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Observation of Rabi splitting in a bulk GaN microcavity grown on silicon
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We report the experimental observation of the strong-coupling regime in a nitride-based microcavity. The
active layer in the optical cavity consists of al/2 GaN layer sandwiched between a dielectric mirror and the
silicon substrate, which acts as the bottom mirror. Reflectivity measurements have been performed under
various angles of incidence atT55 K, producing evidence of strong-coupling behavior between the exciton
and the cavity mode. A Rabi splitting of 31 meV is obtained experimentally. Transfer-matrix simulations have
allowed us to account for the exciton-photon interaction. From these calculations, the oscillator strengths of the
A andB excitons are evaluated and these values are in good agreement with those previously determined in
bulk GaN.
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Since the first observation of strong exciton-photon c
pling, numerous laboratories across the world have achie
microcavities in various material systems in order to stu
the physics of strong light-matter interaction in semicond
tor material.1 Recent results have highlighted the potential
strongly coupled semiconductor microcavities to achiev
Bose condensate of polaritons in a solid state materia2–4

This unique entity is of enormous interest from a fundam
tal point of view and its distinct properties compared to
Bose condensate of atoms make it exceptional for study
the nonclassical states of matter.3,5 This dynamical conden
sate has vast potential for a new generation of low thresh
coherent light emitters, parametric amplifiers, a
switches.5,6 Although this immense occupation of the low
polariton state has been observed in numerous material
tems, these microcavities ultimately demand a material s
tem having a large exciton oscillator strength and bind
energy.4–6 A large exciton oscillator strength permits a lar
Rabi splitting more resistant to exciton density and tempe
ture broadening while a large exciton binding energy will
more resilient to the dissociation of polaritons or excito
into free carriers.5 The widely studied GaAs-based microca
ity has brought about a significant understanding but un
tunately it does not fit the above requirements. Wide-ba
gap semiconductors such as II-VI@ZnSe/ZnMgSe~Ref. 7!
and CdTe/CdMnTe~Ref. 8!# and III-N ~GaN/GaAlN! based
structures provide this dual requirement,9,10although, in spite
of the remarkable breakthroughs made in the last five ye
the quality of crystal growth is still much higher in GaA
based heterostructures.11

To our knowledge the largest observed Rabi splitting i
ZnSe microcavity is 44 meV.12 In GaN-based microcavities
the larger exciton binding energy of 30 meV for bulk layers13

and '50 meV ~Ref. 14! @compared to 40 meV for ZnS
~Ref. 8!# for quantum well structures combined with th
larger coupling strength predicted should produce robust
lariton states that are more stable at higher temperatures
higher exciton populations. Very large Rabi splittings
45–90 meV,9,15 depending on design, have been predic
but up until now there has been no report of strong-coup
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observation in a GaN-based microcavity. Due to their exc
tional material robustness and their light emitting capab
ties, GaN-based optoelectronic devices are having a la
impact on industry. Research is now directed towards G
microcavity-based devices16–18and fundamental research d
voted to strong coupling is generating much speculation.6,9,10

It is expected that the strong-coupling regime will have
significant impact in terms of Bose condensation in a so
state material and can realistically be exploited in GaN-ba
devices.

Microcavity structures up until now showing strong
coupling behavior consisted of high finesse cavities hav
mirror reflectances near unity. For III-N based structures it is
not a trivial issue to grow crack-free, highly reflective di
tributed Bragg reflectors.16 Previous simulations have show
that it would be possible to observe strong light-matter int
action in a GaN bulk cavity as soon as the inhomogene
broadening of the exciton is reduced below 30 meV eve
the amplitude of the optical cavity field is not very high.19 In
this work, we present the experimental observation of
strong-coupling regime in an original low finesse GaN m
crocavity structure grown by molecular-beam epitaxy~MBE!
on a silicon substrate.

The microcavity structure is comprised of al/2 GaN ac-
tive layer grown on a three layer Bragg stack consisting o
2l-l/4 layer of AlN, a 2l-l/4 layer of Al0.20Ga0.80N, and a
l/4 layer of AlN grown by MBE on a Si~111! substrate.
These three layers are the buffer layers necessary to o
come the difficulties encountered during the growth of
trides on Si substrates.20 The thickness of each layer is cho
sen so as to simultaneously satisfy the Bragg condition
the thickness requirement of each buffer layer imposed
the MBE growth. The silicon substrate forms the botto
mirror and produces a reflectivity of 30% in the near-U
range. The upper mirror is a four period SiO2 /Si3N4 dielec-
tric mirror producing a reflectivity of 83% in the GaN me
dium under normal incidence.

The microcavity structure was studied in reflection und
various angles of incidence atT55 K. Figure 1 displays the
refractive index profile of the microcavity structure togeth
©2003 The American Physical Society13-1
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with the electric-field intensity (uEu2) in the growth direction
for normal incidence at a photon energy of 3.4 eV. The
tical response is measured from reflectivity measurem
where the energy of the cavity mode is varied by increas
the angle at which light is incident on the cavity structure21

The as-grown structure presents a large negative detu
since the energy of the cavity mode lies at 3.40 eV un
normal incidence while the excitonic transition energy is
cated around 3.5 eV. Angle-resolved reflectivity experime

FIG. 2. Angle-resolved reflectivity measurements from the G
microcavity atT55 K performed for transverse magnetic~TM! and
transverse electric~TE! polarizations. The strong light-matter cou
pling is clearly observed between 52° and 54° for both polari
tions.

FIG. 1. Electric-field intensity (uEu2) under normal incidence in
the investigated bulk GaN microcavity for a photon energy of
eV corresponding to the resonance of the as-grown cavity. The
fractive index profile of the whole structure is also given.
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sfor both polarizations~TM: transverse magnetic, TE: trans
verse electric! are reported in Fig. 2 for angle values varyin
between 42° and 65°. Foru542°, the uncoupled cavity
mode lies at low energy and a weak, rather wide dip, co
sponding to the GaN related excitons, is seen at high ene
As the energy of the cavity mode increases, the amplitud
the excitonic dip decreases until its integrated intensity
equal to that of the cavity mode at the resonance for a va
of u lying between 52° and 54° for TM polarization, ev
dencing strong light-matter coupling.22 For TE polarization,
it occurs also in this range but at a slightly higher angle th
that of TM. For larger angles, the coupling progressive
disappears and it can be observed that the spectral widt
the cavity mode is larger than for smaller values ofu. This is
most probably due to the fact that the cavity mode is re
nant with the band-to-band continuum states. The lateral
homogeneity related to layer thicknesses can also be res
sible for such a behavior since for large incident angles,
light path in the cavity is increased. The coupling is le
pronounced in the TE polarization as previously observ
and explained in a GaAs-based cavity.21 The exciton-photon
coupling has also been observed unambiguously at 77 K
at room temperature, due to the additional thermal broad
ing of excitons (kT526 meV), the splitting is not clearly
resolved.

The energy positions of the reflectivity dips are report
in Fig. 3 for TM and TE polarizations. The shift to highe
energy of the cavity features is clearly evidenced toget
with the anticrossing between the exciton and photon mo
This figure shows also a slight difference between the a
crossing positions related to the TE and TM polarizatio
-

FIG. 3. The energy positions of the reflectivity dips in the bu
GaN microcavity for both TM~a! and TE ~b! polarizations as a
function of the incidence angle. Solid and dashed lines corresp
to simulations.
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For the angle values lying in the investigated range the
dip of the cavity mode is observed at higher energy than
TE polarization, the energy difference being maximal foru
565° ~6 meV!. This is due to the different phase shifts a
penetration of the optical modes into the dielectric mirror
the two polarizations. For TM polarization, a minimu
exciton-photon splitting of 30.8 meV is achieved foru
552°, and for TE polarization this value is 31.5 meV f
u554°. Thus an average value of 3161 meV is measured in
both polarizations. The solid and dashed lines are the res
of transfer matrix reflectivity simulations as a function ofu.23

An overall good agreement is found with experimental
sults for both polarizations. In these calculations, the ex
tons of the GaN active layer are modeled as Lorentz osc
tors without spatial dispersion. Only two oscillators a
introduced in order to take into account theA andB excitons
whose oscillator strengths are the most significant. TheC
exciton is not considered here because of its higher en
and its lower oscillator strength.24 An energy splitting of 5
meV betweenA andB is assumed. The agreement betwe
the measured reflectivity spectra and simulation is obtai
for oscillator amplitude values proportional to the oscilla
strength of 40 000 and 30 000~meV!2 for the A andB exci-
tons, respectively; these values agree very well with previ
determinations of these parameters.25 As the linewidth of the
excitonic mode is rather large, inhomogeneous broadenin
included in the model and a value of 40 meV was dedu
for the linewidth of each exciton.26 Concerning the energy o
the A andB excitons, the values of 3528 and 3533 meV a
used in the simulations in order to account for the ene
position of the dips. These values could seem to be relativ
high but considering the strains imposed on the GaN ac
layer by the underlying thick AlN layer and the dielectr
mirror they are not surprising. Further calculations were a
performed in order to evaluate the maximum exciton-pho
splitting which could potentially be achieved in such a stru
ture. The structure considered is exactly the same as
investigated in this work, except for the thickness of the G
active layer. Figure 4 displays the evolution of the excito
photon splitting at resonance for different thicknesses of
GaN active layer. The Rabi splitting increases with act
layer thickness due to the increased superposition betw
the material and photon wave functions27 @as a result of the
increased ratio value~length of the active region!/~effective
cavity length!#. A value of 60 meV appears to be the upp
limit achievable with such a structure.

The results show clear evidence of strong-coupling
havior from an extremely simple GaN microcavity. The ca
ity and exciton linewidths are broad due to the low cav
finesse and the poor quality of the bulk GaN active layer t
is grown directly on a highly defective buffer layer sequen
It is now well known that the quality of this GaN layer im
proves with thickness and the original structure presente
this paper is just the starting point for a series of rich inv
tigations involving GaN microcavities. Instead of growing
15331
r

r

lts

-
i-
-

gy

n
d

r

s

is
d

e
y
ly
e

o
n
-
at

-
e

e
en

r

-
-

t
.

in
-

thin highly defective cavity layer, thick GaN films~1–2mm!
can be grown producing state of the art bulk GaN or Ga
AlGaN multiple quantum wells with emission linewidth
'10 meV.20 The silicon substrate can be easily remov
thus opening the way to hybrid structures with highly refle
tive top and bottom dielectric mirrors. The initial highly de
fective GaN layer can then be removed by reactive ion et
ing until the desired cavity length remains with an acti
layer of much higher material quality. This approach is c
rently in the process of optimization.17,28

In conclusion, strong exciton-photon coupling has be
observed experimentally in a bulk GaN microcavity with
Rabi splitting of 31 meV at 5 K well accounted for by trans
fer matrix simulations. This observation is extremely pro
ising for the study of quantum degeneracy of microcav
polaritons and the realization of future optoelectronic devi
based on the polariton Bosonic character.

The authors are indebted to A. Kavokin for stimulatin
discussions, to S. Walker~University of Sheffield! for dielec-
tric mirror deposition, and to R. Butte´ and M. S. Skolnick for
their interest in this work. This work was supported by t
EC-RTN ‘‘CLERMONT’’ program, Contract No. HPRN-CT-
1999-00132.

FIG. 4. Evolution of the Rabi splitting at resonance as a funct
of the thickness of the GaN active layer inserted in a microcav
similar to that investigated in the present work. A maximum co
pling strength of 60 meV is predicted in such a structure. The d
dashed line is a guide for the eye.
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