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Cavity Polaritons in InGaN Microcavities at Room Temperature

T. Tawara,* H. Gotoh, T. Akasaka, N. Kobayashi,† and T. Saitoh‡

NTT Basic Research Laboratories, NTT Corporation, 3-1 Morinosato-Wakamiya, Atsugi, Kanagawa, 243-0198, Japan
(Received 5 November 2003; published 25 June 2004)
256402-1
Cavity polaritons are observed in InGaN quantum well (QW) microcavities at room temperature.
High-quality microcavities are fabricated by the wafer-bonding of InGaN QW layers and dielectric
distributed Bragg reflectors. The anticrossing behavior of strong exciton-photon coupling is confirmed
by vacuum-field Rabi splitting obtained from reflection measurements. This strong coupling is also
enhanced by increasing the integrated oscillator strength coupled to the cavity mode. The oscillator
strength of InGaN QW excitons is 1 order of magnitude larger than that of GaAs QW excitons.
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thermal expansion coefficient in monolithically grown
GaN/AlGaN DBRs. Very recently, Antonie-Vincent

a wafer-bonding technique. Low-threshold lasing by op-
tical pumping has been achieved in such microcavities,
For the last decade, strong exciton-photon coupling in
vertical semiconductor microcavities has been energeti-
cally studied with a view to control the properties of both
photons and excitons [1–11]. When the exciton state is
strongly coupled to the cavity-photon mode, quasipar-
ticles called cavity polaritons are produced with an anti-
crossing dispersion relation. In recent years, much
attention has been directed to the behavior of these cavity
polaritons as bosonic particles in the strong coupling
regime. One area of interest relates to the Bose-Einstein
condensation (BEC) of cavity polaritons [4–11]. These
polaritons will condense to their final state with a gain as
a result of certain scattering processes, and then coherent
light will be emitted from the polaritons in that state. The
BEC of the polaritons is expected to yield new scientific
fields, such as the coherent manipulation of bosons in a
solid state [9], and be applied to a new generation of
devices, such as polariton lasers without threshold or
population inversion [10,11].

Experimental trials on the BEC of polaritons have
already been undertaken using semiconductor microcavi-
ties based on CdTe [5] or GaAs [6]. In contrast, it is well
known that the excitons in GaN-based semiconductors
have a larger oscillator strength [12], faster relaxation
rate [13], and larger binding energy than those in
GaAs- and CdTe-based semiconductors. In GaN-based
microcavities, therefore, we can expect very strong
exciton-photon coupling that will achieve the BEC of
the polaritons beyond room temperature [10,11]. Several
research groups have tried to fabricate GaN-based micro-
cavity structures with monolithically grown GaN/AlGaN
distributed Bragg reflectors (DBRs) [14–17]. However,
these studies have examined the weak coupling regime,
i.e., a conventional lasing regime with population inver-
sion. This may be because the control of the photon and
exciton characteristics is insufficient to allow us to reach
the strong coupling regime due to surface roughening and
cracks that penetrate the whole cavity. These faults are
induced by the mismatch between the lattice and the
0031-9007=04=92(25)=256402(4)$22.50
et al. observed polaritons in bulk-GaN microcavities
without monolithically grown DBRs , but this was still
restricted to a low temperature of 5 K [18]. If we are to
discuss BEC or the lasing of polaritons in GaN-based
microcavities, we must first achieve strong coupling at
room temperature by using high-quality microcavities.

In this Letter, we report the observation of cavity
polaritons in high-quality InGaN microcavities by re-
flection measurements. We fabricated the microcavities,
which consisted of InGaN quantum well (QW) layers and
dielectric DBRs, using the wafer-bonding technique. We
observed the anticrossing behavior of strong exciton-
photon coupling with a vacuum-field Rabi splitting of
6 meV at room temperature. Moreover, this strong cou-
pling is also enhanced with a Rabi splitting of 17 meV by
increasing the integrated oscillator strength coupled to
the cavity mode. The estimated oscillator strength of the
InGaN QW excitons is 1 order of magnitude larger than
that of the GaAs QW excitons.

We used smooth and crack-free GaN-based microcavi-
ties to realize a strong coupling regime at room tem-
perature. The microcavities were fabricated using a
wafer-bonding technique with a GaN-based QW layer
and dielectric DBRs. Figure 1 is a schematic diagram of
the fabricated GaN-based microcavities. The 4�-thick
InGaN/AlGaN QW layers were grown directly on
n-type 6H-SiC substrates by metalorganic vapor phase
epitaxy. The QW consisted of three or ten 5-nm-thick
In0:02Ga0:98N barriers and 2.5-nm-thick In0:15Ga0:85N ac-
tive layers with an Al0:07Ga0:93N buffer layer. The QWs
were placed at the antinode position of the resonant
optical wave in the cavity. We removed the SiC substrate
from the InGaN QW layer with a conventional dry etch-
ing technique.We used an optical microscope and a three-
dimensional scanning electron microscope to confirm
that the QW layers were crack-free and that the surface
roughness was less than 1 nm. After removing the SiC
substrate, the QW layer was sandwiched between two
SiO2=ZrO2 DBRs deposited on sapphire substrates using
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FIG. 1. Schematic diagram of the fabricated InGaN micro-
cavity with dielectric DBRs. (a) The SiC substrate is removed
from the InGaN QW layer with a conventional dry etching
technique. (b) The InGaN QW layer is sandwiched between
two SiO2=ZrO2 DBRs deposited on sapphire substrates with a
wafer-bonding technique. (c) A smooth and crack-free micro-
cavity is formed.
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which act as a vertical-cavity surface-emitting laser [19].
This is direct proof of the existence of high-quality
cavities.

We measured the reflection spectra of the fabricated
empty cavities at room temperature as shown in Fig. 2.We
used a Xe lamp focused with an objective lens as the
optical light source, and we limited its effective spot size
on the sample surface to about 20 �m by using a pinhole.
The light was incident normally on the sample surface.
The GaN-based cavities were formed in a wedgelike
shape where the energy of the cavity mode varied spa-
tially at a rate of 0:2 meV=�m. The spectra in Fig. 2 were
probed at intervals of 200 �m along the sample surface. It
can be clearly seen that the cavity resonance position can
3.63.43.23.02.82.6
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FIG. 2. Reflection spectra of the fabricated cavity in the
nonresonant region measured at various positions at room
temperature. The dashed line is a guide for the eye. The
detuning range in this cavity is 0:2 meV=�m.
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be controlled linearly. We achieved a cavity quality factor
(Q) as high as 400 in this cavity, and this value corre-
sponds to a linewidth (�ph) of 7 meV.

Figure 3(a) shows the reflection spectra of the QW
microcavities for various degrees of cavity detuning. We
observed the appearance and disappearance of splitting at
positions around 2.807 eV (dotted line) and these posi-
tions varied with the cavity detuning energy � � Eph �
Eex, where Eph is the cavity mode energy and Eex is the
InGaN exciton energy. In this case, Eex was assumed to be
2.807 eV. These dip position energies are shown as a
function of � in Fig. 3(b). The anticrossing behavior of
the cavity polaritons is clearly shown with a vacuum-field
Rabi splitting � of 6 meV by the cavity detuning in this
figure. The Rabi splitting value reflects the strength of the
exciton-photon coupling.

Here we consider the relationship between exciton
density and the Rabi splitting value. � is given by the
relation

� � 2 �h

����������������������������������������������
g�f�2 �

�
�ex � �ph

4

�
2

s
; (1)

where �ex (�ph) is the exciton (photon) linewidth, and
g�f� is a coupling factor whose square root is proportional
to the exciton oscillator strength f. This coupling factor is
given by [20]

g�f� �
�
2�
"r

1

4�"0

e2Nf
mLeff

�
1=2
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where "r; "0 is the relative (vacuum) permittivity, e�m� is
the electron charge (mass), N is the oscillator density
coupled to the cavity mode, and Leff is the effective
cavity length. If the linewidth contrast can be assumed
to be�ex � �ph � 0, the coupling factor and Rabi splitting
value should be multiplied by a factor �N�1=2 as shown in
Eqs. (1) and (2). Therefore, we can expect the exciton-
photon coupling to be enhanced by the increase in the
integrated oscillator strength coupled to the cavity mode.

Figure 4 shows the reflection spectra of microcavities
with different numbers of QWs at � � 0. The Rabi split-
ting in the 10 QW microcavity increases to 17 meV from a
value of 6 meV in the 3 QW microcavity. The solid curves
in Fig. 4 are theoretical dispersion curves for the polari-
tons calculated from the multiple-interference analysis of
the DBR Fabry-Pérot interferometer using a transfer ma-
trix for optical propagation. The measured linewidth of
the cavity mode �ph was 7 meV for 3 QW microcavities
and 12 meV for 10 QW microcavities. The fitting parame-
ters in this calculation are the Lorentzian homogeneous
linewidth of the InGaN exciton �ex and the peak absorp-
tion coefficient �. From the fit with � � 4� 105 cm�1

and �ex � 15 meV, the theoretical curves well reproduce
the experimental result. The � value of 4� 105 cm�1 is
of the same order of magnitude as that of the GaN QW
excitons [21]. Employing these parameters, we can
256402-2
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FIG. 3. Reflection spectra of InGaN QW microcavities measured at room temperature for various degrees of cavity detuning
� � Eph � Eex. (a) A series of reflection spectra from � � �3 meV to 4 meV. Eex (dotted line) was assumed to be 2.807 eV. (b) The
dip positions in (a) plotted as a function of the detuning energy �. The dashed lines show Eph and Eex.
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deduce an Nf of 2:0� 1013 cm�2 per QW. For reference,
the Nf of the GaAs QW microcavities was reported to be
4:8� 1012 cm�2 per QW [22]. The oscillator strength of
InGaN QW excitons is 1 order of magnitude larger than
that of GaAs QW excitons.

Our InGaN QW has also a photoluminescence line-
width, i.e., the sum total of homogeneous and inhomoge-
neous linewidth, of about 200 meV in the as-grown
samples. With an InGaN QW, it is well known that the
2.902.852.802.75
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FIG. 4. The reflection spectra of the microcavities with 3
QWs (upper) and 10 QWs (lower) at � � 0. The solid curves
show the theoretical calculations with fitting parameters of
� � 4� 105 cm�1 and �ex � 15 meV.
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In composition fluctuates in the QW plane. The light
emission from the InGaN QW originates from the local-
ized excitons in the Inrich regions and this leads to
inhomogeneous spectral broadening [23–25]. When the
localized excitons in an InGaN QW have discrete energy
states such as quantum dots, only those excitons whose
energy matches the cavity resonant energy are picked out
by the cavity filter effect. Of these localized excitons,
only those whose energies are resonant with the cavity
mode contribute Rabi splitting. The amount of Rabi split-
ting is determined by the homogeneous linewidth at the
exciton energy [26]. This is generally disadvantageous in
regards to strong coupling compared with the situation in
a homogeneous QW where all excitons can couple to the
cavity mode. In our InGaN QW microcavities, however,
the localized excitons with large oscillator strengths at
certain discrete energy levels enabled us to observe the
Rabi splitting.

We observed cavity polaritons in InGaN microcavities
at room temperature. We obtained crack-free microcav-
ities without surface roughening and with a high Q factor
by using the wafer-bonding technique. Reflection mea-
surements confirmed the anticrossing behavior of the
cavity polaritons with a vacuum-field Rabi splitting of
6 meV. The enhancement of this coupling was also ob-
served with a Rabi splitting of 17 meV by increasing the
integrated oscillator strength coupled to the cavity mode.
The oscillator strength of the InGaN QW excitons was
estimated to be 2:0� 1013 cm�2 per QW, which is 1 order
of magnitude larger than that of GaAs QW excitons. The
256402-3
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above results are a first step toward the realization of the
BEC of the polariton and its stimulated emission at room
temperature.
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[2] R. Houdré, R. P. Stanley, U. Oesterle, M. Ilegems, and
C. Weisbuch, Phys. Rev. B 49, 16 761 (1994).

[3] V. Savona, L. C. Andreani, P. Schwendimann, and
A. Quattropani, Solid State Commun. 93, 733 (1995).

[4] A. Imamoglu, R. J. Ram, S. Pau, and Y. Yamamoto, Phys.
Rev. A 53, 4250 (1996).

[5] Le Si Dang, D. Heger, R. André, F. Boeuf, and
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