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Confinement of gigahertz sound and light in Tamm plasmon resonators
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We demonstrate theoretically and by pump-probe picosecond acoustics experiments the simultaneous
confinement of light and gigahertz sound in Tamm plasmon resonators, formed by depositing a thin layer of Au
onto a GaAs/AlGaAs Bragg reflector. The cavity has InGaAs quantum dots (QDs) embedded at the maximum of
the confined optical field in the first GaAs layer. The different sound generation and detection mechanisms are
theoretically analyzed. It is shown that the Au layer absorption and the resonant excitation of the QDs are the
more efficient light-sound transducers for the coupling of near-infrared light with the confined acoustic modes,
while the displacement of the interfaces is the main back-action mechanism at these energies. The prospects for

the compact realization of optomechanical resonators based on Tamm plasmon cavities are discussed.
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I. MOTIVATION

Optical Tamm plasmons are modes localized at the interface
between a dielectric Bragg reflector (DBR) and a metal layer
(typically Au or Ag) [1]. As compared to plasmon resonances
of standard metal layers, optical Tamm plasmons have the
benefit of reduced dissipation, and the direct coupling with
light at normal incidence. Tamm plasmon resonators can
also be considered as an asymmetric optical cavity, with
some benefits and limitations with respect to standard DBR
microcavities. As a limitation, there exists an intrinsic upper
limit for the resonator Q factor (of a few 10° for Au) due
to unavoidable losses in the metal layer. Advantages on the
other hand are several: (1) easy fabrication, (2) the interesting
possibility to confine laterally the optical mode by structuring
only the metallic part [2], and (3) the possibility to reduce
the associated damage on embedded emitters that typically
arises with the lateral patterning into pillars. Tamm plasmon
resonators have been proposed in recent years as attractive
candidates for the development of efficient optical switches
[3], innovative lasers [4,5], single-photon emitters [6], and
cavity-polariton devices [7]. 3D optical confinement due to
confined Tamm plasmons under metallic microdisks has been
demonstrated, with both acceleration and inhibition of the
spontaneous emission of single quantum dots (QDs) [2].

It is the purpose of this paper to analyze the potentiality
of Tamm plasmon resonators in the domain of cavity op-
tomechanics [8—11], namely, to demonstrate whether high-
frequency vibrations and photons can be simultaneously
confined in the same space, and be made to strongly interact,
in these hybrid metal-semiconductor cavities. Light-induced
rigidity, optomechanical cooling down to the quantum ground
state of mechanical motion [12-15], and optomechanical
self-oscillation [16,17] are some of the demonstrated striking
consequences of so-called dynamical back-action in the
domain of cavity optomechanics. If the appropriate conditions
are met, Tamm resonators could be a quite rugged and compact
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implementation of these physics, with the potentiality for
the coupling to optoelectronic phenomena, and ease of 3D
confinement in wavelength dimensions using metallic disks.

In the domain of phononics, optical microcavities have
been studied for strongly enhanced Raman spectroscopy of
phonons [18-21] and as a means to amplify either the phonon
generation, the detection, or both in picosecond acoustics
experiments [22,23]. Along these lines it has been also recently
shown [24] that GaAs/AlAs optical microcavities constitute at
the same time optimized resonators for near-infrared light and
for GHz-THz acoustic vibrations [25]. Simultaneous phonon-
photon confinement has been demonstrated in these devices,
with the possibility to selectively launch cavity breathing
modes with direct laser pulse excitation of the structure
[24,26,27]. In microcavities with photons and excitons in
the strong-coupling regime, it has been also shown that
this scheme of direct laser excitation enables the access to
enormously enhanced optomechanical coupling of resonant
(polariton mediated) photoelastic nature [28]. The dynamics
of microcavities can be also driven by the external injection
of acoustic pulses, either using quasimonochromatic surface
acoustic waves [29,30] or bulk propagating broadband strains
induced by femtosecond laser excitation of metal transducers
[31-34].

Our aim here is to theoretically evaluate the potentiality of
Tamm plasmon resonators for simultaneous acoustic phonon
confinement, and to experimentally study the vibrational
response of these structures by direct laser excitation using
picosecond laser pulses resonantly tuned with the confined
optical Tamm mode, and with the electronic transitions associ-
ated with a layer of embedded QDs. A theoretical modeling of
the picosecond acoustics response is also presented, including
a quantitative analysis of the different coherent phonon
generation and detection mechanisms involved.

II. PHONON CONFINEMENT IN TAMM
PLASMON RESONATORS

To analyze the simultaneous optical and acoustic con-
finement in Tamm plasmon resonators we consider similar
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FIG. 1. (Color online) (a)Schematic diagram of the planar Tamm
plasmon resonator with embedded QDs localized at the maximum
of the confined optical field. (b) Amplitude of the electromagnetic
field E (red curve) and lattice displacement u (blue curve) for
the first confined optical and acoustic phonon modes, respectively.
The calculation assumes incidence from the substrate (air side)
of amplitude 1 for the acoustic (optical) case. (c) Detail of the
electromagnetic field E corresponding to the Tamm optical mode.
(d) Strain distribution (du/dz) corresponding to the first (20 GHz,
solid) and third (60 GHz, dash-dotted) order acoustic confined modes.

structures to the ones designed for the demonstration of
single-photon emission [2]. A DBR with 40 pairs of A/4n
layers of AlpgsGagosAs and GaAs was grown by molecular
beam epitaxy, and 45 nm of gold were deposited on top of the
DBR to complete the cavity [as illustrated with the scheme in
Fig. 1(a)]. The first DBR layer after the metal is GaAs. A layer
of self-assembled InGaAs QDs with high QD density was
grown 45 nm below the surface, where the Tamm plasmon
confined optical field is calculated to have a maximum [see
Figs. 1(b) and 1(c)]. A 15 nm Aly,GaggAs layer is inserted
between the QDs and the surface. This thin barrier allows
isolating the QDs from surface defect states without modifying
the intensity profile of the Tamm optical mode.
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FIG. 2. (Color online) (a) Optical reflectivity as a function of
wavelength (incidence of amplitude 1 from the air side) and
(b) surface displacement as a function of frequency (incidence of
amplitude 1 from the substrate side), for the bare DBR (shaded curves)
and the Tamm resonator, that is, the same DBR with the added Au
layer (red curves).

Standard transfer matrix formalisms were used to evaluate
the optical reflectivity and electric field distribution, and the
surface displacement and acoustic field distribution in the
structure [35]. Published values were used for all required
material parameters, complex index of refraction, sound ve-
locity, and mass density. The surface displacement for a sound
wave incident from the substrate is used to characterize the
acoustic transmission through the structure (GHz vibrations
do not propagate in air). Figure 2 presents these results for
the Tamm structure using nominal thicknesses. Shaded curves
correspond to the bare DBR, i.e., without the Au metal layer.
The solid curves depict the complete Tamm plasmon resonator.
The optical response shows the situation already treated in
many papers, namely the typical oscillations of a DBR, with
very high reflectivity within the so-called stop band, in this
case ranging from 1.34 to 1.48 eV, and the strong change
induced by the deposition of 45 nm of Au—namely, the
overall increase of the reflectivity (characteristic of a Au
mirror), the presence of oscillations due to interferences with
the DBR, and most importantly, the appearance of a narrow
resonance (Q ~ 1300) at the low-energy side of the stop
band (= 1.34 eV in the figure), the so-called Tamm plasmon
mode. The latter corresponds to a resonant confined mode,
spatially localized at the surface and exponentially decaying
into the DBR [Fig. 1(b)], with a maximum field approximately
45 nm below the DBR-Au interface [see Fig. 1(c)]. The optical
response is smoothly dependent on the width of the metal layer,
as illustrated with the color map in Fig. 3. Most notably, the
Tamm resonance evolves from an edge mode into the optical
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FIG. 3. (Color online) Color map corresponding to the optical
reflectivity as a function of wavelength for incidence of amplitude
1 from the air side (a), and surface displacement as a function of
frequency for incidence of amplitude 1 from the substrate side (b)
for varying Au layer thickness of the Tamm resonator. The white
arrow in (a) indicates the optical Tamm plasmon mode. Note that the
displacement is presented in logarithmic scale.

gap, to rapidly stabilize its energy around 1.34 eV (indicated
with a white arrow in the figure). The width of the mode
decreases with increasing Au thickness, but the most important
effect above 50 nm is a reduction of the associated dip, until
it disappears above 100 nm because of light incident from the
air side being fully reflected by the metal layer.

Particularly interesting is the analysis of the acoustic
response of the same structure. As shown in Fig. 2, the DBR
also performs as a quite efficient acoustic mirror [36-38],
centered around 19.2 GHz, and ranging from 18 to 20.5 GHz
(note the logarithmic scale in the figure). Moreover, the
incorporation of the 45-nm-layer Au on top of the DBR
leads to the appearance of a very narrow resonance quite well
centered within the acoustic gap. The acoustic field spatial
distribution corresponding to this resonant mode (which for
simplicity we will call the Tamm acoustic mode), shown in
Fig. 1(b), also corresponds to a mode localized at the surface
and exponentially decaying into the DBRs. The steeper decay
into the DBR as compared to the Tamm plasmon field reflects
the much higher Q factor of the acoustic resonance. Most
notably, the Tamm acoustic mode is a proper cavity-like mode
as evidenced by its dependence on Au-layer thickness shown
in Fig. 3. The Tamm acoustic mode develops from a mode
associated with the metal layer, partially localized due to the
strong acoustic mismatch between Au and the semiconductor
materials [Za, &~ 63 x 10° kg/(s m?), while for all involved
I11-V materials Z &~ (21-26) x 10° kg/(s m?)]. This localized
mode shifts with varying Au thickness, anticrosses with
the higher density continuum states, and becomes strongly
localized as it traverses the DBR stop band. In fact, it turns out
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to be well tuned within the DBR stop band for a Au thickness
of 45 nm, a value chosen to optimize the optical properties of
the resonator.

III. PICOSECOND ACOUSTICS EXPERIMENTS

Having shown theoretically that Tamm plasmon resonators
also confine GHz acoustic vibrations in the same space, we
proceed to their study by pump-probe differential reflectivity
spectroscopy. Reflection-type pump-probe experiments [39]
were performed at room temperature and at 80 K using
a cold finger cryostat, with the laser energy tuned around
the Tamm plasmon cavity mode. The latter depending on
temperature was either slightly blueshifted from resonance
(room temperature), or at resonance (80 K) with the QDs’
absorption. Resonant coherent phonon generation experiments
have been extensively used in the past for the study of layered
semiconductor systems (see for example Refs. [40—42]) and
for the selective excitation of confined acoustic vibrations in
sound resonators [24,43]. They have also been specifically
used to study the generation of phonons in embedded InAs
QD layers similar to the ones included in the studied Tamm
plasmon structure [44,45].

Picosecond pulses (~1 ps, ~920 nm, ~1.348 eV) from a
mode-locked Ti:sapphire laser, repetition rate 80 MHz, were
split into cross-polarized pump (power around 20 mW) and
probe (typically 2 mW) pulses. Photon pulses of 1 ps are
chosen so that their spectral width is smaller than that of
the Tamm plasmon resonance (AX ~ 2 nm). Both pulses
were focused onto superimposed ~50-um-diameter spots. The
optically resonant coupling of light to the microcavity was
done as described in Refs. [46] and [47]. The probe is tuned
close to normal incidence to the high-energy flank of the optical
cavity mode. The pump pulse, at the same wavelength, is tuned
resonant with the cavity mode. To this purpose a fine tuning
of the pump pulse incidence angle is performed [22,46].

Figure 4 presents in its top panel the numerical Fourier
transform of the picosecond acoustic traces acquired for
2 ns at room temperature. To help identify the modes the
bottom panel shows the dispersion of folded acoustic phonons
corresponding to the bare DBR. Note that acoustic stop
bands open at the Brillouin zone edges, but not at zone
center. Confined acoustic modes are thus to be expected at
energies corresponding to odd numbers of the fundamental
frequency at ~19 GHz. As follows from the measured phonon
spectra, peaks are indeed observed at energies corresponding to
these confined Tamm acoustic modes, but also at zone-center
vibrations. The insets in Fig. 4 show the calculated spatial
distribution of the modes, highlighting the different nature of
the two kinds of phonons: confined for the acoustic Tamm
vibrations, extended throughout the DBRs for the zone-center
modes. The explanation for the experimental observation of
these two types of modes is, however, different. While a full
theoretical calculation will be presented below, it is possible to
understand this observation with simple symmetry arguments.
Photon and phonon fields are confined in the same place
of space, and it is this overlapping spatial confinement that
explains the coupling of light with the confined acoustic
Tamm modes. At the same time, the structure is essentially
a finite-size periodic DBR. According to selection rules for
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FIG. 4. (Color online) Amplitude of the numerical Fourier trans-
form of picosecond acoustic traces taken with the laser resonant
with the Tamm optical mode at room temperature (top) and 80 K
(middle). Black curves are experimental; blue dash-dotted curves
are the calculated spectra (see text for details). The bottom panel
shows the corresponding dispersion of the folded acoustic phonons
of the bare DBR. The top smaller panels show the calculated spatial
distribution of the first observed zone edge (confined) and zone center
(DBR-like) phonons.

a periodic system, the optical generation of coherent phonons
occurs for g = 0 (zone-center) vibrations, while the detection
in back-scattering geometry is sensitive to gp = 2k modes
(here g and k are the phonon and photon wave number,
respectively) [22]. However, at resonance with the optical
cavity mode, k = 7 /d, with d the DBR period. It follows
that gp = 27 /d, which has the same symmetry as a ¢ =0
mode. This implies that zone-center modes are generated and
detected at the DBR.

To better understand the observed spectra we proceed now
to its analysis with a full model for pump-prove differential
reflectivity experiments, as previously described in Ref. [48].
Within this framework the coherent phonon generation process
can be described as follows:

¢(@) = a / K@no(@.2)|E(2)Pdz, (1)

and the detection process can be condensed in the following
expression:

Ar = ﬂ{ / p@n(w,2)E5(2)dz

2N
+ Y (em1 — €nt@n)(an + bm)z}. )

m=0
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FIG. 5. (Color online) Calculated pump-probe spectra for differ-
ent generation and detection mechanisms. The left (right) panels cor-
respond to photoelastic (interface displacement) detection processes.
Spectra are calculated with finite generation efficiency (K = 1) either
in the Au layer, InGaAs QDs, or GaAs layers of the DBR (indicated
in each panel), and O otherwise.

In these equations « and B are proportionality constants, 1
are the elastic strain eigenstates, 1 is the elastic strain in
the sample, E the electric field, K is an effective material-
dependent generation constant that considers different light-
matter couplings, p is the photoelastic constant, g is the
spectrum of the generated coherent phonons, and Ar is the
laser-induced reflectivity change. In Eq. (2), €, is the dielectric
function of layer m, and z,, is the position of the interface
between layers m and m + 1. The probe field within layer
m is Ey(z) = a,e'Vrk 4 b, e”Verki and \/ek is the light
wave vector. The first term in Eq. (2) is due purely to the
photoelastic effect (i.e., a change in the index of refraction
induced by strain). The second results from the displacement
of the interfaces (i.e., an effective change in the thickness
distribution of the cavity). The latter is fully determined by a
proper evaluation of the acoustic modes of the structure, and
by physical constants (dielectric functions) that are readily
available for most materials. The photoelastic constant p, on
the other hand, has only been measured for a few materials,
and even in those cases for a limited range of wavelengths [26].

We present in Fig. 5 the results of the model for different
characteristic situations—namely, discriminating either one
of the two detection mechanisms (photoelastic or interface
displacement), and localizing the generation process in each
one of the materials (Au, GaAs or QDs), setting all other
generation constants K = 0. For this purpose the QDs’ layer
has been modeled as a thin (3 nm) homogeneous layer
of an average medium. Several conclusions can be drawn
from these results: (i) Peaks are calculated to appear, in
agreement with experiment, at the frequencies corresponding
to confined acoustic Tamm modes, and zone-center vibrations.
(ii) Irrespective of the generation material, only with the
interface displacement detection mechanism the amplitude
of the fundamental breathing mode (19 GHz) relative to
the first zone-center vibration (38 GHz) can reproduce the
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TABLE I. Generation constants K used in the simulated spectra
shown in Fig. 4. All values are referred to Kg,as at room temperature
(highlighted in bold). See the text for details.

K (293 K) K (80 K)
Au 4 425
QDs 0.15 0.6
GaAs 1 0.23

experiment; in fact at the used laser energies, far below the
GaAs fundamental-gap transition, the interface displacement
contribution is expected to prevail because of the relatively
small value of the photoelastic constant of GaAs [26,49].
(ii1) Concentrating our attention consequently on the interface
displacement detection mechanism [panel (b) in Fig. 5], we
see that the Au layer and the QDs are the most efficient
transducers to generate the confined acoustic Tamm modes;
this follows from the strong localization of the associated
strain specifically at the surface of the structure. And (iv),
for the generation resonant with the QDs the third overtone of
the confined acoustic Tamm mode (57 GHz) is significantly
more intense than the fundamental one. This follows from the
almost perfect localization of the maximum strain associated
with the higher overtone specifically at the position of the QDs
[see Fig. 1(c)].

Based on these observations we have fitted the measured
room temperature spectrum considering the interface displace-
ment detection mechanism, fixing Kéif\l: = 1, and searching
for the generation constants at the Au and QD layers so as to
better describe the observations. The results are shown with
a dashed-dotted curve together with the measured spectrum
in Fig. 4 (top), obtained using the fitting parameters given
in Table I. The agreement is quite notable almost in every
detail, except for an overestimation of the intensity of the
higher energy modes. The latter is compatible with the faster
anharmonic decay of higher energy vibrations, not accounted
for by the calculations [50]. It follows from this fit that at
293 K the off-resonant excitation of the QDs leads to a weak
light-sound coupling, while the most efficient transduction
occurs at the Au layer. This is reasonable in view of the fact
that the absorption of the metallic layer is the main dissipation
channel, and thus the related thermal generation mechanisms
should be significant.

As follows from the calculations in Fig. 5, one strategy for
the more efficient generation of the confined acoustic Tamm
modes would be to resonantly couple with the QD optical
transition. For this purpose we have performed experiments at
80 K, where the Tamm optical mode overlaps with the broad
QD-related absorption. The numerical Fourier transform of the
ps acoustic traces is shown in the middle panel of Fig. 4. Again,
measured values are displayed with solid curves, calculations
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with dashed dotted curves. In this case we calculated the
thermal stress o at the Au-layer considering the variation
of the relevant parameters between 293 and 80 K. That is,
or = —3% X tZ—B, with g the linear expansion coefficient,
B the bulk comp;essibility, Q the amount of heat of the
pump laser absorbed by the sample, and ¢, the specific heat
of the metal at constant pressure. We extracted the values
of B, B, and ¢, from Refs. [51-53], and obtained that the
thermal stress in Au increases 6% when the temperature of the
system decreases from room temperature to 80 K. This leads to
K ~ 4.25. The generation constants for GaAs and the QDs
are then derived from the fit, and given in Table 1. The results
are physically sound, namely Kop increases by a factor of
4 because of the resonant excitation of the QDs, and Kgaas
decreases by a factor of 4, something that is compatible with
the blueshift of the band gap by approximately 100 meV. In
fact, at the lower temperature the laser gets farther away from
the gap, and consequently the associated absorption is reduced
thus weakening the deformation potential related generation
mechanism.

IV. CONCLUSIONS

In conclusion, we have theoretically analyzed the condi-
tions under which a Tamm plasmon resonator can confine
at the same time photons and acoustic vibrations, opening the
path to strong optomechanical interactions in these devices. We
have shown that indeed resonators designed for the optimum
coupling with light, and reportedly used as single-photon
emitters, efficient lasers, and cavity polariton devices, result in
being optimum for the confinement of vibrations localized in
the same region as the Tamm plasmons. The studied devices
include a layer of QDs, which can be tuned with the cavity
mode to selectively enhance the coherent generation of the
Tamm-like confined acoustic vibrations.

The Tamm plasmon resonators are conceptually similar to
the GaAs microcavities already reported to evidence very large
optomechanical coupling factors. Similar strategies, that is,
the use of resonant photoelastic mechanisms and polariton-
mediated coupling, could be thus exploited to optimize the
optomechanical coupling in the Tamm structures. In addition,
photons can be very simply confined in the three dimensions
by the use of metal disks instead of planar layers. The same
arguments can be used to argue that phonons should also
be confined below the metal disks in all directions in such
structures. It would be very interesting to study ps acoustics
and optomechanical phenomena under these full confinement
conditions, for example as a path for the ultrafast efficient
modulation of single-photon emitters. As demonstrated here,
the maximum strain associated with the third overtone of the
fundamental acoustic breathing mode of the Tamm cavities
(approximately at 60 GHz) almost perfectly overlaps the
location of the maximum electromagnetic field (that is, where
the QDs are located).
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