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Optical Tamm state polaritons in a quantum well
microcavity with gold layers*
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A new type of cavity polariton, the optical Tamm state (OTS) polariton, is proposed to be realized by sandwiching

a quantum well (QW) between a gold layer and a distributed Bragg reflector (DBR). It is shown that OTS polaritons

can be generated from the strong couplings between the QW excitons and the free OTSs. In addition, if a second gold

layer is introduced into the bottom of the DBR, two independent free OTSs can interact strongly with the QW excitons

to produce extra OTS polaritons.
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1. Introduction

Cavity polaritons, which exhibit neither exciton
nor photon characteristics, are half-matter half-light
quasiparticles arising from the strong coupling be-
tween excitons and photons.[2 As the coherent emis-
sion can be obtained from cavity polaritons without
the requirement for population inversion, it is pos-
sible to realize novel optoelectronic devices, such as
thresholdless polariton lasers and high-speed optical

s.173] Usually, cavity

switches, with cavity polariton
polaritons are generated in microcavities constructed
by sandwiching quantum wells (QWSs) between two
distributed Bragg reflectors (DBRs), as the strong
coupling between the confined photons (i.e. cavity
mode) and the QW excitons can be obtained in this
way. 34

Surface plasmons (SPs) are collective oscillations
of free electrons and can be excited by transverse-
magnetic (TM) polarized light at the dielectric/metal
interface. Surface plasmon waves are associated with
short effective wavelengths and strong field enhance-
ment effects, making them very attractive for a vari-
ety of applications.!®6 The dispersion of the surface
plasmon lies outside the light cone given by k = w/c,
where k is the in-plane wave vector, w is the angu-
lar frequency, and c is the vacuum light speed. So
the direct optical excitation of surface plasmons in a

planar structure composed of an isotropic dielectric
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medium is impossible. As a result, SPs are usually
excited using prisms or diffraction gratings. Recently,
a special type of interface mode, called the optical
Tamm state (OTS), in analogy with the Tamm state
for electrons at crystal boundaries, was proposed to
realize polariton lasers.”8! It was shown that OTSs
can be realized at the interface between metal and
DBR. The OTSs are lossless interface waves within
the light cone and can be generated by direct optical
excitations of both TE (transverse-electric) and TM
polarizations,®° which is significantly superior when
compared with SPs. Moreover, if the metal layer and
the sequence of the high- and the low-index layers of
the DBR are properly arranged, the eigenstates of the
OTSs can be varied with the plasma frequency of the
bulk metal. Obviously, the combination of cavity po-
lariton and OTS is of great importance for fast and
compact optical processing.

Hence in this paper, we propose to realize a new
type of cavity polariton, the OTS polariton, through
the strong interaction between OTSs and cavity ex-
citons. This is done by sandwiching a quantum well
(QW) between gold layers and a DBR. In contrast to
previous studies, both the top and bottom gold lay-
ers are considered in our structure. In particular, the
second gold layer added to the bottom of the DBR
can support the generation of additional OTS, which
provides addition freedom to form cavity polaritons.
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In Section 2, the theoretical method to investigate the
proposed cavity polaritons is studied. In Section 3,
the strong couplings between the OTSs and QW ex-
citons for both single-metal-layer and double-metal-
layer cavities are analysed.

2. Theory

Figure 1 shows a schematic diagram of the mi-
The
microcavity consists of a top gold layer, a bottom
GaAs/AlAs stack DBR, and a single GaAs QW sand-
wiched between two AlGaAs cladding layers. It

crocavity to be considered in our analysis.

is similar to that of the conventional microcavities
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Fig. 1. (colour online) Schematic diagram of the micro-
cavity. Incident light is assumed to be TE polarized. Sur-
face of the top metal layer is defined as the plane of z = 0.

except that the top DBR is replaced by a metal layer.
The OTS polaritons can be excited in the proposed
microcavity with or without a gold layer on the bot-
tom of the DBR, and their optical characteristics will
be discussed in the following study.

The DBR is designed to have 16.5 pairs of
GaAs/AlAs layers with a Bragg frequency of wg. Its
first and last layers each possess a higher refractive
index, so as to form OTSs with frequencies below
the bulk plasma frequency of the metal. The permit-
tivity of the gold layer is taken to have the Drude
form,1012) £ (w) = 1 — w?/(w? — iwy), where
(=0.027 €V) is the electronic collision energy, and fiw,,
(=8.9 eV) is the bulk plasma energy. The relative per-
mittivity of the QW satisfies the Lorentzian oscillator

form!4]

4r fw?2,
€Qw(w) =¢&0 + 3 ! &

— 2 — il
w2, — w? —iwl’

(1)

where the first term is the background permittivity,
eo = 12.5, the second term denotes the exciton con-
tribution to the permittivity, iwex (=1.515 eV) is the
exciton energy, I' (kI = 0.5 meV) is the broadening
factor, and f (=3.16x107%) is the oscillator strength.
The other parameters used in the calculation are given
in Table 1.

Table 1. The parameters of the proposed microcavity (Ap is the Bragg wavelength).

Paramet DBR fayers Cladding 1 Gold 1 !
arameter GaAs AlAs adding layers old layer Q ayer
Refractive index 3.7 3.0 3.3 Veg(w) Veaw W)
Thickness AB/4 AB/4 AB/4 50 nm 10 nm
With the above definitions, the OTS polaritons  can be established:
of the microcavities can be numerically analysed us-
. . . . ru + 1 1 + TL
ing the transfer-matrix method. In addition, the dis- = McMqwMcn , (2)
(ru —1)pe —TL)Pe

persion relations of the OTS polaritons can be de-
duced from their generation conditions. The excita-
tion of the OTS polaritons requires that there exist
non-trivial values of electromagnetic waves under the
condition of no outside incident light on the cavity.
At the upper (i.e. the interface between the cladding
layer and the top metal layer) and the lower (i.e.
the interface between the cladding layer and the first
DBR layer) boundaries of the cavity, we assume that
the amplitudes of the electrical fields incident on the
boundaries from the cavity are 1 and n (a nonzero

constant), respectively. Hence, the following relation

where p. = n¢ cos 8., with n. being the refractive in-
dex and 6. the incident angle of the cladding layer;
ry and rp, are the reflection coefficients of the top-
cover (i.e. the top metal layer) and the bottom-cover
(i.e. all the DBR layers with or without the bottom
metal layer) layers of the cavity, respectively; M. and
Mqw are the transfer matrices of the cladding and
the QW layers, respectively. Then, we can obtain the
eigenequation for the OTS polaritons from Eq. (2) as

Pe(ru — 1) [lin (L +7rL) +li2 (1 — ) pe)
—(ru+1)[lor (T4+7rL) +lo2 (1 —rL)p] =0, (3)
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where [y, li2, l21, and l9o are the four elements of
matrix M.MgqwM,.. Because equation (3) depends
on the incidence angle that controls the in-plane wave
vector, it is also named as the dispersion equation of
the polaritons. Note that when the cavity layers are
removed (i.e. there is no cladding layer or QW in the
structure, 117 = lyo = 1 and l15 = ly; = 0), equa-
tion (3) reduces to ryry, = 1, which is the exact case
reported in Refs. [7] and [8].

3. Results and discussion

First we discuss the case in which there is no bot-
tom metal layer added to the microcavity (see Fig. 1).
Figure 2 shows the corresponding reflection coefficient
versus hwg (i.e. the center of the DBR bandgap) and
the photon energy. The dotted line gives the energy
of the free OTS (i.e.
pled from the exciton). The dashed-dotted line gives

the free cavity mode uncou-

the energy of the exciton. The detuning A is defined
as the energy of the free OTS minus the exciton en-
ergy. For moderate values of A, the excitons and the
OTS can couple strongly, generating polaritons along
two energy branches. Photons that are resonant with
the polaritons can penetrate through the cavity due
to the tunneling effect. Correspondingly, reflection
dips appear in the spectrum at the polariton ener-
gies. In the mapping, the two branches, which mark
relatively low reflection coefficients, indicate the re-
alization of the OTS polaritons. It is observed that
the two branches always show an anticrossing, the so
called vacuum—field Rabi splitting. At the anticross-
ing point (A = 0), the two OTS polariton modes are
split by ~ 6 meV. The splitting increases as the detun-
ing deviates away from 0 eV. At positive detunings,
the upper polariton branch tends to the dotted line
(photon-like), while the lower polariton branch tends
to the dashed-dotted line (exciton-like). At negative
detunings, the situation is reversed.

Figure 3 presents the reflection spectra of the
structures for hwg = 1.619 eV and § = 0. The case
without a QW in the cavity is indicated by the thinner
curve, wherein only one dip is observed at 1.514 eV.
This dip corresponds to the free OTS supported by
the structure. The detuning between this OTS and
the QW excitons is —1 meV. Hence, when the QW
is included in the cavity, the OTS and the excitons
can strongly interact with each other. As a result,
OTS polaritons can be realized. The Rabi splitting
shown in the reflectivity spectrum (i.e. two dips in

the reflection spectrum) reveals the presence of the
OTS polaritons. The inset of Fig. 3 gives the spectral
and spatial distributions of the electric field intensity.
We can see that the intensities are relatively strong for
energies that correspond to the two dips of the black
(thick) curve. In the z direction, the highest intensity
of the field is within the QW, indicating a well con-
finement of light by the metal and the DBR layers.
The inset also verifies that the dip positions in the re-
flection spectra coincide with the eigenenergies of the
OTS polaritons.
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Fig. 2. (colour online) Reflection coefficient versus fuwg
and photon energy for the microcavity without the bottom
metal layer and 6 = 0.
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Fig. 3. (colour online) Reflection spectra for hwg =

1.619 eV and 6 = 0; the inset gives the corresponding spec-
trum and z-direction distribution of the electrical field.

Hence, we have discussed the strong coupling be-
tween the OTS and the QW excitons as a means to
achieve cavity polaritons based on a thin metal layer
and a DBR mirror-formed QW microcavity. This is
different from Refs. [7] and [8] where no confined ex-
citon is included in their consideration.

It is known that an electronic Tamm state ap-
pears when the barrier at one end of the superlattice
is higher than the rest of the potential barriers. If the
barriers at both ends are raised, two electronic Tamm
states appear. This suggests to us how to form two
OTSs based on our structure. Figure 4 shows the re-
flection coefficient for the case when both the top and
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the bottom metal layers are considered. The two dot-
ted lines show the free OTSs supported by the struc-
ture in the absence of the QW. It can be seen that the
presence of the bottom metal layer gives birth to two
free OTSs that are separated by ~ 28 meV. We also
check whether these two OTSs are within the first pho-
tonic band gap of the DBR mirror. In the mapping,
two pairs of polariton branches appear, corresponding
to the two free OTSs. Note that the QW excitons can
interact with any one of the free OTSs, depending on
the relevant detunings.
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Fig. 4. (colour online) Reflection coefficient versus fwg
and photon energy for the microcavity with the bottom
metal layer and 6 = 0.

It is worth mentioning that the 6 meV splitting in
Fig. 2 corresponds to a strong coupling between the
OTS and the excitons, namely, the strong coupling
between the OTS and the excitons generates the OTS
polaritons, which manifest themselves by Rabi split-
ting (the anticrossing of the polariton modes). For the
case shown in Fig. 4, two OTSs, i.e. OTS1 and OTS2,
appear corresponding to the two metal layers. Hence,
the 28 meV separation denotes the energy difference
between the two OTS modes.

To better understand the interaction between the
QW excitons and the two OTSs, we give the reflec-
tion spectra of the structure for iwy = 1.6025 eV and
1.63 eV in Figs. 5(a) and 5(b), respectively. In Fig.
5(a), the two free OTSs supported by the structure are
at 1.487 eV (OTS1) and 1.513 eV (OTS2), as shown
by the dips of the thinner curve. Obviously, the fre-
quency of OTS2 is close to the exciton resonance, so
the polaritons appear with respect to OTS2, which is
revealed by the appearance of Rabi splitting in the
spectrum (see the two upper dips in the black/thick
curve). On the other hand, the interaction between
OTS1 and the excitons is not so dominant, so the
third polariton mode with respect to OTS1 remains
free cavity mode-like, i.e. the lowest dip in the black
(thick) curve is almost overlapping with that in the

thinner curve. In Fig. 5(b), the case is reversed with
respect to that of Fig. 5(a), i.e. OTS1 is closer to the
exciton energy and Rabi splitting appears with respect
to OTS1 rather than OTS2.
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Fig. 5. (colour online) Reflection spectra for 6 = 0 and

hwo = 1.6025 eV (a) and 1.63 €V (b). The insets show the
corresponding spectra and the z-direction distributions of
the electrical field.

The insets in Figs. 5(a) and 5(b) indicate that
the light with energies equal to those of the three po-
lariton modes can be confined by the structure. In
the z direction, the light mainly distributes inside the
QW, which corresponds to the formation of the OTS
polaritons. Moreover, the intensity of light at the in-
terface between the DBR and the bottom metal is sill
relatively strong, which corresponds to the formation

of the Tamm plasmon polaritons.!”-8!

Hence, the sec-
ond metal layer not only introduces an additional OTS
that provides the freedom for the generation of cavity
polaritons, but also provides a link between the exci-

tations of cavity polaritons and plasmon polaritons.

4. Conclusion

We demonstrate the realization of OTS polaritons
using a gold layer and a DBR embedded with a single
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QW. It is shown that the OTS polaritons can be real-
ized if the light mode and the QW excitons are in the
strong coupling regime. The OTS polaritons, which
are spectrally separated (i.e. by Rabi splitting), can
be revealed by the two dips in the reflection spectrum.
On the other hand, if another gold layer is introduced
into the bottom of the DBR, two OTSs can form. In
this case, any of these OTSs can be strongly coupled
to the QW excitons depending on their relevant de-
tunings. Three OTS polariton modes can also be gen-
erated in the microcavity. Two of the OTS polariton
modes are due to Rabi splitting with respect to one
of the OTSs. However, the third OTS polariton mode
remains free cavity mode-like. Compared with the
conventional microcavities, our structure is simpler,
because only one DBR is used. In addition, the pro-
posed structure provides an inherent link between the
cavity polaritons and the surface plasmon polaritons
at the metal interfaces, which is believed to be a typ-
ical sample for the study of light—matter interaction,

as well as the realization of polariton lasers.
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