transfers are not achievable
in plasmonic devices due to this reason. Therefore, researchers have been focusing on finding new methods to
improve the SPP propagation length in recent years. One promising solution is using Floquet engineering meth-
ods, which can increase the propagation length in these systems®>. By using an external electromagnetic field, the
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wave function of metal electrons can be changed, reducing electron impurity scattering and the damping factor
for the conduction electrons in the metal region can also be reduced.

Now, we consider the effect of the dressing field on the Schottky junction-based plasmonic waveguides.
Especially the effects induced on the imaginary part of the SPP wavenumber. Here, we analyze the impact of
two different types of dressing fields: (i) linearly polarized dressing field, and (ii) circularly polarized dressing
field. We assume that these fields propagate perpendicularly to the xz-plane, as illustrated in Fig. 4. Moreover,
we model the linearly polarized radiation with an x-polarized electric field. First, we can express the normal-
ized damping factor for the metal electrons under the linear-polarized dressing field*>*! (see the Supplementary
Information, Section 3)

1 b4 2 b4 21
Pinear = o3 / / sin @ {/ / sing'J§ (A [sin 9 sin g — sin g’ sin ¥’ )dﬁ'd(p’} ddde.  (50)
7= Jo Jo o Jo

Here, A = e£kp/mQ2, kp = +/2mer, £ is the amplitude of the electric field of the dressing field, and J;(-) are
Bessel functions of the first kind with I-th integer order. Under the circular-polarized dressing field, the normal-
ized damping factor for the dressed metal electrons can be expressed as follows:

1 T 00 T
Veireular = / sing ) [ / sinw’]fn(Asin(w))li(l\Sin(w’))dw’}dw- (51)
0 0

m=—00

In our derivations, we characterized the stationary scattering potential based on impurities as a collection
of randomly distributed impurity potentials. To model this single scattering potential, we utilized the Gaussian
model framework with the white noise approximation?®**!. It is important to highlight that this theoreti-
cal framework depends on both the type of impurities present and the electron density of the metal. Readers
interested in the details of the impurity model can find them in the Supplementary Information file, Section 2.

Before analyzing the numerical results of possible propagation length improvements in SPP modes, we define
the SPP propagation length on the x-direction as follows

1

LSPP == m (52)

The first step is to change the metal damping factor to analyze the propagation length changes. For an example,
we illustrated the Schottky SPP propagation length against the damping factor scaling parameter for frequency
@ = 0.81in Fig. 5a. Here, we assumed that d; = 0.17644 and d, = 0.9072. In this figure, we can identify that the
propagation length can be increased by reducing the y value for a given frequency. Especially if we can decrease
the metal region’s damping factor, we can achieve improved propagation lengths in Schottky junction-based
SPP modes.

Next, we calculate the finite SPP propagation length against a frequency range for different damping fac-
tors given that d; = 0.17644 and d, = 0.9072. The result is depicted in Fig. 5b. As the frequency decreases, the
propagation length decreases as well. The reason for this is that the imaginary part of the dielectric function
increases as the frequency decreases. In addition, we can identify that throughout the whole frequency range,
we can achieve high propagation length by decreasing the damping factor.

In a previous study, we comprehensively analyzed the effects of external dressing field on Pinear and Veircular
parameters and showed that increasing the dressing field intensity, we can achieve a lower damping factor*>*!.
Using this insight, we present the relationship between the normalized Schottky SPP propagation length differ-
ence factor Lgpp = (Lspp — Lo)/Lo and normalized dressing fields intensity I = I/l for @ = 0.8 in Fig. 6. Here, Lo
is the natural propagation length of the Schottky junction-based SPP mode for & = 0.55, and Iy is the reference
dressing field intensity. Examining these results, we can identify that the normalized propagating length exhibit a
positive valued normalized propagation length difference factor, and it can be enhanced by increasing the dress-
ing field intensity. This allows us to improve the propagation length of SPP modes using an external dressing field.

As shown by the numerical analysis of the dressing field effect on the dispersion relation, there is no sig-
nificant change. Conversely, we observe that a dressing field irradiated onto the Schottky junction significantly
increases the propagation length of SPPs. To evaluate the effectiveness of our proposed method, we need to

metal semiconductor )
metal semiconductor
T
x
= \
-’
’
F <Y (S 7
y 4 p P
Electric field of the dressing field Electric field of the dressing field
(a) (b)

Figure 4. The metal region is illuminated by (a) a linearly polarized dressing field, and (b) a circularly polarized
dressing field. The applied field is perpendicular to the xz-plane. The linearly polarized field consists an
x-polarized electric field.
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Figure 5. (a) The SPP propagation length Lg;, against the normalized damping factor y when @ = 0.8. (b) The
SPP propagation length Ly, against the normalized frequency @ for different damping factor values. For all the

scenarios, we assumed the d; = 0.17644 and d, = 0.9072. Moreover, Ly is the natural propagation length of the
Schottky SPP mode, and Iy is the reference dressing field intensity.
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Figure 6. The normalized SPP propagation length different factor ispp = (Lspp — Lo)/Lo against the
normalized dressing field intensity I = I /Iy when ® = 0.8.

compare it against the previously proposed methods for improving SPP modes based on Schottky junctions.
There have been previous studies'”?* that reccommend applying an externally biased voltage across the junction
below the breakdown voltage of the semiconductor to improve the SPP propagation length. Their method,
however, involves changing the characteristics of the Schottky junction’s space charge region. A limitation of
this method is that it also changes the dispersion relation of the possible SPP modes, as illustrated in Fig. 2. The
Floquet engineering-based technique, in contrast, allows us to tailor the propagation length of any given SPP
mode without modifying its SPP wavelength, decay lengths, or dispersion relation extensively**. As a result, our
method is more suitable for high-sensitivity nanoplasmonic devices and circuitry. In addition, it is essential to
note that the propagation length of the SPP can be modified differently by each polarization type. According to
outcomes in Fig. 6, circular-polarized dressing fields are capable of increasing propagation lengths in comparison
with linear-polarized dressing fields. Based on the results, circularly polarized radiation appears to be capable of
improving propagation lengths more significantly. Furthermore, by looking at the expressions in Egs. (50) and
(51), we can identify that the damping factor also depends on the dressing field’s frequency. Consequently, we can
increase the SPP propagation length by lowering the dressing field’s frequency within a certain range. As a result
of these observations, it is evident that the modification in SPP propagation length at dressed Schottky junctions
is determined by the intensity of the dressing field and the polarization type and frequency. We believe this is
an additional advantage of our proposed method compared with the previous studies. Subsequently, we can put
our findings into practice in developing nanoscale information processing techniques and plasmonic sensors.
The strong subwavelength localization of SPP modes in plasmonic nanostructures is a driving force behind the
recent development of SPP-based information carriers. The intrinsic losses of SPPs, which restrict the propaga-
tion length of the SPP mode, are the primary concern when it comes to achieving plasmonic circuitry. When the
propagation length of SPP is short, it results in higher thresholds of plasmonic nanolasers****, low efficiency of
SPP waveguiding and focusing?>***, and lower Purcell factor of quantum nanoplasmonics resonators**’. Several
experimental and theoretical methods have been proposed to attain high-efficiency plasmon circuitry, with the
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Schottky junction-based devices being one of the most promising solutions'®*#°. The Schottky junction ena-
bles the introduction of minority carriers into the junction by altering the bias voltage, as discussed in previous
literature'®'”, which amplifies the SPP mode and provides for higher propagation lengths. However, a potential
drawback is that it can alter other SPP characteristics and may not be ideal for applications such as sensing that
require very low ambiguity on the characteristics of SPP while applying improvements*. We believe that our
dressed SPP method could effectively enhance the efficiency of plasmonic sensor applications®*-*, as it offers
an improved propagation length while keeping other characteristics unchanged. Furthermore, the dependence
of the propagation length on the frequency and polarization of the dressing field provides an opportunity to
employ it in chip-scale wireless communication®>**. For instance, the data signal can be frequency modulated
into the dressing field and transmitted from the transmitter. The received signal can be then applied to a Schottky
junction-based waveguide at the receiver. Since the strength of the existing SPP modes is contingent on the
frequency of the dressing field, the SPP mode’s intensity changes in response to the data signal. This observa-
tion allows for the use of dressed Schottky junction-based waveguides to construct next-generation frequency
demodulators for chip-scale wireless communications.

Irradiating a metallic system with a dressing field increases SPP propagation length because the probability
of electron scattering changes due to the dressing field. The phenomenon of electron scattering occurs when
moving electrons are reflected in another direction. In consequence, electron scattering causes electrons to lose
their kinetic momentum and results in finite SPP propagation lengths. The scattering of electrons in a metallic
system occurs through several mechanisms, including both elastic scattering processes caused by impurities, and
inelastic scattering processes caused by phonons. As mentioned in Rudner et al.”®, by properly selecting the fre-
quency of the dressing field and considering the system under short-time scales, we can ensure that our Floquet
system is under stable low-temperature conditions. Given the low-temperature conditions, it is reasonable to
assume that elastic scattering holds greater significance*"*%*". Therefore, the damping effects in electron trans-
port under our investigation are mainly due to electron scattering by disorder impurities. The overlap between
the wave functions of an incident electron and a scattered electron can be used to illustrate the probability of
scattering, as outlined in the fundamental Floquet-Fermi golden rule. This rule is a generalization of Fermi’s
golden rule®® that pertains to quantum systems subjected to periodic driving. It enables the computation of the
transition rate between Floquet states. A detailed derivation and discussion of the Floquet-Fermi’s golden rule
can be found in several recent literatures®»*6°-62, Since wave function terms are dependent on the dressing field
intensity, higher field intensities can reduce the stationary overlap of wave functions and, thus, the scattering
probability. This results in a reduction in the scattering probability at high fields, and low-temperature steady
states, causing the SPP propagation length to be enhanced as a result. An important point to remember is that a
generic interacting Floquet system absorbs photons from the radiation and tends to produce heat. To describe
a general dressed system completely, the interaction between photons must be taken into account. There is a
considerable amount of complexity associated with these interactions. For overcoming the challenge of heating
and achieving non-equilibrium steady-state, various strategies are available®. It is possible to achieve steady
particle distribution functions in driven isolated quantum systems by working in regimes where heating rates
are strongly suppressed. Accordingly, we carefully selected the dressing frequency and time scales in our analysis.

It is essential to acknowledge that, similar to any scientific technique or approach, the ability to enhance the
carrier transport properties of materials through Floquet engineering via radiation is subject to unique limita-
tions and considerations regarding its applicability. Floquet engineering involves the manipulation and control of
quantum systems under periodic driving, which is governed by several parameters, including driving frequency,
driving intensity, system Hamiltonian, and others?*%. The appropriate selection and tuning of these parameters
enable the exploration of various phenomena, the realization of novel states of matter, and the achievement of
desired quantum functionalities. In Floquet engineering, increasing the dressing frequencies leads to a wider
energy gap between Floquet levels, resulting in reduced band overlapping and intraband absorptions**®*. Con-
versely, lower frequencies induce significant changes in the wavefunction and minimize the damping factor.
Hence, careful consideration should be given to the choice of dressing field frequency to attain optimal results.
The behavior of Floquet modes is primarily influenced by the intensity of the dressing field?>*°. Higher intensi-
ties induce significant changes in the wavefunction, reducing the damping factor and improving carrier trans-
portation. However, excessively high-intensity fields can cause material fluidization, necessitating the careful
selection of intensity levels to preserve the integrity of the samples®’. The selection of an appropriate intensity
level is crucial in addressing carrier collisions, energy broadening, and dephasing, taking into account the mate-
rial properties and experimental setups. The optimal intensity range varies depending on the specific material
and system under investigation. Furthermore, the system Hamiltonian plays a crucial role in dressed quantum
systems. The applicability of the free electron model used in this study may not be universal, as complex energy
band structures present challenges in determining suitable dressing field parameters. The presence of external
fields can further modify the system Hamiltonian, limiting the feasibility of achieving desired improvements®2.
To make informed decisions in Floquet engineering research, it is crucial to understand the limitations and
compatibility of the approach. While not all materials benefit from Floquet engineering enhancements, those
with low energy band broadening, such as semiconductor-based low dimensional electron gas and high-mobility
metals, have been favored in many literature studies?>?*>">64, These considerations lead us to select Ag as the
metallic material in our system, along with other appropriate dressing field parameters.

Schottky junctions can have their space charge region’s width altered by applying an additional voltage,
allowing for active manipulation of Schottky SPP characteristics, which can be used in many nanoplasmonic
devices!**%, These devices also have several attractive features, including low cost, ease of fabrication, and inte-
gration with semiconductor electronics and sensors'®!”?*. However, these junctions have limited field enhance-
ments and propagation distances due to intrinsic losses in the interface materials. To improve SPP propagation
length in Schottky interfaces, Floquet engineering methods can be used without changing any other SPP property.
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One constraint of the Floquet engineering technique that has been presented is that significant enhancements in
propagation length can only be achieved by limiting the frequency range of the SPPs to the high terahertz range.
Nonetheless, there exist several applications utilizing plasmonic waveguides within this frequency range which
are associated with Schottky junctions®*%¢. These insights can be used to model SPP propagation in Schottky
waveguides, which are simple, energy-efficient, and easier to integrate into nanoplasmonic devices.

Conclusions

The behavior of SPP modes at a Schottky junction under un-driven and driven conditions was presented. A
comprehensive analytical study on the dressed metal dielectric function was also presented, using the linear
response theory and Floquet theory to derive the dressed metal susceptibility function. It was identified that the
dressing field only influences the metal electron’s damping factor. Using Maxwell’s equations and free electron
model assumptions, the dispersion relation of SPP modes was expressed, with consideration for the effects of
intrinsic energy losses associated with the metallic region. The dispersion relation provided similar results as
the lossless assumption-based results, but energy losses were demonstrated to be due to the electron scattering
caused by impurities, which was overlooked in previous studies. Analytical expressions for the damping factor
of the metallic system under two types of polarized dressing fields were introduced. The potential of increasing
SPP propagation length was demonstrated through a detailed numerical analysis with empirical system and
material parameters. The propagation length changes depend on the dressing field’s intensity, the polarization
type, and the frequency. The method is unique in its ability to improve SPP propagation length while retaining
other characteristics of SPP modes. These changes are primarily due to the dressing field modifying the free
electron wave function in the metal, which is responsible for the reduction in impurity-based electron scatter-
ing. The external dressing field can be used to reduce the damping effects in a Schottky junction and improve
the propagation length of related SPP modes to achieve next-generation plasmonic waveguides. The deriva-
tions and results provide the much-needed theoretical background for understanding and designing advanced
Schottky junction-based waveguides and will guide the development and optimization of a wide spectrum of
SPP waveguiding-based nanoplasmonic devices.
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