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ABSTRACT: The inception of the plasmonic laser or spaser (surface
plasmon amplification by stimulated emission of radiation) concept in
2003 provides a solution for overcoming the diffraction limit of
electromagnetic waves in miniaturization of traditional lasers into the
nanoscale. From then on, many spaser designs have been proposed.
However, all existing designs use closed resonators. In this work, we
use cavity quantum electrodynamics analysis to theoretically
demonstrate that it is possible to design an electric spaser with an
open resonator or a closed resonator with much weak feedback in the
extreme quantum limit in an all-carbon platform. A carbon nanotube
quantum dot plays the role of a gain element, and Coulomb blockade is observed. Graphene nanoribbons are used as the
resonator, and surface plasmon polariton field distribution with quantum electrodynamics features can be observed. From
an engineering perspective, our work makes preparations for integrating spasers into nanocircuits and/or photodynamic
therapy applications.
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In nanoplasmonics, the spaser (surface plasmon amplifica-
tion by stimulated emission of radiation) is a promising
quantum generator that can overcome fundamental

problems brought by miniaturization beyond the diffraction
limit imposed on electromagnetic waves.1,2 A spaser is a
nanoplasmonic counterpart of the laser, consisting of a
plasmonic oscillator coupled to an active (gain) medium,
which was proposed by Bergman and Stockman in 2003.3−5

Since then, different spaser architectures and material
compositions are proposed and analyzed to satisfy various
needs in applications.4−23 In 2010, the spasers based on noble
metals were investigated as both a nanoscale quantum
generator and an ultrafast amplifier by employing a quantum
kinetic theory and density matrix equations.17 In recent years,
Rupasinghe et al.18 proposed an all-carbon spaser design, where
a graphene nanoflake (GNF) resonator was coupled to a
carbon nanotube (CNT) gain element, which was optically
pumped. This work proved that continuous spasing can be
sustained on a predominantly carbon platform provided
material and geometrical parameters are judicially selected.
Rupasinghe et al. calculated the transition energy and relaxation
rates of the gain element using a tight-binding model which
generated the band structure and associated density of states.
However, they limited their study to plasmonic wave modes
excitable in a closed graphene nanoflake resonator. Another
graphene based electric spaser was proposed by Apalkov et al.,19

in which, the gain medium employed a semiconductor cascade
quantum well structure. The closed resonator was made by a
graphene nanopatch. This work showed that spasing in an
electrically pumped graphene resonator can be achieved with
careful selection of parameters. Moreover, an electric spaser in
the extreme quantum limit was theoretically investigated by Li
et al.23 It showed that an electric spaser with a gain element of a
single-conductance quantum nanowire and a core of common
plasmonic metals is fundamentally possible.
One thing common for existing spaser designs is that the

oscillators are closed resonators.3−23 So an important question
arises of whether spasing can be built in an open resonator (or a
closed resonator with much weak feedback) that is connected
to plasmonic waveguides, which makes it possible for spasers to
be integrated with nanocircuits and nanosystems. This is the
primary task of our work. Also we note that a spaser as a
nanoscale quantum generator and an ultrafast amplifier have
been analyzed using quantum kinetic theory and density matrix
equations, in which the temporal behavior of a spaser was
investigated without looking at the spatial characteristics.17

Moreover, the emission energy and polarization-relaxation rate
of the gain elements are important parameters in spaser design,
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but their quantitative dependence on the conductance of gain
elements, quantum dot size, and bias voltage has not been
revealed in existing electric spaser designs,3−23 so a detailed
first-principle method to improve the existing models is also in
demand. Additionally, plasmonic metals are the focus of
attention in the study of electric spasers under extreme
quantum limit pumped by a ballistic single-conductance
quantum nanowire; however, carbon materials such as
graphene and carbon nanotube have not yet been studied on
extreme ballistic spasers.23

Therefore, our work aims to explore these aforementioned
problems by building an electric all-carbon spaser pumped by a
ballistic single-conductance carbon nanotube quantum dot in
the extreme quantum regime.23 The graphene nanoribbon is
used as the open resonator connecting to plasmonic wave-
guides. The spatial characteristics of both cases of plasmonic
generators and amplifiers are studied. The spatial surface
plasmon polariton (SPP) wave modes are obtained by solving
the Helmholtz equation using mode-matching scattering matrix
techniques.24−32 The gain subsystem consists of a carbon
nanotube quantum dot excited electrically.33,34 The conduc-
tance, transition energy, and polarization-relaxation rate of the
gain element are calculated using the atomistic basis tight-
binding model and the nonequilibrium Green’s function

(NEGF) method.24,25 Finally, the spasing conditions are
investigated using quantum mechanical density matrix
methods.35

This paper is organized as follows. The first section presents
the overall design of the spaser. The physics of the gain
medium and plasmonic resonator are covered in the next two
sections. The spaser kinetics are analyzed next. The conclusion
closes this paper, discussing the differences of this proposed
device against existing devices, its significance, and potential
value in applications. The detailed algorithms are presented in
the Supporting Information.

RESULTS AND DISCUSSION

Overall Design of the Spaser. A carbon-based electric
spaser in the extreme quantum limit is proposed in this work.
The plasmonic resonator of this spaser is made from a
graphene nanoribbon monolayer, and its active gain element is
an electrically pumped carbon nanotube quantum dot. The
graphene nanoribbons as waveguides are connected to the
plasmonic resonator for transmission of SPP waves. The SPP
modes are supported in the plasmonic resonator, and the gain
medium is population inverted to supply energy to the
plasmonic modes.

Figure 1. Structure of electric all-carbon spaser. (a) Architecture of the electric spaser. The graphene nanoribbon plasmonic resonator on the
top layer is coupled with the gain subsystem consisting of carbon nanotube quantum dots under the resonator. The size of the plasmonic
resonator is Wp × Lp; the distance between the resonator and gain elements array is Hi. The bottom layer is the substrate. (b) Electric spaser
gain element made from carbon nanotube quantum dot. Gates A and B control the electrostatic potential of the quantum barrier. (c) Left:
Graphene nanoribbon plasmonic resonator of the electric spaser as the generator. Right: Graphene nanoribbon plasmonic resonator of the
electric spaser as the amplifier. The waveguide of the SPPs is connected to the resonator. (d) Electrostatic potential profile of the carbon
nanotube quantum dot as the gain elements of the electric spaser. Lg is the length of the quantum dot, Wg is the width of the quantum barrier,
Hg is the height of the quantum barrier, and Bg is the bias between gates A and B due to the source−drain voltage drop.
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Figure 1a illustrates the overall design of the proposed
electric spaser. The graphene nanoribbon plasmonic resonator
on the top layer is coupled with the gain subsystem consisting
of a carbon nanotube quantum dot under the resonator. The
size of the plasmonic resonator is Wp × Lp, and the distance
between the resonator and gain element is Hi. The bottom
layer is the substrate. Figure 1b shows the electric spaser gain
element made from the carbon nanotube quantum dot, and the

gates A and B control the electrostatic potential of the quantum
barrier. The voltage drop between the source and drain is
supplied by the dc power, which provides electrical injection of
electrons into the upper bands and extraction from lower
bands. Figure 1c shows the graphene nanoribbon plasmonic
resonator. Figure 1d plots the electrostatic potential profile of
the carbon nanotube quantum dot as the gain element of the
electric spaser. The quantum dot forms between the constraints

Figure 2. Energy levels and quantum states in an electric all-carbon spaser. (a) Energy levels of the carbon nanotube quantum dot gain
element. Levels 1, 2, and 3 mark the subband energy levels in the carbon nanotube quantum dots. E12 and Γ12 are the intersubband transition
energy and the gain element relaxation rate (spectral width). (b) Energy levels of the graphene nanoribbon plasmonic SPP. Esp and γsp are the
intersubband transition energy and the plasmon relaxation rate (spectral width). (c) Quantum states of excitons in the carbon nanotube
quantum dot gain element. E12 and E0 are the excited state and the ground state for the spasing process. (d) Quantum states of the graphene
nanoribbon plasmonic SPP. Esp and E0 are the excited state and the ground state for the spasing process. (e) Quantum states of the composite
electric spaser system, which is the product states of gain elements of the carbon nanotube quantum dots and the graphene nanoribbon
plasmonic resonator SPP states.
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of a pair of quantum barriers. Lg is the length of the quantum
dot, Wg is the width of the quantum barrier, Hg is the height of
the quantum barrier, and Bg is the bias between gates A and B
due to source−drain voltage drop.
Figure 2 presents the spasing processes in our proposed

carbon electric spaser. In Figure 2a, levels 1 and 2 mark the
lower and upper subband energy levels in carbon nanotube
quantum dots. E12 and Γ12 are the intersubband transition
energy and the gain element relaxation rate (spectral width).

Figure 2b shows the energy levels of the graphene nanoribbon
plasmonic SPP; Esp and γsp are the intersubband transition
energy and the plasmon relaxation rate (spectral width). Figure
2c shows the quantum states of excitons in the carbon
nanotube quantum dot gain element; E12 and E0 are the excited
state and the ground state for the spasing process. Figure 2d
gives the quantum states of the graphene nanoribbon
plasmonic SPP; Esp and E0 are the excited state and the
ground state for the spasing process. Figure 2e shows the

Figure 3. Conductance, energy gap, and relaxation rate in gain element. (a) Discretized conductance G (for holes (left side) and electrons
(right side)) as a function of the Fermi energy E/t and the size (length) of the quantum dot Lg. The bias between gates A and B is Bg = 0; the
height of the barriers is 0.5t. The width of gates A and B is Wg = 0.852 nm. The diameter of the carbon nanotube is 0.7829 nm. There are 10
carbon atoms in the circumference atom ring of the zigzag edge type CNT. (b) Bottom: Energy gap E12 between the bottom level of the
conduction band and the top level of the valence band as a function of the length of the quantum dot. Top: Relaxation rate (broadening of the
level) Γ12 as a function of the dot length. The bias between gates A and B is Bg = 0; the height of the barriers is 0.5t. The width of gates A and
B is Wg = 0.852 nm. (The unit of conductance in (a) is 4e2/h, the number 4 considers both the valley and spin degeneracy. The Fermi energy,
energy gap, and relaxation rate in (a), (b), and (c) are normalized by the first nearest hopping energy of the carbon nanotube, t = 2.8 eV.)
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Figure 4. Coulomb blockade in the gain element. (a) Conductance G vs E/t and the bias Bg between gates A and B. The height of the barriers
is 0.5t. The width of gates A and B is Wg = 0.852 nm. The length of the quantum dot is 10.22 nm. (b) Coulomb blockade (CB) vs Fermi
energy (0.20−0.38 E/t) and bias potential. The length of the dot is 34.08 nm. The height of the barriers is 0.1t. The width of gates A and B is
Wg = 0.852 nm. (c) Relation between the Coulomb blockade and the bias of the barriers. (The unit of conductance in (a) and (b) is 4e2/h; the
number 4 considers both the valley and spin degeneracy. The Fermi energy and the bias in (a) and (b) are normalized by the first nearest
hopping energy of the carbon nanotube, t = 2.8 eV.)
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quantum states of the composite electric spaser system, which
is the product states of the gain element of the carbon nanotube
quantum dot and the graphene nanoribbon plasmonic
resonator SPP state. The carbon nanotube quantum dot is
excited by the source and drain voltage drop together with
electron (hole) injection and achieves population inversion.
The electron and hole pairs are produced in the dot as depicted
in Figure 2e. Then, the electron−hole pairs relax to form the
excitons with an energy of E12 on level 2.
This transition is treated as a fast relaxation, so the gain

elements are assumed as a two-level system. The excitons will
recombine and drop to level 1 while emitting energy to the
resonator surface plasmon depicted in Figure 2e. After that, the
surface plasmonic oscillations in the graphene nanoribbon
create the high local fields and excite the gain medium,
stimulating the emission as a feedback. The feedback needs to
be strong enough and the lifetime of the spaser SP mode needs
to be long enough for building the stimulated emission. As
shown in Figure 2, the condition E12 = Esp needs to be satisfied
for spasing. Although the spaser has two different subsystems,
the spaser operates as a single composite SPP generation
device.
Physics of the Gain Medium. The gain medium is a

carbon nanotube quantum dot excited by the injection of
electrons and holes due to source and drain voltage drop. The
conductance of the dot is calculated using the nonequilibrium
Green’s function formalism.24,25 The influence of the contacts
on the spaser system is incorporated using the terms of self-
energies in the NEGF framework.24,25 Detailed algorithms can
be found in the Supporting Information.
Figure 3a illustrates the discretized conductance G (for holes

(left side) and electrons (right side)) of the dot as a function of
the Fermi energy E/t and the size (length) of quantum dot Lg.

The emission energy E12/t and the gain relaxation rate (spectral
width Γ12/t) extracted from the discretized conductance
spectrum in Figure 3a are plotted in Figure 3b as a function
of the length of the carbon nanotube dot on the bottom and
top sides, respectively. It shows that both the emission energy
E12/t and the gain relaxation rate (spectral width Γ12/t) increase
as the length of the quantum dot decreases. Figure 4a presents
the conductance of the quantum dot as a function of the Fermi
energy and bias potential energy Bg. The height of the quantum
barriers is 0.5t. Figure 4b presents the conductance of the
quantum dot as a function of the Fermi energy and bias
potential energy Bg. The height of the quantum barriers is 0.1t.
The Coulomb blockade (CB) pattern can be observed here,
boundaries of which are identified by some diamond markers
shown in Figure 4c. The Coulomb blockade pattern reveals the
single-electron-tunneling nature of the gain element and
indicates that the energy gap between discretized levels will
narrow and the spectral width will be broadened as the bias
value is raised. Further details including an extensive analysis on
the Coulomb blockade in nanostructures can be found
elsewhere.36−42

Physics of the Open Plasmonic Resonator. The mode-
matching scattering matrix technique is employed to solve the
Helmholtz equation for SPP modes in the graphene plamonic
resonator and waveguides.24−34 The details of calculations are
presented in the Supporting Information. The coupling
between resonator and waveguides is considered in the
calculations. The normalized electric field distributions of the
SPP modes are presented in Figure 5a−f for both scenarios;
spasers as plasmon generators and amplifiers. The width of the
waveguides is tuned to support different numbers of trans-
mission channels. The SPP propagates from left to right. The
Fermi energy of the graphene nanoribbon is set to 10 meV,

Figure 5. Normalized surface plasmon polariton (SPP) mode field distribution in the graphene nanoribbon plasmonic resonator in the electric
spaser. The plasmon energy for (a), (b), and (d) is E(plasmon) = 0.460 × t (t = 2.8 eV). The plasmon energy for (c), (e), and (f) is
E(plasmon) = 0.368 × t (t = 2.8 eV). The SPP modes propagate from left to right in (a)−(f).
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which is near the Dirac cones. As a combined system, the
plasmonic mode inside the resonator couples with the gain
element spatially and spectrally to initiate and sustain spasing. It
is worthy to note that the Figure 5a−f SPP mode patterns also
describe the electric field energy distribution in the spaser
resonator. Thus they represent the location of the peak electric
field in the resonator and gain elements should be placed near
the peak to achieve maximum coupling strength.
The composite quantum states of this entire spaser can be

defined as the tensor product of the states of the gain element
and plamonic subsystem as shown in Figure 2. Since resonance
can only take place between the modes in the plasmonic
resonator and gain element emission when the condition E12 =
Esp is satisfied, the plasmonic modes that do not match the gain
emission are not considered in the calculation of composite
system states. The quantum mechanical model of the carbon-
based electric spaser can be built based on the quantization of
both the SPP wave modes in the resonator and the gain
element.1−23 The details of the quantization procedure are
introduced in the Supporting Information. The time evolution
of the quantum states of the electric spaser can be described by
the quantum Liouville equation:1−23

ρ ρ ρℏ ∂
∂

= + ℏ ̂
t

H Li [ , ] ispaser (1)

where ρ is the density matrix of the electric spaser system and
Hspaser is the Hamiltonian of the entire system. L̂ is the Lindblad
superoperator, which represents the interaction between the
spaser system and its environment, such as the dissipation of
energy from the spaser to its surroundings and randomization
of phase of the quantum states of the spaser system.
Using the density matrix and Lindblad superoperator, the

rate equations of the electric spaser system can be obtained as
follows:1−23
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Figure 6. Spatial electric field distribution in electric spaser and spasing conditions, plasmon relaxation time, and quality factor as a function of
distance between gain and resonator. (a, b) Spatial distribution of the electric field generated in the electric spaser with a single surface
plasmon for cases of generator (a) and amplifier (b). (c) Normalized electric field as a function of the distance between gain and resonator.
(d, e) Spasing condition Ω2 > γΓg as a function of the distance between gain and resonator for cases of generator and amplifier. (f, g)
Minimum requirement of plasmon relaxation time (f) and quality factor (g) as a function of the distance between gain and resonator for cases
of generator and amplifier.
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where ρ11, ρ12, ρ21, and ρ22 are the elements of the density
matrix, Ω is the single-plasmon Rabi frequency, Γ1→2 means the
rate of energy pumped into the spaser system, and Γ2→1

represents the rate of energy dissipated into the environment.
γco is the decay rate of the coherence terms in the density
matrix, and γsp is the relaxation rate of the selected plasmonic
mode. Solving the rate equations provides the static and
dynamic characteristics of the electric spaser system.1−23

Under stationary assumptions, the condition for spasing can
be expressed as1−23

∑
γ

ω ω γ
γ

Γ +

− + Γ +
|Ω | ≥ Γp

( )

( ) ( )
( )

p

12 sp
2

12 sp
2

12 sp
2

2
sp 12

(3)

where Γ12 is the interlevel polarization-relaxation rate and ω12 =
(ε2 − ε1)/ℏ is the interlevel transition frequency for the gain
element. At resonance ω12 = ωsp, and when the number of gain
elements p = 1, the spasing condition reduces to Ω2 ≥ γspΓ12.
In order to investigate whether the spasing condition Ω2 ≥

γspΓ12 can be satisfied in our proposed spaser design, we first
evaluate the spatial distribution of the electric field Espatial

generated by a single surface plasmon in the resonator with
electric field Eresonator for both cases of generator and amplifier
using the relation Espatial = Eresonator × exp(−q × Hi) (q is the
wave vector and Hi is the distance away from the resonator),
the results of which are shown in Figure 6a and b. It can be
observed that the electric field strength decreases as the
distance away from the resonator increases. Furthermore,
Figure 6c plots the peak value of the normalized electric field
strength in the resonator E/Emax as a function of the distance
away from the resonator Hi using the relation E/Emax = exp(−q
× Hi). It shows that E/Emax decreases to below 5% when the
distance away from the resonator Hi reaches 10 nm. Then, we
place the quantum dot gain element perpendicularly below the
peak electric field Emax in the resonator to achieve maximum
coupling strength and calculate the corresponding Rabi
frequency Ω = Emax × exp(−q × Hi) × dg. Here, dg is the
dipole of the quantum dot gain element; dg = e0 × dcnt. dcnt is
the diameter of the carbon nanotube. Then the spasing
condition Ω2 ≥ γspΓ12 is calculated in Figure 6d and e. Figure
6d presents Ω2 as a function of the distance between the gain
element and the resonator Hi for both spaser generator and
amplifier. Figure 6e presents the comparison between Ω2 and
γspΓ12 = γΓg. It shows that the spacing condition Ω2 ≥ γspΓ12 is
satisfied for the generator when Hi < A ≈ 8.6 nm and for the
amplifier when Hi < B ≈ 9.5 nm. In conventional optical
amplifiers and lasers, the threshold for transparency in the
amplifiers is lower than the threshold for lasing in the lasers.
The details of the exact quantitative analysis of the threshold of
Hi for both the spaser generator and amplifier are presented in
the sections 4.1−4.7 in Supporting Information.
Next, using the spasing condition Ω2 ≥ γspΓ12, it is

straightforward to obtain the spasing threshold of the plasmon
relaxation time τmin and plasmon quality factor Qmin as a
function of the distance between gain element and resonator
Hi. Since the relaxation time τ appears in both dispersion
relation 4 and plasmon relaxation rate eq 5,1−23

ε ε ε
ωτ

ω≈
ℏ +

+⎜ ⎟
⎛
⎝

⎞
⎠q

e E

( )

4
1

ir r
2

0
2

F

21 2

(4)

γ ω
τ τ

= ℏ = ℏ =
× ·− J s1 1.05 10
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34
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The spasing condition Ω2 ≥ γspΓ12 can be converted to a
constraint on τmin and Hi. Figure 6f plots τmin as a function of
Hi for spaser generator and amplifier. It shows that, for spasers
with larger distance between gain element and resonator, the
threshold of plasmon relaxation time needs to be higher to
achieve spasing. The threshold of the plasmon quality factor Q
= ωτ/2 is calculated to obtain the minimum limit of quality
factor Qmin as a function of the distance between gain element
and resonator Hi, which is plotted in Figure 6g for both spaser
generator and amplifier.
Here, we estimate the terminal (external) input−output

characteristics of this spaser prototype. Since the gain element
is excited electrically by the source−drain voltage drop, the
operating voltage of the spaser Ug can be estimated as e0Ug ≥
Esp = ℏωsp = 0.46 × 2.8 eV for the spaser shown in Figure 5a.
Esp and ωsp are the plasmon energy and frequency, respectively,
and e0 = 1.6 × 10−19 C is the elementary electric charge. The
operating current can be approximated classically as Ig ≈ Ug/R
≈ G × Ug ≈ 0.5 × 4e0

2/h × 0.46 × 2.8 eV/e0 ≈ 100 μA, in
which, G = 1/R = 0.5 × 4e0

2/h is the conductance of the gain
element calculated in Figure 4a at the Fermi energy near 0.18E/
t. So the output power of the spaser is estimated as Wsp = Ig ×
Ug ≈ 130 μW. From an experimental perspective, the electric
spaser prototype we propose here can be realized using
common nanofabrication techniques43−49 ;such as atomic force
microscopes and/or scanning electron microscopes43,44 tech-
nology assisted assembly after fabrication of key elements using
suitable high-resolution lithography techniques.45 Silicon
dioxide or polydimethylsiloxane can serve as the substrate for
the entire spaser system.47−49 A layer of the substrate material
can be deposited between the gain element and the resonator,
and a thin layer of dielectric material can be deposited on top of
the gain element, using atomic layer deposition or evapo-
ration.47−49 The carbon nanotube quantum dot can be formed
by depositing the top gate contacts on the gate dielectric layer
above the gain element, which may complete the fabrication
processes.49 Finally, the whole spaser system can be integrated
with external nanoelectronic circuits for applications.43−49

CONCLUSION
In essence, we have proposed a carbon based single electron
electric spaser in the extreme quantum limit and carried out
cavity quantum electrodynamic analysis to evaluate its perform-
ance. The main characteristics in our design are that an open
resonator is implemented using a graphene nanoribbon and the
gain element is made by electrically pumped single carbon
nanotube quantum dot. The spasing condition Ω2 ≥ γspΓ12 is
examined on this design, and the results show that spasing can
be initiated and sustained when the distance between the gain
element and the resonator is within certain limits. The limit of
distance Hi is calculated in Figure 6e. The limits on plasmon
relaxation time and quality factor are concurrently calculated in
Figure 6f and g.
The Coulomb blockade effect was observed in our design,

which reveals the single-electron-tunneling nature of the gain
element.36−42 In addition, graphene SPP mode field distribu-
tions are revealed in the open resonator, which indicates a
complicated physical picture of the resonator modes. Moreover,
the composite quantum states of the spaser can potentially play
a vital role as the quantum bit (qubit) unit including 0 (off) and
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1 (on) states in quantum information processing.50−54 Finally,
in quantum measurement science, our proposed spaser can
work as a high-precision plasmon sensor, allowing to count
plasmons one by one propagating through the open
resonator.50−54 In this sense, our proposed spaser could be
viewed as a multifunctional device.54

METHODS
(a) The mode-matching scattering matrix techniques are used to
calculate the spatial surface plasmon resonance wave modes by solving
the Helmholtz equation in the graphene nanoribbon open resonator.
(b) The atomistic basis tight-binding model and NEGF techniques are
used to calculate the electron transport properties in the carbon
nanotube quantum dot gain medium. (c) The quantum mechanical
density matrix approach is employed to calculate the spasing
condition. (d) Detailed algorithms and techniques relevant to above
methods can be found in the Supporting Information.
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