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Recent Progress in Low Threshold Plasmonic Nanolasers

Ru Wang, Chunfeng Wang,* Yi Ma, Jianli Sun, Peiguang Yan, Chunxiang Xu,*
and Caofeng Pan*

Plasmonic nanolasers as a new class of coherent laser beyond the diffraction
limit have attracted a lot of attention. However, the ultrahigh optical
confinement caused by the plasmon effect is inevitably accompanied by metal
absorption loss, thus increasing the pump threshold of the plasmonic
nanolaser. In the past decade, many good results about low threshold
plasmonic nanolasers have been realized and successfully extended to various
applications. Here, this advance is discussed and some opinions are offered.
First, based on the theoretical model and key parameters of the plasmonic
nanolaser, the factors affecting the threshold are analyzed. Subsequently, the
experimental efforts on the realization of low threshold plasmonic nanolasers
from optical pumping to electrical pumping are reviewed. Their applications
in on-chip optical interconnects, biochemical analysis, and far-field structure
are then considered. Finally, feasible approaches to threshold reduction are
discussed, as well as more possible applications in the future.

1. Introduction

Laser is a light source with high directionality and coherence.
Since its invention in 1960, laser has played an important role in
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various human activities from scientific
research to daily life.[1–4] The rapid devel-
opments of microlasers such as vertical
cavity surface emitting lasers,[5,6] mi-
crodisk lasers,[7,8] and photonic crystal
lasers[9,10] over the past few decades have
opened up entirely new opportunities
for on-chip optical interconnections,[11–13]

super-resolution nanolithography[14–16] and
nanospectroscopy.[17–20] However, because
of the limited effective refractive index,
the size of traditional dielectric cavities is
essentially limited by the optical diffrac-
tion limit, which hinders the process of
miniaturization.[21–24] Surface plasmons
(SPs) are collective oscillation of quasi-free
electrons between the interface of dielec-
tric and metal, which are characterized
by ultra-high optical confinement and
ultra-fast relaxation processes.[25–27] The in-
troduction of metal with negative dielectric

permittivity is one of the most feasible ways to compress the
cavity.[28] Using mode size of a plasmonic cavity with far be-
low the diffraction limit, extremely small cavity sizes realize in
one or more dimensions, resulting in laser generation under ex-
treme conditions. This is the plasmonic nanolaser (Surface plas-
mon amplification by stimulated emission, Spaser), a concept
proposed by Bergman and Stockman in 2003.[29] Its operation
mechanism is similar to that of a traditional laser. Subsequently,
in 2009, three groups experimentally demonstrated the feasibil-
ity of plasmonic nanolasers from three confinement dimensions,
and their superior performance have attracted strong attention
from industrial world and academic world.[30–33]

The ultrahigh optical confinement of electromagnetic field
in plasmonic nanolaser caused by the SPs leads to high Purcell
factor, which is inevitably accompanied by ultra-high energy
loss. On the one hand, high Purcell effect imply high the spon-
taneous emission coupling factor 𝛽, resulting in reduction of
the threshold. On the other hand, high Purcell factor enhance
energy dissipation, and faster decay rate inhibits population
inversion, resulting in the increase of threshold. Therefore, it
is very important to clarify the factors that affect the threshold
of plasmonic nanolaser. In recent years, as shown in Figure 1,
low-threshold plasmonic nanolasers at different wavelengths
were realized by using single-crystal metal microsheets (Al, Ag,
Au), single-crystal thin films (Na) and high-gain materials (ZnO,
GaN, CdS, Perovskite, etc.). In addition, great progress has been
made in reducing the threshold of plasmonic nanolasers with the
application of low operating temperature, optimization of struc-
ture design of the optical confinement, improvement of laser
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Figure 1. Development of plasmonic nanolasers, incuding: device size, threshold evolution, laser wavelength, operating temperature, and application
aspects. i) Upper: Reproduced with permission.[31] Copyright 2009, NPG. Lower: Reproduced with permission.[32] Copyright 2009, OSC. ii) Lower:
Reproduced with permission.[140] Copyright 2011, NPG. iii) Upper: Reproduced with permission.[50] Copyright 2012, ACS. iv) Lower: Reproduced with
permission.[40] Copyright 2014, NPG. v) Upper: Reproduced with permission.[136] Copyright 2015, ACS. vi) Upper: Reproduced with permission.[45]

Copyright 2017, NPG. vii) Upper: Reproduced with permission.[139] Copyright 2019, ACS. Lower: Reproduced with permission.[159] Copyright 2019,
Wiley-VCH. viii) Upper: Reproduced with permission.[46] Copyright 2020, Wiley-VCH. Lower: Reproduced with permission.[151] Copyright 2020, NPG. ix)
Lower: Reproduced with permission.[64] Copyright 2021, Wiley-VCH.

preparation technology and synthesis method. And many of
these low threshold plasmonic nanolasers have been used in
various fields including on-chip optical interconnections,[34–39]

biochemical analysis,[40–47] and far-field applications.[41,48–65]

Obviously, in the whole development of plasmonic nanolasers,
reducing the threshold is always an inescapable topic, and some
new achievements and applications have emerged in recent
years. Therefore, it is necessary to revisit the threshold about
plasmonic nanolaser.

In this paper, we review the recent advance of plasmonic
nanolaser about both the aspect of low-threshold devices and ap-
plications. First, based on theoretical model and key parameters
of plasmonic nanolaser, the factors affecting the threshold are
analyzed. Subsequently, we review the experimental efforts on
realization of low threshold plasmonic nanolasers from optical
pumped to electric pumped and their applications in on-chip op-
tical interconnects, biochemical analysis and far-field structure.
Finally, we discuss feasible approaches to threshold reduction, as
well as more possible applications in the future.

2. The Concept of Surface Plasmons

SPs are collective response of free electrons on a metal surface,
which include two important forms of localized surface plasmons
(LSPs) and propagating surface plasmon (PSPs).[78] The reso-
nance response of free electrons can be realized by coupling with
the incident light.[66] Due to their strong local space characteris-
tics and field enhancement characteristics, SPs have been widely

applied in widely used in spectroscopy,[67,68] optoelectronics,[69–71]

imaging,[72,73] biosensing,[74,75] as well as nanophotonics.[76,77]

2.1. Localized Surface Plasmons

LSPs are collective resonance of localized electrons caused by
metal nanoparticles (NPs), as shown in Figure 2a.[79] When the
frequency of the incident light matches the resonance that of
the metal NPs, LSPs on the metal NPs are excited.[80,81] The fre-
quency of their resonance were related to the shape and size of
the metal NPs and the dielectric constant of the surrounding en-
vironment. The polarizability of the spherical metal NPs can be
calculated by following Equation (1):

P = 4𝜋a3 𝜀d − 𝜀m

𝜀d + 2𝜀m
(1)

Here, a is the diameter of NPs, 𝜖d and 𝜖m is permittivity of
surrounding dielectric and metal NPs respectively. According to
Equation (1), When 𝜖m = − 2𝜖d, P reaches its maximum value,
resulting in resonance. Due to the stimulated plasmon cannot
propagate in the nanostructure, this process is called localized
surface plasmons resonance (LSPR). The local enhancement of
the electromagnetic field on metal NPs can lead to effective light
concentration with the enhancement factor up to 100.[82–87] The
electromagnetic field near the metal NPs decays exponentially
along the metal NPs surface.[25] The attenuation length of the
electric field is usually related to the order of magnitude of the
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Figure 2. a) Schematic diagram of LSPs on spherical metal nanoparticles;[160] b) Schematic diagram of the PSPs mode at the interface of metal and
dielectric materials.[66]

particle size, but also depends on the surrounding environment
and the dielectric properties of the metal material itself, which
provides flexibility for selecting materials whose gain spectrum
overlaps with the resonant frequency.[88–102] Equation (1) is used
only for very small metal NPs, while the polarization of large
metal particles is governed by Mie theory. Plasmonic nanolasers
can be constructed on the basis of these metal NPs using local
surface plasmons. By replacing the surrounding dielectric layer
with gain medium, the particle itself can act as a resonator.

2.2. Propagating Surface Plasmons

The dielectric function of metal is dispersive and can be calcu-
lated as following formula,

𝜀m (𝜔) = 𝜀′m (𝜔) + i𝜀′′m (𝜔) (2)

Different from the dielectric function of metal, that of medium
is a positive real function. In classical electromagnetic images,
SPs is the surface mode solution of Maxwell’s equations under
interface boundary conditions. In the case of planar interfaces,
transverse magnetic (TM) waves polarized relative to the incident
plane can excite the SPs mode at the metal-dielectric interface.
As shown in Figure 2b, PSPs exist at interface of metal-dielectric
(simplest SP waveguide).[66,103] Using the surface mode solution,
the electric field of PSPs along the x-direction propagation can be
expressed as follows.

E (x) = E0 exp
[
i
(
k′SP + ik′′SP

)
⋅ x − i𝜔t

]
(3)

I (x) = E2 = I0 exp
(
−2k′′SPx

) ≡ I0 exp
(
− x

LSP

)
(4)

𝜆SP = 2𝜋
k′

SP

LSP = 1
2k′′SP

≡ 1
𝛼SP

(5)

I(x) is the electric field intensity of SPs mode, 𝜆SP is wavelength
of SPs mode, LSP is the propagation length (the 1/e decay length
along x-direction propagation), 𝛼SP is absorption coefficient of
SPs. The dispersion relation of SPs mode is as follows:

kSP = k′SP + ik′′SP = k0

√
𝜀m𝜀d

𝜀m + 𝜀d
(6)

The real part of kSP determines the wavelength of SPs, while
the imaginary part of that determines the damping of SPs. The
SPs mode propagates along the x-direction at the metal-dielectric
interface. In order to get a propagating SPs, k

′

SP and k′′SP need to
be real. Therefore, k

′

SP and k′′SP can obtain:

k′SP ≈ k0

√
𝜀′m𝜀d

𝜀′m + 𝜀d
, k′′SP ≈ k0

(
𝜀′m𝜀d

𝜀′m + 𝜀d

)3∕2
𝜀′′m

2(𝜀′m)2
(7)

And the requirements of k
′

SP include the following conditions:

𝜀′m (𝜔) + 𝜀d (𝜔) < 0 (8)

For noble metal, such as Ag and Au, this condition is usually
satisfied in the visible and near infrared waveband. Thus, SPs
mode exists at the Ag/dielectric (Au/dielectric) interface, as well
as at the Ag/Silicon (Au/Silicon) interface. The real part of per-
mittivity of noble metals is much larger than the imaginary part,
this is 𝜀′′m ≪ |𝜀′m|. Then LSP can be transformed into

LSP = 1
2k′′SP

≈ 1
k0

(
𝜀′m + 𝜀d

𝜀′m𝜀d

)3∕2 (
𝜀′m

)2

𝜀′′m
(9)

From the formula, for purpose of obtaining a long propagation
length, it is necessary to using a metal dielectric function with
the larger 𝜀′

m and the smaller 𝜀′′m. In addition, the introduction
of gain medium is considered to compensate loss for allowing
the SPs to propagate longer distances in the plasmonic structure.
The small-signal gain of dyes, semiconductors is 1000–2000 cm−1

for interface of planar metal-dielectric, 2000–5000 cm−1 along the
thin metal coated waveguide (≈50 nm), 3000 cm−1 for resonant
LSPs of metal NPs, 80 000 cm−1 for SPs to approach their en-
ergy asymptote.[104] Therefore, SPs amplification and plasmonic
nanolasers have attracted great attention and make remarkable
progress in the last few years.

3. The Fundamental Theory of Plasmonic
Nanolaser

3.1. The Concept of Plasmonic Nanolaser

Surface plasmon amplification by stimulated emission of radi-
ation (Spaser),[105,106] an emerging nano-coherent light source,
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Figure 3. Schematic of spaser.[106] a) The gain medium outside of the shell with metal nanoshell resonance mode (Dipole mode); b) The same as
(left) but for the gain medium inside the shell with metal nanoshell resonance mode (quadrupole mode); c) Schematic diagram of spasing process
proposed by Bergman and Stockman;[106] (a–c) Reproduced with permission.[106] Copyright 2010, IOP Publishing. d) Threshold gain required by spaser
behavior.[107] Reproduced with permission.[107] Copyright 2011, APS.

was first proposed by Bergman and Stockman in 2003.[29] Gen-
erally, plasmonic nanolaser include three parts: gain material,
plasmonic cavity, and pumping source (Figure 3a). Figure 3b is
a schematic diagram of the spasing process. The specific process
is: an excitation turns the transition into an electron-hole pair,
which relaxes to the exciton energy level. The energy generated
by the exciton recombination is transferred to the plasmon ex-
citation of the metal through resonant coupling. The plasmon
excitation excites this emission, giving a feedback to Spaser be-
havior.

Among them, active material is a three-level gain medium,
such as dye molecules and semiconductor, etc. A realistic gain of
g ∼ 104 cm−1 can be obtained for dye molecules or direct bandgap
semiconductors. In terms of plasmonic cavity, different metals
can be selected according to the different luminance bands, as
shown in Figure 3c. The threshold gain of plasmonic cavity ma-
terials is calculated in the near-infrared, visible and ultraviolet
regions.[107] In their study, considering the large coherent SPs per
mode interval and the relatively low threshold gain, Ag and Au
can be chosen in the visible waveband (<10 000 cm−1), while Al
is a better choice in the ultraviolet waveband (<50 000 cm−1).[107]

In addition to this, recent studies have shown that metal Na has
a better SPs response in the infrared spectral region.[151]

3.2. Mode Characteristics in Plasmonic Nanocavity

The plasmonic nanocavity shown in Figure 4a consists of ZnO
semiconductor nanowire (cylinder waveguide) embedded in SiO2
near a Ag surface (SPs waveguide). We use it as an example to
illustrate mode characteristics (effective refractive index, modal
area, propagation distance, waveguide confinement factor, and
transparency gain) in hybrid plasmonic nanocavity.

The hybrid mode (the lower index hybrid mode cannot exist)
is expressed by coupled-mode theory in ZnO/insulator/Ag struc-
ture (SIM):[111]

𝜓 (r, h)= a (r, h)𝜓cyl (r)+b (r, h)𝜓SP (10)

a(r, h) and b(r, h) are the amplitudes of SP waveguide and cylin-
der waveguide, respectively. The hybrid modes can be character-
ized by an effective refractive index nhyb(r,h) that is proportional to
the real part of their eigenvalues, quantifying the phase velocity in
the propagation direction . For better understanding, we will an-
alyze the dependence of the effective index nhyb(r,h) of the hybrid
mode on r and h. As shown in Figure 4b, effective index of hybrid
waveguide mode is always larger than that of cylinder waveguide
mode. It predicts the different between cylindrical and hybrid

Adv. Optical Mater. 2023, 2203137 © 2023 Wiley-VCH GmbH2203137 (4 of 20)
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Figure 4. a) Schematic diagram of ZnO plasmonic nanocavity. Characteristic diagram of fundamental modes in plasmonic nanocavities with different
insulator thickness. b) Effective index; c) Effective modal area; d)Propagation length (d = 15 nm); e) Confinement factor (d = 15 nm). f) Transparency
gain of plasmonic nanocavity with different insulator thickness (d = 15 nm). g) Field distribution with h = 5 nm (d = 15 nm).
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waveguide mode. When the insulator thickness is decreased, the
higher effective index can be observed, indicating the better op-
tical field confinement, thus, leading to the smaller modal area.
The modal area Am is an indicator of how effectively the material
gain can amplify a mode that extends beyond the nanowire.[108]

Am =
Wm

max {W (r)}
= 1

max {W (r)} ∫ ∫
∞

−∞
W (r)d2r (11)

Here, Wm and W(r) are the electromagnetic energy and energy
density, respectively. Due to the coupling between the SP mode
and the waveguide mode, hybrid mode is formed and mainly con-
centrated in the insulator, thus the modal area of the hybrid mode
is influenced by the thickness of the insulator. Figure 4c illus-
trate that the thinner insulator thickness can confine the electric
field energy more effectively, resulting in the decrease of mode
area. In addition, with the decrease of radius, the mode area first
decreases and then increases, and the mode area is the mini-
mum at radius ≈15 nm. In contrast, for a thinner insulator, the
field distribution of the hybrid modes is closed to the metallic
and gain region, leading to the enhancement of the modal loss
𝛼 = 2Im{khyb(r, h)}, which reduces the propagation length Lm:[108]

Lm = 1∕
(
2Im

{
khyb (r, h)

})
(12)

khyb(r,h) is the propagation constant of the hybrid mode. Ob-
viously, it needs to balance with optical confinement and optical
loss in SIM waveguide. Therefore, transparent gain g∗tr is intro-
duced. The definition of g∗tr is the gain for which energy can travel
through the SIM waveguide without dissipation.

g∗tr =
(
L∗

mΓwg

)−1
(13)

L∗
m = Lm∕𝜆 is the normalized propagation length. Γwg is the

waveguide confinement factor of the SIM structure, which in-
dicates the overlapping of the portion of a mode with the gain
medium. It can be defined in as follows:

Γwg =
na

2𝜂0
∫Aa

d𝜌|E (𝜌)|2
Pz

(14)

Pz is the power flow in the propagation direction; na is the re-
fractive index of the gain medium; Aa is the region of the gain
medium; 𝜂0 =

√
𝜀0𝜇0 is the intrinsic impedance, 𝜖0 and μ0 are

vacuum permittivity and vacuum permeability, respectively. The
thin insulator thickness h makes the waveguide mode of the
nanowire more strongly coupled with the surface plasmon mode
of the planar structure, and thus has a better confinement effect
on the fundamental mode. The smaller the insulator thickness
h, the closer the field distribution of the hybrid mode is to the
metal and gain regions, leading to the decrease of the propagation
length and the increase of the confinement factor, as shown in
Figure 4d,e. In order to balance between the propagation length
and confinement factor, a suitable insulator thickness must be
chosen by the transparent gain. As shown in Figure 4f, the min-
imum transparent gain of the fundamental mode at h = 5 nm
can be determined. As shown in Figure 4g is the electromagnetic
field distribution of fundamental mode in plasmonic nanocavity.

3.3. Purcell Effect

The strong interactions between the gain medium and nanocav-
ity modes results in modified dynamics enhanced known as the
Purcell effect.[109,110] The Purcell factor Fp quantifies the rate of
energy exchange between the coupled system and the optical
mode.

Fp = 𝛾𝜏∕𝛾0 (15)

𝛾𝜏 is the enhanced rate of spontaneous emission; 𝛾0 is the nat-
ural rate of spontaneous emission. In plasmonic nanolaser, Pur-
cell factor change spontaneous emission. Similarly, it modified
spontaneous emission coupling factor 𝛽. The Purcell factor Fp is
relationship between Vm and quality factor Q.

Fp =
3

4𝜋2

Q
Vm

(
𝜆

nr

)3

(16)

Here, nr is refractive index of semiconductor material in back-
ground environment; Vm is the effective mode area of cavity;
Quality factor Q denote the photon loss rate of cavity 𝛾 . For the
Fabry-Perot (FP) mode,[111]

𝛾 = 1
𝜏p

= v (𝜔)
[
𝛼 + 1

2L
ln

( 1
R2

)]
(17)

1
Q

= 1
𝜏p𝜔

=
v (𝜔)
𝜔

[
𝛼 + 1

L
ln

( 1
R

)]
= 1

Qabs
+ 1

Qmir
(18)

1
Qabs

=
v (𝜔) 𝛼
𝜔

(19)

1
Qmir

=
v (𝜔)
𝜔

1
L

ln
( 1

R

)
(20)

Here, 𝜏p is the photon life time; v(𝜔) ≃ (∂Re[kz]/∂𝜔)−1 is the
group velocity; the second part in the square brackets of Equa-
tion (21) is mirror loss (radiation loss) (L is the cavity length; and
R is the reflectivity of end facet, and R = (nhyb(r,h) − 1)2 /(nhyb(r,h)
+ 1)2 for plasmonic nanolaser).

3.4. Lasing Threshold

At very small physical dimensions, only a few modes exist
in the frequency range of interest, and often only one or a
few modes can reach the laser threshold conditions. Plasmonic
nanolasers also largely exhibit the properties possessed by pho-
tonic nanolasers. To simplify the analysis, we only treated one
laser mode in the plasmonic nanocavity and the exciton dis-
tributed uniformly in the nanowire after the laser excitation.[112]

In this case, the rate equations for single laser mode are sufficient
to describe spaser behavior.

dn
dt

= 𝜂p − 𝛾𝜏n − 𝛽Γ𝛾𝜏 s(n − n0) (21)

ds
dt

= 𝛽𝛾𝜏n + 𝛽Γ𝛾𝜏 s
(
n − n0

)
− 𝛾s (22)
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Figure 5. a) Light-pump curves with different 𝛽. b) Normalized threshold as a function of the 𝜁 and 𝛽 parameters.

The rate equation can be described by the changing rates of
the exciton density n and the photon density s, containing various
contribution and dissipation terms. Here, 𝜂 is the paroportion of
pump power absorbed by gain medium in laser; p is the pumping
power rate; 𝛾𝜏 =

1
𝜏0

is the spontaneous emission rate; Γ is the

overlap factor between the optical mode and the gain region; 𝛾g
= 𝛽Γ𝛾𝜏 sn0 is the absorption rate caused by the gain medium;n0
is the carrier density when the gain medium is transparent.[113]

The purpose of laser miniaturization is to reduce power con-
sumption. The physically small size of the laser device has few op-
tical modes available to the gain medium, which increases 𝛽. For
simplified analysis in static conditions, we estimated that Fp = 5,
n0 = 0, and Γ = 1. Finally, as shown in Figure 5a, we can plot the
light-pump curves with different 𝛽. It can be seen that the thresh-
old increases as 𝛽 increases. Because the larger 𝛽 allows for the
initiation of excited radiation at weaker pump conditions, result-
ing in lower laser threshold. But is it enough to just change the
size if we want to achieve low-threshold plasmonic nanolasers?
The threshold is defined as the condition in which the rates of
spontaneous and stimulated emission into the laser mode are
equal. Under static conditions, through the analysis and solution
of Equations (21) and (22), the threshold photon density pump
rate Pth (photon density pump rate P = ph𝜈/A) can express using
the following;

Pth = h𝜈
𝜂A

(1 + 𝛽)
2

[
𝛾

𝛽Γ
+ Fp

2n0Vphy

𝜏0

]
(23)

h𝜈 is the photon energy of the emission; A is the area of the pump
beam; Γ is the overlap factor between the optical mode and the
gain region; Vphy is the physical volume of gain medium. By sim-
plifying Equation (23), it can be obtained an expression for the
threshold rate of photon generation.

Rth = 𝛾

2Γ

(
1 + 1

𝛽

)(
1 + 1

𝜁

)
(24)

where Rth = 𝜂PthA/h𝜈; the definition of ΓRth/𝛾 is a normalized
threshold pump rate. 𝜁 = 𝛾𝜏0 /(𝛽FΓninvVphy) is the ratio of cavity
loss to material loss, which is an important parameter for char-
acterizing the threshold of nanolaser; F is the Purcell factor; ninv
= 2n0 is the carrier density at twice the transparency value. Espe-

cially, the minimum pump rate, Rth = 𝛾/Γ, indicates that photons
must be supplied to the cavity as fast as they are being lost.[114]

From Figure 5b, it can be seen that there are two ways to re-
duce the threshold value: One is to increase 𝛽 → 1, which means
small size and strong Purcell effect; the other one is to increase
𝜁 , which indicates that cavity loss should be dominant. But 𝜁 and
𝛽 are not unrelated, cavity loss and material loss are also related.
Despite inevitably increase of total cavity loss with laser minia-
turization, plasmonic nanolasers can reduce the total cavity loss
by hindering radiation loss via the plasmonic field confinement
effect. Hence, when an equilibrium point is reached between the
cavity loss and material loss, the threshold can be minimized.
Wang et al. studied the gain and loss in the CdSe plasmonic laser
as an example (Figure 6a).[115] As shown in Figure 6b, gain mate-
rial loss, metallic loss and radiation loss in plasmonic laser was
determined. And it further provided depandece relationships be-
tween loss and gain. Obviously, using of High quality gain mate-
rial and plasmonic material are vital for the development of low
threshold plasmonic nanolasers.

4. Experimental Demonstrations of Plasmonic
Nanolaser

The inherent high loss in surface plasmon resonance give a great
challenge to the experimental implementation of spaser. In 2009,
three groups realized three different configurations of plasmonic
lasers.[30–32] Moreover, each group demonstrated that plasmonic
lasers exhibit subwavelength confinement in different dimen-
sions. The spaser designed by Noginov et al. includes a gold
NPs core as plasmon resonator, and dielectric nanoshell con-
taining dye molecule. This spaser is the smallest coherent gen-
erator to date, ranging in size from a few nanometers to tens
of nanometers.[30] Oulton et al. reported a plasmonic nanowire
nanolasers with metal-insulator-semiconductor (MIS) structure,
hybridized plasmon modes propagate along the nanowires.[31]

Hill et al, reported electrically pumped lasing in metal-insulator-
metal (MIM) sub-wavelength plasmonic waveguides.[32] In terms
of physical mechanisms, these plasmonic nanolasers and spaser
are essentially the same, the only difference being whether the
local or propagating plasmon mode is coupled to the gain ma-
terial. And these plasmonic nanolasers are highly compact co-
herent light sources with ultrafine dynamics and a wide range of

Adv. Optical Mater. 2023, 2203137 © 2023 Wiley-VCH GmbH2203137 (7 of 20)
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Figure 6. a) Schematic of CdSe plasmonic nanolaser. b) The relationship with loss and gain at full lasing state. a,b) Reproduced with permission.[115]

Copyright 2020, De Gruyter.

Figure 7. a) Upper panel: Schematic diagram of ZnO plasmonic nanolaser. Lower panel: Evolution of the lasing spectra at a temperature of 77 K;
Inset: threshold curve, the line width of the emission peak versus the pumping power density and the corresponding polar plot of the emission intensity.
Reproduced with permission.[136] Copyright 2015, ACS. b) Upper panel: Schematic diagram of pseudowedge SPP nanolaser. Lower panel: Lasing spectra
of pseudowedge SPP nanolasers with the temperature increasing up to 220 K. Reproduced with permission.[137] Copyright 2018, ACS. c) Upper panel:
Schematic diagram of ZnO/Al film SPP nanolaser. Lower panel: laser spectra measured from 300 to 353 k. Reproduced with permission.[138] Copyright
2016, ACS. d) Upper panel: Schematic of GIM plasmonic nanolaser. Lower panel: The threshold of four types of plasmonic nanolaser measured at
different temperature. Reproduced with permission.[139] Copyright 2019, ACS.

application prospects. By changing gain medium, low threshold
plasmonic nanolaser obtained by high-quality cavity, well-defined
contact interface, effective modal coupling achieve laser emission
from ultraviolet (UV) to Infrared (IR).[116–133]

4.1. Optically Pumped Plasmonic Nanolaser

4.1.1. Ultraviolet Band

In aspect of UV plasmonic nanolasers, Oulton et al. in 2014
demonstrated plasmonic ZnO nanowire laser under pulse exci-
tation of less than 150 fs.[134] The ZnO exciton is located near the
SP frequency in this Ag-based plasmonic nanolaser, accelerating
exciton recombination compared to ZnO photonic nanolasers
at room temperature. However, fast recombination rate in plas-
monic devices (diameter less than 120 nm) hinder the build-up

of a population inversion in this work, resulting in no lasing be-
havior in diameter less than 120 nm nanowire.

In addition to ZnO, GaN is also an ideal material for UV lasers.
Zhang et al. proposed a very low threshold (3.5 MW cm−2) GaN
plasmonic laser at room temperature.[135] The using of a thin Al
film with a roughness of 0.359 nm greatly reduces ohmic losses
at the interface. More importantly, the exciton-SP energy trans-
fer is effectively improved, thus providing sufficient optical gain
energy to compensate for the loss.

The above works are obviously far from the original goal of
achieving highly compact plasmonic nanolaser. The researchers
did not stop their research on plasmonic nanolasers. With the
upgrade of instruments, the optimization of detection efficiency
and the addition of excellent single crystal metals, UV plasmonic
lasers have made great breakthroughs.

In 2015, as shown in Figure 7a, a sharp laser pattern with
a peak at 373 nm was observed in ZnO MIS structures with

Adv. Optical Mater. 2023, 2203137 © 2023 Wiley-VCH GmbH2203137 (8 of 20)
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Figure 8. a) Upper panel: Schematic diagram of CdS plasmonic laser at room temperature. Lower panel:Power-dependent laser spectra and integrated
light-pump response (inset). Reproduced with permission.[140] Copyright 2011, NPG. b) Upper panel: Radiations field of CdSe plasmonic nanolasers.
Lower panel: The room-temperature laser spectra at a peak pump power of 3.6Pth. single mode lasing of 0.28 nm line width (inset). Reproduced with
permission.[141] Copyright 2018, ACS. c) Upper panel: Schematic diagram of CdS plasmonic nanolaser structure. The SEM image shows a representative
plasmonic nanolaser with a scale of 100 nm (inset). Lower panel: The laser spectra (with different excitation power) measured on CdS nanowires of
different lengths (≈110 ± 10 nm in diameter). Reproduced with permission.[142] Copyright 2017, ACS. d) Upper panel: Schematic diagram of nanolaser
structure. SEM image at top right. Lower panel: A full-color, single-mode laser image observed from a single nanorod with an emission linewidth of
≈4 nm. Reproduced with permission.[143] Copyright 2014, ACS.

side lengths 15 nm of ZnO nanowire.[136] A UV ZnO plasmonic
nanolaser with an effective mode volume of < 𝜆3/1000 has been
realized. This record was later broken by the pseudowedge plas-
monic nanolaser with a ZnO nanowire placed on a Ag grating,
as shown in Figure 7b.[137] It exhibits ultracompact performance,
which its effective mode volume is 100 times smaller than that
of a planar SP nanolaser. But these devices can only operate at
77 K if they want to achieve other beneficial performance. Sub-
sequently, the group demonstrated that Al-based ZnO plasmon
nanolasers still realizes single-mode emission at high tempera-
ture of 353 K. And plasmonic nanolaser with Purcell factor of
16.5 show low threshold laser performance (Figure 7c).[138] In
order to pursue the plasmonic nanolaser with lower threshold,
ZnO/graphene/insulator/metal layer (GIM) structure has been
be constructed, as shown in Figure 7d, which can affect the dis-
persion characteristics of SPs and eliminate the fixation limita-
tions of plasmon metal.[139] Due to the difference in Fermi lev-
els, graphene changes the electron density on the metal surface.
The electron density on Al surface increases in GIM structure,
leading to the blue shift of Al plasmon frequency. In contrast,
the threshold of ZnO nanowire laser on the Al-based GIM struc-
ture is reduced by 50%, while the Ag-based GIM structure shows
completely opposite effect.

4.1.2. Visible Band

In the visible band, CdS nanowires or nanosheets, InGaN@GaN
nanowires, perovskite nanowires can also be applied to achieve
plasmonic nanolasers. In 2011, as shown in Figure 8a, Ma et al.
proposed a room-temperature CdS nanosheet-insulator-metal
by utilizing total internal reflection of SP to reduce radiation
loss.[140] Compared to FP resonance hybridization mode, total in-

ternal reflection resonance hybridization mode generating from
5 nm of nanogap could lead to high Q (∼100) and strong mode
confinement (𝜆/20). By controlling the size of CdS, the number of
cavity modes can be reduced, and the output of single mode laser
can be operated. And lasing threshold in single-mode laser is
1096 MW cm−2 in the room-temperature. Laser with small phys-
ical volumes can reduce power comsumption. However, with re-
ducing the cavity, the material loss will inevitably increase and
the external quantum efficiency will decrease. High quality gain
materials with hindered nonradiative channel are effective man-
ner to decrease material loss and improve the external quantum
efficiency. Plasmonic nanolasers with extremely low thresholds
of 10 KW cm−2 at room temperature has been demonstrated by
using high crystal quality CdSe nanosquares as the gain material
(Figure 8b).[141]

The loss caused by the change of size also affects the emis-
sion wavelength of the laser. As shown in Figure 8c, plasmonic
nanolaser with stable emission from 465 to 491 nm wavelengths
has been demonstrated by adjusting the length of CdS nanowires
with the inherent self-absorption.[142] In addition, single-mode
plasmonic lasing in the visible waveband has also been achieved
by gain-composition-tunable. Individual InxGa1−xN@GaN core-
shell nanorods were dispersed on an high quality silver film cov-
ered with Al2O3 (Figure 8d).[143] And the threshold of CW laser
is successfully reduced to ultra-small values in the three primary
colors, and the possibility of “thresholdless” lasing behavior of
blue plasmonic nanolaser is demonstrated. Importantly, these
studies provide a new way for wavelength adjustable plasmonic
nanolasers.

In recent years, perovskite has become one of the re-
markable materials due to its excellent optical and electrical
performance.[144–146] The chemical structure ABX3 of perovskite:
A is a monovalent cation, B is a divalent metalion, and X is

Adv. Optical Mater. 2023, 2203137 © 2023 Wiley-VCH GmbH2203137 (9 of 20)
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Figure 9. a) Upper panel: Schematic diagram of CH3NH3PbI3 plasmonic nanolaser. Lower panel: Power-dependent photoluminescence (PL) spec-
tra. The inset shows the optical image of laser equipartition excitation nanowires. Reproduced with permission.[147] Copyright 2016, RSC. b) Up-
per panel: Schematic diagram of CH3NH3PbBr3 plasmonic nanolaser. Lower panel: Emission spectra with different pumping intensities. Repro-
duced with permission.[148] Copyright 2019, Wiley-VCH. c) Upper panel: Schematic diagram of plasmonic nanolaser based on the structure of
CH3NH3PbBr3/Al2O3/Ag. Lower panel: Threshold power consumption statistics of perovskite nanowires with different scales. Reproduced with
permission.[149] Copyright 2022, Wiley-VCH.

a halide. Because of its adjustable composition, simple prepa-
ration process and low cost, it offers great scope for practi-
cal applications. In addition, high quantum efficiency and ex-
citon binding energy make it highly advantageous as a laser.
A lot of researchs on perovskite plasmonic nanolasers have
been reported subsequently. As shown in Figure 9a, Yu et al.
introduced the plasmonic laser with single-crystalline organic-
inorganic CH3NH3PbI3 nanowires as gain material.[147] The de-
vice achieves a relatively low threshold at room temperature
(13.5 μJ cm−2), and the devices operate well even at tempera-
tures as high as 43.6 °C. This demonstration highlights that per-
ovskite materials can achieve high optical gain for plasmonic
nanolaser.

As shown in Figure 9b, plasmonic nanolaser based on the
CH3NH3PbBr3 nanowire/dielectric layer/metal was fabricated
by replacing iodine in perovskite with bromine.[148] The plas-
monic nanolasers realize the excellent performance of a low
threshold of 62 μJ cm−2. Interestingly, the plasmonic nanolaser
can achieve single-mode to multi-mode conversion by simply ad-
justing the injection energy. According to the mode characteris-
tics of plasmonic nanolaser, the performance of the nanolaser
is affected by the cavity size. Therefore, in order to obtain the
low-threshold plasmonic nanolaser, it is also necessary to es-
tablish the law between the cavity size of perovskite and the
threshold power consumption of perovskite. By a series of
rigorous measured methods, the scaling laws for plasmonic
CH3NH3PbBr3 nanowire lasers are expounded. As shown in Fig-
ure 9c, when the width of CH3NH3PbBr3 is less than 2.5 μm, the
hybrid plasmonic CH3NH3PbBr3 nanolasers exhibits low power
consumption.[149]

4.1.3. Infrared Band

For the application in the field of information equipment
and communication technology, the plasmonic nanolasers have
made progress in the infrared band. In 2010, Kwon et al. suc-
cessfully demonstrated a subwavelength plasmonic nanolaser in
the infrared band. As shown in Figure 10a, the top of the InP
nanodisk was glued to a transparent glass substrate, and the bot-
tom and side walls of the nanodisk were coated with Ag. Four
InAsP QWs are embedded in the middle of the nanodisk.[150] The
lasing threshold in plasmonic nanolaser with mode volume of
0.56(𝜆/2n)3 (n is refractive index)is ≈120 kW cm−2 at a tempera-
ture of 8K.

In the infrared region, the basic confinement capacity of
plasmonic device is accompanied by serious ohmic losses,
which obviously degrade their performance. Therefore, people
have long sought plasmon materials with lower losses than
noble metals in the infrared region. As shown in Figure 10b,
research has found that sodium-based plasmonic devices had
the most stable and excellent performance in the near-infrared
wavelength region.[151] A high quality sodium film with an
electronic relaxation time of 0.42 picoseconds was prepared by
thermal assisted spinning coating process. In a direct waveguide
experiment, 200 μm propagation length of SP supported on the
sodium-quartz interface demonstrated that sodium film has low
ohmic loss in the near infrared wavelength. And it is further
demonstrated sodium-based plasmonic nanolaser has a low laser
threshold of 140 KW cm−2 in the room temperature. At room
temperature, these sodium-based plasmonic device packaged
by epoxy exhibited stable performance after several months.

Adv. Optical Mater. 2023, 2203137 © 2023 Wiley-VCH GmbH2203137 (10 of 20)
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Figure 10. a) Upper panel: Schematic diagram of the plasmonic nanopan cavity. Lower panel: Measured PL spectra at different absorbed peak pump in-
tensities at 8 K. The inset shows the corresponding magnification spectra. Reproduced with permission.[150] Copyright 2010, ACS. b) Upper panel: Room-
temperature sodium-based plasmonic nanolaser. Lower panel: PL spectra of the sodium-based plasmonic nanolaser. Reproduced with permission.[151]

Copyright 2020, NPG.

These works demonstate that the performance of sodium-based
plasmonic device is greatly improved compared with that of
plasmonic device using noble metals.

4.2. Electrically Pumped Nanolaser

Optical pumping is a convenient way to study the laser oper-
ating mechanism, while electrical pumping is a necessary path
for plasmonic devices to move toward practical applications. Be-
cause of the large metal loss and radiation loss in the metal cav-
ity, initially electrically driven nanolasers mainly operate at low
temperature.[32,152–155] With the development of nanoscience and
technology, high performance electrically pumped nanolaser at
room temperature has been gradually realized.[38,156–158]

In 2007, Hill et al. first reported laser emission within an elec-
trically pumped metal-clad nanocavity. The nanocavity is formed
by semiconductor heterojunction covered by Au film, and elec-
trons are injected through the top of the Au column.[152] And
this structure achieves the excellent performance of small size,
low power and high speed. Although dielectric mode rather
than plasmonic mode exists in the device, this method provides
the possibility for the realization of electric pumped plasmonic
nanolaser. In 2009, Hill group realized electrically pumped plas-
monic nanolaser in an MIM subwavelength plasmonic waveg-
uide nanocavity.[32] The waveguide mode is constrained by 1D

plasmonic mode between metal walls and coupled to gain mate-
rials (InGaAs). In the following years, metal-covered nanocavity
structures have realized breakthroughs from low to room tem-
perature, providing technical and theoretical support for electric
pumped plasmonic nanolaser.

In 2011, Ding et al. realized the electric pump laser output in
an Ag-encapsulated subwavelength semiconductor core at a tem-
perature of 260 K.[153] The laser with a physical cavity volume of
0.96𝜆3 (𝜆= 1563.4 nm) is shown. In 2012, as shown in Figure 11c,
at room temperature, laser emission further has been realized
in electrically pumped subwavelength metal cavities.[154] The vol-
ume of the nanolaser can be as small as 0.42𝜆3 (𝜆 = .55 μm).
The same year, Ding group[155] realized the electric pump laser
output in metal-insulator-semiconductor-insulator-metal sub-
wavelength semiconductor nanocavity. The laser with a physi-
cal cavity volume of 0.19𝜆3 is shown at a temperature of 100 K.
Although metal cavities can confine light to a volume much
smaller than the operating wavelength, laser operation is still
prohibited by the cavity self-heating at room temperature (in-
cluding to junction and heterojunction heating, Joule heating,
and non-radiative recombination heating). Similarly, for electri-
cally pumped plasmonic nanolasers, lasing operation at room-
temperature is also a great challenge. And due to the limita-
tion of microfabrication technology, the laser emission of the
electrically pumped plasmonic nanolaser is in the infrared re-
gion. In 2019, Yang et al.[159] first designed and implemented an
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Figure 11. a) Upper panel: Schematic diagram of device structure. Lower panel: The laser spectrum was measured with a pump current of 60 μA.
Inset: emission spectra of different current at 77 K. Reproduced with permission.[152] Copyright 2007, NPG. b) Upper panel: Schematic diagram of
the electrically driven MIM plasmonic nanolaser. Lower panel: Emission spectra of different injection current density in sub-wavelength plasmonic
waveguide. Reproduced with permission.[32] Copyright 2009, OSC c) Upper panel: Schematic of the Ag metal-semiconductor nanolaser. Lower panel:
Emission spectra under different currents. Reproduced with permission.[155] Copyright 2012, APS. d) Upper panel: Schematic diagram of the electrically
driven ZnO plasmonic laser. Lower panel: Emission spectra of different injection current density in the plasmonic laser. Reproduced with permission.[159]

Copyright 2019, Wiley-VCH.

electrically driven ultraviolet plasmonic laser with p-GaN/MgO
(electron barrier layer)/ZnO/MgO/Ag structure at room temper-
ature (Figure 11d). The Ag/MgO/ZnO MIS as hybrid plasmonic
nanocavity in this device can satisfy strong optical confinement
and lower ohmic loss simultaneously. The device reaches very
low threshold of 70.2 A cm−2 at room temperature, and the laser
output power can reach 30 μW at an injection current of 40 mA.
Electrically driven UV plasmonic nanolaser at the subwavelength
scale may have potential applications in photolithography, sens-
ing, and biomedical applications.

5. Application of Plasmonic Laser

In recent years, significant progress has been made in advanc-
ing plasmanic nanolasers, which has evolved from initial con-
cepts to a variety of experimental demonstrations. Although the
key design problems are still challenges, plasmonic nanolasers
have unprecedented opportunities due to constant discovery of
the high-gain and low-loss metal, the structure optimized by
artificial intelligence (AI) and microfabrication. For example,
their intrinsic properties indicate potential applications in opti-
cal interconnection,[34–39] biochemical analysis,[41–47] and far-field
application.[56]

5.1. On-Chip Optical Interconnections

In nanophotonic integrated circuits, subwavelength lasers are an
attractive device due to its small size and low energy consump-
tion. In recent years, many efforts have been made for applying
plasmonic nanolaser to on-chip optical interconnection.

Ma et al. demonstrated a deep subwavelength waveguide em-
bedded (WEB) plasmonic laser.[35] As shown in Figure 12a, five
WEB plasmonic laser devices are composed of five silver bands
with 1 μm width and CdS band. The device can efficiently con-
vert coherent surface plasman from a small laser cavity to an em-
bedded photonic semiconductor waveguide, whose radiation ef-
ficiency is increased by ≈35%. In addition, as shown in lower
panel image of Figure 12a, WEB plasmonic laser can also real-
ize effective electrical modulation and wavelength multiplexing
at room temperature. The work achieves the initial interaction
between electricity and light in plasmonic nanolaser. At room
temperature, ZnO SPP nanowire lasers also are shown to be
actively modulated on graphene-insulator-metal (GIM) compos-
ite platform (Figure 12b).[39] It changes the cavity mode from a
standing wave mode to a propagating wave mode at injected cur-
rent of 100 mA, resulting in an increase of laser threshold and
Doppler shift caused by non-reciprocal propagation properties.
The above studies indicate that the optical properties of the plas-
monic nanolaser can be regulated by electric injection.

Obviously, in order to realize on-chip optical interconnection,
the plasmonic laser device also needs to be able to couple ef-
fectively with the integrated waveguide. In 2006, waveguide-
integrated plasmonic nanocavity sources with physical small
footprint 0.06 μm2 applied in on-chip optical interconnection
has been investigated in theory (Figure 12c).[37] Its emission can
transfer ≈60% into planar on-chip waveguides. Further, a metal-
cavity light-emitting diode coupled to InP waveguide on sili-
con has been demonstrated in experiment (Figure 12d).[39] The
emission characterized by grating coupler has very high exter-
nal quantum efficiency (EQE). The performance of this device
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Figure 12. a) Upper panel: Plasmonic lasers integrated arrays. Lower panel: Modulation depth (black) and peak wavelength shift (rad) under different
applied voltage. Reproduced with permission.[35] Copyright 2012, ACS. b) Upper panel: Schematic of ZnO plasmonic nanolasers when external currents
from metal contacts are applied to the GIM structure. Lower panel: Peak intensity of ZnO plasmonic nanolasers on the GIM structure under different
current injection conditions of graphene. Reproduced with permission.[39] Copyright 2020, Wiley-VCH. c) Upper panel: Schematic of an electric-pumping
inline cavity nanolaser bonded on a SiO2/Si substrate. Lower panel: Comparison of coupling efficiency for four-nanolaser plasmon cavities to the neigh-
boring waveguides under different cavity height. Reproduced with permission.[37] Copyright 2016, ACS. d) Upper panel: Schematic of the metal-cavity
LED on a Si substrate. Lower panel: Light–current characteristics of the nanopillar LEDs at different temperatures. Inset: the calculated EQE versus
current density. Reproduced with permission.[38] Copyright 2017, NPG.

Figure 13. a) Schematic of a plasmonic nanolaser sensor for detection of explosives. b) Calibration curves for the three analytes. a,b) Reproduced with
permission.[40] Copyright 2014, NPG. c) Schematic diagram of the hollow defect plasmonic nanocavity for sensing the glucose solution. d) Sensitivity
and transparency threshold gain in a glucose solution. c,d) Reproduced with permission.[44] Copyright 2018, ACS. e) TEM of spherical spherical, rod-
like spasers and Quantum dots, and their corresponding lasing emission spectra. f) TEM image of spasers on a breast cancer cell membrane (left);
photothermal (PT) image of cancer cell labelled with spasers (right). e,f) Reproduced with permission.[45] Copyright 2017, NPG. g) Spectra of fluorescent
dyes (dash red line) and spaser NPs (solid black line). Inset shows TEM image of spaser. Scale bar, 100 nm. h) PL intensity profile for confocal image
and STEDimage . g,h) Reproduced with permission.[46] Copyright 2020, Wiley-VCH.

is much better than that of many waveguide coupled nanoscale
light sources under the same conditions.

5.2. Biochemical Analysis

Surface plasmon resonance (SPR) effect is currently an im-
portant tool for biochemical sensing and detection. However,
due to strong radiative and nonradiative damping of metal, the
SPR in the visible and near-infrared wavelengths exhibits wide
linewidths of tens to hundreds of nanometers, which limits
the sensing performance. In plasmonic nanolaser cavity, these

dampings can be fully compensated by the gain medium, which
can reduce the plasmonic resonant linewidth by two orders of
magnitude. Therefore, plasmonic nanolasers have potential ap-
plications in biochemical sensing.

In the area of gas sensors, as shown in Figure 13a, plasmonic
nanosensors have been shown to detect explosion molecules
in air with a sensitivity of parts per billion under normal
conditions.[40] As shown in Figure 13b, the sensitivities for DNT,
AN and NB can be calculated by the slope of the calibration
curves. The sensitivity of the stimulated emission in plasmonic
nanolaser is 300-fold as greater as that of spontaneous emission.
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The sensing mechanism is that gas molecules influence the
rate of surface recombination through interactions with surface
states. However, there is a limitation: due to the small size
requirement of gain materials in plasmonic nanolaser, the ma-
terial surface that be affected by gas molecules will be reduced
accordingly, and its efficiency will be affected to some extent.

In the area of refractive index sensors, Lu group proposed a
refractive index sensor using hollow defect plasmonic nanocavity
(Figure 13c).[44] The physical mechanism is that Al grating as
hybrid plasmonic Bragg reflector to enhance the light-matter
coupling in the cavity and use that enhanced light field to achieve
refractive index sensing. The simulation results show that the
sensor has very high sensitivity and high resolution in glucose
solution at the resonant wavelength of 373 nm (Figure 13d). The
plasmonic nanolasers as refractive index sensor requires surface
passivation step to improve its stability. A recent experiment
showed that the plasmonic nanolaser sensor with a 7 nm Al2O3
passivation layer did not degrade significantly within a few
hours, while the nanolaser without passivation layer lasted only
a few seconds.[43]

The spaser composed of the optical resonator of plasmonic
NPs coated with the gain medium, has advantages of single mode
emitting by a spectrally tunable laser, bright light fundamentally
without optical saturation at high laser intensity, blinking effects
and the spectral crosstalk between fluorophores. This supports a
series of biosensing analysis, including protein molecular detec-
tion, cell labeling and tracking, and high-definition intracellular
imaging.

Recently, the multiple functions of spaser have been demon-
strated in complicated biological contexts, ranging from cyto-
plasm in vitro to mouse tissues in vivo.[45] It can be applied
directly to living cells and animal tissuesacted as an ultra-bright,
water-soluble and biocompatible probe. As shown in Figure 13e,
lasing performance of the spaser show a stronger emission
intensity of 4100 times and narrower spectral width of 30 time,
respectively, than that of quantum dots. In addition, the silica
surface of spaser is functionalized with folic acid through molec-
ular covalently binding for the targeted recognition of tumor cells
(Figure 13f). Integration of these properties enables nanobubble
spaser to exhibit great potential as a promising multimodal,
high resolution and ultrafast cellular probe capable of achieving
in vitro and intracellular biomedical assays with a single-pulse
nanosecond excitation. Similarly, using ultra narrow spectral
linewidth of the spaser as probes (Figure 13g), a new concept of
spaser-stimulated emission depletion (STED) through collecting
the stimulated emission of spaser as the imaging signal has
been published recently.[46] Compare to confocal imaging of
aggregate or monodispersed spaser nanoparticles, it is clear that,
STED imaging is higher resolution. As shown in Figure 13h, the
resolution of the spaser-STED is 3.8 times as narrower as that of
confocal. In principle, the Spaser’s wavelength can be adjusted
in the visible region. If the “SPASER probe family” are built,
they have great potential in most fluorescence-based analysis.

5.3. Far-Field Applications

The spaser formed by a single metal NP has only one SPR feed-
back, resulting in the spectra emission with low quality factor

and no directionality. The collective oscillation of metallic NPs
array called surface lattice resonance (SLR) has an outstanding
characteristic with the narrow linewidth of the output signal and-
low laser threshold. The characteristic of the SLR eigenmode en-
gineering can be controlled by coupling, relative phase, eigen-
mode symmetry and topology. Different from one SPR feedback,
the macroscopic laser field of SLR eigenmode engineering can
achieve can realize far-field applications.

The concept of lasing arrays to achieve high quality factors
was originally reported for the mid-IR split-ring resonator ar-
ray. Then, the lasing spaser of various metal nanoarrays em-
bedded in organic gain media and quantum dots has been re-
alized in experiments. As shown in Figure 14a, 3D gold bowtie
NPs array nanolaser in mid-IR wavelength can realize laser
operation.[50] Due to enhanced emission cross section by the plas-
monic nanocavity formed by the Au bowties. The Au bowties as
SPR feedback can improve the gain and SP-assisted lasing behav-
ior can generate at room temperature. A significant advantage of
NPs array lasers is their emission wavelength tunability. Laser
wavelength tunability is achieved by dynamically feeding differ-
ent refractive index gain materials into Au NPs arrays. The eigen-
mode of the metal array is limited by the inherent design. Plas-
monic superlattices, which consists of several groups of Au arrays
with different periods, can support multiple band-edge modes.
The multiple eigenmades with large mode spacings superlattices
are capable of multi-modal nanolasing which can realize switch-
able lasing between single mode and multiple modes. In addi-
tion, laser mode in plasmonic array laser is also adjusted by apply-
ing stress. Robust stretchable nanolasing in compact stretchable
device consisted of a flexible PDMS substrate, large Au NP ar-
rays supporting hybrid quadrupole lattice (HQLs) plasmons and
liquid dye molecules[57] was realized in Figure 14b. The device
can be adjustable wavelength through stretching and releasing
the flexible PDMS substrate which the cavity resonance can be
directly changed by adjusting interparticle distances.

Due to the gain limited to mixed concentration of dyes, quan-
tum dots, above mentioned SLR plasmonic lasers require rela-
tively large array to enhance gain feedback. In addition, the over-
lap between near field in metallic NPs and those gain medium
is not large enough, resulting in hindering light and matter in-
teraction. Huang et al. proposed the hybrid plasmonic SLR laser
composed of a CH3NH3PbBr3 thin film and Ag NPs array (Fig-
ure 14c). The relatively high gain of the CH3NH3PbBr3 thin film
can enhance the light–matter interaction, resulting in high 𝛽 and
low threshold lasing.[64]

6. Conclusion and Outlook

We review recent low-threshold plasmonic nanolasers and re-
lated applications. Although the plasmonic nanolaser satisfies
the need of coherent light source miniaturization, the high power
consumption of the device still has a certain impact on the practi-
cal application. According to the theoretical study, the factors that
affect the threshold of the plasmonic nanolaser include cavity loss
(radiation loss and metal loss), material loss and spontaneous ra-
diation coupling factor 𝛽.

On the one hand, the threshold can reduce via using high
gain materials and metals of low plasmon loss. The commonly
used high-gain materials are: II–VI semiconductors, III–V

Adv. Optical Mater. 2023, 2203137 © 2023 Wiley-VCH GmbH2203137 (14 of 20)
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Figure 14. a) Upper panel: Schematic diagram of 3D bowtie plasmonic laser. Lower panel: The power-dependent photoluminescence (PL) spectra from
3D Au bowties. Reproduced with permission.[50] Copyright 2012, ACS. b) Upper panel: Stretchable SLR nanolasing. Lower panel: Schematic diagram of
a wavelength tunable nanolaser with strain 𝜖 applied on flexible PDMS substrate. Reproduced with permission.[57] Copyright 2018, ACS. c) Upper panel:
Scheme of the hybrid plasmonic SLR MAPbBr3 laser on the Ag NP array. Lower panel: Evolution of lasing spectra of hybrid plasmonic SLR MAPbBr3
laser is measured. Reproduced with permission.[64] Copyright 2021, Wiley-VCH.

semiconductors, perovskite, InP, dyes and so on. Obviously,
the use of high quality gain materials (include the high crystal
quality and cavity quality) can reduce material loss and radiation
loss in the device. . For the metal aspect, besides Al (UV region),
Ag (visible and infrared region), Au (visible region), the most
breakthrough is the use of sodium (Na) film in the infrared
region. Metal loss can be reduced by optimizing the roughnessof
the metal suface and introducing graphene to regulate the
surface electron density of the metal.

On the other hand, strong Purcell effect caused by small cavity
will enhance the interaction of light and matter, resulting in large
𝛽 (the lasing output looks like “thresholdless”). However, the
enhanced spontaneous emissionand the enhanced nonradiative
channels makes the difficulty of population inversion, resulting
in the increase of laser threshold. The threshold can be reduced
by the optimizing structure design of the optical confinement.
For example, compared with the FP cavity, the whispering gallery
mode (WGM) cavity can achieve a smaller radiation loss, leading
to smaller cavity loss. Then, according to formula Rth = 𝛾/Γ,
obviously, the latter can achieve a lower threshold.

In addition, low temperature is also a means to reduce the
threshold, because low temperature not only reduce the plasmon
loss of metals and improve luminescence of semiconductor ma-
terials, but also increase the paroportion of pump power absorbed
by gain medium (For an optically-pumped nanolaser, most of ab-
sorbed power is easily converted to heat at room temperature,
and only a small portion is utilized in the generation of emitted
light.).

According to information of plasmonic nanolaser in Section 4,
we assumed that 𝜏0 ≈ 10−9 s (for organic and inorganic semi-
conductor gain media); 𝛾−1 is 10 fs–100 fs; 𝛽 Fp = 1 −10 and
„N = ΓninvVphy ≈ 105. We can estimate that 𝜁 is 10−2 ∼ 1 for plas-
monic nanolaser. In Figure 15, the approximate range of thresh-
old for the three lasers is given. It is seen that threshold of plas-

Figure 15. Normalized threshold as a function of the 𝜁 and 𝛽 parameters
with three type nanolaser.

monic nanolaser is less than nanowire laser (photonic nanolaser
with small volume).[124] However, 𝜁 < 1 for semiconductors lasers
indicates that material loss is dominant. Only when 𝜁 → 1, the
threshold reaches its minimum value. For the spaser, 𝜁→1 is
possible. And the strong confinement of the LSP allows the 𝛽
to approach 1. As shown in Figure 15, these conditions allow the
spaser to operate with a minimum threshold. Thanks to strong
confinement and high gain, the spaser can operate at near op-
timal conditions for threshold energy consumption. If the diffi-
culties and challenges brought by preparation can be overcome,
the “SPASER probe family” will increase more possibilities for
biochemical analysis applications.
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In the aspect of electric pumped plasmons laser, the mature
nanolaser fabrication technology is also essential, which can re-
duce cavity loss generated by roughness and the self-heat gener-
ated during the operation of devices. Combined with the far-field
radiation theory, it is possible to be applied to commercial optical
interconnection and integrated on-chips.
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