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We report strong coupling between Tamm plasmons and excitons in III–V quantum wells at room
temperature in ultracompact sample designs. A high refractive index contrast air-gap mirror together
with optical Tamm states at a metal/semiconductor interface tightly confines the intracavity field
leading to substantial local field enhancements. Angular-resolved reflectivity spectra give clear
evidence for anticrossing in the dispersion relation. Room temperature Rabi splittings of 10 meV are
found in excellent agreement with simulations. Electrical control of the polariton modes is realized
without need for doped mirror layers. Such air-gap microcavities open innovative possibilites for
electrically tunable microcavities and polaritonic microelectromechanics. © 2011 American
Institute of Physics. �doi:10.1063/1.3597304�

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 possess in-
triguing properties which allow observation of polariton
condensation,1,2 stimulated scattering,3 quantized vortices,4

or superfluid behavior.5 Besides their fundamental physics,
polaritons have possible applications in ultrafast optical
switches,3,6 ultralow threshold polariton lasers,7,8 or light
emitting diodes.9–11 While most results so far are obtained at
cryogenic temperatures great efforts have been made to real-
ize stable polaritons at room temperature, which require the
light-matter interaction energy to be comparable to the ther-
mal energy.

The strength of this exciton-photon coupling is charac-
terized by the vacuum Rabi splitting energy ��R which de-
pends on the oscillator strength of the excitonic transition
and the electromagnetic field amplitude at the quantum well
�QW� position, which can be separately optimized.12

Excitons with large binding energy and oscillator
strength in GaN-based13 or ZnO-based14 semiconductors can
be used in planar microcavities, enabling strong coupling at
room temperature. However, these structures suffer from
lower optical quality and electrical performance than III–V
structures which remain the paradigm system at lower tem-
peratures. Organic semiconductors show even larger exciton
binding energies15 but their lifetime is limited by irreversible
bleaching. Increasing the numbers of QWs and mirror layers
maximizes the oscillator strength and cavity Q-factor, allow-
ing strong coupling at elevated temperatures in III–V
microcavities.16,17

An alternative approach to increase the exciton-photon
coupling is to confine the optical mode more tightly. A
shorter effective cavity length �including mirror penetration�
Lef f produces a higher Rabi splitting, ��R�1 /�Lef f.

12 This
concept was demonstrated in microcavities with AlOx /GaAs

distributed Bragg reflectors �DBRs� where strong-coupling at
room temperature was first observed.18

Thanks to an even larger large refractive index contrast,
air-gap DBRs composed of alternating air and dielectric lay-
ers show peak reflectivities of 99.9% across a stop band of
many hundred nanometers with only two pairs of mirror
layers.19 In conjunction with optical Tamm states which are
localized photon modes at a metal/DBR interface,20,21 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 coupling
between Tamm plasmons and GaAs excitons at room tem-
perature in a simple five-layer cavity design. The building
blocks of our structure are a two pair air-gap DBR, three
GaAs QWs, and a metal interface which supports the optical
Tamm modes and completes the cavity. This approach allows
the study of confinement effects in three dimensions as well
as introduces an additional degree of freedom to investigate
acoustic and electro-mechanical coupling of polaritons. Fur-
thermore such miniaturization enables integrated devices op-
erating under plausible conditions for applications.

The molecular beam epitaxy �MBE�-grown structure
�Fig. 1�a�� consists of an Al0.1Ga0.9As /AlAs multilayer stack
of respective thickness 184nm/212nm, forming the DBR.
Three 100 Å thick GaAs QWs with Al0.1Ga0.9As 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 standard UV photolithograpy followed by reactive ion
etching �RIE� in SiCl4 to gain access to the buried AlAs
layers �Fig. 1�b��. A sacrificial wet etch process in 1% hy-
drofluoric acid selectively removes the AlAs and a two layer
air-gap DBR is formed. The semiconductor layers have a
thickness of 3

4� to increase their mechanical stability �Fig.
1�c��. A critical point dryer is used to ameliorate the effects
of surface tension and stiction as in standard micromechani-
cal 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 botha�Electronic mail: cg439@cam.ac.uk.
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on top of the mesa and on the GaAs substrate. In the scan-
ning electron microscope �SEM� image �Fig. 1�d�� 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. 1�e��. The optical field at the QWs doubles in the pres-
ence of the Au layer compared with the bare DBR structure.
The strong confinement of the optical field is indicated by
the short penetration depth ��500 nm� into the air-gap mir-
ror. These two effects influence the light-matter coupling
beneficially.

The under etching across areas of several hundreds of
�m2 is clearly seen in bright-field microscope images �Fig.
2�a��. Three areas with distinct colors are identifiable: the

GaAs substrate �C�, the under etched area �B�, and the un-
processed 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 anisotropy is due to the crys-
tallographic orientation of the sample. The vertical mesa
edge from the RIE process 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.
2�c��. A modified microscope with confocal detection under
�100 magnification provides a measurement spot size of
6 �m diameter.

The DBR stop band �Fig. 2�c�� exceeds 200 nm width
with 95% peak reflectivity while the QW exciton shows a
reflectivity dip at 854 nm 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 �690 nm� and the
first reflectivity minimum of the stop band edge of the DBR
�620 nm�. The weak step in reflectivity at 780 nm is caused
by absorption in the AlGaAs barrier layers and confirms the
strong field localization in the cavity layer. We note the good
agreement with transfer matrix simulations.

After the Au upper mirror is evaporated, the QW absorp-
tion increases eightfold and a second dip appears on its lower
energy side �Fig. 2�d��. This Tamm plasmon at 878 nm ex-
hibits a linewidth of 20 meV, broader than the QW mode
because it experiences absorption 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 reflectiv-
ity measurements are performed. A fiber-coupled white light
source illuminates the sample through a microscope objec-
tive of high numerical aperture �NA=0.9�. All the Tamm
modes with wave vector k=0 to kmax=5 �m−1 �limited by
the NA� are simultaneously excited. The angles of incidence
are selected in collection by spatially scanning the reflected
parallel beam from the backside of the objective onto a
200 �m core fiber 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 typical
under etched region �Fig. 3�a�� clearly show the Tamm mode
shifting to higher energies for increasing angles of incidence,
approaching the QW exciton line at 854 nm. For angles
greater than 40°, the energy shift saturates and the QW dip
moves away from the Tamm mode. This anticrossing behav-
ior is a clear signature of strong coupling between the Tamm
plasmon and the QW exciton which form hybrid quasiparti-
cles, the upper �UP� and lower �LP� polariton. Extracting the
mode energies �Fig. 3�b�� allows comparison with a standard
polariton coupling model �which matches transfer matrix
simulations� and resolves a Rabi splitting of 	10 meV. This
value is larger than in other reports of strong coupling both at
room temperature in GaAs-based structures16,22 and in Tamm
plasmon polariton experiments carried out at liquid nitrogen
temperature.23

The advantage of using air-spaced DBRs is the resultant
tunability of such microcavity devices. Here we demonstrate

FIG. 1. �Color online� Sample fabrication: �a� layer structure, �b� RIE etch,
�c� sacrificial wet etch of AlAs layers, and �d� SEM of fabricated air-gaps.
�e� Optical field distribution both with �blue line� and without �red line� gold
layer, refractive index profile �black line�.

FIG. 2. �Color online� Bright field �a� and dark field �b� images of under
etched microcavity: �a� unprocessed area, �b� under etched area, �c� GaAs
substrate. ��c� and �d�� Measured �red line� and calculated �black line� re-
flection spectra of under etched sample before �c� and after �d� Au coating.
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the simplest operation mode by applying a vertical bias on
the mesas from 0 to 
10 V. Reflectivity spectra �Fig. 3�c��
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 electro-
static bending of the DBRs, the dominant contribution in the
present contact geometry is thermal expansion from resistive
heating of the mesa which redshifts the exciton.

In conclusion, we fabricate working air-gap DBR micro-
cavities which show strong coupling of Tamm plasmons 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 letter.23 Such ultracompact de-
vices simplify MBE growth requirements and can be further
optimized �e.g., using �

4 DBR thicknesses� and exploring lat-
eral polariton confinement and transport. Bias tuning paves
the way for electrically controlled polaritons at room tem-
perature. Mechanical displacement of suspended layers for
exploiting polaritonic MEMS can be achieved in such de-
vices using bridge- or cantilever-etched structures together
with piezoelectric actuation,24 accessing optomechanical po-
lariton coupling regimes.
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FIG. 3. �Color online� �a� Angle-dependent reflectivity spectra. �b� Experi-
mental dispersion curves �black triangles� and model �red line� of UP and
LP branches. The Tamm plasmon mode energy and the uncoupled exciton
energy �X� are shown dashed. �c� Reflectivity spectra for applied bias from
0 to 
10 V in steps of 0.5 V �shifted for clarity�.
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