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Strong exciton-photon coupling in a monolithic ZnO/(Zn,Mg)O multiple
quantum well microcavity

S. Halm,a) S. Kalusniak, S. Sadofev, H.-J. Wünsche, and F. Henneberger
Institut für Physik, Humboldt Universität zu Berlin, D-12489 Berlin, Germany

(Received 27 June 2011; accepted 12 October 2011; published online 3 November 2011)

We report on strong exciton-photon coupling in an epitaxially grown (Zn,Mg)O-based k-microcavity

(MC) containing four 3.5 nm wide ZnO quantum wells (QWs) as active layers. At 5 K, the observed

Rabi splitting in absorption is 26 meV, while the inhomogeneous linewidth of A and B excitons in

similar QWs without a MC is about 10 meV. The strong coupling regime (SCR) is lost between

150 K and 200 K due to additional homogeneous broadening. From transfer matrix calculations, we

deduce that increasing the number of QWs per cavity length can extend the SCR up to room temperature.
VC 2011 American Institute of Physics. [doi:10.1063/1.3657527]

During the past decades, strong exciton-photon coupling

in semiconductor microcavities (MCs) has been subject of

extensive research.1 The quest has led to the discovery of

many fascinating effects in CdTe and GaAs-based multiple

quantum well (MQW) MCs, such as optical parametric

oscillation,2–4 Bose-Einstein condensation,5,6 and polariton

suprafluidity.7 However, due to the materials used, these

effects were limited to cryogenic temperatures, which is why

wide band gap semiconductors like GaN and ZnO with large

oscillator strength and stable excitons at room temperature

(RT) came into focus. By now, e.g., polariton lasing at RT

has been demonstrated in a GaN MC (Ref. 8) and plausible

evidence for Bose-Einstein condensation could be given.9

While in the GaAs, CdTe, and GaN systems, MQW active

layers are frequently employed, strong exciton-photon cou-

pling in ZnO has so far only been reported for bulk active

layers in hybrid MCs.10–12 MQW structures can offer various

advantages over bulk material, such as an enhanced binding

energy and oscillator strength, tunability of the exciton reso-

nance, and the possibility to position the quantum wells

(QWs) at the electric field antinodes of the MC. Their growth

is more challenging though, since QWs usually suffer from

inhomogeneous broadening. In previous work, it was shown

that epitaxial growth of high optical quality ZnO/(Zn,Mg)O

QWs is feasible via molecular beam epitaxy.13,14 Recently,

we fabricated (Zn,Mg)O-based distributed Bragg reflectors

(DBRs) and achieved vertical cavity surface emitting laser

(VCSEL) action in an all monolithic ZnO-based MC using

QWs as active layers.15

In this letter, we demonstrate that strong exciton-photon

coupling is obtained in a monolithic ZnO MQW MC, similar

to the VCSEL structure in Ref. 15, up to a temperature of

T� 150 K. We use angle resolved reflectivity and transmis-

sion spectroscopy to determine the MC dispersion in absorp-

tion between 5 K and 300 K. For reference, we additionally

record the absorption spectra of a similar MQW structure

without a cavity and use the results to simulate the MC prop-

erties with the transfer matrix method (TMM).16 Finally, we

study the prospect of reaching the strong coupling regime

(SCR) at RT.

The samples are grown by molecular beam epitaxy on a-

plane ð11�20Þ sapphire substrates at a low growth temperature

of Tg� 340 �C. The MC sample A contains a k-cavity of

Zn0.92Mg0.08O and includes four 3.5 nm wide ZnO QWs posi-

tioned near the antinodes of the electric field. The cavity is

sandwiched between a lower and an upper DBR consisting of

20 and 18 Zn1�xMgxO bilayers (x1¼ 0.08, x2¼ 0.35), respec-

tively. A schematic sample layout is shown in Fig. 1(a). The

reference MQW (sample B) consists of five 3.7 nm wide ZnO

QWs with 11 nm wide Zn0.92Mg0.08O barriers grown on a

670 nm Zn0.92Mg0.08O buffer and capped by 37 nm of the bar-

rier material. Details on growth can be found in Ref. 15. Good

structural quality of the monolithic (Zn,Mg)O MC is con-

firmed by atomic force microscopy (AFM) and scanning elec-

tron microscopy (SEM). As can be seen in Fig. 1(b), the

surface of the 3.56 lm thick MC structure is flat within a few

nanometers, which strongly suppresses scattering of light. The

root mean square roughness over a scan area of (15 lm)2

amounts to 1.2 nm. In cross section SEM (Fig. 1(c)), the DBR

layers exhibit regular periodicity and abrupt interfaces.

Sample A is mounted in a transmission helium flow

cryostat which allows for temperature control between 4 K

and 300 K. Angle resolved reflectivity R and transmission T
are recorded by a home-built goniometer setup with an angu-

lar resolution of about 61�. The spectra collected at 5 K with

transverse-electric (TE) polarized light are depicted in Figs.

2(a) and 2(b). After confirming that Rþ T ¼ 1:0060:02

holds in the spectral region where the sample is transparent,

we determine absorption by A ¼ 1� R� T , see Fig. 2(c).

At the given sample position, the detuning d, defined as the

difference between the uncoupled cavity (Ec) and exciton

(Ex) resonance energies, amounts to d¼Ec�Ex��54 meV,

and the resonance condition is met at an angle of h� 32�

(sin h¼ 0.53). An anticrossing in the dispersion relation with

the occurrence of both lower and upper polariton branches is

observed in R as well as in A. Note that only the latter finding

provides unambiguous evidence for the presence of strong

exciton-photon coupling in our sample at low temperature.1

The minimum energy splitting between the polariton

branches in A equals Xr¼ 26 meV.

With the help of a TMM model, a detailed account of

the MC response can be given. We describe the refractivea)Electronic mail: halm@physik.hu-berlin.de.
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index dispersion n(E) of the DBR layers by first-order Sell-

meier relations (parameters at 5 K obtained by the procedure

described in Ref. 15). For the ZnO QWs, the imaginary part

j(E) of the complex index of refraction near the exciton res-

onance is taken from the absorption spectrum a(E) of sample

B at 5 K (see Fig. 3(a)). The real part n(E) is obtained by

modeling a(E) with a single Voigt profile17 and a band edge,

assuming a (in)homogeneous linewidth of 2ch¼ 2 meV

(2ci¼ 17 meV) and a background refractive index of

nb¼ 2.4. Using reasonable MC structure parameters, very

good agreement between experiment (Figs. 2(a)–2(c)) and

TMM (Figs. 2(d)–2(f)) is achieved for R, T , and A, respec-

tively. The calculated polariton branches, for example, agree

with experiment within 5 meV or less.

While at low temperature for a properly designed sample,

lower and upper polariton branches can clearly be resolved,

identification of strong coupling at higher T is more challeng-

ing: The polariton branches near the exciton resonance are

broad, and the upper branch is strongly damped by higher

excitonic states. In Fig. 3, we carefully study the continuous

evolution of the MC dispersion and its transition from strong

to weak coupling between 5 K and 200 K. To begin with,

we measure normal incidence absorption of the bare MQW

(sample B), see Fig. 3(a). The absorption resonance is formed

by the spectrally overlapping ground states of A and B exci-

tons, and hence both components participate in the coupling.

At 5 K, an indication of the individual contributions can still

be observed in form of a peak and a shoulder positioned

8 meV below.18 The second shoulder appearing at 3.379 eV is

attributed to negatively charged trions. A and B excitons ex-

hibit an inhomogeneous broadening due to QW thickness and

barrier composition fluctuations with a full width at half maxi-

mum (FWHM) of about 10 meV each. At higher T, phonon

induced homogeneous broadening becomes dominant. We

confirmed that the excitonic ground-state absorption is well-

described by a single Voigt profile, when assuming a constant

inhomogeneous linewidth 2ci¼ 17 meV and the temperature

dependent homogeneous linewidth 2ch(T) from Ref. 19 (see

Fig. 3(b), dashed-dotted and dashed lines, respectively).

MC absorption spectra at angles around the exciton-

photon resonance are shown in Figs. 3(c)–3(e) for T¼ 5 K,

100 K, and 200 K, respectively. The dashed lines indicate the

spectral position of the uncoupled excitonic absorption maxi-

mum Ex(T). Ex(5 K) is set to the center between the upper

and lower polariton branches at the resonance angle hr¼ 32�,
and for higher T, it is red-shifted by an amount obtained

from Fig. 3(a). The absorption spectra closest to resonance

are highlighted in bold. To correctly interpret the MC data,

the different origin of the excitonic linewidth 2cx at low and

high temperatures has to be taken into account. At 5 K, a pro-

nounced splitting Xr indicative of the SCR is again visible,

but inhomogeneous broadening prevails here cx� ci. In this

case, the polariton lifetime is known to be only partially

affected by ci,
20 which, e.g., reduces the effect of wave vec-

tor uncertainty.21 Homogeneous broadening dominates the

exciton linewidth cx� ch at T� 200 K. Xr can then be

described by22

Xr ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2 � ðc2

x þ c2
cÞ=2

q
; (1)

FIG. 2. (Color online) Angle resolved reflectivity, transmission and absorp-

tion spectra of the MC in TE polarization at T¼ 5 K. Experimental and

simulated results are shown in (a)–(c), and (d)–(f), respectively. Absorption

data are multiplied by a factor of 2 for better visibility.

FIG. 3. Transition from strong to weak exciton-photon coupling in the MC.

(a) Temperature dependent excitonic absorption of the bare ZnO MQW

(sample B) in steps of 50 K. (b) Inhomogeneous (2ci, dashed-dotted line)

and homogeneous (2ch, dashed line) Voigt model linewidths to describe the

bare MQW absorption, as well as splitting Xr between the MC polariton

branches at resonance (circles) vs. T. (c-e) Angle resolved MC absorption

spectra in the vicinity of the exciton-photon resonance at T¼ 5 K, 100 K,

and 200 K, respectively. The dashed lines mark the uncoupled exciton

resonance.

FIG. 1. (Color online) Layout and structural properties of a (Zn,Mg)O MC.

(a) Schematic sample layout (not true to scale). (b) AFM image of a

(1.5 lm)2 sized region of the MC surface. (c) Cross section SEM image

(backscattered electrons) of lower DBR layers.
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where V and cc are the exciton-photon coupling strength

and the homogeneous cavity mode broadening, respectively.

The condition for strong exciton-photon coupling1

V2 > ðc2
x þ c2

cÞ=2 is then identical to a finite splitting in

absorption Xr. Hence, from the observation of vanishing Xr at

200 K in Fig. 3(e), we conclude that the SCR is lost at about

this temperature. Interestingly, the transition from strong to

weak coupling is far from being abrupt: At angles h< hr, the

visibility of the upper branch continuously diminishes with T,

while for h> hr, the lower branch remains visible but shifts

onto the bare exciton absorption. The temperature dependence

of Xr is included by circles in Fig. 3(b).

As shown in Fig. 4(a), no signs of the SCR remain at

300 K, only the unsplit cavity resonance is observed. Using

the RT MQW absorption spectrum from Fig. 3(a), experi-

mental results can again be well-reproduced by the TMM.23

In order to estimate the potential of our monolithic MQW

MCs for strong coupling at RT, we increase the QW num-

ber in the TMM by a reasonable factor of 3 and thereby the

coupling strength by a factor of
ffiffiffi
3
p

.1 From the reappear-

ance of the two polariton branches in Fig. 4(c), we deduce

that our all-monolithic approach is in fact suited to reach

the SCR, even though the effective cavity length is larger

than in an analogous design involving dielectric DBRs with

a higher refractive index contrast. Moreover, the optical

quality of our QWs is such that both polariton branches

should be observable, allowing for direct experimental

access to the splitting of the branches and hence to the cou-

pling strength.

In conclusion, we have shown that monolithic MQW-

based (Zn,Mg)O MCs are capable of strong exciton photon

coupling. For the present design, the strong-coupling regime

is limited to cryogenic temperatures where inhomogeneous

broadening of the exciton state is predominant. The

temperature-induced homogeneous broadening destroys the

strong coupling above 150 K. Increasing the number of QWs

or their oscillator strength will allow to overcome this limita-

tion and to realize robust polariton states in these MCs at RT

and beyond.

The authors would like to thank P. Schäfer and

H. Spranger for SEM and AFM images, respectively.
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