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Strong light–matter interaction in ZnO microcavities

Ying-Yu Lai, Yu-Pin Lan and Tien-Chang Lu

The strong light–matter interaction in ZnO-embedded microcavities has received great attention in recent years, due to its ability to

generate the robust bosonic quasiparticles, exciton-polaritons, at or above room temperature. This review introduces the strong

coupling effect in ZnO-based microcavities and describes the recent progress in this field. In addition, the report contains a

systematic analysis of the room-temperature strong-coupling effects from relaxation to polariton lasing. The stable room

temperature operation of polaritonic effects in a ZnO microcavity promises a wide range of practical applications in the future, such

as ultra-low power consumption coherent light emitters in the ultraviolet region, polaritonic transport, and other fundamental of

quantum optics in solid-state systems.
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INTRODUCTION

Over the past two decades, strong light–matter interactions in solid-

state systems have garnered much attention for applications in novel

photonics devices. The polariton is the key factor in the strong coup-

ling phenomena: a new bosonic quasiparticle that is a hybrid between

matter and light and exhibits promise for investigating various fascin-

ating effects including dynamical Bose condensation,1–4 superflui-

dity5,6 and quantized vortices.7–10 Semiconductor microcavities

(MCs), which simultaneously offer good optical confinement with a

small mode volume for the photonics portion and an excitonic layer for

the matter portion of the strong coupling, are regarded as promising

candidates for demonstrating and manipulating strong light–matter

coupling in solid-state systems.11 Because the semiconductor MCs

undergo a strong coupling regime, the coupling rate between the bared

exciton modes and the confined photon modes is faster than their

dissipation rates. Compared with weakly coupled MCs, the rapid

exchange rate in strongly coupled MCs renders the energy transfer

between the excitons and photons reversible and reduces the possibi-

lity of energy dissipation through non-radiative channels, which results

in a higher internal quantum efficiency. The new eigenstates generated

from the strong exciton–photon coupling are called exciton-polari-

tons12 and exhibit a relatively small effective mass compared with

atomic hydrogen, tunable dispersion curves, and the bosonic statistics

at low densities.

Given the aforementioned properties, many phenomena have been

extensively studied in polariton systems, including ultra-low threshold

polariton lasing,13 polariton parametric oscillation14–17 and polari-

tonic circuits.18 The matter characteristic of the polaritons allows

them to scatter with electrons, phonons and polaritons, then to con-

dense in the coherent ground state. The laser-like light emission from a

coherent polariton ground state, the so-called polariton laser, does not

require the population inversion condition required by conventional

semiconductor lasers. The critical temperatures of the polariton con-

densate could even be elevated to room temperature, a basic condition

for practical applications, due to the extremely small effective mass of

the polaritons.

PROGRESS HISTORY

Due to the rapid development of semiconductor fabrication capabi-

lities, the bared excitons can couple with the various types of photon

modes that are confined in different semiconductor MCs, including

the whispering-gallery mode in microtapers,19 microwires20 and

microrods,21 the waveguide mode in semiconductor nanowires,22,23

the photonic crystal modes,24–26 and the most-often used Fabry-Perot

mode in planarMCs.27 From amore realistic perspective, a planarMC

is more easily fabricated and applied to electrical devices, making it a

more attractive choice for future practical applications such as ultra-

low threshold polariton lasing. Therefore, the following paragraph

focuses on the planar MC structure and the polariton lasing achieved

by the systems of different materials.

The first demonstration of exciton-polaritons in a planar semi-

conductor MC was produced using the GaAs system by Weisbuch

et al.27 Since then, several reports on polariton lasing, themost appeal-

ing polaritonic application, have involved planar semiconductorMCs.

During the early twenty-first century, polariton lasers were demon-

strated at cryogenic temperatures in GaAs28 and CdTe13 MCs due to

their small exciton binding energies. Thus, a portion of the polariton

laser research attention was transferred to wide-bandgap material sys-

tems, including GaN and ZnO, which provide a much higher exciton

binding energy and oscillator strength for supporting stable room-

temperature (RT) operation. Thus far, the GaN-based polariton lasers

have been demonstrated in planarMCs inserted with different types of

excitonic structures including bulk GaN,29 GaN/AlGaN multiple

quantumwells (MQWs)30 and GaN nanowires.31 The exciton binding
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energy of the bulk GaN is comparable to the RT thermal energy of

approximately 26 meV. Although the exciton binding energy can

reach approximately 40 meV in the GaN/AlGaN MQW system, the

oscillator strength is reduced due to the poor wave function overlap

caused by the quantum-confined Stark effect on the commonly used c-

plane substrates.32 A large number of QWs is required to increase the

oscillator strength and maintain the strong coupling regime, but this

requirement causes difficulties with the epitaxy. On the other hand,

the nanowire separation density in the MC is more difficult to control

during the fabrication of the GaN nanowire-embedded MCs, making

future practical applications more difficult.

To examine a more reliable polariton operation, ZnO provides an

appealing material, because it possesses exciton binding energies that

are twice as large as (approximately 60 meV in the bulk layer) and

coupling strengths that are comparable to those in the GaN system.

Thus, ZnO is the most adaptive candidate for stable polariton opera-

tion at RT. Since the pioneering work on the strong coupling effect in

ZnO planar MCs reported by Shimada et al.,33 several other groups

have reported on the characteristics of strongly coupled ZnOMCs.34–37

In 2011, the first polariton lasing in the bulk ZnO planar MC was

demonstrated by Guillet et al.38 at 120 K with a small negative detun-

ing. Later, Franke et al.39 pushed the operation temperature of the ZnO

polariton lasing up to 250 K by depositing a polycrystalline ZnO inside

two dielectric distributed Bragg reflectors (DBRs). One month later, Lu

et al.
40 successfully demonstrated the first RT polariton lasing in ZnO-

based hybrid microcavities with an ultra-low threshold. Das et al.41

followed with a method similar to that in their previous report on GaN

nanowire MCs and observed polariton lasing in a fully dielectric DBR-

based MC. Recently, Lai et al.42 observed polariton lasing in hybrid

ZnOmicrocavities at the even higher temperature of 353 K and verified

its coherence properties.

POLARITONIC EFFECTS IN A ZINC OXIDE MICROCAVITY

A series of strong light–matter interaction phenomena in a ZnO-based

MC are described in this study. Details from the fabrication to the

measurements are provided. The relaxation process and bottleneck

effect of the polariton at different exciton–photon detunings are veri-

fied using temperature- and power-dependent photoluminescence

(PL). Moreover, the report described both the polariton lasing in

the strong coupling regime achieved by the polariton–polariton scat-

tering with increasing pumping power and the photon lasing in the

weak coupling regime resulting from the collapse of the strong coup-

ling regime that was observed in the different positions of the sample at

RT.

FABRICATIONS AND METHODS

Figure 1a provides a schematic diagram of the hybrid MC structure

consisting of a bulk ZnO 3l/2-thick cavity sandwiched between a

bottom AlN/Al0.23Ga0.77N DBR and a top dielectric SiO2/HfO2

DBR. The 30-pair AlN/AlGaN DBR and a GaN buffer layer were

grown using an EMCORE D75 metal-organic chemical vapor depo-

sition system on a (0001)-oriented sapphire substrate. Trime-

thylgallium (TMGa) and trimethylaluminum (TMAl) were used as

the group III source materials and ammonia (NH3) as the group V

source material. The growth pressure was maintained at 100 torr. To

achieve a high reflectivity epitaxial DBR with a wide stop-band width,

we inserted six-period GaN/AlN super lattice layers into every 3 to 5

AlN/AlGaN DBR pairs to suppress the tensile strain in the epitaxial

DBR.43 The 3l/2-thick ZnO cavity layer was then grown on the AlN/

Al0.23Ga0.77N epitaxial DBR using a pulsed KrF excimer laser

(l5248 nm) deposition system. Atomic force microscopy (AFM)

was employed to investigate the structural quality of the ZnO layer.

Figure 1b provides the AFM image with a low root mean square (rms)

roughness of Rrms51.7 nm. The thickness gradient of the epitaxial

ZnO layer and the AlN/AlGaN DBR provide various detunings at

the same sample to prevent process inaccuracies between the different

samples. Finally, the 9-period SiO2/HfO2 dielectric DBR was coated

onto the ZnO layer via electron-gun deposition to complete the MC

structure. The corresponding cross-sectional scanning electronmicro-

scopy image of the complete MC is shown in Figure 1c.

a b

c

1

20 nm

10 nm

2
3

4
µm

SiO2/HfO2 DBR

SiO2/HfO2 DBR

ZnO

ZnO

AIN/AIGaN DBR

AIN/AIGaN DBR

GaN
5.0kV X15,000 1mm WD 12.4mm

GaN

Sapphire

Figure 1 (a) Schematic diagram of the hybrid ZnOMC. (b) AFM image of the ZnO cavity. (c) Cross-sectional scanning electronmicroscopy image of the ZnOMC. AFM,

atomic force microscopy; MC, microcavity.
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The dispersion relationships of the exciton-polaritons in the ZnO

MC were first investigated using angle-resolved photoluminescence

(ARPL) measurements as shown in Figure 2a. This technique relies on

a one-to-one correspondence between each internal lower polariton

(LP) at k// and each external photon emitted at hwith the same k// and

ELP(k//) (Figure 2b). Thus, the in-plane polariton information could

be collected by increasing the observation angle of the optical fiber and

the detuning parameter between the cavity photons and the excitons.

The polariton relaxation mechanisms could be specified from the

ARPL measurement using several methods such as adjusting the

exciton–photon detuning to a different position on the sample, chan-

ging the operation temperature, or increasing the pumping power.

RELAXATION PROCESS AND THE BOTTLENECK EFFECT

Given the hybrid nature of the light and matter in the exciton-polar-

itons, their matter portion allowed the hot polaritons at a high k state
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Figure 2 Schematic diagrams of (a) the ARPLmeasurement and (b) the one-to-one correspondence between the internal polaritons and the external photons. ARPL,

angle-resolved photoluminescence.
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Figure 3 Color maps of the ARPL measurements for the different positions on the ZnO hybrid MC sample with three different detunings: (a) d52105 meV, (b)

d5266 meV and (c) d5225 meV at 200 K. (d)–(f) The dispersion relationships at the same position with increasing temperature from 150 to 300 K. The uncoupled

cavity mode (C), exciton mode (X) and LPB (white dashed line) fitted from the coupled oscillator model are plotted for reference. ARPL, angle-resolved photolumi-

nescence; LPB, lower polariton branch; MC, microcavity.
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to relax to a low k state through polariton–polariton scattering and

polariton–phonon scattering. Thus, the relaxation of the polaritons

strongly depended on the exciton-photon detuning (d5Ex2Ec)

which determines the exciton and photon composition of the polar-

iton states. Herein, three types of detuning were measured at different

positions on the ZnO hybrid MC sample below 200 K with a low

pumping power density of 50 W cm22 using the 266-nm emission

from the fourth harmonics of a Nd:YAG pulsed laser with a 5-ns pulse

duration and a 50-kHz repetition rate to avoid the polariton–polar-

iton scattering effect. The lower polariton branch (LPB) in the disper-

sion relationship exhibited a near-parabolic distribution at small

angles and converged onto the bared exciton energy at large angles,

which depicts the anti-crossing behavior and the hybrid nature of the

strong light–matter interaction between the exciton and the cavity

photon characteristics.

The dispersion curves in Figures 3–5 were analyzed using the

coupled oscillator model, and the labels X, C and LPB represent the

exciton mode, the cavity mode and the lower polariton branch,

respectively. Figure 3a shows the larger negative detuning case

(d52105 meV) with a 112 meV Rabi splitting. The polaritons accu-

mulated at 356 reveal a commonly seen relaxation bottleneck effect,

which can be attributed to the low exciton fraction of the LPB and

reflects the reduced possibility for the hot polaritons to cool down via

scattering with the phonons. Therefore, the bottleneck effect could be

suppressed bymore efficient polariton–phonon scattering in a smaller

negative detuning case in which the LPB is more exciton-like.

Figure 3b presents the dispersion relationship of polaritons at dif-

ferent positions with a smaller detuning d5266 meV in which the

maximum intensity of the LPB occurred at 256, suggesting a more

efficient polariton relaxation than that depicted in Figure 3a.

Moreover, the polaritons were thermalized to the low k state of the

LPB in an even smaller negative detuning case (d5225 meV) as

shown in Figure 3c. The exciton–photon detuning could also be

adjusted by varying the operation temperature at the same position

on the sample through a difference between the temperature-depend-

ent refractive index and the exciton energy variation as shown in

Figure 3d–3f. By increasing the temperature from 150 to 300 K, the

detuning varied from260 to245meV. The corresponding bottleneck

effect was sufficiently suppressed by the stronger phonon-assisted

relaxation due to the smaller detuning case with the higher exciton

character and temperature that provided a more sufficient phonon

scattering rate.

POLARITON LASING AT ROOM TEMPERATURE

The polaritons can be observed using the temperature-dependent

measurements and are stable even at RT in the ZnO MC due to their

large exciton-binding energy and oscillator strength. At RT, the ther-

mally activated escape mechanism of the ground state polaritons is

stronger and can compete with the polariton relaxation process.44

Therefore, a deeper polariton trap formed by a larger negative detun-

ing is essential for preventing the ground-state polaritons from escap-

ing through thermal energy. Thus, we performed an ARPL

measurement with a frequency-tripled Nd:YVO4 pulsed laser at two

different detunings, d52109 meV and d5239 meV, to better de-

monstrate the RT polariton lasing.
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Figure 4a shows a large negatively detuned case (d52109 meV)

with a Rabi splitting of approximately 102 meV at a low pumping

energy density. Although phonon-assisted relaxation was involved,

the relaxation bottleneck persisted at a large negative detuning. By

increasing the pumping power, the bottleneck was suppressed via

the polariton–polariton scattering as shown in Figure 4b. In addition,

the nonlinear increase in the ground-state polariton emission intensity

was attributed to the polariton lasing as shown in Figure 4b. The

power-dependent measurements indicated that the threshold was

approximately Pth,L521.2 kW cm22, which corresponds to a carrier

density of 1.6631017 cm23 and is below the Mott density in ZnO.45

The significant reduction in the polariton linewidth from 14 to 4 meV

at the nonlinear threshold demonstrated the spontaneous coherence

build-up of the polariton laser. The obvious linewidth broadening

after the threshold demonstrated the decoherence mechanism

induced by the polariton–polariton interaction. The expected pola-

riton self-interaction-induced blueshift is also shown in Figure 4d.

THE TRANSITION FROM STRONG COUPLING REGIME TO

WEAK COUPLING REGIME

Although phonon-assisted relaxation is more efficient in a smaller

negative detuning regime (d5239 meV), the polariton laser cannot

be observed at pumping intensities above the threshold density of the

larger negative detuning case primarily because the leakage rate of the

ground-state polaritons through the thermally induced detrapping

phenomena is faster than the injection rate of the polariton–polariton

scattering and the polariton–phonon scattering. The corresponding

dispersion relationship is shown in Figure 5a.With further increases in

the pumping power, a second peak emerged at the cavity mode, which

corresponded to the transition from the strong coupling regime to

the weak coupling regime as shown in Figure 5b. The residual LPB

emission came from the edge emission of the Gaussian-shaped pump-

ing spot, which had a smaller power density and persisted in the strong

coupling regime. The conventional photon lasing, i.e., the vertical

cavity surface-emitting laser operation, can be observed in Figure 5c

with a nonlinear increase in the emission intensity. The threshold

power density derived from Figure 5d was Pth,S5123.67 kW cm22.

The corresponding carrier density was approximately 9.731017 cm23,

which is higher than the Mott density in ZnO. Figure 5e indicates that

the linewidth of the photon laser has no significant broadening com-

pared with the polariton laser case. In addition, the lasing wavelength

was fixed to the bare photon mode as shown in Figure 5f. The varying

tendencies of the linewidth and blueshift reveal the completely dif-

ferent lasing mechanisms of the strong and weak coupling regimes in

the ZnO MC.

DISTINGUISHING THE POLARIZATION

To further verify the different lasing mechanisms’ effect on the polar-

iton and the photon inside the microcavity, the polarization was mea-

sured from the direction normal to the ZnO MC sample using a

rotational polarizer. Figure 6 shows the polarization characteristics

of the polariton and photon lasers. In the c-plane ZnO bulk active

layer, the exciton–exciton scattering should be spin-isotropic. Hence,

the time-integrated spontaneous polarization of the polariton lasing

exhibited a low degree of polarization (DOP).46 For the photon lasing

achieved in a small detuning region, the observed DOP approached

90%. The higher DOP with the photon lasing indicates that the polar-

ization was dominated by the slight photonic disorder in the ZnOMC.

No relationship was noted in the polarizations of the pumping laser

and the output polariton/photon laser from the ZnOMC because the

excitation differed greatly from the resonant energy.
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CONCLUSION AND PROSPECTS

Many investigations of ZnO-based MCs have been undertaken since

the strong coupling effects in the ZnO MCs were first reported in

2008.33 We have reviewed the progress of investigations on the

strongly coupled ZnO MCs and have briefly introduced the strong

coupling effects from relaxation to polariton lasing in ZnO MCs.

The RT polariton lasing was achieved with an extremely low threshold

density at for the large negative detuning case, which had a deeper

polariton trap to compete with the thermally activated escape process.

Although several groups have demonstrated the strong light–matter

interactions and the corresponding polariton lasers at RT in both

hybrid and fully dielectric ZnO MCs, their performance remains li-

mited by the imperfections in the ZnO layer’s epitaxial quality and by the

nitride-based DBR. However, these problems could be solved by using a

high-quality single-crystal ZnO layer on the ZnO substrate accompanied

by highly reflective dielectric DBRs.47 To achieve this MC structure, the

thickness of ZnO substrate must be reduced from several hundred

micrometers to hundred nanometers using a dry-etching process and

chemical–mechanical polishing. The photonic surface roughness of the

etched side should be carefully polished, but the cavity thickness is

difficult to control.

Another bothersome issue of the ZnO MC is that the upper polar-

iton branch, a characteristic important in determining the strong

coupling, is typically difficult to observe in the bulk ZnO system due

to the strong absorption of the excitons in the thick ZnO layer.48,49

Therefore, the excitonic layers could be altered to the ZnO/ZnMgO

multiple quantumwell to reduce the absorption length of the excitonic

layer and to enhance the oscillator strength provided by the quantum-

confined effect. In 2011, the strong coupling effect was reported by

Halm et al.50 and verified using the observable upper polariton branch

in an all-epitaxial ZnO MQW MC at 5 K. Although the strong coup-

ling effect collapsed at 150 K, which could be attributed to the thermal

broadening of the excitons, the situation was improved by inserting

more QW pairs or by improving the epitaxial quality of the MQWs.

Thus, the MQW structure could combine with the ZnO substrate to

yield a robust ultra-low-threshold coherent light source in the ultra-

violet region. The strongly coupled ZnO MC provides great potential

for future scientific research into RT quantum degenerate systems and

the development of other practical polaritonic devices.
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32 LerouxM,GrandjeanN, LaügtM,Massies J, Gil B et al. QuantumconfinedStark effect

due to built-in internal polarization fields in (Al,Ga)N/GaN quantumwells. Phys Rev B

1998; 58: R13371–R13374.
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