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Strong coupling between metallic microcavity modes and inorganic quantum well (QW) excitons
at room temperature is observed in an ultracompact flexible sample design less than 100 nm thick.
Four GaAs QWs embedded in a 65 nm AlGaAs/GaAs cavity are sandwiched between gold mirrors.
The strong electromagnetic confinement and metallic phase shifts provide substantial local field
enhancement and angular-resolved reflectivity spectra clearly show the anti-crossing in the
dispersion relation resolving a Rabi splitting of 21 meV at room temperature, in good agreement
with calculations. Flex-tuning metal thin foil microcavities demonstrate new possibilities for
tunable optoelectronics and the study of polaritonic micromechanical effects. © 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4773881]

Coupling light and matter within nanostructures is a
thriving field of research for both fundamental physics and
technological applications. Photons coupled to emitting quasi-
particles such as excitons, plasmons, phonon-polaritons, single
atoms, or molecules have been studied since the discovery of
the Purcell effect."™ In planar microcavities based on Fabry-
Perot designs, it is possible to situate organic or inorganic
emitters with sub-nm accuracy at the positions of maximum
electromagnetic field strength, creating strong interactions
with potential for low power consumption light sources.” The
light-matter interaction can reach the strong coupling domain
when mixing of the fundamental optical mode and the elec-
tronic transition, usually quantum well (QW) excitons, create
new eigenstates termed cavity polaritons, whose coupling
strength is described by the vacuum Rabi splitting, Qggp;.
These interacting bosons show unusual coherence properties
and extreme stimulated nonlinear effects.>"°

In order to reach strong coupling, the system either has
to have low optical losses (long photonic lifetime) or large
light-matter coupling. These control the Rabi splitting,
Qgapi ~ /I - Now/V, where N is the number of quantum
wells, V is the spatial extent of the optical mode, and T is
the free exciton decay rate which scales with the exciton os-
cillator strength.!' For effective strong-coupling at room
temperature, optimization of the exciton-photon coupling is
possible using the large oscillator strength and binding
energy excitons in gallium nitride or zinc oxide based semi-
conductors.'*!'? Despite great efforts in fabrication, these
structures still suffer from lower optical quality and electri-
cal performance compared to GaAs systems which remain
the inorganic paradigm system for low temperature strong-
coupling experiments. Organic semiconductors show even
larger oscillator strength, however, these materials lack du-
rability due to irreversible bleaching on irradiation.

Critical to all these structures are ultra-high quality mir-
rors, usually distributed Bragg reflectors, which reflect more
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than 99% of the incoming light. Their fabrication is time-
consuming and requires many compromises in material
selection making these structures bulky and expensive. An
alternative approach to increase the exciton-photon coupling
is to confine the light more tightly. A shorter effective cavity
length (including mirror penetration which is typically on
the order of several um) produces larger Rabi splittings.''
Stronger field confinement can be realized in metal-based
semiconductor microcavities, where the mirror penetration
depths for optical frequencies below the bandgap is on the
order of only 10nm leading to strong-coupling at room-
temperature in ultracompact geometries.'*'> Further advan-
tages of metallic mirrors include the capability of exciting
localized plasmonic modes, which contribute additionally to
the field confinement, as well as enabling direct electrical
injection or field alignment of electronic states.'®'®

Here, we present an approach which combines the
advantages of high-quality crystalline semiconductor cavities
with the strong field confinement of metallic reflectors. Our
hybrid structures are the most compact planar microcavity
fabricated so far, and demonstrate how to optimally exploit
confinement effects. Furthermore, because such ultra-thin
layers are flexible, the additional strain degree of freedom
allows investigation of the mechanical deformation of polari-
ton devices at room temperature. Such miniaturized GaAs-
based structures open up a range of potential applications,
including sensors and flexible lasers.

Fabrication starts with a molecular beam epitaxial
(MBE) grown multilayer of lattice-matched III-V material
[Fig. 1(a)]. On top of the GaAs substrate is grown a 500 nm
thick AlAs layer followed by a 65nm thick Aly35GaggsAs
cavity containing four 5nm thick GaAs quantum wells with
7nm Aly35Gag ¢5As barriers. Subsequently, we coat the cav-
ity with 5 nm of TiO,, 200 nm of gold and add a layer of pol-
yurethane and transparent polyethylene terephthalate (PET)
foil on top which will act as the new flexible substrate [Fig.
1(b)]. In order to bond these layers together, the structure is
heated up to 150 °C in a vacuum oven. Only the polyurethane

© 2013 American Institute of Physics
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melts creating a solid air-bubble free bond between the PET
foil and the rest of the sample. The structure is cooled down
slowly to avoid intrinsic stress building up in the sample.

In order to access the other cavity facet, we epitaxially
lift off the AlGaAs layer from the initial GaAs substrate via
a wet etch of the AlAs in hydrochloric acid [Fig. 1(c)]. The
selectivity of HCI etching for high Al-content allows the sac-
rificial removal of the AlAs layer while keeping the crystal-
line structure of the AlGaAs/GaAs cavity intact. The
metallic half cavity on PET foil is subsequently rinsed and
dried before a second 22 nm thick layer of gold [Fig. 1(d)] is
evaporated on top in order to complete the cavity. The com-
plete structure [Fig. 1(e)] can be reversibly deformed thanks
to the resulting flexible substrate [Fig. 1(f)].

Stable optical modes in such ultra-compact subwave-
length nanocavities are only possible because each metallic
mirror reflection contributes phase shifts A0,,,..; = @ + \/2?;,1(3)1,
to the round trip phase, with n the cavity refractive index, w),
the gold plasma frequency, ¢, the background Au dielectric
constant, and o the mode eigenfrequency.'® Together with
the contribution A0, = % from the cavity length
/=65nm (with ¢ the vacuum velocity of light), the free-
electron-like metal mirrors allow the lowest order resonance
mode to fit into a cavity substantially shorter than the typical
half wavelength design. The resulting 79 meV linewidth of
the photonic mode is a balance between outcoupling and
absorption, forming a cavity of quality factor Q ~ 20 which
matches transfer matrix simulations.

The magnitude and spatial distribution of the intracavity
field, computed with transfer matrix simulations, are plotted
both before [Fig. 2(a)] and after [Fig. 2(c)] completion of the
cavity showing that the local electromagnetic field more than

FIG. 1. Sample fabrication: (a) layer
structure, (b) metal layer and PET sub-
strate, (c) epitaxial lift-off by sacrificial
wet etch, (d) complete cavity after epi-
taxial lift-off. (e) and (f) Photographs of
final (e) and flexed (f) samples.

doubles in strength. We perform white light reflection spec-
troscopy in a confocal microscope configuration to confirm
the intact GaAs QW absorption signatures in the half-cavity
after epitaxial lift-off. In the reflectivity spectrum of
Fig. 2(b), the highly reflective background of 200 nm gold
overlays the heavy-hole (hh) and light-hole (Ih) QW absorp-
tion dips, split by the 5 nm quantum confinement.
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FIG. 2. (a) and (c) Intracavity field distributions (black line) and refractive
index profiles (grey), with (b) and (d) simulated (red) and measured (black)
white-light reflectivity spectra, for (a) and (b) half-cavity and (c) and (d) full
cavity structures.
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The spectra are completely transformed after completion
of the cavity with the top Au layer [Fig. 1(d)]. We observe a
triplet of modes [Fig. 2(d)], which correspond to the new
eigenstates of the system, coupling metallic microcavity
modes with QW excitons.

To locally characterise the dispersion coupling at each
spatial position, angular-resolved reflectivity measurements
are performed. A white light source illuminates the sample
through a microscope objective of high numerical aperture
NA =0.9 so that all the cavity modes with wave vector up to
Kpax = £6.8 um™"! (limited by the NA) are simultaneously
excited. The angles of incidence are selected in collection by
laterally scanning across the reflected light a 125 um core col-
lection fiber coupled into a spectrometer at the back-focal
plane of the objective, giving 5° angular resolution. We sepa-
rately calibrate the detection angles which vary from 0° to 55°.

A set of TE-polarized reflectivity spectra for a typical
region clearly show the photonic mode shifting to higher
energies for increasing angles of incidence, approaching the
hh QW exciton line at 796 nm [Fig. 3(a)]. For angles greater
than 35°, the energy shift saturates and the QW-like dip
starts to move away from the cavity mode. The transition is
accompanied by a characteristic change in linewidth. This
anticrossing behavior is a clear signature of strong coupling
between the metallic microcavity mode and the QW excitons
which form hybrid quasiparticles, the upper (UP), middle
(MP), and lower (LP) polaritons with the two QW excitons.
Extracting the mode energies allows comparison with a
standard polariton coupling model which matches transfer
matrix simulations (not shown) and resolves a Rabi splitting
of 21 meV. This value is larger than in all other reports of
strong coupling in GaAs-based structures both at room tem-
perature and in Tamm plasmon polariton experiments carried
out at cryogenic temperatures. 15.:20-22

Another advantage of ultracompact metal microcavities
fabricated by epitaxial lift-off is the freedom to select any
new substrate. Combining MBE-grown crystals with flexible
substrates opens unusual alternatives for manipulating polar-
itons in strongly coupled microcavities. By applying external
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FIG. 3. (a) Angle-dependant reflectivity spectra (blue line is guide to eye).
(b) Experimental dispersion curves (red markers) and model (black circles)
of LP, MP, and UP. The uncoupled cavity mode (C) and exciton energies
(hh,lh) are shown with black lines.
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stress, it is possible to red- or blue-shift the exciton energy
(depending on the experimental configuration) without com-
promising the exciton oscillator strength as in the case of the
quantum confined Stark effect.”

In order to monitor the influence of applied external
strain, the sample is mounted on a microscope slide with an
8 mm diameter central hole [Fig. 4(a)]. The sample is aligned
with the opening and rigidly clamped down onto the glass
slide around the aperture circumference. Access to the sam-
ple backside allows positioning a ~50 ym tip-diameter pin
mounted on a 3-axis translation stage directly underneath it.
Translating the pin upwards bends the sample [Fig. 4(a)],
applying controllable strains while simultaneously reflectiv-
ity spectra are recorded. Typical spectra for increasing strain
[Fig. 4(b)] show the evolution of the lowest polariton modes
(at a slightly different location on the sample than Fig. 3).
Initially, the hh exciton-like MP mode red-shifts, eventually
matched only at larger strains by the cavity-like LP mode
[Fig. 4(c)].

This behaviour can be explained by the elastic strain-
induced change of the optical bandgap in the GaAs/AlGaAs
quantum wells. The pin bends the flexible PET foil leading
to a geometrical expansion of both the substrate and the
gold/semiconductor multilayer as depicted in Fig. 4(a). In
the elastic regime, this directly translates into a lattice expan-
sion giving rise to a redshift of the exciton energy and hence
the polariton modes. In order to estimate the magnitude of
the strain-induced exciton energy shifts, we simulate the
strained quantum well structure. From our geometry, we pro-
duce linear expansions of up to 1073 assuming perfect bond-
ing between the PET and the gold/semiconductor layers.
However, the stress transfer at the interface between soft
PET and rigid gold/AlGaAs can be estimated from the ratio

s i Eper _ 7GPa 24
of Young’s moduli, oy = 70GPa 1. The expected
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FIG. 4. (a) Strain setup and sample geometry. (b) White-light reflectivity
spectra of strained structure. (c) Simulated bandgap of unstrained (solid line)
and strained (dashed) AlGaAs/GaAs structure. (d) Experimental strain-
induced shift of MP and LP (red markers) and simulated strain-induced
bandgap change (black line).
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bandgap shifts [Fig. 4(c)] (simulated with a Schroedinger-
Poisson solver) give the modified exciton energies which
compare well with the measurements [Fig. 4(d)], showing
flex-induced tuning through the strong-coupling resonance.
In conclusion, we show a promising route towards
strong light-matter interaction in ultracompact microcavities.
Our innovative fabrication allows the realization of the
smallest planar microcavity yet realized with a geometrical
cavity length of just 65 nm. The extreme field confinement is
evident in the largest value of Rabi-splitting ever measured
in GaAs-based structures, at low and at room temperatures.
The epitaxial lift-off approach facilitates novel mechanical
deformations to study the light-matter interaction. Such thin
foils can be reversibly deformed over many cycles. Due to
the metallic mirrors, the lattice-matching conditions required
for conventional MBE-grown semiconductor microcavities
regarding reflector and cavity materials are circumvented.
Localized photonic modes such as surface plasmons or
waveguide modes can be easily incorporated within these
devices in order to further boost the field confinement.
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