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Generation of Slow Surface Plasmon Polaritons in a
Complex Waveguide Structure with Electric Current Pump

Sergey G. Moiseev,* Yuliya S. Dadoenkova, Aleksei S. Kadochkin, Andrei A. Fotiadi,
Vyacheslav V. Svetukhin, and Igor O. Zolotovskii

A planar spaser structure composed of semiconducting film and graphene
with DC current is proposed and theoretically explored. Graphene possesses
velocity of drift current carriers comparable with the phase velocity of surface
plasmon polaritons (SPPs) in ultrathin semiconducting film at the terahertz
regime. When the synchronism condition between current and slow surface
electromagnetic waves is realized, the amplification of plasmons by electric
current takes place. In the proposed complex waveguide structure, positive
feedback is realized due to reflections from the edges of the active waveguide,
and the SPPs are decoupled into light by a microscopic grating manufactured

on the semiconducting film surface.

1. Introduction

The problem of creating a compact source of coherent radiation
based on surface plasmon polaritons (SPPs) or spasers has been
the subject of many papers.'"'2 The most common spaser mod-
els are based on the principle of SPPs amplification due to the
use of optical*-*%9 or electric?”1%12l pumping. The use of opti-
cal pumping is simpler in technical performance, but its imple-
mentation requires an external (macroscopic) laser, which does
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notallow the creation of a compact source
of coherent radiation which is integrated
into optoelectronic circuits.

From the point of view of on-chip
spaser development, the use of electric
pumping seems to be more promis-
ing. In the proposed electric spaser
models, a separate active medium is
added to the plasmon medium (most
often structurally), providing an am-
plification of the SPPs. An injection
spaser is proposed in ref. [2] where
the amplification of SPPs propagat-
ing along the metal-semiconductor
boundary occurs due to the injec-
tion of charge carriers. In ref. [12],
the spaser circuit with an electric pumping is proposed, with an
active element being represented by a carbon nanotube-based
quantum dot, and an external resonator presented by the layers
of graphene.

In refs. [13-17], a fundamentally different method of SPP am-
plification using an electric pumping was proposed, which does
not require the presence of an additional integrated or an ex-
ternal active media. In this scheme, the amplification occurs as
a result of direct interaction of the carriers of the drift current
with the SPP wave, just as it is realized in vacuum amplifying
tubes of microwave electronics (traveling wave tubes, etc.). The
SSPs and pump currents are localized in carbon nanostructures
(graphene layers or carbon nanotubes), which ensures efficient
energy transfer to the surface wave. Here, we propose a planar
design of an electric spaser, where both the SPP gain and the
positive feedback are realized simultaneously as well as the far-
field emission of the generated radiation. The amplification is
carried out by the energy of a DC electric current passed through
graphene. The resonator is performed by the active region itself,
whose boundaries reflect the SPPs. The amplified SPP waves are
output from the active region to the conjugate waveguide, where
the far-field radiation output is realized through the diffraction
grating.

The paper is organized as follows. In Section 2, we show the ge-
ometry of the plasmon waveguide structure and dispersion equa-
tion of the SPPs. In Section 3, we discuss the SPP amplification
using electric current pump in graphene. In Section 4, we ana-
lyze the conditions of the SPPs generation in the plasmon waveg-
uide and estimate the effectiveness of the diffraction grating in
the transition of the SPPs into photons. Section 5 summarizes
the obtained results.
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Figure 1. Schematic of the spaser with far-field radiation output of the generated SPP wave. A passive waveguide structure with the semiconducting
layer thickness d, is adjacent to an active plasmon waveguide of the length L and the semiconducting film thickness d, with deposited graphene single
layer. The radiation output of the generated SPP into the far field under an angle 6 is provided by a diffraction grating (of period A and modulation
depth 8d) placed on the passive waveguide. Propagation constants of the SPP in active and passive structures are denoted g, and 8, respectively. The
electron flux direction under an applied voltage Uy in the active structure is indicated by the blue arrow.

2. Geometry of Plasmon Waveguide Structure

Let us consider a structure formed by two waveguides—active
and passive ones, which are composed from identical materials
and have a similar configuration, as shown in Figure 1. These
waveguides are three-layer structures composed of semi-infinite
dielectric cladding “1” and substrate “3” with dielectric permit-
tivities &; > 0 and &3 > 0, respectively, and a semiconducting
film “2” with negative real part of dielectric permittivity &, =
&) + i€} (¢5 < 0). The SPPs propagate along the positive direction
of the x-axis with the longitudinal components of wavevectors
B, = B, +iB,, and the electric field components depend on time
and spatial coordinates as E,(x, z, t) = E,(x, 2) expi (0t — B,%)],
where the superscript n = a, p refers to the active and passive
waveguides, respectively.

Active waveguide consists of a semiconducting film of con-
stant thickness d, with a graphene single-layer placed on the in-
terface between semiconducting film and substrate “3”. In this
waveguide, a mechanism of the slow SPP amplification is real-
ized due to the energy of the DC current in graphene, which al-
lows to compensate for ohmic losses in the structure.’* A DC
electric current localized in graphene is induced by an applied
voltage Uy, and the direction of negative charge carriers (elec-
trons) flux coincides with the SPP propagation direction (direc-
tion of the electron flux in graphene is shown by the blue arrow in
Figure 1). The active waveguide has a finite length L (L >> d,),
and its opened left-hand-side edge borders on the medium with
dielectric permittivity ¢;. The dispersion equation of the SPP
wave in such structure with a film with flat surfaces and with
a graphene sheet has the form!!®!

Ga2é1 +qa182  Ga2€3 + qa3z + 147 442qa30 @
Ga261 — 162 qa2€3 — a362 + 147024430 /@

1)

exp(—2qa2d,) =
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where q,; = /B2 — kie; is the transverse component of the

SPP wavevector in medium with dielectric permittivity &; (j =
1, 2, 3), o is the graphene surface conductivity, kg = w/c and ¢
are the wavevector and speed of light in vacuum, respectively.

The waveguide structure which is adjacent to the active waveg-
uide on the right-hand side contains a semiconducting film of
thickness d,. We consider the case when the thicknesses of semi-
conducting film in the active and passive waveguides are similar
(dp/da = 1), which reduces the scattering of the SPP at the inter-
face between the waveguides. A diffraction grating with period
A and small modulation depth 8d << d, is placed on the top
surface of the semiconducting film to provide the transition of
SPPs into photons emitted into substrate. As is known, the pres-
ence of a grating leads to a difference between the characteristics
of the SPP and those of a structure with flat surfaces, including
changes in the propagation constant and increase in the damp-
ing due to radiation losses.l'>?% However, since the modulation
depth of the grating is much less than both the film thickness and
the wavelength of the SPP, and as a consequence, the influence
of the grating gives a small effect, the characteristics of the SPP
in the passive waveguide with corrugation are sufficiently well
described, in the first approximation, by the dispersion relation
for a film with flat surfaces.

_ Ap2&1+qpi182  qprE3 + (p3&

qp2é1 — qp1€2  qp2€3 — (qp3é2

whereq,; = /B2 —kje; (j = 1, 2, 3).

In fact, the structure shown in Figure 1 is an analog of the
Fabry—Pérot interferometer in which resonator is represented by
an active waveguide. Positive feedback, which is necessary for es-
tablishing the generation mode, is realized by reflection of the
amplified SPP wave from the boundaries of the active waveguide.

exp(—2q2d,) (2)
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The generation condition for the SPP in the active structure and
the conditions for matching the radiation characteristics and the
parameters of the diffraction grating for the emission of radia-
tion from the passive waveguide structure will be considered in
Section 4.

3. Amplification of Surface Plasmon Polariton
Wave in Active Waveguide Structure

In this section, we perform a brief analysis of the SPP amplifica-
tion in active waveguide structure with drift current pumping. As
was shown in refs. [13,14,16,17], on the basis of known equations
of microwave technology?*?! one can obtain a system of equa-
tions, which describes the interaction of the field of SPP wave
and electric current pump in the following form.

dEa+,w 1 w? K1 3
i—E, =—— a
dx |V, 2 V2 (3a)
d2 d o — w? o I

Al 2——AI—7‘1AI='——E“ 3b
PR T P V2 "Vo 2Us (35)

where E, and V, = w/p, are the longitudinal field component
(x-component) and the phase velocity of the SPP wave in active
structure, V; is the drift velocity of the charge carriers, w, is re-
duced plasma frequency, K is the coupling parameter, which de-
scribes the interaction efficiency between the current and gener-
ating surface electromagnetic waves (see details in refs. [13,17]).
Note that Equation (3b) is obtained for small perturbations of
the current amplitude: AI(x) = (I(x) — L) << I, where [isan
amplitude-constant current flowing in the absence of perturba-
tion caused by SPP wave.

Assuming that the perturbations of drift current and SPP
wave field are changing along the waveguide proportionally to
exp(—iGx), where G is the complex growth rate of the harmonic
disturbance, one can obtain the following dispersion relation
from Equation (3).
(@—GV))[(0—GV)’ -] = C’e’ (4)
where the parameter C = (K I, VZ/4U, V2)'/3 is analogous to the
Pierce gain parameter used in microwave technology.?!l The
complex roots of Equation (4) give the value of the SPP ampli-
fication coefficient o as

o« =Im(G) >0 ()

Figure 2 presents the frequency dependences of the SPP prop-
agation constant, phase and group velocities, and amplification
coefficient in the active waveguide structure. The dielectric per-
mittivities of the cladding and substrate are e; = 1, &3 = 3, re-
spectively. The dielectric permittivity of the semiconducting film
&2(w) is taken for PbS,?Y and its thickness is d, = 0.1 pm. The
graphene surface conductivity in the terahertz regime is calcu-
lated using the expression which takes into account the loss in
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Figure 2. Frequency dispersion of the SPP parameters for the active struc-
ture (see Figure 1): a) propagation constant f8; b) phase velocity V, (solid
red line), group velocity v, (dashed blue line), and drift current velocity Vo
(dotted green line); c) amplification coefficient « (solid magenta line) and
absolute value of loss coefficient |8;| (dashed violet line). Parameters of
the structure are given in the text. The yellow areas show the frequency
interval of the amplification band.
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(©)

where e is electron charge, f; = {exp[(hw — w.)/ke T]+ 1}~ is
the Fermi-Dirac distribution, u. is chemical potential, T is tem-
perature, I' is a phenomenological scattering rate, h is the re-
duced Planck constant, and kg is Boltzmann constant. In our cal-
culations, we assume T = 300K, u. =0.2eV,and I’ = 1 meV.
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As one can see from Figure 2a, the values of the SPP propaga-
tion constant B ~ 10° cm™! are two orders of magnitude larger
than the values of ko ~ 10°cm™! in the considered frequency
range. In this case, the SPP is indeed slow: V, ~ (1.5—2.5) x
108 cms™! (see Figure 2b), which is approximately two orders of
magnitude less than the propagation velocity of electromagnetic
waves in bulk media. Such slow surface waves which satisfy the
synchronism condition (SPP phase velocity V, should be compa-
rable to but less than the drift velocity V; of charge carriers) can be
amplified by a flux of charged particles in graphene. Due to large
mobility of the charges in graphene the response strength of the
charge carriers to an applied electric field is high, which provides
an effective interaction of drift current and SPP wave.!'>17]

As is known, the charges in graphene move with drift veloc-
ity Vo & Vi, where Vi is Fermi velocity.?”] Here, for the numer-
ical analysis of the regimes of amplification and generation of
SPPs, the velocity of current carriers in graphene is chosen to be
Vo = 2 x 10% cm s~!. Such charge velocity is larger than the stan-
dard Fermi velocity in graphene V¢ ~ (0.1—1) x 108 cm s~ 1.128-30)
But it should be noted that at present the efforts for fabrica-
tion of composite graphene structures with large Fermi veloci-
ties are in progress. Such techniques are called “Fermi velocity
engineering.”!32 The experimental results indicate the actual
fabrication of structures with the Fermi velocity up to (1.1-3) x
10® cm 5713335 The use of graphene composites with a high car-
rier velocity will be extremely convenient for fabrication of tun-
able oscillators operating in a wide frequency range (from THz
to UV inclusively). On the other hand, all the regimes of ampli-
fication and generation of SPPs in the structure considered here
can also be implemented in the case of smaller values of the drift
velocity of the current carriers down to 10® cm s™'. The only dif-
ference is that in order to obtain the same values of the amplifi-
cation coefficients in the same spectral range at smaller values of
the drift velocity will require the use of thinner semiconducting
films.

Comparison of the SPP amplification coefficient « and ohmic
loss coefficient |B/| is shown in Figure 2c. One can see that for
the considered structure the amplification can be higher than
the ohmic loss (« > |B]]). The amplification band width is about
Aw, ~ 0.22 x 10" rad s7', as shown with the yellow area in Fig-
ure 2. The SPP amplification coefficient reaches maximum with
Omax ~ 4 x 103cm™! at the center of the amplification band. Note
that oy is almost three times larger than the loss coefficient

1B;1-

4. Generation of Surface Plasmon Polaritons in a
Planar Structure with Drift Current Pump

Active waveguide structure shown in Figure 1 is limited along the
x-axis by two interfaces where the amplified running SPP wave
undergoes reflections. The left-hand-side interface is an opened
edge of the planar structure which borders on a medium with
dielectric permittivity ;. The right-hand-side interface is formed
by a contact with a passive waveguide structure. As a result of re-
reflections from these interfaces, standing SPP waves are formed
in the active structure. In this case, the considered structure is
similar to a Fabry—Pérot microresonator.
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The SPP generation condition is determined by the condition
for reproducing the complex wave amplitude when the resonator
region is completely traversed. Taking into account that in the
considered structure the amplification is realized in one direction
only (along the x-axis), the generation condition has the form/*®l

rata—pexp [( — 2 |B)|) L] exp[2iB,L] = exp [2irm] 7)

where mis integer, r, is the reflection coefficient of the wave at the
opened end, r, _, is the reflection coefficient at the interface with
the passive structure, and L is the active waveguide length. The
values of these reflection coefficients can be found using Fresnel
relations.”]

At the left-hand-side edge of the active structure, the slow SPP
waves (with an aspect ratio V,/c << 1) undergo a strong reflec-
tion. Indeed, for B, >> {ko./e1, 18]I} the Fresnel reflection co-
efficient

B, + 1Bl — ko/e1 ko
=1 —-2—/ 8
' B, +iBy +ko/E1 B, . )

is approximately equal to unity.

The active and passive parts of the waveguide structure are dis-
tinguished by the thickness of the semiconducting film, in addi-
tion, there is no graphene in the passive region. This leads to a
difference in the propagation constants 8, and g, which one can
see from Figure 3. Taking into account the dispersion equations,
Equations (1) and (2), for slow SPPs (8., B, >> ko) the reflection
coefficient at this interface can be written as

BB d—d,
PB4 B,  dytds

©

Taking into account the expressions given above for slow SPP
waves, the generation condition can be written in the following
form.

B.L =m|m| (10a)
d, —d B
|d+7dp‘ exp[(¢ —2|B][) L] ~1 (10b)
a p

Note that Equation (10a) imposes a restriction on the minimum
length of the active region: L > m/f8,. Using the results of the
calculations shown in Figure 2a, one can find that under the con-
ditions of slow SPPs amplification the length of the active region
must be at least 7/(1.7 x 10°cm™') ~ 0.185 um.

The angular frequencies of the generated SPP wave calcu-
lated according to Equations (10a) and (10b) are presented in
Figure 4a,4D, respectively, as functions of the active waveguide
length L and the ratio d,/d, between the semiconducting film
thicknesses in the passive and active waveguides. These depen-
dencies are shown with the set of lines corresponding to m =
120, 130, 140.

From Figure 4b one can see that in some intervals of the ratio
d,/d, the SPP generation does not take place (for instance, for
091 <d,/d, <11 atm = 120 and 0.94 < d,/d, <1.07 at
m = 140—see the inset in Figure 4b) because no frequencies
satisfy Equation (10b). The larger the m is, the narrower the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a,b) Frequency dispersion of the propagation constants ) and
B}, (a), and loss coefficients B; and g, (b) of SSPs in active and passive
waveguide structures. Thicknesses of semiconducting films are: in active
structure d; = 0.1 um (black line), and in passive structure d, = 0.9d,
(blue line) and d, = 1.1d, (red line). Other parameters are the same as
in Figure 2. The frequency interval corresponds to the amplification band.

forbidden interval in d,/d, is. Beyond these intervals, for each
value of d,/d, and each m Equation (10b) has two solutions
corresponding to two frequencies. However, this fact does not
lead to the possibility of SPP generation at two frequencies
simultaneously, since according to Figure 4a these solutions
correspond to different active waveguide lengths L.

For the fixed values of the microresonator length L and the
ratio d,/d, between the film thicknesses in the passive and ac-
tive waveguides, the generation of the SPP waves will be pos-
sible at the frequency which corresponds to some integer m in
Equation (10a). The SPP generator having a fixed active region
length and a predetermined generation frequency can be con-
structed for two values of d,,/d,: the first one for d,,/d, < 1 and
the second one for d, /d, > 1. For instance, in order to obtain the
SPP generation at frequency 29.75 x 10 rad s~! in the structure
with the active waveguide length L = 19 um (which corresponds
to m = 120), the thickness of the semiconducting film in the
passive waveguide should be either d, = 0.9d, or d, = 1.11d, for
d, = 0.1 pm. It should be noted that the branches of Equation
(10D) solutions are non-symmetric with respect to the vertical axis
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Figure 4. a,b) Generation frequency w as function of the active waveguide
length L (a) and the ratio dy, /d, of the semiconducting film thicknesses in
the passive and active waveguides (b). Parameters of the structure are the
same as in Figure 2, and the set of curves are obtained for m = 120, 130,
and 140 (solid red, dashed green, and dotted blue lines, respectively). The
frequency range in (a) corresponds to the amplification band, and green
shaded area corresponds to the frequency interval shown in (b). Zoom of
the white area in (b) is shown in the inset.

in Figure 4b due to the frequency dispersion of the longitudinal
component of SPP wavevectors 8, and $, in the active and pas-
sive waveguides (see Figure 3).

From the dependencies presented in Figure 4, it follows that
by varying the structural parameters of the waveguide system it
is possible to adjust the generation frequency within the SPP am-
plification band. It is worthy to note that the band of the allowed
frequencies (29.68 x 10”rad s! < w < 29.80 x 10"%rad s77,
see Figure 4b) is less than the amplification band (29.64
x 102 rad s7! < w < 29.85 x 102 rad s7!, see Figure 2c) due
to absorption in the waveguide.

The amplified SPP waves penetrate into the passive waveguide
through the interface between the active and passive structures.
In the latter, the radiation output to the far field is realized via
the diffraction grating. Without lack of generality, let us consider
the case when radiation is output to a substrate, and the phase-
matching condition

|B, — 271/ A| = ko/E35In0 (11)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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is fulfilled, where 6 is the angle of emission (as shown at Fig-
ure 1). Here we consider the first diffraction order (I = 1) on the
grating with period A satisfying the relation (8, — 27 /A) < 0.

Due to the high localization of the slow SPP wave on the in-
terfaces and under the phase-matching condition Equation (11),
the SPP mode effectively interacts with the emitted wave. In this
case, in order to estimate the effectiveness of the grating in the
transition of the SPPs into photons, one can use the method de-
veloped in the theory of coupled modes.*®! According to this ap-
proach, the dynamics of the SPP mode and the emitted wave is
described by the following system of equations.

dA,

W =ik Ang — |/3;g, Ap»

(12)
8*Amcl _ . ”
BT = —lK'Ap =+ |ﬂp Arad

where A, is an amplitude of the SPP in the passive waveguide,
Ayaq is an amplitude of the emitted wave, and k ~ 8 ;,5 d/2d, isthe
parameter characterizing the relation between the SPP and the
emitted waves. The solution of the system of equations, Equation
(12), makes it possible to obtain approximate expressions for the
mean free path length for radiation loss

rad ™~ P ~ ,BA;, sd ( )
and the efficiency of grating
, N ﬂ// d
n ~ exp [—Zﬂpsmd] X exp |:—8ﬂZ 52i| (14)

calculated as the ratio of the power flow of the emitted wave
to the power flow of the SPP wave at the input to the grating.
For the propagation constant #, &~ g, ~ 1.6 x 10° cm™" (see Fig-
ure 4), the length of the radiation loss &4 takes values in the
range approximately from 2.5 to 25 um (for 0.01 < 8d/d, < 0.1),
which is less or comparable to the value of the SPP propaga-
tion length §, = 1/, ~ 10 pm. Since the grating period is A ~
27 /B, ~ 0.4 um, at the total mean free path length, given by £ =
Ei+ &,")7", there are 518 grating periods. The efficiency 7,
calculated using Equation (14), takes values from tenths of a per-
cent to several tens of a percent (up to 60%). The obtained values
of the grating efficiency are in a good agreement with the results
of the experimental studies and numerical simulations.*%

5. Conclusion

We propose a plasmonic laser (spaser) structure, in which the
conversion of the localized SPP waves into uncoupled light is re-
alized. The amplification of SPPs is provided directly by the flow
of charge carriers that form a DC current in graphene placed on
a semiconducting film. Feedback is realized due to reflections
of the surface waves from the boundaries of an active waveguide.
The radiation output of the generated SPP waves into the far field
is realized using an adjacent passive waveguide similar to the ac-
tive one except without graphene layer, but with diffraction grat-
ing manufactured on top of the semiconducting film. We analyze
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the generation condition depending on the geometry parameters
of the waveguide structure (lengths and thicknesses of the semi-
conducting film in the active and passive waveguides) and show
that SPP generation is possible in terahertz range. Such plasmon
generators, combining the miniature dimensions and the wide-
band tunability via variation of geometry parameters, will be es-
pecially important for future optoelectronic processors.
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