Enabling Polaritonic MEMS at room temperature with strongly coupled
Tamm plasmon polaritons in metal/air-gap DBRs
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We report strong coupling between Tamm plasmons and excitons in ITI-V quantum wells at room temperature
in an ultracompact sample design which can be electrically-tuned in real-time. A thin gold layer is deposited
onto a two-pair AlGaAs/air-gap distributed Bragg reflector containing three GaAs quantum wells. The high
refractive index contrast mirror together with optical Tamm states at the metal-semiconductor interface
tightly confines the intracavity field leading to a substantial local field enhancement. Angular-resolved reflec-
tivity spectra give clear evidence for anti-crossing in the dispersion relation, signalling the strong-coupling
regime. Rabi splittings of 10 meV at room temperature are found in excellent agreement with simulations.
Electrical control of the polariton modes is realized without need for doped mirror layers. Such air-gap micro-
cavities open new possibilites for electrically-tunable microcavities and polaritonic micro-electromechanical

effects.

In a strongly-coupled semiconductor microcavity, the
cavity photon and exciton modes form coherent coupled
states termed cavity polaritons that have partly photonic
and partly excitonic character. These quasiparticles pos-
sess new properties which allow observation of polari-
ton condensation,"? stimulated scattering,® quantized
vortices* or superfluid behaviour.® Besides their funda-
mental physics, polaritons have possible applications in
ultrafast optical switches,3® ultralow threshold polariton
lasers”™® or light emitting diodes®''. While most results
so far are obtained at cryogenic temperatures great ef-
forts have been made to realize stable polaritons at room
temperature, which require the light-matter interaction
energy to be comparable to the thermal energy.

The strength of this exciton-photon coupling is charac-
terized by the vacuum Rabi splitting energy hQ2r which
depends on the oscillator strength of the excitonic tran-
sition and the electromagnetic field amplitude at the
quantum well (QW) position, which can be separately
optimised.'? Excitons with large binding energy and os-
cillator strength in GaN-'? or ZnO-based'* semiconduc-
tors can be used in planar microcavities, enabling strong
coupling at room temperature. However these structures
suffer from lower optical quality and electrical perfor-
mance than III-V structures which remain the paradigm
system at lower temperatures. Organic semiconductors
show even larger exciton binding energies'® but their life-
time is limited by irreversible bleaching. Increasing the
numbers of QWs and mirror layers maximizes the oscil-
lator strength and cavity Q-factor, allowing strong cou-
pling at elevated temperatures in I1I-V microcavities. 617

An alternative approach to increase the exciton-photon
coupling is to confine the optical mode more tightly. A
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shorter effective cavity length (including mirror pene-
tration) L.y produces a higher Rabi splitting, AQr
1//Legs.'? This concept was demonstrated in micro-
cavities with AlO,/GaAs distributed Bragg reflectors
(DBRs) where strong-coupling at room temperature was
first observed!'®. Thanks to an even larger large refractive
index contrast, air-gap DBRs composed of alternating
air and dielectric layers show peak reflectivities of 99.9%
across a stopband of many hundred nanometers with only
two pairs of mirror layers.'® In conjunction with opti-
cal Tamm states which are localized photon modes at a
metal /DBR interface,?%2! this enables the generation of
large field amplitudes at the QW position located just
beneath the metal interface.

Here we show experimental evidence of strong cou-
pling between Tamm plasmons and GaAs excitons at
room temperature in a simple 5-layer sample design. The
building blocks of our structure are a two-layer air-gap
DBR, three GaAs QWs and a metal interface which sup-
ports the optical Tamm modes and completes the cav-
ity. This approach allows the study of confinement ef-
fects in three dimensions as well as introduces an ad-
ditional degree of freedom to investigate acoustic and
electro-mechanical coupling of polaritons. Furthermore
such miniaturisation enables integrated devices operat-
ing under plausible conditions for applications.

The MBE-grown structure (Fig.la) consists of an
Alp1Gag.gAs/AlAs multilayer stack of respective thick-
ness 184nm/212nm, forming the DBR. Three 100A thick
GaAs QWs with Alg1Gag.gAs barriers are embedded in
an 86 nm thick spacer on top of the DBR. Air-gaps are
created using a rectangular etch window defined by stan-
dard UV photolithograpy followed by reactive ion etching
(RIE) in SiCly to gain access to the buried AlAs layers
(Fig.1b). A sacrificial wet etch process in 1% hydrofluoric
acid selectively removes the AlAs and a two layer air-gap
DBR is formed. The semiconductor layers have a thick-
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FIG. 1. Sample fabrication: (a) layer structure, (b) RIE etch,
(c) sacrificial wet etch of AlAs layers, and (d) SEM of fabri-
cated air-gaps. (e) Optical field distribution both with (blue
line) and without (red line) gold layer, refractive index profile
(black line).

ness of %)\ to increase their mechanical stability (Fig.1c).
A critical point dryer is used to ameliorate the effects of
surface tension and stiction as in standard micromechan-
ical processing, and a 15 nm layer of gold is evaporated
on top. In order to apply an electric field across the
multilayer, wire-bonded contacts are fabricated onto the
Au layers both on top of the mesa and on the GaAs sub-
strate. In the scanning electron microscope (SEM) image
(Fig.1d) the two air-gaps forming the bottom DBR are
clearly visible.

The field enhancement at the QWs in the air-gap
DBR sample due to the localized optical Tamm modes
is clearly resolved in the calculated electromagnetic field
distribution (Fig.1le). The optical field at the QWs dou-
bles in the presence of the Au layer compared with the
bare DBR structure. The strong confinement of the op-
tical field is indicated by the short penetration depth
(<500nm) into the air-gap mirror. These two effects in-
fluence the light-matter coupling beneficially.

The underetching across areas of several hundreds of
pm? is clearly seen in bright-field microscope images
(Fig.2a). Three areas with distinct colours are identifi-
able: the GaAs substrate (C), the underetched area (B)
and the unprocessed wafer (A). The etch front of the
sacrificial etch is clearly visible as the boundary between
(A) and (B) and the uniform coloration of the processed
area indicates a high degree of flatness of the suspended
layers with few structural collapses or cracks. The etch
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FIG. 2. Bright field (a) and dark field (b) images of under-
etched microcavity: (A) unprocessed area, (B) underetched
area, (C) GaAs substrate. (c,d) (color online) Measured (red
line) and calculated (black line) reflection spectra of under-
etched sample before (c) and after (d) Au coating.

anisotropy is due to the crystallographic orientation of
the sample. The vertical mesa edge from the RIE pro-
cess accounts for the strong scatter signal in the dark-field
image of Fig.2(b), but shows no other defects.

Reflectivity spectra of the structure are measured at
room temperature before the metal layer is evaporated
(Fig.2c). A modified microscope with confocal detec-
tion under x100 magnification provides a measurement
spot size of 6 um diameter. The DBR stopband (Fig.2¢)
exceeds 200nm width with 95% peak reflectivity, while
the QW exciton shows a reflectivity dip at 854nm with
a linewidth of 15 meV at room temperature. The two
minima at higher energy correspond to a cavity mode in
the AlGaAs DBR layer (690nm) and the first reflectivity
minimum of the stop-band edge of the DBR (620nm).
The weak step in reflectivity at 780 nm is caused by ab-
sorption in the AlGaAs barrier layers and confirms the
strong field localisation in the cavity layer. We note the
good agreement with transfer matrix simulations. After
the Au upper mirror is evaporated, the QW absorption
increases 8-fold and a second dip appears on its lower
energy side (Fig.2d). This Tamm plasmon at 878 nm ex-
hibits a linewidth of 20 meV, broader than the QW mode
because it experiences absoption in the metal. As before,
agreement with transfer matrix calculations is good.

In order to investigate the interaction between the QW
excitons and the Tamm plasmon, angular-resolved re-
flectivity measurements are performed. A fibre-coupled
white light source illuminates the sample through a mi-
croscope objective of high numerical aperture (NA=0.9).
All the Tamm modes with wavevector £k = 0 to
Emaz=5pm~! (limited by the NA) are simultaneously ex-
cited. The angles of incidence are selected in collection
by spatially scanning the reflected parallel beam from the
backside of the objective onto a 200um core fibre coupled



into a spectrometer giving 4° resolution. We separately
calibrate the angle of detection which varies from 0° to
45°.

A set of TE-polarized reflectivity spectra for a typi-
cal underetched region (Fig.3a) clearly show the Tamm
mode shifting to higher energies for increasing angles of
incidence, approaching the QW exciton line at 854nm.
For angles greater than 40°, the energy shift saturates
and the QW dip moves away from the Tamm mode. This
anticrossing behaviour is a clear signature of strong cou-
pling between the Tamm plasmon and the QW exciton
which form new quasiparticles, the upper (UP) and lower
(LP) polariton. Extracting the mode energies (Fig.3b)
allows comparison with a standard polariton coupling
model (which matches transfer matrix simulations) and
resolves a Rabi splitting of >10meV. This value is larger
than in other reports of strong coupling both at room
temperature in GaAs-based structures'®2? and in Tamm
plasmon polariton experiments carried out at liquid ni-
trogen temperature.?® This arises from the L. = 46nm
penetration into the air-DBR compared to 560nm in con-
ventional GaAs/AlAs designs.
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FIG. 3. (color online)(a) Angle-dependent reflectivity spec-
tra. (b) Experimental dispersion curves (black triangles) and
model (red line) of upper and lower polariton branches. The
Tamm plasmon mode energy and the uncoupled exciton en-
ergy (X) are shown dashed. (c) Reflectivity spectra for ap-
plied bias from 0 to -10 V in steps of 0.5V (shifted for clarity).

The advantage of using air-spaced DBRs is the resul-
tant tunability of such microcavity devices. Here we
demonstrate the simplest operation mode by applying
a vertical bias on the mesas from 0 to -10V. Reflectivity
spectra (Fig.3c) clearly show bias tuning of the polaritons
through the strong coupling anticrossing. Of the different
tuning contributions which include the quantum-confined

Stark effect and electrostatic bending of the DBRs, the
dominant contribution in the present contact geometry
is from current heating of the mesa which red-shifts the
exciton.

In conclusion, we successfully fabricate air-gap DBR
microcavities which show strong coupling of Tamm plas-
mons and QW excitons at room temperature. The high-
contrast DBRs and field-enhancement from the optical
Tamm modes elicits Rabi splittings of >10 meV with
only three GaAs QWs, ten times fewer than in previous
work at liquid nitrogen temperature.?® These extremely
compact devices with few layers simplify MBE growth
tolerance and uniformity requirements and can be further
optimised for instance by using % DBR thicknesses and
exploring lateral polariton confinement and transport.
Bias tuning of polaritons is realized without the need
for doped DBR layers, paving the way for electrically-
controlled polaritons at room temperature in ultra-
compact sample geometries based on well-established
GaAs technology. This points the way towards ap-
plications in electrically-driven polariton lasers®*, Bose-
Einstein condensation as well as exploiting MEMS and
acoustic polariton devices.
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