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TOPICAL REVIEW — Nanolasers
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The invention of the Internet and mobile devices has caused tremendous changes in human lives over the past two
decades. Information technology has broken through limitations of geospatial space, enabling extremely high-speed data
transmission and new types of data services. In recent years, demands for data processing have shown an increasing
trend. Furthermore, data generated from internet-related applications such as cloud services and self-driving technology
are likely to grow exponentially over the coming years. Currently, data transmission inside integrated circuits mainly relies
on metal wires. However, the substantial resistive—capacitive delay and energy loss that are caused by metal wires limit data
transmission speeds. Optical interconnection has been regarded as a major solution to efficiently reduce energy consumption
and increase data transmission speeds. The size of conventional semiconductor laser devices, which are the key component
in optical interconnection, cannot be smaller than the wavelength of light, which is a fundamental physical obstacle to lasers
integrating with current electronic integrated circuits in reasonable volumes. To realize optical interconnection, the volume
of the laser device must match the existing electronic components. Recently, the use of diffraction-unlimited plasmonic
lasers has been successfully demonstrated, and these have great potential in different applications. In this paper, we discuss
the recent progress toward surface plasmon polariton lasers and provide practical insights into the challenges in realizing
these novel devices.

Keywords: ZnO, surface plasmon polariton, silver, laser
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1. Introduction
1.1. Limitations of laser downscaling

The first laser was invented by Maiman in 1960, and ef-
forts to downsize lasers have continued ever since, as indi-
cated in Fig. 1.['! The first breakthrough in the reduction of
lasers came with the invention of the semiconductor laser in
1962, which enabled lasers to be reduced from several me-
ters to only a few hundred micrometers.”! In 1979, Iga et al.
demonstrated the world’s first vertical cavity surface-emitting
laser (VCSEL), which reduced the size of lasers to tens of
microns.®! The invention of the VCSEL opened the door for
on-chip optical interconnection. Although the size of lasers
can be further scaled down to a few microns by utilizing mi-
crostructures such as microdisks/spheres,*>! defect-type pho-
tonic crystals,!® and semiconductor nanowires,’! the cavity
size remains in the order of several (A /n)3, where n is the re-
fractive index of the cavity.

The main challenge of shrinking down the scale of a laser
cavity is the fundamental diffraction law in optics, which re-
stricts the size of a laser to half of the wavelength. An effec-
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tive method to miniaturize the volume of semiconductor lasers
into the subwavelength scale is to concentrate the field of

8-13] However,

the photonic mode inside a metal-clad cavity.!
the loss of the noble metal is high, and the development of
metal-clad semiconductor laser devices is restricted for near-
infrared (NIR) applications. As an alternative, Bergman and
Stockman theoretically proposed a novel device with a plas-
monic nanoresonator surrounded by gain media, surface plas-
mon (SP)-based amplification of stimulated emission of ra-
diation (spaser), which can generate a strongly localized co-
herent SP mode in a subwavelength scale.!!4-'%] Inspired by
this concept, the first spaser was demonstrated by Noginov et
al. in 2009.!'7] However, the realization of spasing required
a well-controlled and delicate laboratory environment.!'8! In-
stead of utilizing the localized SP effect for the feedback
mechanism, Hill et al. demonstrated a new class of laser
based on an metal-insulator—semiconductor—insulator—metal
structure with the cavity width half the diffraction limit; this
was the first SP mode laser in the NIR region. 191 Meanwhile,
Oulton et al. demonstrated a simpler SP mode laser based

on a semiconductor—insulator—-metal (SIM) structure that ex-
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ploited the interaction between the SP polariton (SPP) and

.12 Although the mode area of their laser can be

gain medi
as small as A2 /400, the length of the nanowire remains in the

scale of a few microns.
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Fig. 1. (color online) Miniaturization progress of semiconductor laser
size.[1-8
By improving the metal quality to reduce damping losses

and combining with a high-quality GaN/InGaN core shell
nanorod, Lu er al. demonstrated the first continuous-wave
(CW) operation plasmonic nanolaser with a subwavelength
scale in all three dimensions; this was the first diffraction-
unlimited SPP laser.[>!l Later, they demonstrated single-mode
plasmonic nanolaser emission with the full visible spectrum
by changing the composition of indium.!??! However, the SPP
laser demonstrated by Lu et al. can only operate by photon in-
jection, and the operation temperature cannot be higher than
120 K, which is not practical for integration with current de-
vices. To date, a diffraction-unlimited SPP nanolaser with a
low lasing threshold, room temperature operation, and elec-
trical pumping has not been demonstrated yet. Improvements
in cavity Q-factor, material gain, heat dissipation, and electri-
cal contacts with low resistivity are all required to develop a
practical SPP nanolaser.

1.2. Purcell effect

In 1946, Purcell discovered that spontaneous emission is

affected by the quality factor (Q) and mode volume (V) of
3

ﬁ (%) % represents

the spontaneous emission rate enhancement of the fluorescent

the cavity. The Purcell factor Fp =

molecule by its cavity.[?>! Notably, the Purcell factor illus-
trates that the interaction is independent of the properties of
the fluorescent molecule but related to the cavity’s properties,
which reveals some simple strategies that can be employed to
increase the light—matter interaction: increase the quality fac-
tor Q or reduce the mode volume V;,,. Because the size reduc-
tion of a laser cavity is related to the enhancement of the Pur-
cell effect, notable research efforts have been made to optimize
the cavity geometry for a strong Purcell effect, including stud-
ies on micropillars, whispering-gallery mode cavities, defect-
type photonic crystal cavities, and microspheres.?*?71 How-
ever, the mode volume of optical cavities is diffraction-limited

and restricts possibilities to shrink the size of optical cavities to
the nanoscale. To overcome the physical limitations of optical
diffraction, scientists have recently introduced the concept of

8.15.191 where the mode volume can be

metallic nanostructures,!
further shrunk to the deep subwavelength scale, and the Pur-
cell effect can be strongly enhanced in this scenario. However,
a poor Q value is the price for using plasmonic nanostructures,
which require special treatments for laser operation. =131 In
the following section, we discuss the characteristics of both

optical cavity and plasmonic lasers.

2. Photonic mode nanolasers
2.1. Photonic crystal laser

A photonic crystal is an artificial periodic dielectric struc-
ture that possesses a photonic band gap and was first demon-
strated by Yablonovitch in 1987.[28] The electromagnetic wave
with frequency in the range of the photonic band gap is forbid-

[29-341 Photonic crystal

den, and it can be used as a laser cavity.
lasers can be classified into two types: the photonic crystal
band edge laser and the photonic crystal defect laser. The am-
plified mechanism of a photonic crystal band edge laser re-
lies on a multidirectional distributed feedback effect near the
band edges in a large photonic structure, which has potential
for high-power and single-mode surface-emitting lasers. 3>
By contrast, it is possible to create defects on the center of a
photonic crystal to confine light with a smaller mode volume
and stronger Purcell effect. However, both methods require
large numbers of photonic lattice to fulfill the required pho-
tonic effect. Typically, the scale of photonic crystal lasers is
in the order of tens of microns in the in-plane direction. Al-
though the mode volume of defect-type photonic crystal lasers
has been reported to be as small as a few hundred nanometers
in diameter, the size of the whole device is still too large to be

strictly classified as a nanolaser. [34]

2.2. Semiconductor nanowire laser

Semiconductor nanowires are quasi-one-dimensional
structural systems with diameters in the nanoscale. The length
of the semiconductor nanowire can range from a few microns
to hundreds of microns, constituting a naturally formed op-
tical cavity as well as an optical gain medium.!”*>#6] The
large refractive index differences between the nanowire and
the environment combined with the epitaxially sharp end facet
of the nanowire can serve as a Fabry—Pérot-type laser cavity.
Nanowire lasers were developed using the bottom-up method,
rather than the traditional top-down fabrication technique.!”!
The first room temperature optically pumped semiconduc-
tor nanowire laser was demonstrated by Huang et al. in a

(431 Following their pioneering work, different

ZnO system.
material-based semiconductor nanowire lasers with different

emission wavelengths (from ultraviolet (UV) to NIR) have
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been reported.’! Although semiconductor nanowire lasers
have reduced the laser volume to a few (Ac/n)*, they are still
diffraction-limited.

2.3. Metallic cavity lasers

An effective approach to scale down the volume of a laser
is to confine the optical field inside a nanoscale cavity by us-
ing metal as a cover for the surface of the laser cavity.*”! Un-
like a traditional dielectric cavity, a metallic cavity has been
predicted to show excellent optical field confinement capabil-
ities. It was experimentally reported by Hill ef al. in 2007, but
only operated under 77 K. A thin gold layer with hundreds of
nanometers thickness was encapsulated on an InP/InGaAs/InP
pillar with a thin SizNy insulating layer. The metal cladding
successfully squeezed the light into a small space with dimen-
sions comparable to the subwavelength scale.!®! Since then,
several designs with a metal-dielectric—metal structure have

8-131 One of the main challenges of using a

been reported.!
metallic cavity is the large internal ohmic losses. This is more
problematic for a laser device with a small optical gain re-
gion. In addition, metallic cavity lasers are typically fabricated
through a top-down semiconductor manufacturing process,
meaning that the surface roughness of the metal-insulator in-
terface will be induced by the imperfection and cause addi-
tional scattering losses. To date, most metallic cavities’ quality
factors (Q) have been between 100 and 200; nonetheless, the
quality factors can be as high as approximately 1000 if they
employ a whispering-gallery mode cavity, and room temper-
ature electrically driven laser operation has been successfully
demonstrated. 8131 In general, metal losses are more critical
in the short-wavelength region, and all metallic cavity lasers
reported have been designed for the NIR wavelength.

3. Plasmonic mode nanolasers
3.1. Concept of spasers

In 1902, Wood observed the abnormal reflection spectrum
on a metal grating,*8! and Fano first proposed that this phe-
nomenon is related to the electromagnetic waves that prop-
agate along metal surfaces,*”! which was theoretically de-
scribed by Hessel and Oliner in 1965.15°! At the same time,
Rich found that when a high-energy electron beam passes
through a metal thin film, there is an additional energy loss
that is related to the interface of the metal thin film. !l Later in
1968, Rich et al. experimentally confirmed the existence of the
electromagnetic surface wave by studying the polarized spec-
trum of the metal grating.’?! In the same year, Kretschmann
and Otto demonstrated the excitation of nonradiative surface
waves by using the prism-coupling method.®*3#! The surface
wave can be described as the collective excitation states of
the electrons on the interface between the metal and dielec-
tric; this is known as the SP. SPs can exist at the interface

between metals (with a negative real part of the dielectric con-
stant) and a dielectric layer (with a positive real part of the
dielectric constant). In discrete nanoscale metallic structures,
SPs are strongly confined in a small volume and are known
as localized SPs (LSPs). Nonetheless, SPs are quasiparticles
with boson features, and they can couple with the excitation
electromagnetic wave and form a hybrid state called SPP, as
shown in Fig. 3.
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° [ ] R / .E\,
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Fig. 2. (color online) (a) Schematic of spaser structure demonstrated by
Noginov et al. Organic dye provides the optical gain for plasmons generated
with Au and stimulates coherent emissions.!'”! (b) The spasing model pro-
posed by Stockman. '8 Energy from external excitation generates e~h pairs,
which then relax to the exciton level. Excitons with large momentum will
transfer their energy to the dark plasmon mode and start the spasing process.
The plasmon mode can also couple to the photon mode if the environmental
dielectric condition allows. The corresponding photon will carry the same
characteristics from the plasmon, resulting in a coherent emission.
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Fig. 3. (color online) Schematic view of an SPP on a metal—dielectric in-
terface. The typical dimension of the SPP wavelength is from 10 nm to
100 nm.

Similar to photons in an optical cavity, SPPs can achieve
stimulated emission in a plasmonic cavity. The spaser was
first proposed by Bergman and Stockman in 2003. The spaser
is similar to a photon laser, and consists of an optical gain
medium combined with a plasmonic resonator that can feed-
back the external excited energy for stimulated coherent SP
emission (also known as spasing), as shown in Fig. 2(a). The
spasing process can be described as follows: first, an external
excitation pumps the gain medium, which transfers the energy
to the electron-hole pairs, and they relax to the exciton en-
ergy level. The exciton recombines and transfers the energy to
the plasmonic resonator, which triggers the stimulated emis-
sion of SP, as shown in Fig. 3.['~161 The stimulated SPs can
remain confined as plasmons or they can transfer to the pho-
tons by leaving the metallic—dielectric interface. Because the
characteristic of the stimulated SP corresponds to the emit-
ted photons, coherence is also observed. Typically, SPs have
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a very concentrated electromagnetic field distribution in the
subwavelength scale. This unique property allows spasers to
have a diffraction-limitless footprint compared with the pho-
ton mode nanolaser. Originally, spasers referred to lasers with
an LSP feedback mechanism, but a laser dominated by an SPP
mode can also be considered a spaser or a more specific SPP
laser.

3.2. LSP-based nanolaser

By coating a 14 nm diameter Au nanoparticle with an or-
ganic dye-embedded silica shell with a 22 nm outer radius,
Noginov et al. experimentally demonstrated the first LSP-
based nanolaser.!'”! In this case, the Au nanoparticle was the
plasmonic resonator that supplied feedback for spasing, and
Oregon Green 488 dye provided the optical gain that sustained
the oscillations on the Au nanoparticle. A narrow spectrum
was observed when the pumping power achieved the thresh-
old, demonstrating a clear laser light with a wavelength of
531 nm. This experiment matched the original proposal of
the spaser that was based on LSP modes.!'*"'®l However, sin-
gle nanoparticle emission was not shown in this experiment;
therefore, the possibility of a collective phenomenon cannot
be discounted. Nonetheless, Li and Yu noted that a threshold

gain of 1.19 x 10° cm™!

was required to reach laser operation
in this experiment, and such a large threshold gain is due to
significant loss resulting from the interband transition of Au
nanoparticles at 530 nm.!>! In this case, the threshold gain
can only be reduced by manipulating the operation wavelength
away from the interband transition region. In 2008, Zheludev
et al. proposed a two-dimensional asymmetric metallic ring
array to support collective in-phase oscillation. ! Inspired by
this concept, Flynn et al. demonstrated the first room tem-
perature spasing in 2011 by embedding an Au thin film as a
plasmonic waveguide between an InGaAs quantum well.[>7]
Later, Meng et al. experimentally demonstrated a wavelength-
tunable spaser by coating a gain material on Au nanorods. >8]
Recently, Ramezani et al. observed strong light-matter cou-
pling between excitons and LSP coupling in an array of Ag
nanoparticles combined with dye molecules.>®! To date, most
of the reported spasers have used dye molecules as the opti-
cal gain medium to compensate for the metal loss and reduce
the size for conducting spasing. However, all studies on LSP-
based nanolasers were performed using an ensemble of metal-

lic nanostructures rather than a single one.

3.3. SPP mode nanolasers

Although the original concept of a spaser does not require
far-field radiation (photon emission),['¥ lasers based on SPP
resonators are sometimes loosely categorized as spasers by the
research community. In general, spasers are usually associated
with localized SP resonators, and SPP lasers are dominated by

SPPs. The concept of an SPP laser was first proposed by Oul-
ton ef al. and Alam et al. in 2008,19%0] and it is based on
a Fabry—Pérot plasmonic waveguide with an SIM structure,
which can confine the SPs to an extremely small volume, as
shown in Fig. 4. However, using the plasmonic waveguide is
difficult because of the high losses caused by the metal, which
result in a lower quality factor (10—120) compared with that of
the dielectric cavity.[?0-2261-651 By optimizing the thickness
of the insulating layer and minimizing the losses, Oulton et al.
demonstrated the first single-device SPP laser by using an SIM
waveguide consisting of a single CdS nanowire placed on a sil-
ver film with a 5 nm MgF; insulating layer. They successfully
demonstrated a narrow lasing line and a two-step light in—light
out curve, a well-known lasing characteristic. Emissions from
two ends of a single nanowire with a diameter below 100 nm
were clearly recorded using a beam profiler. Here, the mode
area of the fabricated devices is nearly A2/400, and the small
mode area leads to a strong Purcell factor of Fp = 6.

Semiconductor nanowire

Metal

Fig. 4. (color online) Schematic view of an SPP nanolaser with an SIM
structure. The well-confined field profile and high momentum of the
SPP can couple with the exciton inside the semiconductor. The guided
SPP mode can couple to the photon mode at the edge of the nanowire,
where the continuum of dielectric condition is broken.

Following this pioneering work, several research efforts
based on the SIM structure have been reported with gain
medium from the UV to NIR region. Although SIM struc-
tures are fascinating with their ability to confine the field to
the deep subwavelength scale, most of the demonstrated de-
vices only compress the field to the subwavelength scale in
terms of diameter. The scale of the device length is several
wavelengths. With the crystal quality improvement caused
by InGaN/GaN core shell nanorods (improved exciton perfor-
mance) placed on an atomic smooth single-crystal silver thin
film (lower scattering loss and lower ohmic loss), Lu et al.
demonstrated the first SPP laser with the field confined to the
deep subwavelength scale in all dimensions.?!! By reducing
the loss caused by imperfect material quality, they also demon-
strated CW operation up to 78 K, a major milestone for fab-
ricating practical devices. Furthermore, they demonstrated a
broadband-tunable InGaN/GaN core shell nanorod by chang-
ing the ratio of indium in the nanorod.*?! To date, most of
the demonstrated Fabry—Pérot-type SPP lasers have suffered
from large ohmic and radiation losses, and they have typically
exhibited high thresholds (10'-10> MW.cm~2) with operat-
ing temperatures lower than 120 K.[?-22 In 2014, Zhang et
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al. found that a close-contact SIM interface can greatly reduce
scattering losses.°! Within this context, they demonstrated an
SPP laser operated at room temperature with an extremely low
threshold (3.5 MW-cm~2). In addition to the crystal quality
of the metal and semiconductor, the threshold condition and
operation temperature also depend on the permittivity combi-
nation of the metal and semiconductor. By choosing the ap-
propriate combination of metal and semiconductor, we exper-
imentally demonstrated a single-mode operation and a high
operation temperature up to 353 K.[63

4. Challenges of realizing practical plasmonic
mode nanolasers

For practical applications, the following requirements of
plasmonic lasers must be fulfilled: (i) minimize metal loss by
improving metal quality and optimizing the permittivity com-
bination of the metal and semiconductor; (ii) compensate for
the metal loss with high-gain materials; and (iii) develop a
suitable device structure for electrical operation.

4.1. Metallic losses and material gain

In general, metal loss is caused by intrinsic metal loss,
grain boundary scattering, and surface roughness scattering.
Because magnetic interaction is negligible at optical frequen-
cies, permeability is close to unity for commonly used metals.
Thus, the optical response of metals can be described by their
dielectric permittivity £.[°0] Permittivity is a complex quantity;
the real part € denotes polarizability, and the imaginary part
€” relates to energy absorption. Unlike dielectrics, metal has
negative real permittivity and nonzero imaginary permittiv-
ity at optical frequency.®®! Hence, metal loss is an inherently
unavoidable phenomenon that significantly affects the charac-
teristics of SPP lasers. Electrons in metals oscillate with the
external electromagnetic field, and each electron affects other
electrons in the vicinity. The collective excitation in metals
can be described using the Drude model over a wide range
of frequency; therefore, the permittivity of the metal has the

form[67]

& wy”

e(w)=¢g— @ 1iro’

where g is the vacuum permittivity, @, is the plasma fre-
quency of the free electron gas that is proportional to the
square root of the concentration of electron gas, and 7y denotes
the Drude relaxation rate. The aforementioned model indi-
cates that permittivity can only be controlled by reducing the
v or the concentration of electrons at certain frequencies. Typ-
ically, noble metals (Au or Ag) are most commonly used for
plasmonic devices because of their small ohmic loss. [*3] How-
ever, the Fermi level in noble metals rises because of filled d
band electrons, resulting in a highly polarized background. ]

At optical frequencies, electrons in the valance band or Fermi

surface absorb the energy of the photon and transit it to the
Fermi surface or conduction band, resulting in significant
losses (interband transition). By introducing the background
polarization caused by d band electrons, the permittivity for
noble metals can be written as follows:

2
Cl)p

e(w)=¢— ———
(@) =& 02 +iyo’

where &, is the background dielectric constant that includes all
other polarization contributions in the metal. For Au and Ag,
the intraband losses are higher in the longer wavelength and
lower in the UV region. By contrast, the interband losses are
more notable in the shorter wavelength. 70!

In addition to the intrinsic characteristic of metals, in-
plane surface roughness scattering and grain boundaries scat-
tering also decrease the propagation length of the SP and in-
crease the challenge of fabricating low-loss SPP lasers.!”!]
Typically, metal thin films deposited through evaporation or
sputtering possess rough surface and grain boundaries because
of polycrystallinity, which reduces the optical characteristics
of the devices. The growth process is sensitive to the morphol-
ogy and surface condition of the substrate, and it is difficult
to grow smooth, large-area, and single-crystal metal films on
commonly used substrates (e.g. Si, SiOy, and sapphire).!’>7!
Special treatment of the substrate is required to improve the
quality of metal thin films.[”*7°! Therefore, researchers have
begun to develop epitaxial techniques and chemical synthe-
sis for single-crystal growth. By reducing the surface rough-
ness and grain boundaries, researchers have demonstrated a
significant reduction in SPP propagation loss.[3%-%* We have
demonstrated one-dimensional SPP laser operation that ex-
hibited an ultracompact effective mode volume of V;;, = 1.5
x107>A3 and a small group velocity of 1/165 of the speed of
light by applying ultrahigh-quality colloidal Ag flakes as the
metal layer.[®¥ In addition to using Au or Ag for plasmonic
resonance, epitaxial techniques for single-crystalline Al film
growth have shown high potential for realizing practical SPP
lasers, [64:65]

Since the first demonstration of a Fabry—Pérot-type SPP
laser was realized using a semiconductor nanowire system,
several studies on SPP lasing have employed semiconductor
materials. To achieve operation at greater than or equal to
room temperature, materials such as CdS, GaN, ZnO, and
organic—inorganic perovskite that possess large exciton bind-
ing energy and oscillator strength are commonly used as the

21,22,62-65] However, SPP propaga-

optical gain of SPP lasers.!
tion through a single interface requires an optical gain of at
least 1000-2000 cm™2 to compensate for losses. 3871 Mate-
rials with strong oscillation strengths and exciton binding en-
ergies greater than room temperature are favorable for demon-

strating a more reliable Fabry—Pérot-type SPP laser. Among
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the aforementioned semiconductor materials, ZnO possesses
an exciton binding energy (60 meV) two times higher than the
room temperature thermal energy (25.6 meV), which makes it
a suitable material for stable SPP operation at room temper-
ature and above.[®® The first demonstration of a room tem-
perature ZnO SPP laser was reported by Sidipoorus ez al.[!]
Later, we successfully elevated the operational temperature
of the SPP laser up to 353 K by using a high-quality single-
crystalline Al film with single-crystalline ZnO nanowire. 6]
Metal halide perovskites that enable low-cost bottom-
up solution processing are also suitable for SPP lasers.[”%%1]
Metal halide perovskites are known for their robust exciton
properties that can also sustain room temperature thermal
energy.*?! Furthermore, metal halide perovskites with differ-
ent halide compositions exhibit excellent broadband tunability
across the visible spectrum.®3! These properties make metal
halide a promising material for broadband-tunable SPP lasers.

4.2. Tradeoff between confinement factor and plasmon

propagation length

In general, fields of the SP in SIM structures expand to
both sides of the insulator and metal interface, resulting in
increased losses. An alternative method to reduce loss is to
optimize the thickness of the insulating layer. A thicker in-
sulating layer leads to lower metallic losses. However, the
fields also become less confined in the waveguide, leading to a
weaker coupling between the guide mode and semiconductor
nanowire. Conversely, as the thickness of the insulator de-

0.30 T T T
—@—Ag/ISiO, (a)
025

0.20 -
o015 -
0.10 -
0.05 ]
0.00 1

20

hg/nm
16 : ; T
—@—AgSiO, (c)
12t J
*:
S

sl i

al i

N . . : )

0 5 10 15 20

hg/nm

creases, the field distribution becomes strongly confined in the
gain and metal region, which increases the confinement fac-
tor and the modal loss. As analyzed using the finite element
method, SIM waveguides possess tradeoffs between the ac-
ceptable propagation length and confinement factor. To mini-
mize the threshold, the scaling effect of the SPP laser should

63891 Thus, the structural parameters should be

be considered. !
carefully designed to optimize the propagation length and con-
finement factor. Here, the propagation length L, represents
the distance that the SP can propagate, which is determined
by the imaginary part of the modal propagation constant k, as
Ly=2 Im(k.)]~". The waveguide confinement factor of the
SPP cavity is determined by the ratio of the modal gain to the
material gain in the active region, which can be expressed as

follows: 4

I = (na/210) /A IE(p) 2 dp /P, (1)

where n, is the refractive index of the semiconductor
nanowire, 7)o is the impedance of metal, E(p) is the electric
field expressed in cylindrical coordinates, P, is the power flow
along the wire direction, and A, is the area of the gain medium.
The transparency threshold gain of the SPP laser should be the
gain with which the SPP can propagate along the waveg-
uide without attenuation, which can be expressed as g, =
(LoFie)
the ability of the material gain to amplify a mode extending

. A is the mode area of the SPP, which indicates

beyond the semiconductor nanowire to be written as the ratio

14 T T T T T
—@-AgiSiO, (b)

—&-Agisio, (d)

oL 1 1
0 5 10

hg/nm

Fig. 5. (color online) Characteristics of SP modes as functions of the insulating layer thickness &g, with a fixed ZnO nanowire side
length. (a) Normalized propagation length. (b) Waveguide confinement factor. (c) Normalized transparency threshold gain. (d)

Normalized mode area.
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of the total mode energy to the peak energy density.!'”! Fig-
ure 5 shows the propagation length, waveguide confinement
factor, transparency gain, and mode area of a ZnO/SiO,/Ag
SPP laser as functions of the insulating layer thickness. Lj
is the normalized propagation length, which can be express

as Ly =Ly /A. The corresponding normalized transparency

threshold gain can be rewritten as gi, = (LyI; Wg)fl, and the
same for the normalized mode area A%, = A, /A2

Because the coupling between the guided modes of the
nanowire and the SPP modes of the metal-insulator interface
is stronger with a thinner insulating layer, the confinement of
the SPP mode increases as h, decreases. In addition, the SPP
mode field distribution is tightly confined between the metal
and gain, which increases the waveguide confinement factor
and also reduces the propagation length of SPP, as shown in
Fig.s 5(a) and 5(b). By contrast, as the insulating layer in-
creases, the field extends from the waveguide, meaning that
the mode area is broader than the laser with thinner hg, as
shown in Fig. 5(d). To fabricate an SPP laser with the low-
est transparency threshold gain, the balance between loss and
confinement should be optimized by choosing the optimum
insulator thickness. ZnO nanowires on Ag films with differ-
ent insulating layer thicknesses are shown in Fig. 5(c). The
plasmonic effect enhances the mode confinement and losses
when hg is small; by contrast, the mode confinement and loss
are weak when h, increases. Thus, laser operation cannot be
observed when A is too high or too low.

4.3. High-temperature operation

Although SPP lasers have the advantage of compact size,
most reported examples were photoexcited and could only be
realized at low temperature. Heat might accumulate on a high-
density integrated circuit and result in temperatures greater
than 30 °C. Therefore, the operation temperature of a prac-
tical SPP laser should be higher than room temperature. To
realize an SPP laser that can be operated at higher tempera-
tures, several improvements should be considered: (i) increase

——ZnO/Al (a)
F—— ALO Al

w
o

lem+edl
N
o

-
o

0 L L L
300 350 400 450 500
Wavelength/nm

the metal quality to reduce internal ohmic loss; (ii) reduce the
roughness of the metal-dielectric interface for lower scattering
loss; (iii) use materials with high exciton binding energy and
high oscillation strength as the optical gain medium; and (iv)
select materials with the most suitable permittivity combina-
tion of the metal and gain medium for generating low-loss SPP
waves with a high confinement factor.!”>°7 The first to third
improvements have been discussed previously. Here, we focus
on the fourth improvement. Typically, SPP lasers employ SIM
structures to guide the SPP wave within the metal-dielectric
interface. The condition for SP propagation through the in-
terface is given by €4&, < 0 and &4 + &, < 0, where & and
&n represent the permittivity as a function of wavelength. (%)
Within this context, the corresponding wavenumber of the SPP
mode is inversely proportional to the squared root of permit-
tivity; that is, ke, ky o< (&m -+ €1) /2.
gation length and confinement factor of the SPP mode are

Because the propa-

determined by ks, and ky, a suitable combination of metal
and dielectric will lead to a minimum transparency threshold
gain.[%! Through theoretical calculations and experiments, we
found that the Al-based ZnO SPP laser has an average thresh-
old density three times lower than that of the Ag-based ZnO
SPP laser.!%! According to our calculations, the permittivity
combination for Al/ZnO or Al/Al,03 showed no local min-
ima in the ZnO emission energy range, which means that the
insulating layer is not necessary for ZnO/Al SPP laser in the
near UV-visible wavelength, as shown in Fig. 6(a). Accord-
ing to our calculation, as displayed in Fig. 6(b), the rapidly
increasing confinement factor can compensate for the propa-
gation loss as the insulator thickness decreases, which results
in the lowest threshold occurring at an insulator thickness of 0.
Thus, the Al/ZnO SPP laser has a threshold density two times
lower than Al/Al;O3/Zn0O (hy = 5), as shown in Fig. 6(c). By
using single-crystal Al film as the metal layer, ZnO with ro-
bust exciton properties as the gain medium, and eliminating
the insulating layer, we successfully demonstrated SPP laser
operation up to 80 °C.16°]

(@)

2,
0 5 10 15 20
ng/nm

0.4 S 0.0
0 5 10 15 20

hg/nm

Fig. 6. (color online) (a) The absolute permittivity summation of Al and ZnO as a function of wavelength. The shaded area is
the typical exciton emission wavelength from 77 K to 300 K. (b) Normalized propagation length and the confinement factor. (c)
Normalized transparency gain. Adapted by permission from the American Chemical Society (%3 copyright 2016.
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4.4. Electrically pumped nanolasers

Developing an electrically driven CW operation
nanolaser is difficult. Although room temperature electrically
driven CW nanolasers have already been realized in metal-
clad semiconductor cavities (optical mode),!®13] they have
only been possible in the NIR region. This is because sur-
face roughness is difficult to control when applying top-down
fabrication methods; moreover, metal losses are lower in the
long wavelengths for noble metals. Consequently, most top-
down fabricated metal-clad cavities were designed for small
band gap materials such as InGaAs or InGaAsP. So far, no
report has successfully demonstrated a diffraction-unlimited
electrically driven CW SPP nanolaser at room temperature.
In principle, a practical SPP laser requires a high Q-factor,
small device footprint, favorable thermal dissipation, and low
resistance electrical contacts. Although several designs for
SPP lasers have been demonstrated in the past decade, these
devices are mostly based on the SIM structure that requires an
external optical pump to reach the laser operation. The orig-
inal purpose of the insulating layer in the SIM structure is to
reduce loss caused by the metal. However, dielectric materials
are not conductive and have poorer thermal conductivity com-
pared with metal, and thus the use of insulating layers limits
the design of electrically pumped SPP nanolasers and is detri-
mental to heat dissipation, especially under high-excitation
conditions. In addition, extrinsic scattering loss caused by the
rough insulating layer also increases the threshold for SPP
nanolasers. Because the insulating layer is unnecessary for the
structure of SPP lasers, gain material directly in contact with
metal may improve thermal dissipation and conduction effi-
ciency, which provides new possibilities for future SPP laser
design.

5. Potential of plasmonic mode nanolasers
5.1. High-speed modulation

The strong Purcell effect inside the SPP cavity enhances
the carrier recombination rate, leading to a modulation band-
width up to the THz scale.[®!-6-1991 To understand the dynamic
characteristics of single-mode SP nanolasers, the gain satura-
tion effect and carrier relaxation time should also be consid-
ered. The dynamics of SPP nanolasers can be described by a
set of rate equations

dnA ’ na

—2 —nn'P- 2 2
o - m Tan’ 2
dng na F a(ng —ny)

—— = —— —pg—Fyg———~ 3
dt s w " ltes 5 3
ds F a(ng — ny)

—=I'p— I'Fyg—— 5 — 4
dr ﬁfrnB+ Vg 1+es s—s, “4)

where na, np, and s are the density of reservoir excitons,
ground state excitons, and SP, respectively; 1 is the injec-

tion efficiency; 1’ is the pump in proportion to the excitation
power density that can be estimated by the ratio between
the nanowire and the spot size of the excitation beam; and
P is the nonresonance pump power density. The lifetime of
exciton transition from exciton reservoir to ground state is
given by Tag. Here, we only focus on the pumping power
below the Mott transition density in which the coupling be-
tween the exciton and SPP is not destroyed: 7; is the lifetime
of the exciton staying at the ground state, which is strongly
enhanced by the small cavity, and the exciton to SPP tran-
sition rate is enlarged by the Purcell factor F; vy = ¢/ng is
the group velocity of the SP mode inside the cavity; ng is
the corresponding group index; a is the differential gain of
the semiconductor; ny is the transparent exciton density of
the semiconductor; € refers to the gain saturation coefficient;
and ny is the transparent exciton density of the semiconduc-
tor. When the density of the exciton and SPP increases, the
optical gain cannot be maintained at the linear region and
begins to saturate. As shown in Fig. 7(a), the relaxation
frequency is suppressed by the gain saturation effect. The
corresponding small-signal frequency responses for various
pumping conditions are shown in Fig. 7(b). At over ten
times the threshold pumping power, the frequency response
begins to drop off and the resonance peak disappears. Our
results indicate an upper limit for the modulation speed of
the SPP nanolasers due to the gain saturation effect. However,
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% 1o | — Considering saturation effect(e=7*10"°)
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Fig. 7. (color online) (a) Relaxation frequency of SPP nanolasers as a func-
tion of SPP density, where the gain saturation effect and exciton relaxation
effect were counted. (b) The corresponding frequency response plot.
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the modulation speed of the SPP nanolaser is still in the re-
gion of a few THz. Such a fast turn-on effect is attributed to
the strong Purcell effect that drastically increases the exciton
recombination rate and the short cavity lifetime because of the
extremely small cavity size. The exhibited modulation per-
formance combined with broadband-tunable materials such as
InGaN/GaN core shell nanowire and metal halide perovskite
could be applied for use in future on-chip dense wavelength-
division multiplexing for high-speed data processing.

5.2. Plasmonic mode nanolaser array

By fabricating subwavelength metal gratings on colloidal
Ag flakes, we successfully confined SPs to the edge of a metal
grating and demonstrated the operation of an SPP nanolaser
array, as shown in Fig. 8.3%) In this structure, the modal vol-
ume of the surface plasma lasers can be further reduced by
an order of magnitude, which can significantly enhance the
Purcell factor to higher than 100. Our study revealed that
precise fabrication of a nanostructure on single-crystalline
quality metals can further reduce SPP lasers to a much smaller
volume. In addition, the use of ultrahigh-quality Ag produced
through self-assembly reduces the threshold of SPP nanolasers
by more than tenfold in comparison with polycrystalline Ag.
Studies on quasi-one-dimensional SPP lasers represent a criti-
cal milestone for future development in the fields of plasmon-
ics and lasers. The unambiguous demonstration of quasi-one-
dimensional SPP lasing in a metal grating structure completes

z \

Y, \
L
Fig. 8. (color online) Schematic plot of the pseudowedge SPP plasmon

laser.

NATURE NANOTECHNOLOGY, 9 (2014)

Chemical Optics Express, 23,13,17056-17066 (2015)

Nano Letter, 14, 4381 (2014 Optoslactronics
Information processing /
Optics Nature Physics 10, 870-876 (2014)
/ Ultra fast spectroscopy

Fig. 9. (color online) Potential applications of SPP nanolasers,[101-105]

the puzzle of the SPP nanolaser family. In addition, the re-
sults pave the way to manipulating optical fields at a deep sub-
wavelength scale, which can be applied to plasmonic quantum
information physics, nonlinear, optics, and high-density plas-
monic circuits (Fig. 9).

6. Conclusions and applications

The increasing demand for smaller, faster, cheaper, and
more efficient integrated circuits has led to a rapid develop-
ment of electronic devices in the past decades. Unlike elec-
trons, photons are neutral and weightless, and they do not in-
teract with each other. Using photons for integrated circuit
interconnections to reduce inherent transmission loss and en-
ergy consumption between electronic devices is considered the
most plausible solution. Within this context, SPP nanolasers
have great potential to realize on-chip optical communica-
tions that are high-speed, distortion-free, and low-power. The
use of an SPP nanolaser is expected to be superior to current
electrical transistor-based interconnecting systems, and is ex-
pected to greatly improve the performance of integrated cir-
cuits. From a practical point of view, SPP nanolasers must
be able to be integrated with silicon-based platforms. Among
available metals, Al has proven to be compatible with exist-
ing CMOS technology.!'%'=193] Thys, the implementation of
Al-based SPP nanolasers is one candidate for sources of on-
chip coherent light. Moreover, SPP nanolasers are destined
for low output power because of their small size. Hence, in
addition to use as on-chip connections, other applications of
SPP nanolasers mainly focus on their interaction with the mi-
croscopic world. Because of their small footprint and low
power output, SPP nanolasers can be used for biomedical pur-
poses. SPP nanolasers are sensitive to changes in the ambient
refractive index, which implies that they can be used for cell,

[104.105] pyrthermore, the

virus, or harmful substance detection.
size of SPP nanolasers is comparable to that of virus or can-
cer cells. A designed SPP nanolaser with the correct wave-
length would be useful for virus diagnostics or even killing

cancerous tissues. 100

1 By studying SPP nanolaser technology,
researchers might be able to further develop various novel ap-

plications.
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