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It is difficult to overstate the impact of lasers on our society. Since 
Theodore Maiman’s first demonstration in 19601, lasers have 
become a pervasive technology that enables a range of consumer 

technologies and data communications systems, as well as driving 
fundamental research in virtually every field. Lasers generate light 
with strong spectral and temporal localization, and large laser facili-
ties with increasingly powerful devices are being built to achieve 
nuclear fusion2. At the other extreme, creating lasers with increas-
ingly smaller physical sizes has been a research goal since the begin-
ning. Initially, the main drive was technological, aiming at more 
compact size and lower power consumption; but when the size of 
lasers reached wavelength scales in the 1990s, another strong rea-
son became obvious: light interacts differently with matter at the 
nanoscale. Fundamental knowledge soon translated into unique 
applications, such as ultra-dense data storage, nanolithography, 
sensing, super-resolution imaging and optical interconnects3–6.

Pioneering efforts in nanolasers date back to the turn of the cen-
tury with the demonstration of microdisk lasers7, photonic crystal 
lasers8 and nanowire lasers9. Microdisk lasers use the whispering 
gallery mode for efficient cavity feedback. Photonic crystal lasers 
confine an optical cavity mode to a wavelength scale by exploiting 
the optical bandgap of photonic crystals in otherwise fairly large 
periodically etched dielectric nanostructure arrays. Semiconductor 
nanowires also have excellent optical field confinement but, in 
addition, exploit nanoscale dimensions to manage crystal strain, 
which eliminates the restrictions of conventional optoelectronic 
devices based on epitaxial growth10. Their remarkable advantages 
aside, these lasers based on dielectric cavities are fundamentally 
limited as to how small they can be, owing to the diffraction limit 
of light. And this is where the real advantage of metal-based lasers 
begins: they can be fabricated with feature sizes comparable to 
those of modern transistors.

In 2003, David Bergman and Mark Stockman proposed the 
concept of a ‘spaser’ as an amplifier of localized surface plasmons 
oscillating at metal–dielectric interfaces11. Recently, this con-
cept has been generalized to include travelling surface plasmon 
polariton amplifiers, or plasmonic nanolasers. In conventional 
semiconductor lasers, metal contacts are located far from the light 
emission regions and the cavity mode to prevent parasitic absorp-
tion; so, early on, the idea of using metals within the laser cavity 
seemed unconventional. Driven by the ongoing race to minia-
turization, researchers are now able to fabricate nanolasers in 
unique architectures, including the metallic-coated nanolaser12–20, 

plasmonic nanowire laser21–37, metal–insulator–metal gap-mode 
nanolaser38,39, metallic-nanoparticle laser40–43, nanopatch laser44, 
nanodisk laser45, nanosquare laser46–54, plasmonic crystal nano-
laser55–57, coaxial nanolaser58,59, waveguide embedded plasmonic 
nanolaser60, pseudowedge nanolaser61, Tamm plasmon laser62,63 
and hyperbolic metacavity laser64. A characteristic in common 
of these nanolasers is the ability of metal nanostructures to con-
fine light on a scale approaching or surpassing the diffraction 
limit. Key metrics of some representative nanolasers are shown 
in Table  1. Thanks to the limited number of optical modes in 
nanoscale cavities, the eigenmode of a nanolaser can be engineered 
in a controllable manner65. Furthermore, ensembles of nanolasers 
operating in unison can provide a macroscopic response, which 
provides a unique control over laser characteristics66–74. Figure 1 
shows some representative micro- and nanolaser configurations.  
To capitalize on these proof-of-principle developments, we argue 
that the next phase of nanolaser research should focus primarily on  
practical applications.

In this Review, we look into the recent progress of nanolaser 
applications. We first describe the operation principles and intrin-
sic merits of these devices. We then consider applications in optical 
interconnects, near-field spectroscopy and sensing, optical probing 
for biological systems and far-field beam synthesis through near-
field eigenmode engineering. We also highlight the scientific and 
engineering challenges that remain for forging nanolasers into pow-
erful tools for nanoscience and nanotechnology.

Intrinsic merits of nanolasers
The intrinsic merits of nanolaser devices stem from their capability 
to localize electromagnetic fields at optical frequencies simultane-
ously in frequency, time and space (Fig. 1b).

Influence of laser volume on power consumption and threshold.  
One of the prime motivations for laser miniaturization is to reduce 
power consumption. In the early 1990s, it was realized that faster 
operation, lower threshold and power consumption could be 
achieved for the smallest lasers, for which there are very few cav-
ity modes75–77. By reducing the number of excited states in lasers 
with small physical volumes, power consumption would be natu-
rally minimized, but gains in efficiency were also predicted. For 
example, smaller lasers have fewer optical modes available to the 
gain medium, and this increases the spontaneous emission cou-
pling factor, β, the fraction of spontaneous emission directed into 
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the laser mode. A larger β allows stimulated emission to start under 
weaker pump conditions, thus reducing laser threshold. In the 
extreme case in which there is only one mode available for laser 
action (β →  1), thresholdless behaviour occurs with no clear phase 
transition between regimes in which spontaneous and stimulated 
emission dominate58. Alternative methods are then typically needed 
to identify the laser phase transition20,59. Box 1 discusses technical 
details of the threshold of small lasers.

Nanolaser dynamics. The strong spatial localization of nanocav-
ity modes leads to modified dynamics due to enhanced interac-
tions between the gain medium and the laser mode, known as the  

Purcell effect78. The Purcell effect changes the natural lifetime of 
spontaneous emission, τ0, to τ τ= −F 1

0, where F is the Purcell factor. 
Moreover, emission into each available mode is modified by dis-
tinct amounts, where the emission lifetime into a particular mode 
is Fm

−1τ0. It is this preference for emission into certain modes that 
also leads to a modification of β. When the cavity resonance is 
broader than the emission linewidth and suitably tuned, the Purcell 
enhancement factor Fm is proportional to Q/Vm, where Q is the cav-
ity quality factor and Vm is the effective optical volume of the laser 
mode78. In contrast, when the cavity resonance is narrower, then 
it is the emission linewidth and Vm that determine Fm rather than 
the cavity resonance linewidth79. The emission spectra of organic  

Table 1 | Key metrics of various nanolasers

year type Feedback Size gain 
medium

emission 
wavelength

Pump temperature threshold Refs

— Typical VCSEL Fabry–Pérot Diameter: 10 μ m 
Length: 1 μ m

InGaAs/
GaAs

980 nm Electrical, 
continuous wave

Room 
temperature

~1 kW cm−2 93

2007 Metallic-coated 
pillar

Fabry–Pérot Diameter: 210 nm 
Length: ~2 μ m

InGaAs 1,400 nm Electrical, 
continuous wave

77 K ~26 kW cm−2 12

2009 Spaser Localized SPR Diameter: 44 nm Dye 530 nm Optical, pulsed Room 
temperature

— 40

2009 Plasmonic 
nanowire

Fabry–Pérot Diameter: ~100 nm 
Length: ~10 μ m

CdS 490 nm Optical, pulsed 10 K ~100 MW cm−2 21

2009 Gap plasmon Fabry–Pérot Thickness: ~90 nm 
Length: 6 μ m

InGaAs 1,500 nm Electrical, 
continuous wave

10 K ~20 kW cm−2 38

2010 Plasmonic 
nanodisk

Whispering 
gallery

Thickness: 235 nm 
Diameter: 0.9–1.2 μ m

InAsP 
MQWs

1,300 nm Optical, pulsed 8 K ~120 kW cm−2 45

2010 Metallic-coated 
disk

Whispering 
gallery

Thickness: 480 nm 
Diameter: 490 nm

InGaAsP 1,430 nm Optical, pulsed Room 
temperature

~70 kW cm−2 13

2010 MIM nanopatch Dipole  
resonance

Thickness: 230 nm 
Diameter: 400–620 nm

InGaAsP 1,400 nm Optical, pulsed 78 K ~80 kWcm-2 44

2011 Plasmonic 
nanosquare

Whispering 
gallery

Thickness: 45 nm 
Length: 1 μ m

CdS 500 nm Optical, pulsed Room 
temperature

~2 GW cm−2 46

2012 Plasmonic 
coaxial

Fabry–Pérot Diameter: 200 nm 
Height: 210 nm

InGaAsP 
MQWs

1,400 nm Optical,  
continuous wave

4.5 K – 58

2012 Plasmonic 
nanowire

Fabry–Pérot Diameter: 60 nm 
Length: 480 nm

InGaN 510 nm Optical,  
continuous wave

78 K ~3 kW cm−2 22

2013 Metallic-coated 
pillar

Fabry–Pérot Length: 1.39 μ m 
Width: 1.15 μ m 
Height: 1.7 μ m

InGaAs 1,590 nm Electrical, 
continuous wave

Room 
temperature

~100 kW cm−2 18

2014 Plasmonic 
nanowire

Fabry–Pérot Diameter: ~50 nm 
Length: ~200 nm

InGaN 468–642 nm Optical,  
continuous wave

7 K ~100 W cm−2 27

2014 Metallic-coated 
disk

Whispering 
gallery

Cavity volume: 3 μ m3 InGaAs 15 nm Electrical, 
continuous wave

77 K ~30 kW cm−2 19

2014 Plasmonic 
nanowire

Fabry–Pérot Diameter: ~100 nm 
Length: ~15 μ m

GaN 375 nm Optical, pulsed Room 
temperature

~3 MW cm−2 26

2015 Plasmonic 
nanowire

Fabry–Pérot Diameter: ~150 nm 
Length: ~5 μ m

GaAs–
AlGaAs

800 nm Optical, pulsed 8 K ~1 kW cm−2 28

2016 Plasmonic 
nanowire

Fabry–Pérot Diameter: ~70 nm 
Length: ~1–4 μ m

ZnO 380 nm Optical, pulsed Room 
temperature

~100 MW cm−2 30

2017 Spaser Localized SPR Diameter: 22 nm Dye 528 nm Optical, pulsed Room 
temperature

~3 MW cm−2 43

2018 Plasmonic 
pseudo-wedge

Fabry–Pérot Wedge length: 80 nm ZnO 370 nm Optical, pulsed 77 K ~55 MW cm−2 61

2018 Hyperbolic 
metacavity

Whispering  
gallery

Length: 200 nm AlGaN 290 nm Optical, pulsed Room 
temperature

~90 kW cm−2 64

MQW, multi quantum well; MIM, metal–insulator–metal.
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dyes and inorganic semiconductors are a few tens of nanometres 
at room temperature, so the Purcell enhancement factors of nano-
cavities with quality factors less than about 100 can be estimated 
through Q/Vm.

The accelerated spontaneous emission into lasing modes 
enables nanolasers to have ultrafast responses80, with a recent 
experimental demonstration of subpicosecond pulses25. While the 
Purcell effect accelerates light–matter interactions, it also increases 
the β factor, which further accelerates the temporal response 
under direct laser modulation81–83. Accessing high Purcell factors 
through high cavity quality is not valid when the cavity resonance 
is narrower than the inhomogeneously broadened emission line-
width. Furthermore, it is not necessarily advantageous in laser 
performance. For example, a long photon lifetime limits the mod-
ulation bandwidth of a laser82.

Nanolaser spectral linewidth. The spectral width of metal-based 
nanolasers in a quasi-continuous pumping regime can be as nar-
row as about 0.3 nm (100 GHz) at 700 nm (ref. 48,84), which is com-
parable to state-of-the-art semiconductor lasers with similar cavity 
lengths, such as vertical-cavity surface-emitting lasers (VCSELs). 
The relatively poor spectral density stems from their small gain 
volume and high spontaneous emission noise for the low number 
of optical modes in all small lasers. The advantage of nanolasers 
thus lies mainly in their capability to localize light in space, with 
a key figure of merit being the optical energy density. However, 
nanolasers can bring both sensitivity and spectral resolution to 
a variety of sensing applications, and so linewidth remains a key 
parameter of interest. Even the moderate spectral density of nano-
lasers is still far superior to incoherent light sources and thus vital 
for applications that exploit nanoscale localized optical fields as 
well as demanding coherence.

Nanolaser energy density. The optical mode volume, Vm, is another 
figure of merit often quoted in the field of plasmonics and nano-
photonics, as it is related to the local optical density of states, which 
assesses the enhancement of the process of light–matter interac-
tion85. However, the advantage of a nanolaser lies in its ability to 

generate optical energy within this volume directly. Because a laser 
makes use of light emission within its physical gain volume, Vphy, 
and delivers this to the laser mode volume, it is their ratio, Vphy/Vm, 
that is relevant.

For a semiconductor nanolaser under continuous-wave opera-
tion, the output power, P, can be related to the internal carrier den-
sity, n, and its dynamical parameters according to η ν τ= ∕P nh Vphy s,  
assuming an external quantum efficiency η and a stimulated 
recombination lifetime τs. Above threshold, n is approximately the 
clamped threshold carrier density, while τs varies dependent on the 
pumping conditions. Predictions of the typical output power of a 
nanolaser under η =  1 as function Vphy and τs are shown in Fig. 2a. 
We note that the reduction in a nanolaser’s physical volume acceler-
ates the gain dynamics, τs, via the Purcell effect, which increases the 
emission power.

Under ultrafast pulsed optical pumping shorter than τs, gain 
switching can also lead to ultrashort output pulses. In this case, the 
peak power of a single pulse may be estimated when τs is taken as 
the output pulse width. For a single generated pulse, the intracavity 
energy density can be estimated to be ν= ∕U nh V Vphy m. The local 
energy density is thus proportional to Vphy/Vm. Whereas conven-
tional nanolasers have values of Vphy/Vm close to unity, plasmonic 
nanolasers enable ≫V Vphy m, allowing fairly high optical energy 
density to be achieved. Furthermore, plasmonic nanolasers tend to 
have higher threshold carrier densities compared with conventional 
semiconductor lasers, allowing energy densities U >  50 J cm–3. In the 
case of gain switching on timescales of τs =  1 ps, this can lead to peak 
pulsed intensities I>  1011 W cm−2 (ref. 25).

The high local field intensities attainable within nanolasers can 
lead to various applications such as data storage, sensing, imag-
ing, optical probing and spectroscopy at the optical near field. 
Furthermore, it is possible that nonlinear effects may emerge and 
play a role in both device operation and application; for exam-
ple, intra-cavity frequency mixing. In these cases, the local opti-
cal energy spectral density (𝒰, in units of energy/volume) that a 
nanolaser generates inside its cavity is also a key figure of merit. 
Under pulsed gain switching operation, 𝒰 =  νΔ Δ

U
t , assuming a quan-

tum efficiency of 100%, where Δ v is the spectral linewidth and  
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Fig. 1 | Development and intrinsic merits of nanolasers. a, First row: dielectric microdisk lasers and nanowire lasers; second row: representative metal-
based nanolasers with various cavity configurations; third row: nanocavity array lasers. b, Nanolasers provide simultaneous localization of electromagnetic 
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Δ t is the pulse width. A nanolaser can directly generate strong local 
fields owing to its unique capability to localize optical radiation in 
time, space and frequency simultaneously. This would be maximal 
in the case of transform-limited pulses, which is a potential future 
research direction in nanolaser science.

Eigenmode engineering of nanolasers. Each laser mode is a 
specific eigenmode of a cavity. The number of eigenmodes (N) 
allowed in a cavity can be estimated by ρ ν= ΔN V Ephy , where ρ 
is the density states of the cavity, Vphy is the physical size of the 
cavity and Δ vE is the gain spectrum bandwidth. Because Δ vE is 

about a few tens of terahertz for typical organic dyes and semi-
conductor materials, generally only a few eigenmodes coincide 
spectrally with the gain spectrum when the laser cavity size is 
subwavelength-scale in all three dimensions. This enables one to 
engineer the eigenmode of a nanolaser in a controllable manner 
for synthesis of inner laser cavity fields and/or emission beams. 
Such eigenmode engineering is particularly important in nano-
laser arrays, where laser eigenmodes are engineered at both the 
levels of single nanolaser cavity and structural periodicity, which 
provides a unique control over laser characteristics (see section on 
eigenmode engineering below)

Box 1 | threshold minimization of a laser

Early works in the 1990s identified the influence of laser size on 
lasing threshold75–77. An unambiguous definition of threshold is 
the condition in which the rates of spontaneous and stimulated 
emission into the laser mode are equal. A straightforward analysis 
of rate equations for a semiconductor laser in steady state leads to 
an expression for threshold photon density pump rate53,













ν
η

β γ
βΓ τ
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+

+P h
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2

2
(1)th

0 phy

0

where ηa is the proportion of pump power absorbed by the laser’s 
gain medium; hv is the photon energy of the emission; A is the 
area of the pump beam; γ is the cavity loss rate (excluding intrinsic 
loss due to the gain material); Γ  is the overlap factor between the 
optical mode and the gain region; Vphy is the gain medium volume; 

=n n2 0 inv is the carrier density at twice the transparency value; τ0 
is the natural spontaneous emission lifetime; F is the Purcell fac-
tor; and β is the spontaneous emission factor.

Two contributions to the threshold are evident in the square 
brackets of equation (1): the first term accounts for cavity mode 
loss, and the second accounts for the intrinsic loss of the gain 
material. We find that the ratio of cavity loss to material loss, 
ζ γτ β Γ= ∕ F n V( )0 inv phy , is a useful parameter for characterizing the 
threshold of a laser. Accounting for the definition of ζ, we write 
equation (1) as

Γ γ β ζ∕ = + + ∕− −R (1 ) (1 ) 2 (2)th
1 1

where η ν= ∕R P A hath th  is the threshold rate of photon generation 
in the cavity, and Γ γ∕Rth  can be defined as a normalized threshold 
pump rate. Notably, the minimum pump rate, γ Γ= ∕Rth , implies 
that photons must be supplied to the cavity as fast as they are  
being lost.

The definition of the normalized threshold pump rate allows 
us to isolate the roles of β and ζ in determining the threshold 
independently of a particular laser device. Clearly, laser threshold 
can be minimized in two ways: first, β →  1, which demands a 
strong Purcell effect; and second, ζ must be maximized so that 
the total loss is cavity-loss dominated. Thus, β and ζ quantify the 
wastage of energy in attaining laser threshold: β measures energy 
lost as coupling to optical modes that do not lase, and ζ accounts 
for energy lost in achieving population inversion (see figure).

To adapt ζ to account for the various types of gain media in 
the literature, we define Γ=N n Vinv phy as the number of excited 
emission centres required for the gain medium to become 
transparent to the cavity mode. Estimates for a variety of lasers are 
shown in the table, assuming that τ0 ≈  10−9 s, which is typical for 
organic and inorganic semiconductor gain media.

The table shows that semiconductor lasers typically have ζ < 1,  
so that threshold is material-loss dominated. Maximizing ζ can 
lower the threshold, but a significant advantage is found only for 
ζ → 1. Increasing ζ beyond 1 is possible with quantum-well or 
quantum-dot gain materials or with a four-level gain mechanism; 
for example, quasi-four-level molecular gain. Because threshold 
decreases with ζ ∝− N1 , reducing the cavity volume, the carrier 
density at transparency or the overlap factors reduces a laser’s 
energy consumption at threshold. This behaviour was observed 
recently in plasmonic lasers53.

Notably, spasers operate under near-optimal conditions for 
energy consumption at threshold, since ζ ≈ 1 and β ≈ 1, but with 
cavity-loss rates at 1014 s–1, they extend the laser phenomenon to 
its absolute limits and generally require pulsed operation to avoid 
thermal damage to the device.

Parameters for typical small laser systems used to estimate 
the ratio of cavity and material losses, ζ

type γ (s−1) βF NN ζ

Spaser 1014 102 103 1

Plasmonic nanolaser 1013–1014 1–10 105 10−2–1

Nanowire laser 1012–1013 10−2–10−1 106 10−2–1

Photonic crystal laser 1011–1012 10–102 103 10−3–10−1

VCSEL 1011–1012 10-4–10−3 105 1–100

Normalized threshold as a function of the ζ and β parameters. The 
threshold energy consumption of a laser is determined by ∝ζ − V1

phy. 
Reducing the volume of the laser always has a benefit provided that ζ <  1
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Nanolasers for integrated optical interconnects
Global Internet traffic, currently about 1021 bytes (1 Zb) per year, is 
increasing exponentially and so is the energy consumption for data 
communications86,87. Lowering energy consumption is therefore 
crucial to sustain a data-driven future society. Although long-haul 
optical links powered by edge-emitting lasers have far surpassed 
the capabilities of electrical links for many decades, VCSELs have 
emerged as the best solution for short-distance optical intercon-
nects. Compared with edge-emitting lasers, VCSELs scale down the 
largest dimension from hundreds of micrometres to micrometres 
and lower the energy consumption from hundreds of picojoules 
per bit to hundreds of femtojoules per bit. Nowadays, VCSELs are 
gradually replacing electrical interconnects in data centres and 
supercomputers, with 300 million devices deployed since 199688. 
Continued laser miniaturization is thus a natural approach to low-
ering energy consumption.

Practical applications of nanolasers in on-chip integrated opti-
cal interconnects would require: low power consumption but with 
receivable output power and high modulation rate; highly efficient 
laser-to-waveguide coupling; and continuous-wave electrically 
driven capability at room temperature. But achieving these require-
ments simultaneously is challenging, as we discuss next.

Energy per bit for a directly modulated nanolaser light source. 
The energy per bit is a key figure-of-merit for optical intercon-
nects87. To replace mature on-chip electrical interconnects, the total 
system energy must be considerably lower than 1 pJ bit−1. The target 
energy budget for an optical system’s drive laser should approach 
10 fJ bit−1 (ref. 89). A laser consumes energy by operating above a 
threshold power consumption, in addition to the energy needed for 
modulation. Other factors such as modulation format and link bud-
get should also be considered for a complete assessment of nanola-
ser power requirement for optical interconnects.

Considering a nanolaser threshold of 10 kW cm–2, a diffraction-
limited device area of λ2/4 at λ =  1.55 μ m gives a threshold power 
consumption of 5.6 μ W, which is equivalent to 0.56 fJ per bit at a data 
rate of 10 Gb s–1. Nanolasers with device areas smaller than λ2/4 have 
been demonstrated in several configurations12,13,17,22,38–40,43,44,53,58,61,64. 
Further reductions in device volume will reduce the laser threshold 
energy overhead, but eventually there will be a trade-off between 

the laser cavity loss and the device volume. In fact, it has been 
argued that the threshold current densities of the smallest plas-
monic nanoparticle lasers are much higher than commercialized 
laser diodes, owing to the higher metallic loss rate and the extremely 
small cross-sectional area of the cavity90. However, high loss is inevi-
table in any small laser: pure dielectric cavities are plagued by radia-
tion loss, metallic cavities by ohmic loss. Consequently, there is an 
optimal balance for nanolasers between reduced power consump-
tion and threshold intensity53.

The output power of a communications laser can be estimated 
as the product of optical energy per bit and the modulation speed. 
Figure 2b shows the relationship between the optical energy per bit, 
the modulation speed and the emission power of a laser operat-
ing at 1.55 μ m. At a given modulation speed, the emission power 
of a nanolaser has an upper bound for low power consumption  
(< 10 fJ bit–1) and a lower bound determined by the thermal noise 
at the optical receiver. The total energy per bit should consider the 
external quantum efficiency and also include the switching energy 
induced by the parasitic capacitance. The switching energy can be 
estimated as =E CV1

2
2, where C is the device capacitance and V is 

the operation voltage. A small capacitance is required for low power 
consumption. To achieve a small capacitance at femtofarad level, the 
footprint of the laser needs to be significantly smaller than 1 μ m2 
for a 100-nm junction length and picosecond carrier recombina-
tion lifetime91. The capacitance also determines the upper bound of 
operation speed together with the resistance, R, of the device, with 
the maximum modulation speed being less than (2RC)−1.

The lower bound of the output power of a laser is determined by 
the sensitivity of an optical receiver. Typically, about 1,000 photons 
per bit are required for sufficient signal-to-noise ratio above ther-
mal detector noise, assuming a 100% internal quantum efficiency92. 
For a link operating at a wavelength of 1.55 μ m (0.8 eV), this  
corresponds to 0.13 fJ per bit (red line in Fig.  2b). At a bit rate  
of 10 Gb s–1, this would require an average emissive power of  
1.28 μ W, which places a restriction on how small a nanolaser can be 
for optical interconnects, as shown in Fig. 2b.

A related metric is the external quantum efficiency (EQE), which 
measures the total energy per bit associated with heat generation 
and dissipation. Recent experiment shows that the EQE of a plas-
monic nanolaser can exceed 10% at room temperature84. We believe 
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that, although rarely studied in the nanolaser literature, this param-
eter deserves more attention when evaluating nanolasers for real-
life applications, including near-field spectroscopy and sensing, 
integrated optical interconnects, solid-state lighting and free-space 
optical communication.

It is predicted that, owing to their subwavelength-size and low-
quality cavities, plasmonic nanolasers can provide modulation 
bandwidths over hundreds of gigahertz82. Although the ultra-nar-
row pulse width observed in gain-switched nanolasers25 suggests 
that ultra-high modulation bandwidth is possible, more research 
is needed to study electrical modulation of nanolasers. In partic-
ular, turn-on delay time jitter, relaxation resonance and excited 
carrier relaxation are all important characteristics that have yet  
to be explored93.

Guiding of nanolaser radiation. The large momentum mismatch 
between light inside a deep subwavelength nanocavity and in free 
space results in the laser mode being diffracted in all directions. 
Nanoscale lasers that are allowed to radiate to free space conse-
quently exhibit low collection efficiency. This can be rectified by 
coupling nanoscale laser emission to waveguide modes, as shown 
in Fig. 3a,d (refs 60,94). For example, recently demonstrated wave-
guide-embedded plasmonic nanolasers enable over 70% coupling 
efficiency into waveguide modes (Fig.  3d,e)60. The metal-based 
lasers adopted in the waveguide-embedded plasmonic nanolas-
ers have lower power consumption than conventional lasers at the 
nanoscale (Fig. 3b)53.

Electrical injection. Optical interconnects require small electrically 
driven lasers, which inevitably require metal contacts. The idea of 
combining an electrical contact with light feedback and confine-
ment is a compelling way to achieve a compact nanolaser, especially 
considering the difficulties in contacting purely dielectric devices 
such as photonic crystal and nanowire lasers. Besides the electrical 
interface and field confinement, the metal also serves as a heat sink, 
which is crucial for stable laser operation. A number of metal-clad 
electrically driven nanolasers have been demonstrated12,16–19,38, and 

recently, room-temperature continuously driven devices were real-
ized with a cavity volume of only 0.67λ3 (λ =  1.59 μ m) (Fig. 3c)18. 
These metal-clad nanolasers are the smallest electrically driven 
lasers yet. Moreover, waveguide-coupled nanoscale light-emitting 
diodes (nanoLEDs) were realized on silicon substrate. Although 
the nanoLED does not lase, the device platform is promising as an 
integrated light source for optical interconnects (Fig. 3f)95. Despite 
recent progress, electrically injected nanolasers with performance 
relevant to practical applications (high thermal stability, integration 
and high coupling efficiency with waveguides and direct modula-
tion with bandwidths over tens of gigahertz) are still challenging 
to achieve.

Nanolasers for sensing
Surface plasmon resonance sensors are now a prominent tool in 
biochemical sensing and detection96. However, a fundamental 
limitation of surface plasmon sensors is their strong radiative and 
non-radiative damping, which weakens the plasmon resonance and 
limits sensitivity. A consequence of damping is that plasmon reso-
nances across the visible and near-infrared exhibit wide linewidths 
of tens to hundreds of nanometres, which limits sensing perfor-
mances. These dampings can be fully compensated by gain medium 
in a plasmonic nanolaser cavity, which can narrow the plasmonic 
resonance linewidth by two orders of magnitude (Fig. 4a)48.

Gas-phase nanolaser sensors. Plasmonic nanolaser sensors have 
recently been demonstrated that can detect specific molecules in 
air under normal conditions with sub-part-per-billion sensitivity 
(Fig. 4b)47. In a particularly instructive example, two explosive mol-
ecules, 2,4-dinitrotoluene and ammonium nitrate, were detected. 
The sensing mechanism relies on gas molecules modifying the 
surface recombination velocity of a plasmonic nanolaser gain mate-
rial. Here, a semiconductor slab with an atomically smooth surface 
serves as the gain material, feedback geometry and sensing medium 
simultaneously. The large surface area to physical volume ratio of 
the nano-cavity, which is inversely proportional to the nano-slab 
thickness, ensures that any modulation of the surface chemistry will 
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strongly affect the laser emission intensity. Although the large sur-
face area favours analyte adsorption, the small physical volume of 
active material limits the number of carriers to be modulated inside.

Nanolaser sensors in biochemical-compatible environments. 
Surface plasmon refractive index sensors are the most extensively 
used optical biosensors. Recently, plasmonic nanolasers have also 
been demonstrated as refractive index sensors offering greatly 
improved sensitivity (Fig.  4c)48,52, thanks to the high spectral 
coherence of lasing surface plasmons (< 0.3 nm at λ =  700nm). For 
intensity-based sensing, the figure of merit for plasmonic nanolaser 
sensors can be around 84,000, which is about 400 times higher than 
state-of-the-art surface plasmon resonance sensors96. The high fig-
ure of merit was possible because of the high spectral coherence and 
high signal-to-noise ratio due to a greatly suppressed background 
emission and the steep tails of the Gaussian-shaped laser spec-
trum. The performance of plasmonic nanolaser sensors, especially 
for the wavelength sensing, can be further improved when a plas-
monic nanocavity with even smaller mode volume and larger over-
lap between optical field and analytes is used48,57,97. In a plasmonic 
nanotrench laser, the mode volume can already be as small as about 
5 ×  10−4λ3, with a figure of merit greater than 1,000 for wavelength 
sensing at the lasing wavelength of λ =  373 nm (ref. 57).

In a biochemical-compatible environment, plasmonic nanolaser 
sensors may experience fast degradation due to the reaction of pho-
togenerated carriers with active sites at the crystal surface52. A step 
of surface passivation is necessary for improving their stability, and 
a recent experiment demonstrates that plasmonic nanolaser sensors 
with a 7-nm Al2O3 passivation layer show no observable degrada-
tion in hours, whereas without the passivation layer the nanolaser 
can only last for a few seconds52.

Nanolasers for biological applications
Nanolasers have small physical volumes and can deliver optical 
energy to even smaller mode these volumes with simultaneously 
spectral and temporal optical localization. This enables a range of 

biological applications, including biological probing, cellular label-
ling and tracking, and super-resolution imaging.

Spasers as biological probes. Detection of laser-excited spontane-
ous emission from fluorescent labels remains a widely used bio-
logical imaging tool to study individual biomolecules and cells. 
However, optical saturation at high laser intensity, photobleaching 
and blinking effects limit the detection sensitivity and practicality. 
Stimulated emission in small lasers can be used to suppress photo-
bleaching and blinking effects for a bright light emission with much 
narrower linewidth. Recently, the versatile functionalities of spasers 
were shown in complex biological backgrounds, from cellular cyto-
plasm in vitro to mouse tissue in vivo43 (Fig. 4d,e). The diameter 
of the spaser is only 22 nm, with a gold core of about 10 nm diam-
eter and a silica shell, about 6 nm thick, embedded with organic 
dye molecules. Under single nanosecond pulsed laser pumping, the 
spasers can provide super-bright stimulated emission, high photo-
acoustic imaging contrast and potential for photothermal destruc-
tion of cancer cells.

Microdisk lasers for cellular labelling and tracking. Microlasers 
have been demonstrated in biosystems with much narrower line-
width than fluorescent probes. These microlasers can serve as opti-
cal probes in biomedical imaging, cytometry, high-contrast cancer 
screening, immune-diagnosis, and cellular labelling and track-
ing98–104. Recently, free-standing microdisk laser particles from 
III–V compound semiconductors of InAlGaAs and InGaAsP were 
reported105. These microdisk lasers, with radius of about 1 μ m,  
are coated with biocompatible materials. On optical pumping at 
1,060 nm, they generate single-mode lasing with linewidths less 
than 1 nm and emission wavelength spanning from 1,200 nm to 
1,600 nm with varied compositions of gain material. These laser 
particles can be internalized by cells, and their emission remains 
stable over the course of repeated measurements (Fig.  4f,g)105. 
Highly multiplexed optical barcodes with roughly 400 spectral 
channels have been demonstrated, showing the great potential 
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of small lasers in the application of multiplexed cellular labelling  
and tracking.

Super-resolution imaging. An optical microscopy technique that 
uses the intrinsically nonlinear laser process of nanolasers for 
super-resolution imaging has recently been introduced106. Around 
lasing threshold, lasers exhibit nonlinear light output versus input 
power owing to the phase transition from spontaneous-emission-
dominated operation to stimulated emission. This nonlinear 
power dependence from a nanolaser can be made to yield a spatial 
resolution around 5 times higher under the lasing condition than 
for the same device operated below lasing threshold. In another 
approach, a fluorescent nanowire ring was demonstrated to pro-
duce omnidirectional evanescent wave illumination, enabling 
wide-field far-field subdiffraction imaging107. Such a technique is 
label-free and can be conveniently integrated with conventional 
microscopes, which expands the flexibility of nanoscale light 
sources for imaging applications.

Nanolasers for far-field applications
So far, we have discussed how individual nanolasers produce light 
that accesses the nanoscale in some manner. However, as men-
tioned above, the eigenmode of a nanolaser can be engineered in a 
controllable manner for synthesis of the inner laser cavity field and/
or emission beam. Furthermore, ensembles of nanolasers operat-
ing in unison can provide a macroscopic response that would not 
be possible in conventional lasers. In this case, it is the structure 
at the nanoscale that determines a laser’s operational characteris-
tics, in a manner similar to a metamaterial. In the near field, the 
polarization and profile of each nanolaser eigenmode can be con-
trolled, with additional control over the ensemble through coupling, 
relative phase, eigenmode symmetry and topology. Such coopera-
tive eigenmode engineering is distinct from photonic crystal lasers 
where periodicity is the main control parameter, and could enable 
unprecedented control of the macroscopic laser field with a range of 
far-field applications.

Eigenmode engineering in a single nanocavity. Owing to their 
specific spatial structure and associated orbital angular momen-
tum, optical vortices or phase singularities are receiving increasing 
attention from the optics community108 and have been exploited 

for many important applications, including optical trapping, opti-
cal manipulation, metrology, imaging and free-space communica-
tion109. Recently, general methods to control the optical eigenmodes 
of a microcavity with vortex radiation have emerged110,111. Vortex 
laser eigenmodes synthesized in a micro-ring cavity at an excep-
tional point can produce a stable vortex beam110. Such a system can 
generate different vortex orders by modulating the grating on the 
micro-ring cavity111.

A recent study has shown that a chiral plasmonic nanocavity 
at an exceptional point can be used for constructing thresholdless 
vortex nanolasers (Fig.  5a)65. Such a chiral plasmonic nanocavity 
can twist the emission of a single emitter to produce vortex radia-
tion with β factor close to unity and Purcell factor over 1,000. More 
interestingly, when interacting with a single dipole emitter, a coun-
terintuitive phenomenon emerges in which the radiation field of the 
dipole can display the opposite handedness to the coalesced eigen-
state of the system at the exceptional point65.

Band engineering of semiconductor resonator lattice. Compared 
with their thin-film counterparts, semiconductor nanowires have 
superior strain relaxation ability, which presents excellent oppor-
tunities for silicon photonics. Recently, selective-area epitaxy tech-
nology has been used to grow well-defined InGaAs nanowire array 
lasers on a silicon-on-insulator platform, forming one-dimensional 
photonic crystal nanobeam cavities73. Single-mode lasing has been 
demonstrated in the nanowire arrays through optical pumping. The 
emission wavelength of the nanowire array laser is tunable by the 
simple adjustment of the lithographically defined growth pattern.

Bound states in the continuum (BICs) are eigenmodes that 
remain localized despite lying inside the continuous spectrum of 
radiation waves. It has been proven that BIC states can be polariza-
tion singularities in momentum space and that they are inherently 
topologically protected112. Recently, laser action of BIC supported 
by a cylindrical semiconductor resonator lattice has been demon-
strated113. Using the feedback mechanism of BIC, dielectric nanoan-
tenna arrays with deep-subwavelength resonator units can perform 
directional lasing with a low threshold and high quality factor 
(Fig.  5b)74. In nanoantenna array lasers, the unit resonator has a 
diameter of only 100 nm and a height of 250 nm, while the emis-
sion wavelength is about 830 nm. BIC lasers can be robust and scal-
able with persistent single-mode lasing for various radii and array 
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sizes. Such lasers could also eventually enable phased array opera-
tion for laser beam steering, high-power semiconductor lasers and  
other applications.

Most recently, topological insulator lasers have been experimen-
tally demonstrated. The topologically protected edge states create a 
robust lasing mode114–117. Notably, the dipole and quadrupole modes 
accommodated on a hexagonal cluster, composed from six dielec-
tric pillars, can be degenerate in frequency in a two-dimensional 
hexagonal lattice, generating Dirac-like photonic dispersion of a 
honeycomb photonic crystal118. By enhancing the coupling strength 
between these clusters, this degeneracy can be lifted, and a band 
inversion between dipole and quadrupole modes takes place, result-
ing in a topological photonic state. These results not only reveal that 
photonic crystals with nontrivial topology can be constructed based 
on purely dielectric materials, but also demonstrate eigenmode 
engineering with cooperative consideration at both levels of unit 
cell and structure periodicity.

Band engineering of metal particle arrays. The concept of using 
an array of coupled lasing sub-units for directional emission was 
originally proposed for split-ring resonators at mid-infrared wave-
lengths119. Experimental realization was recently achieved in the 
near-infrared but with simpler systems of metal nanoparticle arrays 
embedded in an organic gain medium and metal hole arrays on 
semiconductor slabs66–72. In the nanoparticle array, each small metal 
nanoparticle can be treated as a dipole emitter radiating spherical 
waves. However, interference of dipolar radiation in the far field 
introduces sharp lattice resonances that are distinct from band edge 
modes of periodic dielectric structures, for example, in distributed 
feedback lasers. Periodic metal nanoparticle arrays in a homoge-
neous dielectric environment exhibit an isolated lattice plasmon 
state characterized by suppressed radiative loss and subwavelength 
localized fields around the nanoparticles.

Periodic arrays of metal nanoparticles coupled with organic gain 
molecules can now be operated at room temperature with excellent 
spectral and spatial coherence66. A remarkable advantage of lasing in 
nanoparticle arrays is their wide-range tunability: in a nanoparticle 
array laser, the solution-based organic gain molecules are dynami-
cally changeable, and the lattice plasmon resonance is robust yet 
mechanically stretchable68,72. Recently, access to controlled multi-
modal lasing at different frequencies was also realized by plasmonic 
superlattices, finite-sized nanoparticle patches arranged on a larger 
periodicity (Fig. 5c–e)71. The multimodal lasing behaviour of super-
lattice plasmon modes can be uniquely controlled by manipulating 
near-field intensities and individual mode quality, and the emission 
angle of beams can be controlled by engineering the superlattice.

Outlook
From the point of view of fundamental physics, almost all the ele-
ments are in place to exploit nanolasers in a broad variety of appli-
cations. The challenges remaining are engineering ones needed 
to attain the level of performance required. In particular, on-chip 
optical interconnects will require electrically injected nanolas-
ers with low power consumption and other specific key targets, 
such as direct modulation speed, thermal stability and wall-plug 
efficiency, and coupling efficiency to an integrated waveguide. 
However, there are numerous nanolaser applications that do not 
require electrical injection, especially near-field applications, in 
which nanolasers can be exploited for their unique capability to 
achieve high optical energy densities by simultaneous spatial, tem-
poral and spectral confinement. This could enable various spec-
troscopies, usually restricted to optical laboratories, to be used 
in portable devices. Cavity configuration engineering and metal 
quality improvements are crucial to improve the performance of 
nanolasers, but a more pressing challenge concerns the compatibil-
ity and implementation of nanolasers within existing systems and 

protocols. Consequently, collaboration between academic com-
munities and industry is of great importance. Nanolaser arrays for 
far-field applications also represent an intriguing emerging area 
that can lead to high-power semiconductor lasers with high mod-
ulation speed. It could also allow optical beam manipulation such 
as steering and shaping, providing a controllable radiation phase 
of individual nano-antennas.
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