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We present experimental observation of the strong light-matter coupling regime in ZnO bulk microcavities
grown on silicon. Angle-resolved reflectivity measurements, corroborated by transfer-matrix simulations, show
that Rabi splittings in the order of 70 meV are achieved even for low finesse cavities. The impact of the large
excitonic absorption, which enables a ZnO bulklike behavior to be observed even in the strong-coupling
regime, is illustrated both experimentally and theoretically by considering cavities with increasing thickness.
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I. INTRODUCTION

During the last decade planar microcavities �MCs� have
been extensively studied due to their potential to change the
nature of the light-matter interaction in the so-called strong-
coupling regime �SCR�.1 The SCR is reached when the cav-
ity photonic mode is resonant with an excitonic level of the
active layer leading to the formation of cavity polaritons
�CPs�.2 Their dispersion displays two branches which be-
come excitonlike or photonlike far from the resonance.3 CPs
are admixed, half-photon, and half-exciton, quasiparticles
whose bosonic and nonlinear properties are attracting much
attention. The SCR manifested by an anticrossing of the ex-
citon and photon modes was observed for the first time by
Weisbuch et al.4 in a GaAs-based microcavity.

From the fundamental point of view, MCs constitute an
appropriate system to manipulate polaritons and, thereby, to
get further insight into the physics of the light-matter inter-
action. From the technological point of view, MCs operating
in the SCR offer also the possibility to achieve bosonic ef-
fects and are thus promising candidates to investigate novel
devices such as polariton light emitters.5 Moreover, electri-
cally driven polariton emission in GaAs microcavities has
been reported recently up to 235 K �Ref. 6� and opens the
way toward new sample designs suitable for the realization
of electrically pumped polariton emitters. However, in order
to raise the working temperature of these polariton-based de-
vices up to room temperature, alternative semiconductors,
presenting large exciton binding energies and oscillator
strengths, should be employed. In this sense, III-nitrides-
based microcavities have thus been investigated, and large
Rabi splittings, varying between 30 and 50 meV,7–11 have
been reported. Another wide-band-gap material suitable for
the realization of polariton devices is ZnO because of its
record excitonic oscillator strength12 which should lead to
larger Rabi splittings.13 Recent works on various cavity de-
vices �nanowire, planar cavity etc.� have mentioned value as
high as 80 meV.14–18

In this paper, we present experimental evidence of the
SCR in bulk ZnO MCs and highlight the peculiarities of their
reflectivity spectra due to the strong excitonic absorption. We

study two hybrid ZnO MCs with bottom 7.5 period
Al0.2Ga0.8N /AlN distributed Bragg reflectors �DBR� grown
directly on Si�111� substrates and 10 nm aluminum top mir-
rors. In order to investigate the influence of the excitonic and
band-to-band absorption in the active layer, the ZnO thick-
ness has been varied from � /4 to 3� /4. The reflectivity of
the bottom and top mirrors �0.84 and 0.54, respectively�
leads to a quality factor �Q� which does not exceed 50 in
each case. These Q factors are directly measured on experi-
mental spectra with a large negative detuning. The nitride
DBRs and the ZnO cavities were both grown by molecular-
beam epitaxy in two separate reactors. These samples were
studied by reflectivity as a function of incidence angle �from
5° to 75°� at 5 K, 77 K, and room temperature.

II. EXPERIMENTAL RESULTS

Angle-resolved reflectivity spectra of the � /4 cavity at 5
K are displayed on Fig. 1 for transverse magnetic �TM� po-
larization. Similar results have been obtained for the trans-
verse electric �TE� polarization. At the lowest incident angle
�5°� the lower polariton branch �LPB�, which is mainly pho-
tonic, is observed at 3.258 eV, and as the incidence angle
increases it moves toward higher energies and approaches
asymptotically the free A and B exciton average energy
which is found to be 3.375 eV. Both excitonic features can-
not be resolved due to a significant inhomogeneous broaden-
ing. Together with the increase in the LPB energy a reflec-
tivity dip, located on the high-energy side of A and B
excitons, moves toward higher energies and is attributed to
the upper polariton branch �UPB�. Between 35° and 55° it is
further split in two components as Fig. 1 shows. Experimen-
tal dips observed on the reflectivity spectra are attributed to
polaritonic modes and their measured energies are reported
on the dispersion curve at the bottom of Fig. 1. The splitting
of the UPB reflectivity feature at 3.44 eV can be explained
by the strong increase in the ZnO imaginary part of the di-
electric function at this energy which is attributed to A and B
exciton excited states, to the onset of continuum absorption
and to exciton-phonon complexes.19,20 This point will be fur-
ther discussed in the part dedicated to the simulations. The
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Rabi splitting measured from the analysis of the reflectivity
spectra is found to be 55�10 meV.

In contrast with the previous � /4 cavity, the reflectivity of
the 3� /4 cavity exhibits a different behavior as a function of
incidence angle. The spectra are reported on Fig. 2 together
with the angular evolution of the main dip energies. A salient
observation in these spectra is that the A and B excitonic
features, respectively, located at 3.371 and 3.379 eV �vertical
dotted lines on Fig. 2� are well resolved but are absolutely
insensitive to the incident angle. As the incidence angle in-
creases, the energy of the lower polariton branch increases
up to the A exciton energy but its amplitude is progressively
reduced although the two excitonic features remain visible.
From this observation, it is clear that the excitonic absorption
is so strong that the cavity is no more efficient when the
photon energy is equal to that of A or B excitons. In other
words, the sample can be seen in the vicinity of the excitonic
energy as a semi-infinite medium. Indeed the product � .d
where � is the excitonic absorption coefficient and d the ZnO
thickness is �4.5, much greater than unity. Nevertheless, on
the high-energy side of A and B, a weak dip appears for an
incidence angle close to 15°, shifting to higher energy with
increasing angle. This feature is identified as the UPB result-
ing from the exciton-photon coupling when the excitonic ab-
sorption is not intense enough to completely extinguish the
photonic mode. Due to the inhomogeneous broadening, the
exciton can exist away from the energy corresponding to the
maximum of absorption.

Even if the optical mode is rather broad, a light-matter
coupling persists with a Rabi spitting estimated to
70�10 meV. In TM configuration, the UPB energy satu-

rates at �3.43 eV for large incidence angles, presumably
due to interaction with the numerous levels existing in the
3.42–3.45 eV energy range.20 In TM polarization, the oscil-
lator strength of C exciton becomes stronger as the incidence
angle increases since it is strongly allowed when the electric
field is parallel to the c axis.21 Accordingly, we observe the C
exciton reflectivity feature for incidence angles greater than
30° at 3.426 eV in TM configuration �Fig. 2�. On the other
hand it is not seen in TE configuration, as shown by the 35°
and 45° TE reflectivity spectra added in Fig. 2. The detailed
interaction of photons with the C exciton is beyond the scope
of this paper.

Regarding the ratio between Rabi splitting and cavity
mode linewidth �i.e., the visibility ��, it is found to be equal
to 1.2 which is of the same order as what is reported for other
ZnO microcavities where � varies between 1 and 2.14–17

Concerning GaN-based microcavities, higher values are ob-
served from structures containing highly reflective mirrors.
As an example, the work of Christopoulos et al.22 leads to a
visibility of more than 15. With a structure close to the one
investigated in this manuscript, Reveret et al.23 have ob-
tained a value close to 3. These values should be quickly
exceeded with ZnO cavities embedded into dielectric mir-
rors.

From the examination of these two samples, it is clear
that, owing to the high excitonic absorption of ZnO, the de-
sign of the cavity is crucial to clearly observe a strong light-
mater coupling. Specific care has to be taken on the thickness

FIG. 1. Upper part: low temperature �T=5 K� reflectivity spec-
tra of a � /4 ZnO bulk microcavity recorded for various incident
angle from 5° to 75° under TM polarization. Lower part: the ener-
gies of the reflectivity dips are reported as a function of the incident
angle �vertical axis�; these dips are attributed to both the lower and
upper branches of the polariton dispersion curve.

FIG. 2. �Color online� Upper part: low temperature �T=5 K�
reflectivity spectra of a 3� /4 ZnO bulk microcavity recorded for
various incident angle from 5° to 75° under TM polarization. In
order to underline the influence of C exciton on the UPB, TE po-
larization spectra have been reported for 35° and 45°. Lower part:
the energies of reflectivity dips corresponding to the lower polariton
branch and upper polariton branch energies are reported as a func-
tion of the incident angle �vertical axis� for TM �full circles� and TE
�open circles� configurations.
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of ZnO bulk microcavities in order to detect the UPB in
reflectivity or luminescence. A simple model using an ideal
cavity with AlN/AlGaN Bragg mirrors can highlight the in-
fluence of the absorption. The visibility of the cavity mode,
i.e., the ratio between the reflectivity variation close to the
mode energy and the maximum reflectivity of the stop band,
is strongly modified with a value getting from 85% with no
absorption to 40% with the extinction coefficient of ZnO
�k=0.7� in a � /2-thick cavity similar to the one studied �Q
�50�. This effect is even stronger when Q is higher with a
visibility being as low as 0.5% with a quality factor around
700 and full absorption.

III. SIMULATIONS AND DISCUSSION

To analyze our experimental results and get further insight
into the effects of ZnO huge excitonic absorption, simula-
tions of our experimental results have been carried out within
the transfer-matrix formalism. In order to obtain a reliable
optical index for ZnO in the near band-gap region, the re-
spective contributions of excitonic and band-to-band transi-
tions to the dielectric function are evaluated separately. Out-
side the excitonic energy range the complex refractive index
is obtained from our previous ellipsometry and reflectivity
measurements performed on bulk ZnO layers.19 The contri-
bution of the excitonic transitions to the dielectric constant is
modeled through Lorentz oscillators.24 Only the three first
excitonic states �n=1, 2 and 3� of A and B excitons have
been included in the calculation. C exciton is not taken into
account in the simulation because of the difficulty to adjust
its oscillator strength which varies in TM configuration. The
knowledge of ZnO dielectric function allows simulating the
evolution of reflectivity spectra for both samples as a func-
tion of incidence angle. Figure 3 shows the simulated reflec-
tivity spectra of the � /4 cavity. It is worth noting the same
evolution of the lower polariton branch as in the experimen-
tal spectra: a nearly pure cavity mode at 5° with an energy
equal to 3.257 eV and, at higher angles, a marked dip
stopped by excitons. The upper polariton branch starts with a
quasiexcitonic behavior and progressively moves toward
higher energies. The excitonic energies and corresponding
oscillator strengths of A and B excitons included in the simu-
lation are reported in Table I. These oscillator strength values
are of the same order of those reported in previous
works.12,13 The simulation confirms also the large excitonic
broadening since a broadening parameter of 30 meV is used
in order to account for the experimental spectra. This leads to
a large polaritonic mode reinforced by the low quality factor
of the cavity. In addition, in the experimental spectra, a sec-
ond anticrossing seems to occur at higher energy �3.43–3.45
eV�. Thanks to the transfer-matrix model, this behavior is
attributed to the increase in the extinction coefficient k of
ZnO at energies close to the band gap. The fast increasing
absorption induces a broadening and a distortion of the UPB
which appears to be split into two components.

Figure 4 shows the calculated reflectivity spectra of the
3� /4 cavity. The lower polariton branch is moving from
3.307 �5°� to 3.365 eV �75°� just below the exciton energy.
Due to the ZnO thickness �3� /4�, absorption has a signifi-

cant influence on the upper polariton branch. Above the band
gap, this UPB becomes less pronounced. It is interesting to
artificially remove the band-to-band absorption in the model:
the spectra are not modified below 3.38 eV, but the UPB,
indicated as solid squares in Fig. 4, is recovered as a pro-
nounced reflectivity dip, which could lead to a Rabi splitting
of 80 meV. We can therefore conclude that in this 3� /4
cavity, the LPB is a well-defined polariton state, but that the
UPB is damped. Between LPB and UPB dips and in accor-
dance with the experimental data, the reflectivity spectra ex-
hibit two peaks corresponding to A and B excitons with
angle independent energies. The high oscillator strengths
used in the calculation �see Table I� corroborate the impor-
tance of the excitonic absorption near 3.38 eV. The broaden-
ing is found to be weaker than in the � /4 cavity with a value
of 12.5 meV for each exciton. In order to underline the in-
fluence of the excitonic absorption on the optical properties
of ZnO microcavities, simulations of reflectivity spectra have
been performed for three ZnO MCs with different thick-
nesses �� /4, 3� /4, and 5� /4�. Calculations have been car-
ried out for a photonic mode energy equal to the mean en-
ergy of A and B excitons; they are displayed in Fig. 5. For

FIG. 3. Simulated reflectivity spectra of the � /4 cavity for vari-
ous incident angles.

TABLE I. Parameters for A and B excitons used for the
simulations.

� /4 cavity 3� /4 cavity

Energy �eV�
EX

A 3.368 3.370

EX
B 3.376 3.378

Polarizability

4��A 1.1 10−2 1.0 10−2

4��B 1.2 10−2 1.7 10−2

Broadening �meV� �A,B 30 12.5
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the thinnest cavity, three polaritonic branches �LPB, MPB,
and UPB� are clearly in evidence and demonstrate the
strong-coupling regime. On the contrary, pure excitonic re-
flectivity features �XA and XB� persist in the calculated spec-
tra related to the 3� /4 and 5� /4 cavities. For A and B exci-
tonic energies where the absorption is maximum, the cavity
is no more efficient since the light cannot reach the bottom of
the cavity and consequently cannot be reflected. It can be
concluded that the thickness of the ZnO active layer has to
be finely adjusted in order to clearly observe the strong light-
matter coupling for both the LPB and UPB.

IV. CONCLUSION

In summary, evidence for exciton-photon strong coupling
has been reported in �� /4 and 3� /4� ZnO bulk microcavities
grown by molecular-beam epitaxy on a silicon substrate. The
strong coupling, with Rabi energies of the order of 70 meV,

is achieved in both cavities even if their quality factor is
smaller than 50. These results are promising for the observa-
tion of polaritonic nonlinear effects in ZnO microcavities but
have also shown the impact of the strong excitonic absorp-
tion in ZnO. Indeed, for the 3� /4 microcavity, and when the
energy is close to the exciton one, the cavity effect is lost due
to the strong excitonic absorption. Furthermore, in this case
the UPB is damped. In order to enhance the figure of merit of
the observed strong coupling, it is now important to improve
the finesse of the optical mode by the deposition of a dielec-
tric DBR in place of the aluminum mirror and to find the best
trade off between the huge excitonic oscillator strengths in
ZnO, the thickness of the active layer and the Q factor of the
cavity leading to higher splitting-to-linewidth ratios.
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