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In this work, we discuss theoretically the formation of the Tamm plasmon/exciton—polariton hybrid states

in an (Al,Ga)As microcavity and their modulation by surface acoustic waves.

The modulation of the Tamm

plasmon/exciton—polariton states origins in the change of the excitonic band gap energy and the thickness change
of the sample structure layers due to the induced strain fields by surface acoustic waves. The frequency fsaw of
the acoustic modulation of the Tamm plasmon/exciton—polariton states is limited by the thickness of the upper
distributed Bragg reflector. For the Tamm plasmon/exciton—polariton states in Al,Ga;_,As/GaAs structures fsaw
is in the range of 370 MHz while fsaw in GHz range is possible for the parametric Tamm plasmon /exciton—polariton
states. In both cases, the acoustic modulation is several meV for typical acoustic power levels.
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1. Introduction

The development of new optoelectronic devices op-
erating at low threshold powers and at high switching
frequencies is a complex and challenging task, which
can only be overcome by exploiting new physical phe-
nomena [1-4| and applying them to device implementa-
tions [5, 6]. One of such new promising physical phe-
nomenon are exciton—polaritons in semiconductor micro-
cavities (MCs). Exciton—polaritons are unique bosonic
half-light half-matter quasiparticles that result from the
strong coupling between the photonic mode of a MC and
quantum well (QW) excitons embedded in the active
MC region (cf. Fig. la, [7]). The inter-excitonic inter-
actions between polaritons give rise to optical nonlinear-
ities several orders of magnitude higher than in purely
photonic systems. Due to the photonic component po-
laritons have a very low effective mass (1075—10~% mass
of a free electron) leading to a de Broglie wavelength Agp
of a few pm and thus to the possibility to form macro-
scopic coherent quantum phases at low densities and at
elevated temperatures (on the order of a few K) as well
as to be manipulated by micro-scale potentials [8, 9].
Various polariton-based device concepts, like polariton-
based transistors and logic gates, as well as their imple-
mentation in quantum information processing have been
proposed [10, 11].

The fabrication of polaritonic devices requires re-
liable and practical potentials for controlling, confin-
ing and guiding exciton-polaritons in MC structure.
One interesting option is provided by dynamic strain
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potentials [12] induced by a surface acoustic wave
(SAW) [13, 14]. SAWs are mechanical vibrations prop-
agating along a surface (cf. Fig. lc): the strain field
of a SAW with wavelength Agaw smaller than A\gp cre-
ates a tuneable acoustic lattice for the control of the po-
lariton properties. Since the SAW penetration depth is
comparable to Asaw, an efficient acoustic modulation re-
quires that Agaw is larger than the thickness of the up-
per MC distributed Bragg reflector (DBR). In this con-
tribution, we demonstrate that this limitation can be
overcome by exploiting plasmonic resonances induced by
thin metallic stripes deposited on the top of the MC
structure. In this case, new quasiparticles called the
Tamm plasmon/exciton—polaritons (TPEP) form by the
superposition of the Tamm plasmons (TPs) at the metal-
semiconductor interface and the exciton—polaritons in the
MC [10]. The aim of this work is to explore the dynam-
ical and tuneable modulation of TPEP modes by SAW
at frequencies close to and in the gigahertz range.

2. Sample design

The proposed sample structure supporting TPEP
states consists of a gold layer on top of a DBR con-
sisting of Al,Gaj_,As layers with a thickness \/(4n;)
(i = Al;5GagsAs, AlggGaggAs), where n; is the re-
fractive index and A the MC resonance wavelength
(cf. Fig. 1a). The structure supports TP modes at the
metal-semiconductor interface only when the DBR layer
adjacent to the metal has a higher refractive index than
its following DBR layer [16]. The energy Er of the TP
mode can be tuned by changing the thickness of the metal
and/or of the adjacent DBR layer. When Er is in res-
onance with the MC mode and the QW exciton energy,
the resulting coupled system can be described using the
three level coupled oscillator model given by
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Fig. 1. (a) Schematic view of the sample structure;
sample A: 50 nm gold layer, 21 upper A/4 DBR pairs,
3A/2 cavity with 6 QWs and 50 lower A\/4 DBR pairs
for formation of TPEP states, where A = 805 nm is the
MC resonance wavelength. The QW exciton energy is in
resonance with the TP and the MC mode. Structure of
sample B is similar to sample A differing by: 30 nm gold
layer, 4 upper A\/4 DBR pairs and A = 780 nm. (b) Dis-
persion of TPEP states of sample A (solid lines) where
UP is the upper, MP the middle, and LP is the lower
TPEP state. The dotted lines represent the dispersion
of uncoupled TP mode, MC mode and QW excitons.
(¢) SAWs propagate on the sample surface creating re-
gions of tension and compression, leading to a (d) depth-
dependent modulation of the conduction (§ E(CB)) and
valence band (0E(VB)) energies.
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where Er, Fc and Ex are the uncoupled eigenenergies
of the TP mode, the MC mod/e\z and the QW excitons,
respectively. The solution of H|¥) = E|¥) yields the
eigenstates and -energies of the TPEP modes which are
the linear combinations of the TP mode |T'), MC mode
|C) and QW exciton |X), |¥) = «o|T) + B|C) + v|X).
a, B and ~ are the corresponding Hopfield coefficients.
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Fig. 2. Calculated reflectivity spectra under acoustic
modulation introduced by SAW with a power den-
sity Psaw = 300 W/m (Psaw is the SAW power per
unit length perpendicular to the propagation direction).
The insets show the calculated reflectivity spectra with-
out acoustic modulation. (a) Acoustic modulation of
sample A (cf. Fig. 1) at fsaw = 370 MHz and (b) of
sample B (cf. Fig. 1) at fsaw = 1.4 GHz. The re-
flectivity dips above 1.64 eV represent the DBR stop
band. There is no modulation of the upper TPEP state
at 1.637 eV.

The coupling strengths between the TP state and the
MC mode (f21_¢) and between the MC mode and the
QW excitons (f2c_x) determine, besides the Rabi split-
ting, the mixing of these states in the TPEP modes.
Or_c is given by Qr_orY2nn/na)" (na—ns)

T-Cc 15 g y dir—c /i (2 —mm)
decreases exponentially with the number N of the up-
per DBR layers [15]. f2c_x is well approximated by
Qc_x ~ 24/(2I'xcN)/(ncLeg)h: it depends on the ex-
citon radiative decay rate I'x, the speed of light ¢, the
effective MC refractive index ng and the effective MC
length Leg [7]. We neglected in Eq. (1) the direct cou-
pling between excitons and TP states.

huDBR<and




A-28

When all states are in resonance and 2c_x = 2v_c,
then « = B8 = ~. For the Al,Ga;_,As/GaAs struc-
tures (cf. Fig. la), this can only be achieved by using
a relatively thick upper DBR (21 pairs of A/4 layers)
to ensure that 2v_¢ ~ f2c_x. {2c_x is assumed to
be 6 meV. Figure 1b shows the in-plane polariton dis-
persion of a sample satisfying this condition (sample A,
layer structure described in the caption of Fig. 1). The in-
set of Fig. 2a shows the calculated reflectivity spectrum
of the TPEP states for the same sample using a trans-
fer matrix method. The linewidth of the TPEP states
is 2.5 meV and is limited by the absorption of the gold
layer and its finite reflectivity. The Rabi splitting be-
tween lower and upper TPEP mode is 12 meV and 6 meV
between the lower/upper and middle TPEP mode.

As will be discussed in the following section, sam-
ple A has a relatively thick upper DBR and requires a
large Agaw for efficient acoustic modulation of TPEP
states. To achieve modulation by SAWs at gigahertz
frequencies, we propose another sample structure with
reduced number of upper DBR pairs and reduced gold
layer thickness. In this sample (sample B described in
the caption of Fig. 1) the TP and the MC mode are tuned
to be in resonance and the QW excitons are shifted by
—r_c/2 with respect to the TP and MC mode reso-
nance energy. TP and MC mode couple to the upper
and lower optical branches with the Rabi splitting de-
termined by {2r_c. The lower branch can couple to the
QW excitons. This results in the formation of exciton—
polariton states mediated by strongly optically coupled
TP and MC modes which can be seen as parametric
TPEP modes. The advantage of the sample B over sam-
ple A is the bigger Rabi splitting {2v_¢, reduced light
absorption by the gold layer and the possibility of apply-
ing SAWs at gigahertz frequencies for the modulation of
the TPEP modes.

3. Acoustic modulation

SAW can be generated using interdigital transducers
(IDTs) as illustrated in Fig. la. The SAW frequency
fsaw is given by fsaw = vsaw/Asaw where vgaw is the
SAW velocity (vsaw = 3 pum/ns in GaAs) [17]. The SAW
creates in the sample regions of tension and compression
(Fig. 1c). The related deformation potential modulates
the valence band (VB) energy FEvp and the conduction
band (CB) energy Ecp and thus, the energy band gap F,
of the QW excitons which is &y, = Ecp — Evgp. The shifts
of the CB and/or VB energy are given by AEcp = acpSo
and AEvp = ayvpSotbyvs (Szz_ S5$ ), where acp and avp
are the hydrostatic CB and VB deformation potentials,
respectively, and byp is the uniaxial deformation poten-
tial. Sy is the hydrostatic strain related to the SAW
induced volume change and S,, and S,, are the strain
fields into the propagation direction z and the penetra-
tion depth z of the SAW [18]. The sign + refers to hh
and lh states of the QW exciton
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Figure 1d displays numerical calculations for the acous-
tic modulation of VB and CB for a pure GaAs system
which is a good approximation for the proposed sam-
ples A and B. QW excitons experience maximal acous-
tic modulation of the band gap energy at the depth
of approximately $Asaw where AEyp and AEcp have
opposite signs. The position of the QWs in the sam-
ple structure defines the wavelength Agaw of the SAW
for the maximal acoustic modulation of TPEP states.
In case of sample A with 21 upper A\/4 DBR pairs, QWs
are positioned at 2 um yielding Asgaw = 8 pum and
fsaw = 370 MHz. The corresponding maximal acous-
tic modulation AE, is calculated to be £2.5 meV for the
linear SAW power density Psaw = 300 W /m.

Additionally to the modulation of the QW exciton en-
ergy Iy, SAWs modulate the thickness of the sample
layers and thus, the density of the layers and their re-
fractive indices. The latter results in the modulation
of the MC mode energy Ec by AEc and the TP en-
ergy Ev by AEr, where AEc ~ 1AFE, and AFEy in
order of a few 0.1 meV. The total acoustic modulation
of the TPEP states is displayed in Fig. 2a. The modula-
tion of the intensity and the energy of the TPEP modes
is expected to be observable. The acoustic modulation
could be further increased by increasing the gold layer
thickness (not shown). The latter results in the higher
absorption of light by the gold layer. A compromise is
found for a gold layer thickness of 50 nm.

Figure 2b displays the acoustic modulation of TPEP
states for a sample B at SAW frequency of 1.4 GHz. Since
AE, < p_c (AE; = £3 meV and r_c ~ 80 meV),
the acoustic modulation mainly influences the lower and
middle TPEP states where the modulation of the exci-
tonic component is of the same order of magnitude as the
Rabi splitting, AE,; ~ f2c_x. The acoustic modulation
is bigger than the linewidth of the TPEP modes which
is 4 meV.

4. Conclusion

We proposed a sample structure supporting the forma-
tion of TPEP states and their modulation by SAWs at
fsaw = 370 MHz by £+3 meV (sample A). The acous-
tic modulation at gigahertz frequencies is possible by
positioning the QWs close to the sample surface (sam-
ple B). Here, parametric TPEP states form with 27_¢ =~
80 meV where mainly the lower and middle TPEP states
are modulated by SAWs at fsaw = 1.4 GHz by +4 meV.
The results open the way towards feasible signal modu-
lation in polaritonic devices as well as towards trapping
of exciton—polaritons at single particle level.
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