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The 1st laser
Spectrum 

1. Monochromaticity
2. Directionality 
3. High optical power density

200 nm 3000 nm1500 nm

T ~ 6000 K

Solar
Spectrum

1. Broadband
2. No directionality 
3. Low optical power density

To reach the same power level of a 1mW laser with a linewidth of GHz
A thermal light need to be heated to 1011 K!

2

The first laser: localization of light in frequency



E=Aei(kx-wt)

Laser：extreme localization of EM field



National Ignition Facility

Nuclear fusion

E=Aei(kx-wt)

Laser：extreme localization of EM field



E=Aei(kx-wt)

European Data Relay System Moon-Earth Communication

NASA

Laser：extreme localization of EM field



E=Aei(kx-wt)

Ultra-narrow laser for
10-18 meter level detection

LIGO

Gravitational wave detection

Laser：extreme localization of EM field



E=Aei(kx-wt)

Max Planck Institute of 
Quantum Optics 

as laser Inner-shell electron movement

Laser：extreme localization of EM field



E=Aei(kx-wt)

Datacomm.              Metrology Recognition Atomic clockSmall lasers

Laser：extreme localization of EM field
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Nature Photonics 8 (2014) 908

A brief history of laser miniaturization

Edge emitting lasers

Optical Fiber Telecommunications 
I.P. Kaminnow et al., Elsevier, Sixth edition 2013

Loss limit Diffraction limite.g.   L=1m, R=20%,    M ~  1.6 ×104 cm-1



Localization in Frequency

First Laser
1960 T.H.Maiman

Mode Locked Laser
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Extreme localization of light in space



Localization of light with lasers

Localization in Frequency

First Laser
1960 T.H.Maiman

Mode Locked Laser
1964 L. E. Hargroved
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Localization in Time

Localization in Space???

Time
as   fs   ps   ns  s

f(t)=(t) t

f(w)= w

f(x)=(x) x

f(k)= kk = 𝒏

Extreme localization of light in space



Plasmonic Nanolasers a.k.a Spasers

Laser Nanolasers
Amplify Surface Plasmons

Mirror Mirror

gain

Gain

Metal

Electrons

Shortest: ~ 10 nm

Shortest: /2neff

Amplify photons

Laser: Lightwave Amplification by Stimulated  Emission of Radiation

Spasers:             Surface Plasmon Amplification by Stimulated Emission of Radiation

Physical Review Letters 90 027402 (2003)



Nature Materials
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Nature
461 (2009) 629 

Nature
460 (2009) 1110 

Optical Express
17 (2009) 11107

Optical Express
18 (2010) 8792

3-D

2-D

1-D

Spatial localization of nanolasers in different dimensions

Nature Commun.
5, 4953 (2014)

Science
337, 450-453 (2012)

Nature
482 (2012) 204

Nature Physics 
10 (2014) 870

Nano Letters
10 (2010) 3679

Nature Nanotech. 
9 (2014) 600 

Nature Commun.
8, 15528 (2017)

Nano Lett. 
16, 2845−2850 (2016)

Nano Letters
16 (2016) 7822

…….

…….

…….

Opt. Express
21, 4728–4733 (2013)
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Nano Lett. 14, 4381−4388 (2014)
Nat. Nanotech. 8, 506-511 (2013)
Phys. Rev. Lett. 110, 206802 (2013)
Nat. Commun. 6, 6939 (2015)
Nat. Nanotech. 12, 889-894 (2017)
Nano Letters DOI: 10.1021/acs.nanolett.8b01774

Plasmonic nanolasing in metal particle array



Nanowire 
plasmonic
nanolaser

2009
2011

2014
2016 2017

Nanolaser for 
sensing

EQE of nanolaser

2018

Scaling law

Nature 2009 Nature Nano 2014 Nature Comm. 2018

Nanophotonics 2016

2019

Nanolaser
circuit

Nano Letter 2012

LESPR

Imaging 
nanolaser

CPB 2016 Nano Letter 2018

Nature Nano. 2019Science 2014

2012

PT induced 
single mode 

laser

Review

Science Adv. 2017

ACS photonics 2017

RT plasmonic
nanolaser

Nature Mater 2011

Vortex nanolaser

Stably operated 
nanolaser



l = 500 nm

H = 45 nm

h = 5 nm

L = 1 m

L

Square plasmon laser
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Ren‐Min Ma et al. Nature Materials 10, 110 (2011)

Nanosquare plasmonic nanolaser



semiconductor

CdS Nanosquare
thickness

EH
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k

TM

Metal‐Insulator‐Semiconductor Surface Plasmon Mode

Ren‐Min Ma et al. Nature Mat. 10, 110 (2011)
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5nm MgF2

metal

CdS Nanosquare
Thickness, H

EH
k

TE

HE
k

TM

Metal‐Insulator‐Semiconductor Surface Plasmon Mode

semiconductor

metal
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Ren‐Min Ma et al. Nature Mat. 10, 110 (2011)



Semiconductor

Metal

SPPs

Plasmon Polariton
Photon

k

𝜔
𝜔

1 𝜀

𝜔 𝑐𝑘𝜔

𝑘 𝑘
𝜀

𝜀 1 , 𝑅𝑒 𝜀 0

Plasmonic Nanolasers a.k.a Spasers

Laser: Lightwave Amplification by Stimulated  Emission of Radiation

Spasers:             Surface Plasmon Amplification by Stimulated Emission of Radiation



Imaging the dark emission of plasmonic nanolasers

SPPs

𝑘 𝑘
𝜀

𝜀 1 , 𝑅𝑒 𝜀 0

Laser: Lightwave Amplification by Stimulated  Emission of Radiation

Spasers:             Surface Plasmon Amplification by Stimulated Emission of Radiation
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Semiconductor

Metal Metal

Semiconductor

Photon Emission Photon + SPP Emission

Imaging the dark emission of plasmonic nanolasers

HC…RMM, Science Advances 3, e1601962 (2017)
HC…RMM, IEEE JQE, 54, 7200307 (2018)
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HC…RMM, Science Advances 3, e1601962 (2017)
HC…RMM, IEEE JQE, 54, 7200307 (2018)

Imaging the dark emission of plasmonic nanolasers

Real space Momentum space
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Metal

~ 10 nm

Fascinating

for 

Field Confinement 

Notorious

for 

Metallic Absorption
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Plasmonics for laser miniaturization, quenching thirst with poison?

25

Nature Photonics 8 (2014) 908

Edge emitting lasers

Optical Fiber Telecommunications 
I.P. Kaminnow et al., Elsevier, Sixth edition 2013

Loss limit Diffraction limite.g.   L=1m, R=20%,    M ~  1.6 ×104 cm-1
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Threshold of Plasmonic Nanolasers
Year Title Journal Temperature Threshold

2009 Demonstration of a spaser-based nanolaser Nature RT ~10 GW cm-2

2011
Room-temperature sub-diffraction-limited plasmon
laser by TIR

Nature Materials RT ~3 GW cm-2

2014
Ultrafast plasmonic nanowire lasers near the surface 
plasmon frequency 

Nature Physics RT ~1 GW cm-2

2014
A room temperature low-threshold ultraviolet 
plasmonic nanolaser

Nature Communications RT ~3 MW cm-2

2015
Plasmonic Lasing of Nanocavity Embedding in 
Metallic Nanoantenna Array

Nano Letters RT ~270 MW cm-2

2016
High-Operation-Temperature Plasmonic Nanolasers on 
Single-Crystalline Al

Nano Letters RT ~100 MW cm-2

2009 Plasmon lasers at deep subwavelength scale Nature ~10K ~100 MW cm-2

2012 Thresholdless nanoscale coaxial lasers Nature ~4.5 K Thresholdless

2012
Plasmonic Nanolaser Using Epitaxially Grown Silver 
Film 

Science 78 K ~3 KW cm-2

2015
Low-Threshold near-Infrared GaAs−AlGaAs C−S NW 
Plasmon Laser

ACS Photonics 8 K ~1 KW cm-2
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Why threshold is high?

There is always a trade‐off between field confinement and metallic loss
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Why threshold is high?

There is always a trade‐off between field confinement and metallic loss

Is it intrinsically high?
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Is it intrinsically high?  ‐‐‐Loss Perspective

semiconductor

metal

Field in metal

Optical confinement

Metal absorption loss

Field in metal

Larger effective index

Reduced radiation loss

RMM, et al. Nature Materials 10, 110 (2011)
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Is it intrinsically high? ?‐‐‐Dynamics Perspective

semiconductor

metal

Field in metal

Optical confinement

Metal absorption loss

Field in metal

Larger effective index

Reduced radiation loss

Q

Vmode

RMM, et al. Nature Materials 10, 110 (2011)
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Purcell effect: spontaneous emission rate,  Q / Vmode

Emitting faster to plasmonic mode

 lowering the threshold

Accelerated 

Consuming carriers too faster for population 
inversion

 raising the threshold

Is it intrinsically high? ?‐‐‐Dynamics Perspective

Ec

Ev

● ●● ● ●●

● ●●
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Purcell effect: spontaneous emission rate,  Q / Vmode

Emitting faster to plasmonic mode

 lowering the threshold

Accelerated 

Consuming carriers too faster for population 
inversion

 raising the threshold

Is it intrinsically high? ?‐‐‐Dynamics Perspective
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● ●●

● ●● ● ● ●
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Are plasmonic nanolasers intrinsically with high threshold due to
the metallic loss?

Are there defendable benefits of constructing plasmonic nanolasers
when compared to photonic nanolasers?

Do we need plasmonics in a laser at all?



Step 1. Making a low threshold plasmonic nanolaser

34

Better Gain Material: Better Metal: Better Cavity:

(I)

(II)

(III)

(I)

(II)

(III)
10 nm

CdSe single crystal nanosquare

Internal Quantum efficiency: ~100%

Au polycrystalline film

Figure of merit,  : ~16

TIR plasmonic cavity

Quality Factor: ~100
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Step 1. Making a low threshold plasmonic nanolaser

Room temperature plasmonic nanolaser with threshold on the order of 10 KW cm‐2, 

corresponding to the pump density in the range of modern laser diodes
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Step 2. Making a direct comparison with photonic nanolaser

 Over 200 devices measured

 Same gain material

 Same feedback mechanism
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Scaling laws for photonic nanolasers
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SW...RMM, Nature Communications 8, 1889 (2017)          News & Views: Nature Materials 17, 116–117 (2018)

Nanosquare
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Unusual scaling laws for plasmonic nanolasers
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𝑑𝑁
𝑑𝑡 𝑃 𝐴𝑁 𝛤𝐴 𝛽 𝑁 𝑁 𝑆                                       1

𝜕𝑆
𝜕𝑡 𝛽𝐴𝑁 𝛤𝐴 𝛽 𝑁 𝑁 𝑆 𝛾𝑆                                      2

𝑃
ℎ𝜈
𝜂𝐴

1 𝛽
2

𝛾
𝛽𝛤 𝐹

2𝑛 𝑉
𝜏

Cavity mode loss Gain material loss

Define 𝜁 = 
Cavity mode loss

Gain material loss
𝛾 𝜏 𝛽⁄ 𝐹𝛤𝑛 𝑉

Normalized threshold pump rate:  𝜞 𝑹𝐭𝐡 𝜸⁄ 𝟏 𝜷 𝟏 𝟏 𝜻 𝟏 𝟐⁄  

𝑅 𝜂𝑃 𝐴/ℎ𝜈: threshold rate of photon generation in the cavity

LASER threshold can be minimized 
in two ways:

(I)   𝛃 ↦ 𝟏, 
which demands a strong Purcell effect 
and small cavity. 

(II)   𝜻 ↦ ∞
which requires reduction of total loss 
and gain material loss at transparency

LASER threshold minimization

RMM & RFO, Nature Nanotechnology, 14, 12–22, 2019
SW...RMM, Nature Communications 8, 1889, 2017 



LASER threshold minimization

RMM & RFO, Nature Nanotechnology, 14, 12–22, 2019
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Nature Materials, Doi:10.1038/nmat5065
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Plasmonic nanolasers with external quantum efficiency exceeding 10%

SW, HZ, RMM, Nano Letters, 18, 7942, 2018

1 2 3 4 5
8%

10%

12%

Ex
te
rn
al
 q
ua

tu
m
 e
ffi
ci
en

cy
Peak pump power (Pth)

Photon radiation

Surface plasmon radiation

Air

MgF2/Au

Nanolaser

E
xt

er
na

l Q
ua

nt
um

 E
ff

ic
ie

nc
y



47

Plasmonic nanolasers with external quantum efficiency exceeding 10%

SW, HZ, RMM, Nano Letters, 18, 7942, 2018
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RMM & RFO, Nature Nanotechnology, 14, 12–22, 2019
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Ren‐Min Ma & Rupert Oulton, Nature Nanotechnology, 14, 12–22, 2019
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Low power consumption 

½ CV2

Strong local field
𝑸

𝑽𝐦

Limited cavity modes

Optical interconnects Near-field spectroscopy & sensing Eigenmode engineering

𝑫𝑶𝑺 • 𝑽phy • 𝝂𝑩𝑾

Ren‐Min Ma & Rupert Oulton, Nature Nanotechnology, 14, 12–22, 2019
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Nature 5228, 535, 2015

70 million transistors+850 optical device

2011

1000 km

1 cm

1 m

1000 m

Google data center

Intel optical interconnects

Optical interconnects at shorter and shorter distance
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The Zettabyte Era: Trends and Analysis ‐ Cisco
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Target power consumption of optical interconnects

Typical device Device Area
Power

Consumption½ 
CV2

Edge emitting laser 1000 m2 10    pJ bit-1

Surface emitting laser 100 m2 1    pJ bit-1

Smallest Surface 

emitting laser
10  m2 100   fJ bit-1

Sub-micro scale laser 1  m2 10 fJ bit-1

Optical interconnects

< 10 fJ bit-1

Electronic interconnects

1 pJ bit-1

@ Anode Voltage:   1V  (ℎ𝜈: ~1eV) ; L:    200 nm;   𝜏:    1 ps; Cdiff:    ~ 10-6 F/cm2

IEEE Transactions on Electron Devices 51, 506, 2004
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Nanolasers for integrated optical interconnects

M. Wu group @ UC Berkeley R. M. Ma group @ Peking University C. Z. Ning group @ ASU

X. Zhang group @ UC Berkeley
V. Dolores-Calzadilla group 

@ Eindhoven University of Technology

RMM & RFO, Nature Nanotechnology, 14, 12–22, 2019
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Nanolasers for near-field spectroscopy and sensing

X. Zhang group 
@ UC Berkeley

R. M. Ma group 
@ Peking University

V. P. Zharov group
@ Univ. of Arkansas Medical Sci.

S. H. Yun Group 
@ Harvard Medical School

RMM & RFO, Nature Nanotechnology, 14, 12–22, 2019
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Nature Photonics 5: 406 (2011)

Nature Photonics 9: 572 (2015)

Optica 4:1080 (2017)

CLEO 2018, JTh5C.6
S. H. Yun Group @ Harvard Medical School
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Eigenmode engineering of nanolasers for far-field applications

R. M. Ma group 
@ Peking University

T. Odom group 
@ Northwestern University

Arseniy I. Kuznetsov group 
@ Data Storage Institute, Singapore



Revealing the missing dimension at exceptional points

---Chiral plasmonic nanocavity for lasing and single emitter vortex radiation

Theory: arXiv:1707.01055Manuscript submitted
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Photon eigenstates Emitter

+E-
fie

ld
   

   

Mirror Mirror

Canonical paradigm to consider radiation process: eigenmode + emitter



Canonical paradigm to consider radiation process: eigenmode + emitter
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Emitters couple with cavity eigenmode

Nature Reviews Physics 1, 19–40 (2019)

Nat. Photonics 1, 449-458 (2007).

Nat. Photonics 9, 427-435 (2015).

Nature 432, 200–203 (2004).

……..

Nature 445, 896–899 (2007).

Phys. Rev. Lett. 95, 067401 (2005).

Nature 535, 127–130 (2016).

Science 363, 42 (2019)

LasersLED

Cavity QED Single photon source



CW CCW

Single emitter inside a ring cavity

CCW
Dipole

CW



CW CCW

|𝐸|

Single emitter inside a ring cavity

CCW
Dipole

CW



CW CCW

|𝐸|

Single emitter inside a ring cavity

CCW
Dipole

CW

How does an emitter interacts with an 
electromagnetic environment with incomplete 
eigenbasis? 

Will it radiate to the remianed eigenstate as it is 
only eigenstate of the Hamiltonian? 
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Chiral‐reversing dipole radiation 

67Theory: arXiv:1707.01055Manuscript submitted
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