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Strong coupling of light with A and B excitons in GaN microcavities grown on silicon
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We present experimental results demonstrating strong-light matter coupling at low and room temperature in
bulk GaN microcavities with epitaxial (Al,Ga)N Bragg mirrors grown on silicon (111). At low temperature, the
strong coupling of both the A and B excitonic features of GaN with the cavity mode is clearly resolved in the
microcavity. At room temperature a Rabi energy of 50 meV is observed and well reproduced using transfer-
matrix reflectivity calculations describing the interaction of both the A and B excitonic states with the photonic

mode.
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In recent years there has been intensive research into the
field of light-matter interaction in semiconductor microcavi-
ties and, in particular, the so-called strong-coupling
regime.!»? Strong coupling occurs when excitons and photons
with the same energy and momentum strongly interact to
create quasiparticles, which are neither exciton nor photon,
but rather the eigenstates of both. These new states, termed
cavity polaritons in analogy to bulk polaritons,® have a very
low in-plane effective mass around k=0. This creates a num-
ber of interesting physical properties not possible for exci-
tons and photons alone. These properties are very interesting
from a fundamental point of view but also offer the possibil-
ity of a new generation of parametric optical amplifiers and
low-threshold lasers* based upon stimulated scattering of
polaritons.’

Most of the early work on strong light-matter coupling
has been performed on the group-III arsenides due to the
maturity and high material quality of these systems. How-
ever, these materials have both an inherently low excitonic
Rydberg and oscillator strength, making it difficult to ob-
serve strong coupling at high temperatures due to thermal
broadening of the excitons.

To observe strong light-matter coupling at room tempera-
ture, the exciton binding energy should be in excess of the
thermal energy, kzT. In this respect the III-N materials offer
an alternative to conventional III-V semiconductors as a re-
sult of the large exciton binding energies of these systems.®
Consequently, III-N materials have significantly larger oscil-
lator strengths, and therefore Rabi energies (g, than their
III-V counterparts. As a result strong light-matter coupling
has now been observed experimentally at both low’ and
room temperature in nitride®? microcavities. Indeed, recently
we published evidence of strong coupling with a large Qg
of 60 meV at room temperature from a simple, low-finesse,
planar GaN microcavity.

In this paper we present a bulk N/2 GaN microcavity
grown by molecular beam epitaxy (RIBER Compact 21) on a
seven-period epitaxial AIN/Al,,GagN distributed Bragg re-
flector (DBR) grown directly on silicon (111). The complete
growth technique of (0001)-oriented nitrides on silicon is
described elsewhere.'” An indication of the high quality of
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the DBR layers is demonstrated by a surface roughness of
0.5 nm over a 3-um? surface area. As a result of this low
surface roughness, well-developed terraces and monolayer
step edges following the crystallographic axis are observed
in large-area atomic force microscopy images. A normal in-
cidence reflectivity of 85% and stop-band width of 450 meV
were measured experimentally for the Bragg mirror. After
the growth of the GaN active layer on the DBR, the micro-
cavity structure was completed with the deposition of a
10-nm transparent aluminum mirror. It should be mentioned
here that a crack density of 100/mm? was observed by opti-
cal microscopy; however, there is no evidence to suggest that
these cracks influence the optical performance of the struc-
ture.

Figure 1(a) shows the experimental reflectivity spectra of
the microcavity for various angles of incidence from 5° to
60° at 5 K for TE polarization. At the bottom of Fig. 1(a) is
shown the photoluminescence (PL) spectrum at 5 K mea-
sured prior to the deposition of the aluminum film. The PL
emission peaks at 3.51 eV which is high in comparison to
conventional um-thick GaN on silicon, which typically
emits at ~3.46 eV at low temperature.'? This high emission
energy results from the large biaxial compressive strain (es-
timated to ~—4 X 1073) within the \/2 GaN layer (~66 nm
thick) and is due to the AIN/(Al,Ga)N DBR upon which it
is grown. The full width at half maximum (FWHM) of the
PL is 19 meV at 5 K. With increasing temperature, the lumi-
nescence linewidth increases progressively up to 42 meV at
room temperature. Actually, it is known that in nominally
undoped GaN, the PL spectra are dominated by donor bound
exciton recombination (D°X) at low temperature while, with
increasing 7, contributions of A and B excitons progressively
dominate."! At room temperature, the PL linewidth reflects
emission from both A and B excitons and a contribution from
the thermal tail of their optical phonon replica.!' Meanwhile,
it is also known that in compressively strained GaN, the D°X
line is linked to the A line, with a constant energy separation
of 6 meV.!> The inhomogeneous broadening in GaN arises
mainly from strain inhomogeneities, which for simplicity can
be considered as both in plane, due to structural defects as
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FIG. 1. (a) Experimental angle-resolved reflectivity at 5 K in TE
polarization. Also shown is the photoluminescence at 5 K prior to
the deposition of the top aluminum mirror. (b) Transfer-matrix
simulations at 5 K. The dotted lines are a guide for the eye only.
The absence of a dotted line for the central polariton branch is to
preserve the clarity of the figure.

threading dislocations, and vertical, due to the progressive
relaxation of the compressive strain.'” As such, we can con-
sider that the 19-meV linewidth of the D°X PL line at 5 K is
a good estimate for the inhomogeneous broadening in our
sample.

The main image in Fig. 1(a) shows the TE-polarized
angle-resolved reflectivity at 5 K. For TM-polarized mea-
surements (not shown here) we observed similar features and
therefore we concentrate on the TE-polarized measurements
only in this article. At an angle of 5° three features are
clearly observed in the reflectivity. The optical mode can be
observed at ~3.463 eV (Q ~ 60) negatively detuned with re-
spect to the A and B excitonic features observed at 3.521 eV
and 3.533+0.002 eV, respectively. The A and B excitonic
features are also observed in the temperature-dependent pho-
toluminescence spectra (not shown here). The observation of
highly resolved A and B free excitons in the reflectivity spec-
tra is further evidence of the presence of a large biaxial com-
pression of the GaN film. In um-thick GaN on silicon the
splitting between A and B excitons is of the order of 1 meV
and is difficult to observe experimentally.'® However, com-
pressive strain in GaN acts to increase the degeneracy of the
valence bands and results in an ultimate splitting of 2A,/3
between the A and B bands, where Ay=17-18 meV (Ref.
13) is the GaN spin-orbit interaction term. This is in rather
good agreement with the experimentally observed splitting
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between the A- and B-excitonic features in Fig. 1(a).

As the angle of incidence is increased, there is a clear
anticrossing with a resonance between the A and B excitons
and the photons at 30° with a Qg,,; of 50 meV. The differ-
ence in oscillator strength of the A and B excitons in strongly
biaxially compressed GaN at k=0 is weak;>!>!* therefore,
the coupling between the A and B excitons and the optical
mode can be assumed to be comparable. The fact that the
middle branch in Fig. 1 appears unperturbed by the anti-
crossing can be understood in terms of its interaction with
the other modes of the system. As the three branches interact
they create new mixed states which consist of both the exci-
tons and the photon modes. It is through the interaction of
these new states that the energy position of the central eigen-
value is set. The maximum shift in energy of this mode is
limited by the separation of the A and B excitons, in this case
2A,/3. This property is inherent in (3 X 3) matrix analysis
where one of the eigenvalues remains approximately con-
stant in relation to the other states of the system.

As the photon passes through the excitonic transitions
such that the cavity is positively detuned both excitonic fea-
tures remain clearly visible. Note also that for energies larger
than resonance, the cavity mode strongly broadens, which
we attribute to band-to-band absorption in GaN that shortens
the photon lifetime. To our knowledge this is the first obser-
vation of the strong coupling of both the A and B excitons
with the photonic mode in a GaN microcavity.

Transfer-matrix reflectivity simulations'* of the angle-
resolved reflectivity are shown in Fig. 1(b). Both A and B
excitons are included in the simulation with an energy sepa-
ration of 15+2 meV. The exciton oscillator strengths used
are 35 000+5000 meV?2, consistent with those measured by
reflectivity on compressively strained GaN.'*-1® Both homo-
geneous I' and inhomogeneous A broadening are included in
the model, with I'=0.1 meV (Refs. 15 and 16) and A
=20 meV. Furthermore, to account for the experimental Rabi
splitting a vertical strain gradient is included in the calcula-
tion. To do this, the cavity is simulated as five discrete layers
with graded excitonic energies (3 meV), each of these with
an inhomogeneous broadening of 15 meV, thus still preserv-
ing a total broadening of 20 meV. Note that this value of the
inhomogeneous broadening is in good agreement with the
estimate taken from the PL. The experimental results are
very well reproduced with this analysis. In particular the
Rabi energy is well reproduced (~50 meV) and the A and B
excitons display a clear anticrossing with the photonic mode.
It is also evident that the position of the central polariton
branch is limited within the energy range determined by the
energy separation of the A and B excitons.

The interaction between the A and B excitons and the
photon is illustrated further in Fig. 2. In this figure the energy
position of the polariton modes displayed in the angle-
dependent reflectivity is plotted as a function of angle and is
illustrated as solid triangles (upper polariton branch B,
UPByj), squares (upper polariton branch A and lower polar-
iton branch B, UPB, and LPBy), and circles (lower polariton
branch A, LPB,), respectively. The subscripts A and B indi-
cate the apparent proximity of the feature to the uncoupled A
or B exciton. The solid lines in the figure indicate the results
of a (3 X 3) matrix calculation'” considering the system as an
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FIG. 2. Variation with angle of incidence of the 5-K polariton
modes. Also shown as solid lines are the numerical simulations
using (3 X 3) matrix analysis of the upper polariton branch, UPBy
(solid triangles) the coupled upper polariton branch, UPB,, and
lower polariton branch, LPBjy (solid squares) and the lower polar-
iton branch, LPB, (soild circles). The uncoupled A- and B-excitonic
(dashed lines) and photonic modes (dotted line) as a function of
angle are also included.

interaction between the A and B excitons with a photon with
Qrapi=54+3 meV and 46+3 meV, respectively. The energy
of the excitonic A and B transitions is almost independent of
angle and is therefore fixed at 3.517 and 3.530 eV while the
photon energy is varied as a function of the angle.!® The C
exciton is not considered in the matrix calculations because
under biaxial compression it is located at a much higher
energy than the A and B excitons and its oscillator strength
for near-normal internal incidence is considerably
weaker. 31213

The resulting eigenvalues reproduce the positions of the
experimental features very well, indicating that strong cou-
pling occurs via the interaction of both exciton levels with
the photons. Also shown in Fig. 2 are the uncoupled A and B
excitonic (dotted lines) and the photonic modes (dashed
line).

The angle-dependent reflectivity of the microcavity at
room temperature is shown in Fig. 3(a). At 5° the photon
mode is at ~3.43 eV, again negatively detuned from the
excitonic features at ~3.5 eV, which can no longer be re-
solved independently due to the effects of thermal broaden-
ing. As the angle of incidence is tuned, a clear anticrossing is
again observed with a Qg,; of ~50 meV. The observation of
a Qg.pi of 50 meV at both low to room temperature results
from the fact that Qg,,; > kgT. This is directly related to both
the strong oscillator strength and large light-matter interac-
tion length of the bulk GaN active layer in our microcavity.'®
Figure 3(b) shows the transfer-matrix simulation of the mi-
crocavity at 300 K, which, again, has very good qualitative
agreement with the experimental results. The oscillator
strength and energy separation of the A and B excitons are
unchanged between 5 and 300 K as the effects of tempera-
ture upon both are considered negligible within this range.
The homogeneous broadening has been increased to
15 meV.">? The effects of the vertical strain gradient are
again included, and though less significant for the simula-
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FIG. 3. (a) Experimental angle-resolved reflectivity at 300 K in
TE polarization. (b) Transfer-matrix simulations at 300 K. The dot-
ted lines are a guide for the eye only.

tions of the 5 K spectra, it appears necessary for the simula-
tions at 300 K. This illustrates somehow the complicated in-
terplay between inhomogeneous and homogeneous
broadening in such a microcavity. At 300 K the thermal
broadening of the inhomogeneous linewidth results in the
appearance of a single excitonic feature in the reflectivity,
reflecting the broadened contribution of both the A and B
excitons.'

Figure 4 shows the experimental data at room temperature
as a function of incidence angle. As an illustration, we also
plot the results of a (3 X 3) matrix calculation, indicating the
interaction of three oscillators, as in the low-temperature
case. Using such a (3 X 3) matrix analysis the experimental
dispersion relation is very well reproduced. In this case the A
and B excitons are 3.477+0.002 eV and 3.490 eV, respec-
tively, since the separation between the A and B excitons
remains constant between 5 K and room temperature.

It is predicted theoretically that to observe strong coupling
in a two-level system the condition Q>[5 +175,/2]",
where I';, and I', are the homogeneous linewidths of the
exciton and cavity modes, respectively, must be satisfied.?! It
should be noted here that this equation is related to the en-
ergy separation of polariton modes observed in absorption
measurements. Although this is not completely consistent
with the mode separation measured in reflectivity, the split-
ting in absorption is always less than that observed in
reflectivity;?! therefore, satisfying this criterion is in fact a
more rigorous test of the strong coupling. Actually, since our
system is a three-level one, this criterion is not strictly valid.
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FIG. 4. Variation with angle of incidence of the polariton modes
at 300 K. Also shown as a bold lines is the (3 X 3) matrix analysis
considering the coupling of the photons with both A- and B-exciton
levels. The uncoupled excitonic (dashed lines) and photonic modes
(dotted line) as a function of angle are also included in both cases.

However, although the photonic linewidth, related to the op-
tical leakage through the mirrors of the cavity, is large
(58 meV), the homogeneous linewidth of the GaN excitons
does allow the criteria to be fulfilled. On the other hand, due
to the vertical in-plane strain gradient and defect density in
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the GaN, the photoluminescence and reflectivity linewidths
measured in this work are dominated by inhomogeneous
rather than homogeneous broadening. Furthermore, this
analysis actually suggests that it is the cavity finesse, rather
than the excitonic linewidth, that limits the performance of
the microcavity. A factor of 2 improvement of the quality
factor is desirable and efforts are currently underway to
achieve this.

In summary, we have presented a bulk GaN microcavity
structure with epitaxially grown Al(Ga)N DBR’s grown di-
rectly on silicon. Although there are known to be issues with
material quality in such structures,?? strong light-matter cou-
pling is observed up to room temperature with a Qg
~50 meV. At low temperature the interaction between both
the free A- and B-exciton transitions with the photonic mode
is clearly resolved. Despite the broadening of the excitonic
features, transfer-matrix reflectivity simulations suggest that
the overall Qp,,; still results from the contribution from both
the A- and B-excitonic transitions at room temperature.
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