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Abstract

To obtain novel quantum optics devices useful for quantum information technol ogy, we have demon-
strated the ability to control both the weak and strong exciton-photon coupling regimes in GaN-based
microcavities at room temperature. High-quality microcavities were obtained with a Q factor as high as
460 by using anew fabrication technique. Lasing action with alow threshold of 5.1 mJ¥cm?, whichishalf
the previously reported value, was observed in the weak coupling regime. Moreover, cavity polaritons
were formed with anti-crossing dispersion and Rabi splitting of 6 meV in the strong coupling regime.

1. Introduction

The coupling between light and matter in optical
microcavities has been intensively studied with the
aim of controlling the properties of the electronic
states by controlling the photonic environment sur-
rounding them [1]. The rapid progress in nanofabri-
cation technologies in recent years has enabled us to
achieve light-matter coupling in the solid state such
as in semiconductor microcavities with quantum
wells (QWS). In semiconductor microcavities, exci-
tons in QWSs (matter) interact with cavity photons
(light). An exciton is a quantized particle composed
of an electron-hole pair bound together by Coulomb
attraction; a cavity photon has a discrete resonant
energy dueto awavelength-sized cavity length. Exci-
ton-photon coupling in semiconductor microcavities
yields intriguing physics such as the modification of
spontaneous emission and the cavity polariton effect
and its bosonic features. Such coherent manipulation
of quantum states is a promising approach for devel-
oping novel quantum optics devices useful for quan-
tum information technology. The ability to control
exciton-photon coupling at room temperature and an
understanding of the fundamental physics are impor-
tant for the implementation of actual devices.

Exciton-photon coupling has two distinct regimes:
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(i) the weak coupling regime, where the spontaneous
emission rate can be modified and (ii) the strong cou-
pling regime, where the atom-like state of an exciton
can couple coherently with the single photon mode;
thisis discussed in more detail in Sec. 2. In the weak
coupling regime, the electronic excitation decays
irreversibly, i.e., the photon emitted by the electron-
hole recombination of the exciton is not re-absorbed
by the same exciton. Moreover, el ectron-hole recom-
bination is allowed only if its energy matches the
energy of the resonant cavity photon. Thus, the spon-
taneous emission process in the microcavity is modi-
fied compared with that in free space, as shown in
Fig. 1(a).

On the other hand, the optical properties in the
strong coupling regime are quite different from those
in the weak coupling regime. Namely, there is
reversible decay, where there is an energy exchange
between the exciton and photon modes as shown in
Fig. 1(b). An exciton emits a photon through the
recombination process. After around-trip to the cav-
ity mirror and back, this photon is re-absorbed by the
same exciton, which then emitsaphoton again. These
continuous exchange processes represent strong cou-
pling and produce the mixed exciton-photon state
called cavity polaritons. In recent years, much atten-
tion has been focused on the behavior of these polari-
tons as composite bosons. Photons, which are bosons,
tend to occupy the same energy state, whereas two
electrons, which are fermions, cannot occupy the
same state as a consequence of the Pauli exclusion

27



Selected Papers

(a) Weak coupling

Irreversible process
- control of spontaneous emission rate

(b) Strong coupling

"
U

Qw

Reversible process
- formation of cavity polariton

e [ h Free electron or hole
ex Exciton (electron-hole pair)
@ Photon

Fig. 1. Schematic explanation of (a) weak and (b) strong exciton-photon coupling in microcavities.

principle. Therefore, polaritons have the potentia to
produce collective Bose-Einstein condensation
(BEC), as observed in atomic systems.

Recently, such exciton-photon coupling in semi-
conductor microcavities has attracted a great deal
attention as a means of developing novel optical
devices for quantum information technology and
coherent next-generation light sources such as single
photon emitters [2], entangled photon emitters [3],
and thresholdless lasers [4]. By using the specific
properties of the weak coupling regime mentioned
above, we can make optical deviceswith ahigh emis-
sion efficiency such as vertical-cavity surface-emit-
ting lasers (VCSELS). Moreover, we can expect to
make ahighly efficient single photon emitter by using
a quantum dot embedded in a three-dimensional
microcavity as the result of coupling an atomic-like
two-level system to avery small mode volume [2].

Polaritons acting as acomposite boson in the strong
coupling regime exhibit strong parametric scattering
due to polariton-polariton interaction, and this para-
metric fluorescence is predicted to produce strongly
correlated photon pairs of signal and idler polaritons
[3],[5]. Ancther topic of interest isrelated to the BEC
of polaritons. These polaritons will condense to their
final state with again asaresult of certain scattering
processes; then, unlike in the weak coupling case,
coherent light will be emitted from the polaritons in
that state without athreshold or any population inver-
sion [4].

GaN-based semiconductors are promising materi-
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alsfor making microcavity systems. It iswell known
that the excitons in GaN-based semiconductors have
alarger oscillator strength and larger binding energy
than those in conventional compound semiconduc-
tors such as GaAs [6]. Therefore, GaN-based micro-
cavities should exhibit outstanding properties not
only in the weak exciton-photon coupling regime but
also in the strong coupling regime even at room tem-
perature. Several research groups have attempted to
fabricate GaN-based microcavity structures using
monolithically grown GaN/AlGaN distributed Bragg
reflectors (DBRs) [7]. However, it was difficult to
obtain high-quality microcavity structures that could
reach the strong coupling regime because of the lat-
tice-mismatch in GaN-based DBRs. If we are to con-
trol the exciton-photon coupling in GaN-based
microcavities, we must first achieve strong coupling
at room temperature by using high-quality microcav-
ities.

This paper reports the control of exciton-photon
coupling in GaN-based QW microcavities at room
temperature. Section 2 describes the theory and
experimental prospects of exciton-photon interaction
in microcavities. Section 3 describes the fabrication
of high-quality GaN-based microcavity structures.
Experimental results related to the optical properties
of weak and strong exciton-photon coupling is dis-
cussed in Sec. 4. Particular attention ispaid to thefor-
mation of polaritonsasaresult of strong exciton-pho-
ton coupling, which was achieved for thefirst timein
GaN-based microcavities at room temperature.
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2. Exciton-photon interaction in microcavities

A typical microcavity structure is shown schemati-
cally inFig. 2. It consists of aplanar Fabry-Pérot cav-
ity with QWs sandwiched between two DBRs. In this
case, a QW exciton state, with a well-defined trans-
verse k momentum (ky), is coupled to asingle cavity-

J ks DBR
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Fig. 2. Typical structure of one-dimensional
semiconductor microcavity. Dotted arrows show
the transverse (ky) and longitudinal (ko)
wavevectors of the photon inside the cavity.
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photon mode with the same in-plane wave vector due
to momentum conservation caused by the in-plane
trangitional invariance of the electronic and photonic
systems. Therefore, we need to consider only the ky
values of the photon and exciton.

The energy dispersion relationships for a cavity
photon and QW exciton with various ky values (dot-
ted curves) are shown in Fig. 3(a). If the excitons are
embedded in a microcavity, then an energy exchange
between the exciton and photon, known as Rabi
oscillation, appearsin principle. The Rabi oscillation
frequency Q isgiven by [8]

szh\/g(f)z—gL;yp“g, &

where yex (yph) is the exciton (photon) linewidth and
g(f) isacoupling factor whose sgquare is proportion-
al to the exciton oscillator strength f. This coupling
factor is given by
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density coupled to the cavity mode, and Les is the
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Fig. 3. (a) Dispersion relationship of the cavity photon (Epn) and QW exciton (Eex), shown by dotted black curves. Red
curves show the dispersion relation of the upper polariton (Eyp) and lower polariton (E.p) branches with strong
coupling. Rabi splitting is denoted by 7%Q. (b) Reflection spectra in weak (black curves) and strong (red curves)

coupling regimes at k; = 0.
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If the excitons are bleached by strong excitation or
if the coupling factor is smaller than the linewidth
termin Eq. (1), the system switches to the weak cou-
pling regime, i.e., Rabi oscillation does not occur.
However, in this regime the spontaneous emission
rate, i.e., the coupling efficiency to the cavity mode,
is modified compared with that in free space. The
spontaneous emission rate given by Fermi’s golden
ruleisproportional to Q/V, where Qisthe quality fac-
tor of the cavity mode and V is the mode volume. In
the case of a microcavity, Q can be increased and V
can be decreased by designing the DBR reflectivity
and the cavity length appropriately. Therefore, we
can expect high emission efficiency when a micro-
cavity isused in the weak coupling regime. The cou-
pling efficiency of the spontaneous emission was
investigated experimentally to measure the depen-
dence of theintegrated emission intensity on the exci-
tation power.

In contrast, if the coupling factor is much larger
than the linewidth term in Eg. (1), the system main-
tains strong coupling. In thisregime, an anti-crossing
mixed state with a Rabi frequency isformed as upper
and lower polariton branches, as shown by the red
curvesin Fig. 3(a). ThisRabi frequency valuereflects
the strength of the exciton-photon coupling and
should be proportional to (f)¥2, as shown in Egs. (1)
and (2), when the linewidth contrast can be assumed
to be yex — yph = 0. Therefore, we can expect the exci-
ton-photon coupling to be enhanced by anincreasein
the oscillator strength coupled to the cavity mode.
Rabi oscillation also appears as spectral splitting and
is known as vacuum-field Rabi splitting #Q in the
wavel ength domain, as shown by thered curvein Fig.
3(b). These spectral dips correspond to upper and
lower polaritons. The formation of these polaritonsin
the strong coupling regime is confirmed by the
appearance of such dipsin the reflection spectra.

3. Fabrication of InGaN QW microcavities

We used high-quality GaN-based microcavities to
control the exciton-photon interaction. They were
fabricated using a wafer bonding technique with a
GaN-based QW layer and dielectric DBRs (Fig. 4(a))
[9]. The 4A-thick InGaN/AlGaN QW layers (A:
wavelength) were grown directly on n-type 6H-SIC
substrates by metal organic vapor phase epitaxy. The
QW consisted of three or ten sets of 5-nm-thick
Ino.02Gap.0sN barriers and 2.5-nm-thick 1ng 15Gao.esN
active layers with an Algo7Gao.asN buffer layer. The
QWswere placed at the anti-node position of theres-
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onant optical wavein the cavity. Weremoved the SIC
substrate from the InGaN QW layer using a conven-
tional dry etching technique. After removing the sub-
strate, we sandwiched the QW layer between SiOy/
ZrO2 DBRs deposited on sapphire substrates using a
wafer-bonding technique. We could freely control the
refractiveindex and thickness of the bonding layer. In
this study, the design values for refractive index and
thickness were 1.5 and 200 nm, respectively. The
maximum reflectivity of the bare SiO./ZrO, DBR
was about 99% at 400 nm with a 100-nm-wide stop-
band. A cross-sectional image taken with a scanning
electron microscope is shown in Fig. 4(b). This
image shows that we were able to obtain a high-qual-
ity GaN-based microcavity structure without surface
roughening or cracks.

4. Experimental results and discussion

4.1 Weak coupling regime

To investigate the optical properties of the fabricat-
ed microcavities in the weak coupling regime, we
measured the emission spectra under a high excita-
tion condition at room temperature [9]. The optical
pump sourcewas a 'YV O4/LBO laser emitting 10-ns-
wide pulses at awavelength of 355 nm with a repeti-
tion rate of 20 kHz. The excitation beam wasincident
normal to the sample surface and focused with an
objective lensto a spot diameter of 21 um. The spon-
taneous emission spectrum from the InGaN micro-
cavity at room temperature is shown in Fig. 5(a). We
observed narrow emission at 400 nm. Its peak posi-
tion and width both corresponded to those of the cav-
ity resonance mode observed by reflection measure-
ment. In this wavelength range, the full width at half
maximum (FWHM) of this emission was 0.87 nm,
which gave a Q factor of 460. It should be noted that
the resolution limit of our spectrometer was 0.06 nm
in this wavelength region. Using this Q factor, we
estimated the effective reflectivity of the DBRsto be
about 98%, which is almost equal to the maximum
reflectivity of the bare DBRs (99%).

We measured the emission intensity dependence on
the optical excitation power in this microcavity at
room temperature. We accumulated a series of emis-
sion intensities for 104 pulses and plotted them as a
function of excitation energy per pulse (Fig. 5(b)).
This figure shows a clear threshold at an excitation
energy Ew of 17.5 nJ/pulse. Lasing occurred at a
wavelength of 401 nm, as seen in Fig. 5(c). This
threshold energy of 17.5 nJ/pulse corresponds to an
energy density of 5.1 mJcm?. We al so observed spec-
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Fig. 4. (a) Schematic diagram of the fabrication of an InGaN microcavity after removal of the SiC substrate from the
cavity layer, which is sandwiched between dielectric DBRs. (b) Cross-sectional image taken with a scanning

electron microscope.

tral narrowing above the threshold, as shown in Fig.
5(c), and the lasing FWHM was about 0.2 nm.

From theselasing properties, we could calculate the
spontaneous emission factor (8) in the InGaN micro-
cavities. This factor indicates the coupling efficiency
of the spontaneous emission to the lasing mode, and
it increases as the cavity mode volume decreases.
Figure 5(d) shows the emission intensities of 3QW
cavity in Fig. 5(b), replotted on a logarithmic scale.
The difference in emission intensity before and after
lasing correspondsto B of about 1072, This meansthat
the spontaneous emission in this microcavity is cou-
pled to the lasing mode 1000 times as effectively as
in typical edge-emitting lasers with a 8 of about 10°
[10].

Someya et al. reported room-temperature lasing in
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GaN cavitieswith InGaN QWSs at athreshold density
of 10 mJcm? with hybrid DBRs[7]. Thelasing of our
microcavitieswas achieved at athreshold energy den-
sity of 5.1 mJcm?, which is half the value reported in
Ref. 6. This was due to the high-quality crystalline
cavity and QW layers that were grown directly on
SiC substrates without surface roughening or crack-
ing. These results may help to make possible both
low-threshold VCSELs and highly effective single
photon emitters based on GaN semiconductors.
Moreover, they suggest that strong coupling can be
achieved in GaN-based microcavities.

4.2 Strong coupling regime

Next, we examined the optical properties of our
microcavities in the strong coupling regime. For this

31



Selected Papers

0.87 nm

Emission intensity

i} UM I
395 400 405 410
Wavelength (nm)

© |

0.2 nm

Emission intensity (a.u.)

2.3E,
1.4E,
E,.
0.6E,,
ITERIRTETE FRRTRERTRN [RTRT RENTI RTUTE RTRT IRTH
370 380 390 400 410

1

L

Wavelength (nm)

Emission intensity

Normalized intensity (a.u.)

0 20 40
Excitation power (nJ/pulse)

A L) B R R L B R

@

10°

u
—_ —_ —_ - —_
o o o [} o
— N w £ Gl

—_
(]
=]

107"

1072

purt

102

107" 10 10°

Excitation power (nJ/pulse)

Fig. 5. Optical properties in weak coupling regime. (a) Spontaneous emission spectrum, (b) dependence of the emission
intensity on optical excitation power, (c) emission spectra at various excitation powers, and (d) emission
intensities of 3QW cavity in (b) re-plotted on a logarithmic scale. Integrated intensities were normalized by that at

the lowest excitation energy.

purpose, we measured the reflection spectra using the
cavity detuning method at room temperature [11]. 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 um by using a
pinhole. The light was incident normal to the sample
surface. The GaN-based cavities were formed in a
wedge-like shape where the energy of the cavity
mode varied spatially at a rate of 0.2 meV/um. The
reflection spectra of the empty cavity (without QWSs)
are shown in Fig. 6(a). These spectra were obtained
using a probe light at intervals of 200 um along the
sample surface. It can be clearly seen that the cavity
resonance position could be controlled linearly. We
achieved a Q factor as high as 400 in this cavity,
which corresponds to an FWHM (yph) of 7 meV.

The reflection spectra of the QW microcavities for
various degrees of cavity detuning are shown in Fig.
6(b). We observed the appearance and disappearance
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of splitting at positions around 2.807 eV and these
positions varied with the cavity detuning energy o =
Eph — Eex, Where Eph isthe 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 din Fig. 6(c). In thisfig-
ure, the anti-crossing behavior is clearly revealed by
the vacuum-field Rabi splitting of 6 meV caused by
cavity detuning, where the Rabi splitting value
reflects the strength of the exciton-photon coupling.
Thered curveinFig. 6(b) isatheoretical dispersion
curve for the Rabi splitting calculated from the mul-
tiple-interference analysis obtained with a DBR
Fabry-Pérot interferometer using atransfer matrix for
optical propagation. The measured linewidth of the
cavity mode yph Wwas 7 meV. Thefitting parametersin
this calculation were the Lorentzian homogeneous
linewidth of the InGaN exciton yex and the peak
absorption coefficient a. Values of yex = 15 meV and
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Fig. 6. (a) Reflection spectra of empty cavity measured at various positions at room temperature. (b) A series of reflection
spectra of InGaN QW microcavities for various degrees of cavity detuning o= Epnh — Eex. The red curve shows the
calculated spectrum. (c) The dip positions in (b) plotted as a function of the detuning energy J.

a =4 x 10° cmr yielded good agreement between the
theoretical curves and the experimental results. This
value of a is of the same order of magnitude as that
for GaN QW excitons [12]. Using these parameters,
we deduced that Nf = 2.0 x 10%3 cm per QW. For ref-
erence, GaAs QW microcavities have been reported
to have Nf = 4.8 x 10*? cm2 per QW [13]. The oscil-
lator strength of InGaN QW excitons is one order of
magnitude larger than that of GaAs QW excitons.

To prove that polaritons were formed in the strong
coupling regime, we must observe the dependence of
the polariton dispersion on k;;. We measured the
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angle-resolved photoluminescence (PL) spectra of
the fabricated cavities at room temperature. The opti-
cal pump source was the second harmonic of a Ti-
sapphire laser emitting 10-ns-wide pulses at 355 nm
with arepetition rate of 5 kHz. In this study, the PL
spectra were measured under a non-resonant excita-
tion condition, i.e., the samples were excited outside
the cavity stopband. The wavevector of the light
through a DBR differs depending on the direction of
theemission. A dispersionimage of the PL emissions
from the microcavities obtained by angle-resolved
PL measurements at room temperature is shown in
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Fig. 7. Angle-resolved PL spectra measured at room
temperature. (a) CCD image of the dispersion
curve of the polaritons. Red and dotted curves
show the calculated dispersion curve of polaritons
and uncoupled mode, respectively. (b) Series of
the PL spectra with various k.

Fig. 7(a), and the spectrum for each value of the
wavevector in it is shown in Fig 7(b). Two split

branches, which correspond to lower and upper
polariton branches, can be seen with a Rabi splitting
of 6 meV, which is the same as the reflection value.
The dispersions of the cavity photon (Epn), QW
exciton (Ee), and polariton (Epo) are given by

Fenllon) = n %2_71@2 %

%k
Eec(ki) = Eex(0) + @
Epol(k//)zﬁi\/gz (Epn 4E@()

where ncav and Lcay aretherefractiveindex and length
of the cavity, respectively, and Mex is the effective
mass of the exciton. In Fig. 7(a), the dotted and red
curves show the dispersions Epn, Eex, and Epol calcu-
lated using the parameters. These calculations con-
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sidered the actual cavity structure and used an esti-
mated oscillator strength of 2.0 x 103 cm™ per QW.
The theoretical curves of Epo reproduced the experi-
mental results well. These results also reveal the for-
mation of an InGaN polariton in the luminescence.

Our InGaN QWsin the as-grown samples had a PL
linewidth of about 200 meV. Note that this linewidth
is the sum of the homogeneous and inhomogeneous
linewidthsin the QW emission. It iswell known that
the In composition of an InGaN QW fluctuatesin the
QW plane. The light emission from the InGaN QW
originates from localized excitons in the In-rich
regions and this leads to inhomogeneous spectral
broadening [14]. When the localized excitons in an
InGaN QW have discrete energy states such as exci-
tons in quantum dots, only those excitons whose
energy matches the cavity resonant energy contribute
to the strong coupling. The amount of Rabi splitting
is determined by the homogeneous linewidth at the
exciton energy [15]. This is generally disadvanta-
geous for strong coupling compared with the situa-
tion in ahomogeneous QW where all the excitons can
couple to the cavity mode. In our InGaN QW micro-
cavities, however, the localized excitons with large
oscillator strengths at certain discrete energy levels
enabled us to observe the Rabi splitting. Moreover,
such alocalized exciton effect appeared in the angle-
resolved PL measurements, as shown in Fig. 7. In
these results, the luminescence from the upper polari-
ton branch isstronger than that from the lower branch
intheky >> 0 region. Thisisdueto two exciton states
with different transition energies coupling to a cavity
mode with different detuning energies. Therefore, the
upper branch forms a hybrid state, and its density of
states increases effectively. Achieving strong cou-
pling in GaN-based microcavities is an important
step in the investigation of fundamental polaritonic
physics at room temperature. Moreover, it will lead to
polaritonic devices based on bosonic behavior such
as entangled photon emitters and thresholdless lasers
operating at room temperature.

5. Conclusion

This paper described the control of the exciton-pho-
ton interaction in GaN-based QW microcavities at
room temperature. High-quality microcavities were
obtained with a Q factor as high as 460 by using
selective etching and wafer bonding techniques. In
these fabricated microcavities, low-threshold lasing
of 5.1 mJcm?, half the previously reported value, was
observed in the weak coupling regime. These micro-
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cavities also exhibited an enhanced spontaneous
emission rate of 1000 times those of conventional
edge-emitting lasers. Moreover, a strong exciton-
photon interaction was achieved at room temperature.
Cavity detuning and angle-resolved measurements
confirmed the anti-crossing behavior of the cavity
polaritons with a vacuum-field Rabi splitting of 6
meV. Until now, strong coupling and bosonic behav-
ior of polaritons have been examined only at low tem-
peratures using GaAs-based microcavities. At higher
temperatures, many scattering processes for polari-
tons such as phonon scattering are believed to exist.
These process collapse polaritons and prevent boson-
ic behavior. The bosonic behavior of the polaritons
should open up new scientific fields such as coherent
manipulation of bosonsin the solid state and lead to a
new generation of optical devices. The results
described here should play an important role in clari-
fying these scattering mechanisms at room tempera-
ture and finding solutionsto these problems. Thiswill
lead to novel quantum optics devicesthat will be use-
ful for guantum information technol ogy.
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