
半导体光学微腔中的激子

极化激元研究进展

陈张海

厦门大学物理科学与技术学院



Collaborators:

Fudan U.: Liaoxin Sun, Hongxing Dong, Wei Xie, Long Zhang……

SITP: Prof. Xuechu Shen

Tsinghua U.: Prof. Qihua Xiong

ECNU: Profs. Jian Wu, Hui Li et al

Westlake U.: Prof. A. Kavokin



Introduction

Whispering gallery resonators of ZnO

•RT polariton lasing

•RT parametric nonlinearity

•Fano resonance of polaritons

Formation of 1D polaritonic crystal ZnO

•Band folding and engergy gap formation

•Weak lasing of polariton condensates

•1D Ising chain

Polariton condensate in a 3D confined structure

•Evaporative cooling of polariton gas

Ultrafast dynamics of polariton condensate

Outline



Introduction

FP cavity WG cavity PC cavity

Optical cavities:

Optical standing waves ---- optical modes

atom



C-QED: the atom-photon interaction in an optical cavity

 highly efficient and controllable light-matter coupling

Introduction
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Boson

Fundamental problem：Polariton BEC  polariton laser etc. 

solid state environment Boson

Excitons

---atom-like quasi-particles in semiconductors

Semiconductor optical cavities: controllable photon-exciton coupling

 C-QED in solid states



Polariton Laser：（1）coherent condensate of polariton

 Tc、Nc

（2）low threshold

Nc、Tc～de Broglie Wavelength～m*

coherent condensate at RT  laser device

J. Kasprzak et al. Nature (2006)



Quantized vortices

K. G. Lagoudakis et al., Nature Phys. (2008)

D. Sanvitto et al., Nature Photonics (2019)

D. Snoke et al, Science (2002)

J. Kasprzak et al. Nature (2006)

R. Su, et al, Nature Physics (2020)

Superfluidity

GaAs/AlGaAs, CdTe/CdMgTe and perovskite microcavities

A. Amo et al., Nature Phys. (2009),

A. Amo et al., Science (2011)

Polariton condensation in 2D cavities

F. Manni et al., Nature Comms (2012)



Polariton condensation in 2D cavities



“Liquid light” Superfluidity of polaritons at RT

Sanvitto, Cohen et al, Nature Physics, 2017





Wide band gap semiconductor (~3.3 eV)

Large exciton binding energy (~60 meV)
ZnO

Feng Li et al, Phys. Rev. Lett. 110, 196406 (2013)



ZnO: Wurtzite crystalline structure  micro-rod

 Naturally formed WG resonator

Cavity itself is active medium 

Large overlapping of cavity mode-exciton

strong photon-exciton coupling

an ideal 1D system

Polariton device at RT



Sample growth: 

Preparation of the microcavities of ZnO

Method: Vapour Phase transport

;Times-Italic

HX Dong, ZH Chen et al, Appl. Phys. Lett. 94, 173115 (2009)

HX Dong, ZH Chen et al, Appl. Phys. Lett. 97, 223114 (2010)

HX Dong, ZH Chen et al, J. Mat. Chem. 20, 5510 (2010)



WGM in ZnO microwire

LX Sun, ZH Chen et al,

Optics Express 18, 15372 (2010)
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Tetrapods Uniform rods

dispersion of k   c-axis

   

^ dispersion of k // c-axis

R ~ in-plane k

PL mapping

Free axis (c-axis)

Angular resolved

Polariton effect in ZnO WG cavity:

Dispersion



The confocal micro-PL system

Spectroscopy setups

17

dispersion of k   c-axis

   

^

LX Sun, ZH Chen et al, Phys. Rev. Lett. 100, 156403 (2008)

Dispersion
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dispersion of k // c-axisAngular resolved micro-PL system

LX Sun, ZH Chen et al, Phys. Rev. B83, 041302 (2011) (Rapid Comm.)

Spectroscopy setups

Dispersion



dispersion of k   c-axis

LX Sun, ZH Chen et al, Phys. Rev. Lett. 100, 156403 (2008)

Dispersion

dispersion of k // c-axis

A. Trichet, LX Sun et al, Phys. Rev. B83, 041302 (2011) (Rapid Comm.)

超晶格室



RT lasing mechanism of ZnO:

photon lasing or polariton lasing?

Pump power P=6.2 nW Pump power P=58 nW

The laser effect occurred along the 

WGM lower polariton branch.Detuning:

Polariton Lasing

2017／12／13 超晶格室



Pump power dependence

At Pth, N3D~4×1018 cm-3 Mott Density : 5.5×1019 cm-3

Polariton Lasing at Room Temperature

<<
2017／12／13 超晶格室



Polariton condensate in k// space

N=12 N=12

with clear polariton dispersion

Polariton Lasing of WGMs

W Xie, ZH Chen et al, Phys. Rev. Lett. 108, 166401 (2012)
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Polariton condensate at 500 K

D Xu, ZH Chen et al, Appl. Phys. Lett. 104, 082101 (2014) 

Polariton Lasing at high temperature



Degenerative parametric scattering

 Entangled polariton 

pairs?

Optical nonlinearity



Polariton parametric scattering

Optical nonlinearity

W Xie, ZH Chen et al, Phys. Rev. Lett. 108, 166401 (2012)



Fano resonance

Fano, Ugo. Physical Review 124.6 (1961): 1866.

q is the ratio of 

Ig>-Id> and Ig>-Ic> 

transition 

probabilities



+

Polariton Fano resonance





+

SHG Polariton Fano





FFT



YF Wang, ZH Chen et al, Phys. Rev. Lett. 118, 063602 (2017)



• Band engineering on 

polaritonic systems?

• Condensate in a 

modulated structure



Introducing a periodic potential in the 

1D ZnO polariton system

Double-slit

325 laser

Objective 1

ZnO

micro assembling

Optical lattice



Band structure of the polaritonic crystal:

energy gap: 0.7 meV

Dispersion



Polariton condensates at p states

Condensate



“Weak lasing” of polariton

“Weak lasing” represents a particular phase in a
dissipative bosonic system. It is characterized by a
spontaneous phase-locking and self-organisation of
localized bosonic condensates which minimizes the
dissipation losses and favors the build-up of the
condensates.



Polariton condensates in k-space

above weak lasing threshold



Polariton condensates distribution in real space

L Zhang, A. Kavokin, Y. Rubo, ZH Chen, et al, PNAS 1502666112 (2015)

above weak lasing threshold
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research highlights

O PTO M ECH A N ICS

Cool levitation
Phys. Rev. Lett. 114, 123602 (2015)

C ooling schem es that em ploy levitation are 
potentially useful for applications w here 
isolation from  the environm ent is im portant. 
Jam es M illen and co-w orkers at U niversity 
C ollege London in the U K  have now  
dem onstrated the cooling of a single, charged 
400 nm  silica nanosphere that is levitated 
inside a specially designed trap. Their set-up 
com bines a Paul trap — w hich typically use 
radio frequency fields for trapping ions — and 
an optical cavity field. A  key advantage of the 
system  is that levitation is achieved not by 
the optical field alone, so the light intensities 
required are not sufficiently strong to risk 
m elting or dam aging the sam ple. A  particle 
in the Paul trap, w hich is inside the optical 
cavity, can be captured by one of the potential 
w ells of the optical field. This capture occurs 
w hen the particle m otion is optom echanically 
dam ped by red-detuned light during its 
oscillation in the trap. By m onitoring 
scattered light the nanosphere w as observed 
to be cooled to ~10 K . The particles are 
trapped for ~200 m s but it only takes about 
10 m s to cool them . A nd a nanosphere lost 
from  the optical w ell is caught in the Paul trap 
and the cooling cycle com m ences again.  D P

TW O -D IM EN SIO N A L M A TERIA LS

Enhanced nonlinearity
Phys. Rev. Lett. 114, 097403 (2015)

M onolayers of transition m etal 
dichalcogenides, such as W Se2 and M oS2, 
are potentially ideal m aterials for nonlinear 
optics because of their broken inversion 
sym m etry and strong light–m atter 
interaction. G ang W ang and colleagues from  
U niversité de Toulouse in France have now  

dem onstrated an enhancem ent by up to 
three orders of m agnitude of the efficiency 
of second harm onic generation (SH G ) 
w hen a m onolayer of W Se2 is excited by 
an electrom agnetic w ave. The w ave needs 
to be in resonance w ith the energy of the 
exciton states of strongly C oulom b-bound 
electron–hole pairs below  the electronic band 
gap. W ang et al. achieved this by tuning the 
optical excitation on and off resonance w ith 
respect to the ground (1s) and excited (2s, 2p 
and so on) exciton states. W hen the excitation 
laser is tuned in resonance w ith the 1s exciton 
states, for w hich tw o-photon absorption is 
parity-forbidden, strong SH G  is observed. 
They attribute this to the unusual com bination 
of electric dipole and m agnetic dipole 
transitions. W hen the 2s or 2p exciton states 
are excited resonantly, k-valley coherence and 
valley polarization in tw o- and one-photon 
absorption can be m axim ized.  RW

LIG H T–M ATTER CO U PLIN G

D om ain m otion by light
Nature Com m un. 6, 6594 (2015)

C ontrolling the spontaneous polarization 
of ferroelectric m aterials is essential for 
nonvolatile ferroelectric random  m em ory 
(FeRA M ). H ow ever, the need for physical 
contact betw een electrodes and ferroelectric 
m aterials m akes it difficult to integrate 
FeRA M  into devices. N ow, Fernando 
Rubio-M arcos and co-w orkers from  Spain 
and France report how  polarized light w ith 
a w avelength of 532 nm  can induce the 
m otion of ferroelectric dom ain w alls of a 
BaTiO 3 single crystal w ithout any physical 
contact. W ith the aid of optical m icroscopy 
and confocal Ram an m icroscopy, m appings 
of the dom ain structure w ere obtained at the 
surface and deeper w ithin the sam ple. Tw o 
w ell-know n types of dom ains w ere identified 

by their characteristic Ram an peak and the 
team  also found a new  type of dom ain, w hich 
appears at the surface like a dom ain boundary. 
Surprisingly, the new  dom ain w as sensitive 
to the polarized light and pushed aw ay other 
dom ains. The authors say that the findings 
could ultim ately yield a non-contact read-out 
m ethod in FeRA M  devices or rem ote control 
of piezoelectric actuators. N H

PH O TO N  CO U N TIN G  M ICRO SCO PY

Im proved tim e resolution
New  J. Phys. 17, 023032 (2015)

The ‘afterglow’ from  the phosphor found in 
an im age intensifier can be usefully em ployed 
to dram atically im prove the tem poral 
resolution of tim e-correlated single photon 
counting m icroscopy, say scientists from  
Kings C ollege London in the U K . U sually 
the tem poral resolution of such an im aging 
system  is lim ited by the cam era’s exposure 
tim e, w hich hinders the ability to m easure 
photon arrival tim es precisely. H ow ever, Liisa 
H irvonen and co-w orkers report how  taking 
ratios of the intensity of photon events in 
tw o subsequent fram es allow s photon arrival 
tim es to be determ ined w ith a precision of just 
300 ns — far faster than the cam era’s exposure 
tim e of 18 μs. Tests w ith sam ples, including 
living cells, containing ruthenium  and 
iridium  fluorescent com plexes dem onstrated 
the viability of the approach. Im ages can 
be acquired in a few  seconds and require 
an excitation pow er far sm aller than tim e-
gating schem es. The team  says that in the 
future using an im age intensifier w ith a faster 
phosphor decay tim e than the P20 phosphor 
used in their initial tests could potentially 
m ake the m easurem ent of photon arrival 
tim es on the nanosecond scale possible. 
Applications that m ay benefit from  the 
approach include biological im aging, LID A R 
and ion velocity m apping.  O G

W ritten by O liver Graydon, N oriaki H oriuchi,  

David Pile and Rachel W on.

IO
P

Polaritons in periodic potentials are useful for understanding the physics of m any-body 
system s and exploring applications in optoelectronics. Recent experim ents by Long Zhang, 
W ei Xie and an international collaboration from  China, Russia, M exico, the U SA  and the U K 
suggest that an effect know n as w eak lasing in one-dim ensional polaritons in superlattices 
has now  been observed at room -tem perature. A  structure w ith one-dim ensional periodicity 
w as m ade by laying a ZnO  m icrorod of hexagonal cross-section onto silicon corrugated 
w ith 1-μm -w ide channels, w ith a period of 2 μm . The ZnO  rod form s a w hispering-gallery 
m ode resonator for the exciton–polaritons, subject to a periodic potential along the 
length of the w ire due to the adjacent structured silicon. Photolum inescence w as used to 
investigate the structure w hen optically pum ped at room  tem perature. Long-range phase 
coherence w as observed and for strong pum ping the spatial period of the condensate is 
tw ice that of the superlattice period. The authors state that previous w ork using G aA s did 
not confirm  the period-doubling feature of w eak lasing and they suggest that ZnO  m ay 
yield m ore robust w eak lasing.  DP

EXCITO N ICS

W eak lasing Proc. Natl A cad. Sci. USA 112, E1516–E1519 (2015)

©  2015 M acm illan Publishers Lim ited. A ll rights reserved
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1D Ising model---quantum simulation
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Real space

Ising chain of polariton condensates



𝐽𝑖𝑗= න
0

∞

𝜓𝑥
2 𝐽0(𝑘𝑑𝑖𝑗) 𝑘d𝑘

Polaritons condense into the minimum of Ising Hamiltonian: 

H = -∑ijJijsisj=-∑ijJij cos(θi - θj)

Spin

Phase

Spin-Spin 

interaction

Phase coupling

Song Luo, ZH Chen et al, Phys. Rev. Applied 13, 044052 (2020)



Evaporative cooling of cold atoms



3D confined trap for polaritons







Cooling mechanism?



Semiclassical Boltzmann rate equation 



J Wang, ZH Chen et al, Phys. Rev. B 91, 165423 (2015)



Untrafast dynamics of exciton polaritons

Ultrafast dynamics of exciton polariton condensate has never been revealed before



Bosonic cascade lasing of polarition in ZnO

Schematic illustration of polariton dynamics in a Bosonic cascade.



Time lapes of exciton polariton dynamics at room temperature

Time integrated Time lapse in femtosec scale 

Fei Chen et al，Nano Lett. 22, 2023-2029 (2022).



Fei Chen, Hui Li, Jian Wu, ZH Chen et al，Nano Lett. 22, 2023-2029 (2022).

Dominant bosonic cascade process



Femtosecond Polariton Switch at Room Temperature 

Fei Chen, Hui Li, Jian Wu and ZH Chen et al, PRL 129, 057402 (2022)



Optically Controlled! 2 orders faster switching time! 

Fei Chen, Hui Li, Jian Wu and ZH Chen et al, PRL 129, 057402 (2022)



Towards device application:

electrical pumping



Room temperature Polariton LED

Z Zhang, ZH Chen et al, Optics Express, 2017



•1D polariton system

• Very strong coupling

• Polariton lasing at RT

• Parametric scattering of polariton

• Fano resonance of polaritons

• Weak lasing

• Evaporative cooling

•Ultrafast dynamics

Summary I
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