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1 Introduction

Over the past two decades, effects originating from strong light-matter interaction
in solid-state systems have garnered much attention for applications of various novel
photonic devices. Exciton-polaritons are bosonic quasiparticles resulting from such in-
teraction between excitons (matter) and photons (light). Excitons are formed when
Coulomb-interacting electrons and holes in semiconductors are bound into pair states,
and their coupling with photons leads to elementary excitations that are part light, part
matter - the so called polaritons. The concept of polariton was first introduced for bulk
semiconductors in the late 1950s with the the pioneering works of Pekar and Hopfield
[1]. However, bulk polaritons possess several strong limitations that hinder the exper-
imental investigation of polaritonic effects. Such limitations are: bulk polaritons are
not observable inside the luminescence light cone, the exciton density as well as light
field in the bulk material can not be altered and they do not exhibit energy minimum
for the ground state. The rapid progress in the realization of crystal microstructures
in the 20th century led to exciting developments related to a reduction of dimension-
ality of exciton and photon states. Cavity polaritons arising from the strong coupling
of two-dimensional quantum well (QW) excitons with photons confined in a planar
microcavity overcome the limitations of bulk polaritons. The QW excitons are more
stable than the bulk excitons due to the increased exciton binding energy and oscillator
strength. The lower polariton branch possesses a parabolic dispersion at low momenta
due to the photonic part yielding a very light effective mass, typically ∼ 10−4 − 10−5

times lighter than that of the bare electron mass. Combined with their bosonic char-
acter, this low effective mass allows for them to undergo a polariton condensation [2].
Furthermore, an impressive set of striking physical phenomena have been observed in
such microcavity structures like parametric amplification, polarization bistability, and
superfluidity [3–6]. From a practical point of view, these phenomena are of very strong
fundamental interest can, in principle, serve as a basis for the realization of a new
generation of optoelectronic devices such as polariton lasers, polariton switches, tran-
sistors, and even, polariton circuits [6].

The first experimental normal mode splitting between the cavity and exciton resonance
in a solid state system was observed in 1992 [7]. Four years later, in 1996, the concept
of a polariton laser based on polariton condensation was first suggested by Imamoglu
and coworkers [8]. Since that time, a major progress has been made for the devel-
opment of polariton lasers operating at room temperature. The semiconductor laser
devices have found many applications that have revolutionized our everyday life. Due
to their small size and high efficiency they play an essential role in optical data com-
munication, optical data storage, high-resolution printing and more, have been enabled
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1 Introduction

by continuous developments in improving performance and, in particular, by reducing
the lasing threshold density. The invention of the vertical-cavity surface-emitting laser
(VCSEL) in the 1980s enables dramatic decreases in the device threshold current [9].
However, further reduction of VCSEL thresholds is limited by the population inversion
or stimulated emission mechanism. In this context, the polariton lasers are more en-
ergy efficient. They offer a very low threshold pump intensity typically two orders of
magnitude lower than that of a VCSEL laser [10]. Interestingly, both polariton and
VCSEL lasers are based on a planar semiconductor microcavity geometry. However,
the eigenmodes of polariton lasers are not fermions but admixed bosonic quasiparticles
leading to a different mechanism for coherent light emission. The matter characteristic
of the polaritons allows them to scatter with electrons, phonons and polaritons, which
results in the build-up of a ground-state coherent population from an incoherent exci-
ton reservoir. Once condensed, polaritons emit coherent monochromatic light through
the spontaneous radiative decay of polaritons. Polariton lasing and condensation are
now routinely obtained by many research groups around the world using microcavity
systems [3, 4, 11]. However, mostly it is achieved by optical pumping. Until now, very
few electrically injected polariton lasing have been reported [12–14]. The realization of
high quality microcavity samples that permits electrically injected polaritonic devices
operating at room temperature is still a nontrivial technological challenge. Hence, the
development of commercial polaritonic devices as well as the realization of advanced
experiments using polaritonic effects require several major steps from material and de-
vice structure point of view.

The first key to success is to search for an active material that offers a large exci-
ton binding energy which stabilizes the quasi-particles beyond the thermal energy of 25
meV at 300 K. Although GaAs and CdTe-based microcavities have been the playground
for a number of beautiful polaritonic investigations and amazing discoveries, they are
limited for the practical polaritonic devices due to the lack of robustness of their ex-
citons at elevated temperatures. In this context wide-bandgap semiconductor-based
microcavities are highly beneficial in order to realize polaritonic devices operating at
room temperature. This is confirmed by the observation of strong coupling and polari-
ton lasing in GaN and ZnO microcavities at room temperature [15, 16]. ZnSe-based
microcavities are particularly well suited for the investigation of cavity-exciton po-
laritons in semiconductors since they possess large exciton binding energies and high
exciton oscillator strengths.

Another important requirement for the development of practical polaritonic devices
is the use of an advanced microcavity structure or a simplified device structure that
should be technologically feasible. For this purpose the hybrid metal-semiconductor
system appears to be a promising candidate. Indeed a large number of publications
have been reported for the investigation of strong coupling between a surface plasmon
polariton mode and an emitter (a review is given in [17]). However, the excitation of
surface plasmons always requires prisms or structured metal layers due to the momen-
tum mismatch problem. If a metal layer is deposited on a periodic distributed Bragg
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(DBR) reflector, a surface state will be formed at the interface, the so-called optical
Tamm state or Tamm plasmons [18]. The dispersion of the Tamm plasmons lies inside
the light cone which ensures a direct optical excitation. For this optically excitable
state, strong coupling with QW excitons can be achieved [19–21]. However, the strong
coupling regime in this type of metal-DBR structure has only been obtained for the
infrared spectral region.

The strong coupling regime can likewise be realized in a periodically arranged Bragg
structure (also called an unfolded microcavity structure) [22]. Strong light-matter in-
teraction in this Bragg structure possesses several advantages over conventional micro-
cavity system. These structures provide an opportunity to incorporate a large number
of QWs without increasing the mode volume. Furthermore, it is expected that the
strong coupling could occur over the entire thickness of the Bragg structure, and the
system offers an improved overlap between exciton wave function and light mode.

Finally, polariton trapping geometries are required for the creation of in-plane confine-
ment potentials that provide a powerful tool for control and manipulation of polariton
systems. In fact, one of the key principle advantages of cavity polaritons, with re-
spect to their individual constituents, is the possibility to control their exciton-photon
fraction and to completely modify the characteristics of polaritons. Many fascinating
physical properties are expected when considering confined polariton systems and in
the presence of an engineered potential landscape. A strong potential trap will help to
create a quantum simulator to study complex many-body phenomena and fundamental
studies of polariton condensation in complex potentials. The realization of polariton
integrated circuits based on a network of polariton neurons relies on the engineering of
polariton confinement. It is also expected that the polariton lasing threshold can be
further lowered by squeezing the polaritonic wavefunction into a small volume due to
the enhancement of polariton scattering rate [23]. Hence, the motivation behind the
realization of confined polariton systems is both scientific and technological. The lat-
eral confinement can be achieved by acting on the excitonic component of the polariton
or on its photonic component. A variety of ingenious methods have been developed
for the creation of confined polariton systems (for a review [24]). However, most of
the methods require much more complex processing techniques except the concept of
metal deposition on the sample surface. However, the depth of the confinement poten-
tial for the metal deposition method is on the order of a few hundred µeV which is very
small for the room temperature application. Hence, for the practical implementation
of polaritonic devices a rather simple method is required that can provide a large con-
finement potential and allow full control of polariton eigenstates.

In this work, different designs of ZnSe-based microcavity systems are explored for the
realization of the strong coupling effect between QW excitons and confined photons.
Novel methods are proposed and experimentally demonstrated for the precise control
and manipulation of quantum states of exciton polaritons. By utilizing these techniques
the depth of the trapping potential will reach to a value of several meV. The obtained
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results will facilitate the road towards polaritonic devices for real-world applications
and open the way to investigate many advanced fundamental studies based on confined
polaritons.
In chapter 2, the physical fundamentals for the understanding of the described phys-
ical processes are explained. An overview of the state of polaritonic research is given
in chapter 3. The structure of the investigated samples, processing techniques, and
the methods used for the optical characterization are described in chapter 4. Three
different polaritonic systems are discussed in chapter 5, 6, and 7. In the first part
of chapter 5, the strong coupling regime between confined cavity photons and QW
excitons is demonstrated by performing real and k-space measurements. The angular-
resolved far-field emission properties of the microcavity sample are discussed in the
second part of this chapter. The evidence for the polariton relaxation bottleneck effect
and the experimental methods for their suppression are presented as well. Chapter 6
is a cumulative chapter, which gives the summary of three publications (publication I,
II, and III). In the first section of the chapter 6, the formation of Tamm plasmons at
the interface between a Ag film and a ZnSe-DBR, and their tuning methods are given.
The influence of Tamm plasmons on the optical properties of an empty microcavity
is presented in the same chapter. In the following section, the first experimental ev-
idence of strong coupling between the Tamm-plasmon mode and the QW exciton in
the visible spectral region is reported. In the last part of this chapter, an anticross-
ing between the cavity and Tamm-plasmon mode is given. Finally, the existence of
a hybrid state of Tamm plasmons and microcavity exciton polaritons in a II-VI ma-
terial based microcavity sample covered with an Ag metal layer is presented for the
first time in any material system. The modulation of polariton quantum states and
their trapping potentials are discussed as well. The results presented in chapter 7 are
based on publication IV and V. The experimental evidence of strong coupling between
the Bragg mode and the QW exciton is demonstrated in the first part of this chapter
(publication IV). In the last part, publication V is included, where two novel methods
are proposed and experimentally realized for the modulation of the Bragg polariton
resonances. In addition, the emission properties of Bragg polaritons are discussed. Fi-
nally, a conclusion is given in chapter 8 to briefly summarize the results, and to suggest
possible directions for further research.
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2 Basics
In this chapter, the physical basics necessary for the understanding of the results ob-
tained in this thesis are explained. Firstly, we present the properties of the ZnSe
compound semiconductors. The propagation of electromagnetic waves in layered me-
dia is discussed theoretically and a short introduction to the transfer matrix method is
given. Next, the characteristics of Bragg reflectors and microcavities are explained. In
the following, the properties of cavity polaritons are discussed in more detail. The last
sections deal with the properties of metal-semiconductor hybrid and periodic Bragg
structures.

2.1 Material system ZnSe
2.1.1 Crystal structure
The II-VI compound semiconductors crystallize principally in the zinc blende (spha-
lerite) and wurtzite structures. The thermodynamically stable crystal structure of
ZnSe and ZnS compounds is the zinc-blende structure. This has a face-centered cu-
bic lattice (fcc) with a diatomic base. The two types of sublattices are shifted with
respect to each other by a quarter of the body diagonal of the fcc lattice. The atoms
are tetrahedrally coordinated and each atom’s nearest neighbors consist of four atoms
of the opposite type. The stable phase of CdSe is the wurtzite structure, which is
composed of two interpenetrating hexagonal close-packed (hcp) sublattices. The near-
est neighbors and the next nearest neighbors are the same in the ideal wurtzite and
zinc blende structure. The difference between the two crystallographic arrangements
lies mainly in the stacking sequence of the planes of the close-packed spheres. The
fcc lattice repeats a characteristic stacking sequence every three layers, while the hcp
repeats the stacking sequence every two layers. The crystal structure also depends on
the growth temperature, e.g., ZnSe goes from the zinc blende to the wurtzite structure
at temperatures above 1425 0C [25]. In addition, the epitaxially grown compound MgS
exhibits a metastable zinc-blende phase for comparatively thin layers, for thicker layers
a transition to the rocksalt crystal structure occurs [26, 27].
If one goes from binary (AC) to ternary (AxB1−xC) compound, Vegard’s rule [28] pre-
dicts a nearly linear change in the lattice constant of the ternary material aABC with
the composition:

aABC(x) = xaAC + (1− x)aBC . (2.1)
Here, aAC and aBC denote the lattice constants of the two binary compounds AC and
BC, respectively.
One of the most commonly used substrates for the epitaxial growth of ZnSe-based
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2 Basics

Figure 2.1: For this work relavent
bandgaps of binary II-VI
compound semiconductors
as well as GaAs over lattice
constants at RT [30].

structures is GaAs. The lattice mismatch between this substrate material and ZnSe is
very small (0.25 %) at room temperature [29]. A comparison of the lattice constants
of the materials discussed here is shown in Figure 2.1.

2.1.2 Band structure
The compounds CdSe, ZnSe, ZnS and MgS are direct bandgap semiconductors since
the valence band maximum as well as the conduction band minimum at the Γ-point
(~k = 0) are at the center of the first brillouin zone. The recombination rate is much
higher for a direct bandgap semiconductor compared to an indirect semiconductor since
no phonons are necessary to conserve momentum. This fact underscores the potential
of these materials for the optoelectronic devices in the visible to ultraviolet spectral
range. The bandgap energies Eg of the compound semiconductors used in this work are
plotted against the respective lattice constant at room temperature in Figure 2.1, where
the binary compounds possess a badgap of ECdSeg = 1.66 eV [31] up to EMgS

g = 4.45 eV
[32]. The bandgap energy for the ternary compound can be estimated using Vegard’s
law [28] as stated before for the prediction of the lattice constant. However, for the
approximation of the bandgap energy a simple linear interpolation is not valid. In this
case a bowing parameter b has to be introduced [33].

EABCg (x) = xEACg + (1− x)EBCg − x(1− x)b. (2.2)

For CdxZn1−xSe a bowing parameter of b= 0.48 eV [31] and for ZnxS1−xSe of b = 0.68 eV
[34] was determined. The quaternary alloy ZnMgSSe is an important compound for the
realization of optoelectronic devices. This alloy allows tuning of the bandgap from 2.7
eV to more than 4.0 eV (see Figure 2.1). In addition, the bandgap and lattice constant
can be varied separately, where the magnesium content controls the bandgap and sulfur
is responsible for the lattice constant. However, with a higher incorporation of mag-
nesium content the layers tend to be hygroscopic and become milky in air due to fast
oxidization [35, 36]. Aside from that problem, that it has the tendency to transition in
rocksolt structure for a thicker layer [30].
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2.1 Material system ZnSe

Figure 2.2: Schematic representation of the ZnSe unstrained band structure (left) and
a biaxial compressively strained ZnSe layer [37].

The band structure of ZnSe near the Γ-point is shown schematically in Figure 2.2. The
conduction band is essentially composed of the s orbital of the zinc cations and it is
characterized by the total angular momentum J = 1/2. The conduction band is twofold
degenerate with respect to the magnetic quantum number mj = ± 1/2. The valence
band is essentially formed from the p orbitals of the selenium anions and it is split into
three sub-valence bands. The heavy-hole band (hh) with J = 3/2 and mj = ± 3/2 and
the light-hole band (lh) with J = 3/2 and mj = ± 1/2 are degenerated in a non-stressed
ZnSe material at the Γ-point. The third valence band, the split-off band (SO), with
J = 1/2 and mj = ± 1/2 is shifted by approximately 400 meV towards lower energies
compared to the other two valence bands due to spin-orbit interaction. For epitaxial
growth of ZnSe layers on the non-lattice matched GaAs substrate, the layer material is
compressively stressed at a very small thicknesses (several tens of nanometers). This
leads to a reduction in the symmetry of the crystal system. The change in the band gap
induced by the strain is smaller for the heavy-hole band than for the light-hole band.
As a result, the degeneracy between the hh- and lh-bands at the Γ-point is lifted and
the lh-valence band is shifted to low energies in comparison to the hh-band (Figure 2.2
right).
The lowest electronic excitation in a semiconductor is represented by the quasi-particles
called excitons that form when Coulomb-interacting electrons and holes are bound into
pair states. These quasi-particles have a strong influence on the optical properties of
the wide bandgap II-VI semiconductors. Organic materials usually have a smaller di-
electric constant, as a result the Coulomb interaction between electron and hole may
be strong and the excitons thus tend to be small. In this case the Frenkel excitons are
formed and the electron-hole wave function is restricted to an element cell. The Frenkel
exciton is not observed in semiconductors and therefore is not considered in the fol-
lowing. In inorganic semiconductors, the electron and the hole are only weakly bound
together because of the large static dielectric constant and form the Wannier-Mott ex-
citon, which is extended over several lattice constants. The exciton wavefunction is
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2 Basics

strongly delocalized and the exciton can move freely inside the crystal. In the effective-
mass approximation, for the hydrogen-like Wannier exciton of the three-dimensional
crystal, the excitonic Bohr radius a∗X and the binding energy of an exciton EBX are
given by

a∗X = a0(m0ε

µ
) and EBX = Ry(

µ

m0ε2
) = e2

8πε0εa∗X
. (2.3)

Where µ = m∗em
∗
h

m∗e+m∗
h
is the reduced mass of the exciton, a0 is the Bohr radius, m0 de-

notes the free electron mass and Ry = 13.6 eV is the Rydberg energy. m∗e and m∗h
are the electron and hole effective masses, respectively. II-VI semiconductors possess a
larger exciton binding energy compared to III-V materials due to their strong Coulomb
interaction. For example, the exciton binding energy in GaAs of EBX = 4.2 meV and
in ZnSe of EBX = 20 meV were determined [38]. The binding energy may be further
increased by a factor of 2 to 3 for quasi-two-dimensional excitons in QWs and thus the
exciton survives at room temperature since the thermal energy at room temperature is
about 25 meV [39].
The bandgap of the semiconductor typically decreases with increasing temperature.
This decrease is caused by a combination of the thermal expansion of the crystal and
the temperature-dependent electron-phonon interaction [40]. The temperature depen-
dent electron-phonon interaction leads to a quadratic variation of the gap at low tem-
peratures and to a linear decrease at higher temperatures [41]. The expansion of the
crystal plays a major role at higher temperatures and also leads to a linear decrease
in the band gap as the temperature increases. Generally, at low temperatures, a non-
linear behavior of Eg (T) and above about 100 K an almost linear decrease of Eg with
temperature are observed. For many semiconductors the temperature dependence can
be described by an empirical relation also known as Varshni’s equation [42]

Eg(T ) = Eg(0)− αT 2

T + β
. (2.4)

where α and β are material specific constants. Eg(0) is the bandgap at zero tempera-
ture.
An alternative expression with more microscopic foundation, but still semiempirical
based on the Bose–Einstein phonon model has been given as: [41, 43]

Eg(T ) = EB − aB
(

1 + 2
exp(Θ/T )− 1

)
. (2.5)

Where EB and aB are constants (Eg(0) = EB − aB) and Θ is an average phonon
frequency. This model reaches a better description of the fairly flat dependence at low
temperatures. However, experimentally the dependence at low temperatures is rather
quadratic [40].
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2.2 Light propagation in dielectric layered media

Figure 2.3: Reflection and refraction of an electromagnetic wave incident at the planar
boundary between two dielectric media with refractive indexes ni and nt.

2.2 Light propagation in dielectric layered media
2.2.1 Reflection and refraction of light at plane interfaces
In this section the reflection and refraction of an electromagnetic wave at a planar
boundary between two dielectric media is discussed. The media are assumed to be lin-
ear, homogeneous, and lossless with refractive indexes ni and nt. The electromagnetic
wave is traveling towards the interface with wave vector K pointing in the direction of
propagation with the components of electric field E and magnetic field H as shown in
Figure2.3. The incident, reflected, and transmitted angles with respect to the interface
normal are denoted by θi, θr, and θt, respectively. Due to the law of reflection the
reflected angle θr is equal to θi. The transmitted angle θt can be determined with
Snell’s law:

ni sin θi = nt sin θt. (2.6)

An electromagnetic wave approaching through a planar interface can be decomposed
into two polarization components. For s polarization, the electric field is orthogonal to
the plane of incident, whereas in the case of p polarization, the electric field is parallel to
the plane of incident. The tangential component of the electric field for s polarization
is continuous across the boundary:

Ei + Er = Et. (2.7)

Similarly, according to the boundary condition the tangential components of H can be
expressed as:

− Hi cos θi + Hr cos θr = −Ht cos θt. (2.8)

The relation between the electric and magnetic fields is known from Maxwell’s equations
for transverse waves:

H =
√

ε

μ

K
‖K‖ × E, (2.9)
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2 Basics

where ε and µ are the electric permittivity and magnetic permeability of the material,
respectively. Since θi = θr, (eqn (2.8)) can be written as:√

εi
µi

(Ei − Er) cos θi =
√
εt
µt
Et cos θt. (2.10)

In the case of p polarization, a similar pair of equations can be derived by utilizing the
continuity of the tangential components of E and H

Ei cosθi − Er cosθr = Et cosθt (2.11)

and
Hi +Hr = Ht. (2.12)

The optical materials are typically non-magnetic for which one can approximate µi ≈
µt ≈ µ0; consequently, the reflection (rs), and transmission (ts) coefficients for s polar-
ized wave are defined as

rs =
(
Er
Ei

)
s

= ni cos θi − nt cos θt
ni cos θi + nt cos θt

, ts =
(
Et
Ei

)
s

= 1 + rs (2.13)

and for p polarized wave rp and tp can be obtained:

rp =
(
Er
Ei

)
p

= nt cos θi − ni cos θt
ni cos θt + nt cos θi

, tp =
(
Et
Ei

)
p

= (1 + rp)
cos θi
cos θt

. (2.14)

These are known as Fresnel equations which describe the behavior of an electromagnetic
wave at an interface. In the experiment, it is not possible to directly measure the field
amplitudes in the optical regime but only the intensities which are proportional to the
square of the field amplitudes. The experimentally accessible quantities reflectance (R)
and transmittance (T ) are given by

R =
(
Er
Ei

)2
= r2 (2.15)

and
T = nt cos θt

ni cos θi

(
Et
Ei

)2
=
(
nt cos θt
ni cos θi

)
t2. (2.16)

A detailed description of the experimental setup to measure the reflectivity and emission
spectra is given in chapter 4.

2.2.2 Transfer matrix method
The transfer matrix method is an effective technique to simulate the reflectivity of
a sample consisting of periodic structures. In multilayer structures the complex am-
plitudes of transmitted and reflected waves can be determined by using the Fresnel
equations at each interface which requires solving a substantial number of algebraic
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2.2 Light propagation in dielectric layered media

Figure 2.4: Schematic of an arbitrary multilayer with thickness dm, refractive index
nm, propagation matrix Pm, transmission matrix Dm and with notation of
electric field amplitudes.

equations. However, in the matrix method one transfer matrix for the entire struc-
ture can be obtained by multiplying the individual transfer matrix together. Here, a
transfer matrix method is described for an arbitrary multilayer, as shown in Figure
2.4. A transverse light-wave propagating forward and backward along the z-direction
is considered:

E = E+ exp(ikz) + E− exp(−ikz). (2.17)

The field amplitudes of the left- and the right-hand sides of the ith layer with refractive
index ni and thickness di are related by the propagation matrix Pi of the layer:(

E+
i

E−
i

)
= Pi

(
E

′+
i

E
′−
i

)

=
[
eiδi 0
0 e−iδi

] (
E

′+
i

E
′−
i

)
(2.18)

where δi = 2πdi
λ ni cos θi is the respective phase shift.

The field amplitudes at an interface between two layers (for example, ith and jth layers)
are associated by the refraction or transmission matrix Dij which is composed of the
Fresnel coefficients of reflection rij and transmission tij , which takes the same form in
both cases of s or p waves:(

E
′+
i

E
′−
i

)
= Dij

(
E+

j

E−
j

)
=

1
tij

[
1 rij

rij 1

] (
E+

j

E−
j

)
. (2.19)

The amplitudes of the forward and backward collected waves at the two ends of the
m layers and m + 1 interfaces are related by a single matrix that is a matrix product
of m + 1 2 × 2 matrices:(

E
′+
0

E
′−
0

)
= D01

( m∏
l=1

PlDl(l+1)

) (
E+

m+1
E−

m+1

)
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= T
(
E+
m+1

E−m+1

)
. (2.20)

The product matrix T resulting from the above procedure is referred to as the system
transfer matrix of the complete structure. The 2 × 2 T matrix can be written as

T =
[
T11 T12

T21 T22

]
(2.21)

The reflectance and the transmittance of the system for lossless surrounding media are
given by the elements of the transfer matrix as

R = |r|2 =
∣∣∣∣T21
T11

∣∣∣∣2 and T = |t|2 =
∣∣∣∣ 1
T11

∣∣∣∣2 tan θ0
tan θm+1

. (2.22)

An extended discussion of electromagnetic wave propagation in multilayer structure
can be found in Ref.44–46. In this work, all transfer matrix simulations are performed
with the software CAMFR [47].

2.2.3 Distributed Bragg reflectors

A distributed Bragg reflector (DBR) is a multilayer dielectric mirror which consisting
of thin layers of dielectrics with alternating low and high refractive indexes. Such
mirrors are often used as vital components for various photonic devices for the purpose
of photon confinement. The advantages of DBRs compared to metallic mirrors are
that they have little loss and the semiconductor material-based DBR can be either
electrically insulating or conductive depending on the doping of the layers. In addition,
the metal mirror has resistive loss at optical frequencies which limits the reflectivity of
metals in the visible range. In contrast to metals, a DBR can provide a total reflectivity
of more than 99.9 %.
In a DBR the optimum reflectivity at a certain design wavelength (λ0) is achieved when
the thicknesses of the high (H)- and low (L)- index layer are chosen so that

nHdH = nLdL = λ0
4 . (2.23)

When an electromagnetic wave impinges on the DBR structure with different refractive
indexes multiple reflections occurs and the reflected wave undergoes a π-phase shift
at the interface where the refractive index goes from a lower to a higher value. If
the thickness of each layer satisfies the eqn (2.23) all of the reflected waves interfere
constructively at the design wavelength and produce an overall high reflectivity. The
eqn (2.23) is usually referred to as the Bragg interference condition due to the similarity
to Bragg reflections of x-rays at crystal planes [48].
For a lossless DBR structure with 2N layers surrounded by a medium of refractive index

12



2.2 Light propagation in dielectric layered media

Figure 2.5: Calculated reflectivity spectra of lossless DBRmirrors composed of alternat-
ing layers of nH and nL at normal incident. (a) Represents the reflectivity
spectra for two sets of refractive index contrast of nH = 2.52, nL = 2.17
and nH = 2.39, nL = 2.17 of the DBR mirrors with the number of layer
pairs N = 10. The stop-band width ∆λs becomes larger for a higher refrac-
tive index contrast of the DBR mirrors. (b) Representing the change of the
reflectivity spectra for different number of layer pairs N; the reflectivity of
the center of the stop-band of the high index contrast DBR approaches to
unity for N = 20 layer pairs.

na the reflectance at normal incidence in the spectral region of λ0 is given by [49]:

R =


1− na

ns

(
nL
nH

)2N

1 + na
ns

(
nL
nH

)2N


2

. (2.24)

Here ns represents the refractive index of the substrate material. It can be observed
from this equation that for a fixed number of layer pairs N, the reflectivity of the DBR
increases when the ratio nL/nH is increased and if this ratio is unchanged the reflectivity
increases with layer pairs N. The reflectivity spectrum of this quarter wave stack can be
simulated by the transfer matrix method as described in the previous section. Figure
2.5 shows the simulated reflectivity spectra of the DBR structure for two different
refractive-index contrasts and for different number of layer pairs N by using the transfer
matrix algorithm. In this thesis, ZnMgSSe and a superlattice (SL) of MgS and ZnCdSe
are used for the high- and low-index layer for the DBR structure, respectively. It has
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been discussed in section 2.1.2 that the bandgap of the quaternary alloy ZnMgSSe is
tuned by controlling the magnesium content. As a consequence the refractive index is
also varied at the same time. In this calculation two sets of refractive indexes nH = 2.52,
nL = 2.17 and nH = 2.39, nH = 2.17 with λ0 = 465 nm are considered. As it can be seen
from Figure 2.5 (a), that the DBR exhibits a high reflectivity only in a wavelength region
around the Bragg wavelength λ0. Such a wavelength region is often called the photonic
stop-band which is analogous to the electronic bandgap occurring in semiconductor
crystals. The DBR structure is often referred to as a one dimensional photonic crystal
since the dielectric constant periodically varies along a specific direction and prevents
light from propagation in that specific direction with a photonic bandgap (or stop-band)
[50, 51]. The width ∆λs of the stop-band can be estimated following Ref. 52

∆λs = 2λ0∆n
πneff

(2.25)

where ∆n is the refractive index difference between the periodic layers, and neff is
the effective refractive index of the DBR. For a small refractive index contrast neff
can be estimated by an average value of the refractive indexes of the periodic layers
(neff = 1

2(nH + nL)) [53]. This equation shows, that the width of the photonic stop-
band becomes larger when the difference of the refractive indexes is enhanced and this
agrees with the simulated reflectivity spectra (see Figure 2.5 (a)). The reflectivity of
the DBR reaches near to unity when the number of layer pairs is increased to a value
of 20 for the given example in Figure2.5 (b) (solid lines), where the refractive index
contrast of the DBR is rather high. It should be noted that the maximum reflectivity
can be achieved only with several periodic layers when the difference of the refractive
indexes is quite large.
The wave incident on DBR experiences phase dispersion and reflection delay. At the
Bragg wavelength λ0 the dispersion is zero and the reflection delay is at minimum. The
phase of the reflected wave changes linearly with wavelength in the stop-band region
and the reflection phase dispersion is small. This effect can be attributed to the fact
that the wave is gradually reflected as it penetrates into the DBR. Therefore, often a
penetration depth lpen as shown in Figure 2.6 is used to model the Bragg reflector as
an ideal mirror of fixed reflection phase located some distance behind the linear phase
mirror [53, 54]. From the phase change, the penetration depth of the wave into the
DBR is approximately obtained as given in[55]:

lpen ≈
λ0

4∆n. (2.26)

The concept of the penetration depth lpen for the Bragg mirror plays an important role
when calculating the cavity mode position and separation which will be discussed in
the next section. It should be noted that the phase penetration depth is comparable
to the so-called energy penetration depth [54] for semiconductor mirrors with a low
index contrast. The energy penetration depth approximately determines the influence
of absorption losses on the reflectivity of the DBR according to [55]

Rα ≈ R exp(−2αilpen). (2.27)
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2.2 Light propagation in dielectric layered media

Figure 2.6: The ideal fixed-phase mirror displaced from linear phase mirror by the
penetration depth lpen.

In the case of a finite background absorption αi of the DBR layers, the maximum
reflectivity of the dielectric DBR is significantly reduced compared to eqn (2.24) and
can not be further increased by an increase of the number of DBR pairs.

2.2.4 Microcavity
A microcavity can be created by introducing a cavity layer inside the DBR structure
which can be considered as a ’defect’ layer within a regular periodic structure. The
resulting structure is very similar to a simple Fabry-Pérot structure with planar mirrors,
where light is reflected multiple times between two parallel mirrors. The difference
between microcavities and conventional cavities is the cavity length. In conventional
optical cavities, the distance between the two reflectors is much larger. However, if the
cavity length is on the order of the wavelength of light, the system is denoted as micro-
resonator or microcavity. The electromagnetic field inside the cavity can form standing
waves if the distance between the mirrors is a multiple of the optical half-wavelength:

Lc =
mλc

2nc
. (2.28)

Here Lc and nc represent the physical thickness and the refractive index of the cavity
layer, respectively. m denotes the mode number. In order to achieve an effective
coupling of the excitonic recombination processes to the electromagnetic field in the
cavity, the optical active layer must be positioned at the field maximum of the cavity.
If the active layer is placed centrally in the cavity spacer layer, the thickness for a
cavity of a low-index material must be have an odd-numbered of multiples of half the
wavelength λ/2, in the case of a cavity of a high-index material it mush have a thickness
of a multiple of the wavelength λ. All hot (with QWs) microcavity structures studied
in this work have a high-index cavity layer with a length of λ. Figure 2.7 shows the
calculated square electric field distribution of a 1 λ-cavity using the transfer matrix
method. A field maximum can be observed at the center position of the cavity layer
where the QWs can be placed to achieve an optimum interaction between the QW
excitons and cavity photons.
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Figure 2.7: Calculated profile of the squared electric field distribution and the refractive
index for an 1 λ cavity with 15 top and 18 bottom DBR pairs. The spectral
position of the cavity resonance is 470 nm and nH = 2.52, and nL = 2.17 are
the refractive indexes of the DBR. The surrounding media are air n0 = 1
and a GaAs substrate ns = 4.2.

It is important to note that the penetration of the cavity field into the DBR needs to
be taken into account for the calculation of the effective cavity length Leff :

Leff = Lc + ltpen + lbpen (2.29)

where ltpen and lbpen are the penetration depth of the top and bottom DBR, respectively.
However, the DBR penetration depth can be neglected if the cavity mode is tuned in
resonance with the center wavelength of the DBR, because the DBR phase at the Bragg
wavelength is zero or π [54]. In this case the resonant cavity mode is independent of
the DBR penetration depth. But all other modes are shifted, when there is a change
in the value of the penetration depth. The effective length of the cavity can be used to
estimate the longitudinal mode spacing ∆λm from [55]

∆λm ≈
λ2

2Leff neff
. (2.30)

The value of ∆λm is small in conventional cavities and many of the resonant modes
are present within the stop-band. However, in microcavities the spacing between the
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Figure 2.8: Simulated reflectivity spectra for a lossless microcavity composed of two
sets of DBR pairs (top 11) - 1λ - (bottom 14) (dotted), and (top 15) - 1λ
- (bottom 18) (solid line). In both cases the spectral position of the cavity
resonance at λc = 470 nm can be identified as a pronounced transmitivity.
The linewidth of the cavity resonance for the microcavity with the higher
number of DBR pairs is much narrower compared to the microcavity with
lower number of DBR pairs.

resonant modes is so large that usually each stop-band contains just a single cavity
mode. The reflectivity spectra of a 1 λ cavity with two sets of different DBR pairs are
shown in Figure 2.8. In both cases a single cavity mode λc can be identified. Incident
light is able to penetrate inside the cavity and is transmitted through it at the resonant
frequency. The cavity mode has a finite width because of the fact that the mirrors have
a finite transmission probability. The quality of the optical confinement in the optical
resonator is characterized by the Q factor, which is defined as the ratio of the resonant
cavity wavelength to the full-width at half-maximum γc of the peak corresponding to
this mode [1]:

Q = λ

γc
and γc = (1−R)λ2

2πncLeff
. (2.31)

It is assumed, that the upper and bottom DBR reflectivities are equal and the cavity
medium is lossless. It is clear that the linewidth of the cavity mode decreases when the
cavity is made up of high reflectivity DBRs (see Figure 2.8). Note that the Q factor

17



2 Basics

depends not only on losses of the reflectivity of the DBRs (from absorption, scattering
or leakage through the imperfect DBR), but also on all losses such as absorption of
the resonant light inside the structure. In fact, the Q factor is a measure of the rate
at which optical energy decays within the cavity, and Q−1 corresponds to the fraction
of energy which is lost in a single round-trip inside the cavity. Each photon inside the
cavity is trapped for a finite time before escaping the cavity through the DBR. The
lifetime of a cavity photon is given by:

τc = Qλc
2πc . (2.32)

The larger the Q factor of a cavity, the longer is the photon residence time inside the
cavity. The microcavities studied in this thesis have a Q factor of about 1000.
The photon energy dispersion in a planar cavity can be described as

Ec(k||) = ~c
nc

√
k2
|| + k2

z . (2.33)

Here k|| is the cavity photon in-plane wave vector (parallel to the cavity layer) and
its value can be continuously varied, because photons are free to propagate within the
cavity x - y plane. On the other hand, they are confined in the z-direction which yields
kz = 2π

λc
= mπ

Lcnc
. In the regime where k|| � kz, eqn (2.33) can be approximated as

Ec(k||) ≈
~c
nc
kz + ~c

2nckz
k2
||

= ~c
nc
kz +

~2k2
||

2m∗c
. (2.34)

This implies that the cavity photon has an effective mass

m∗c = ~nc
c
kz. (2.35)

This effective photon mass is extremely light in comparison to the exciton mass, and
usually amounts 10−4 - 10−5 m0, where m0 denotes the free exciton mass.

2.3 Light-matter interaction in microcavities
If an active medium is placed inside a cavity, the spontaneous emission of light can be
drastically modified. Such an idea was first proposed by Purcell in 1946 [56], where
he stated that spontaneous emission can be enhanced or suppressed depending on the
density of the electromagnetic modes at the position of the emitter. In fact, an emitter
existing in free space (typically modeled as a two level system) will decay spontaneously
by interaction with a vacuum continuum at a rate proportional to the density of modes
at the transition energy. The density of modes of the radiation field is changed within
the cavity and the maximal density of modes occurs at the quasi-mode resonant ener-
gies and can greatly exceed the corresponding free space density. An emitter, whose
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transition energy is within the mode linewidth will experience an enhancement of its
spontaneous emission rate. If the spectral positions that are intermediate to modal res-
onance energies, the density of modes can be reduced compared to the density in free
space. Therefore, by a proper control of the cavity design the spontaneous decay can
be enhanced [57, 58] or suppressed [59, 60]. The manipulation of spontaneous emission
through the Purcell effect is a way to reduce the threshold of lasers [61] and the effect
has been implemented to realize efficient single photon emitters [62–64].
In general, the above discussion of the interaction between the emitter and its local
optical environment is such that only the spontaneous emission rate is modified but the
emission energy remains unaltered. This regime is known as the weak coupling regime.
In this regime a photon emitted into a given mode has a negligible probability of being
reabsorbed by the medium and hence, the emission process is irreversible. However, if
the radiative coupling between the emitter and electromagnetic mode is strong com-
pared to the cavity loss and the emitter damping rate then the energy levels responsible
for the emission are also modified. In this situation photons emitted within the cavity
can oscillate long enough to be reabsorbed and again reemitted so that the excitation
is shifted back and forth between the medium and the electromagnetic mode. Such
a regime of reversible exchange of energy between the material excitation and cavity
photon is termed as the strong coupling regime. The systems studied in this thesis
are in the strong coupling regime. For further reading of the weak coupling regime in
microcavities the reader is referred to the work of Lohmeyer [65].

2.3.1 Strong coupling and cavity polaritons
The polariton is a quasiparticle resulting from the strong light-matter coupling between
a radiation field in solids and a fundamental excitation with the same wavevector.
Polaritons were theoretically studied for the first time by Hopfiel in bulk semiconductors
[66]. After the experimental demonstration of strong coupling phenomena in a two-
level atom system coupled to a single electromagnetic field mode [67], this regime
of light-matter interaction was intensively studied in atomic physics [68–70]. The first
experimental demonstration of strong coupling of a confined light mode with an exciton
state in a semiconductor microcavity was reported by Weisbuch et al. in 1992 [7].
Hence, the term ’cavity polariton’ arrived from the exciton-polariton in microcavities.
In this strong exciton-photon coupling regime, the emission intensity of a microcavity
shows an oscillation instead of an usual exponential decay. The excitation energy of the
system is transferred reversibly between the QW exciton state and the cavity photon
state, leading to a Rabi oscillation. The energy splitting between the two coupled
modes is denoted as Rabi-splitting energy, Ω~:

Ω~ ∝
√
fNQW

Leff
(2.36)

where NQW and f represent the number of QWs within the microcavity and the ex-
citon oscillator strength, respectively. The oscillator strength is associated with the
probability of the transition from the crystal ground state to the exciton state and is
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proportional to the dimensionality of the system. The energy separation between the
polariton states Ω~ increases as the exciton oscillator strength increases. Therefore, a
material with high oscillator strength is suitable to be employed as an active medium in
the resonator in order to maximize the coupling strength. The most mature platform
for the investigation of cavity polaritons is the GaAs material system due to the well
established growth process [71]. However, the oscillator strengths are much larger in
wide bandgap material system compared to GaAs [72]. Specially ZnSe-based microcav-
ities with the large oscillator strength are a very attractive system for the exploration
of physical phenomena of half-light half-matter quasiparticles. In addition eqn (2.36)
indicates that the coupling strength is inversely proportional to the effective cavity
length Leff . From eqns (2.26 and 2.29), it can be observed that the high refractive
index contrast in the DBRs ensure a reduced effective cavity length.

Different theoretical schemes have been proposed to describe the exciton-photon
coupled system in a planar DBR-based microcavity. They range from a semiclassical
linear-dispersion model, in which the active medium is presented by a Lorentz oscillator
[7, 73], to a full quantum theory of the exciton-photon interaction in which the complex
mixed-mode energies are derived from the poles of the Green function [74]. In general,
the semiclassical theory is the most convenient one to compute reflectivity, transmission,
and absorption. The quantum theory, on the other hand, is more appropriate for the
computation of photoluminescence. In this thesis the experimental results are modeled
by a system of damped coupled oscillators as described in Ref. 75, 76 and the features
of the polaritonic effects in the reflectivity spectra are simulated numerically using the
transfer matrix method.

The eigenstates of a system of two harmonic oscillators, namely the exciton resonance
and the cavity mode can be expressed as a coupled-oscillator equation:∣∣∣∣∣∣∣

Ex(k||)− E(k||)− iγx ~V

~V Ec(k||)− E(k||)− iγc

∣∣∣∣∣∣∣ = 0 (2.37)

where V represents the matrix element between the cavity mode and the exciton reso-
nance and is given by

V =

√√√√(1 +
√
R

R

)(
cΓo

ncLeff

)
. (2.38)

γx and γc are the nonradiative broadening of the exciton and the cavity mode linewidth,
respectively. The value of γc depends on the quality of the DBR mirror which describes
the photon escape out of the cavity through one of the mirrors and can be deduced
from eqn (2.31). On the other hand, decoherence of the excitons is induced by the
interaction with the crystalline lattice via scattering with phonons, other excitons, and
free carriers as well as the structural disorder of the QW [77]. Γo is the radiative decay
rate of the exciton amplitude in a single QW at kx = 0 and can be expressed in terms
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of the exciton oscillator strength per unit area, fxy, as given in [76]

Γo = 1
4πε0

π

nc

e2

m0c
fxy. (2.39)

The photon energy dispersion Ec(K||) of a planar cavity is given in eqn (2.33). In the
QW the center-of-mass motion of an exciton is quantized along the confinement direc-
tion and the excitons are free to move in the plane of QW. Such quantum confinement
alters the valence band structure and hence the optical transition strength and selection
rules. It is necessary to satisfy the momentum conservation of an optical transition in
the QW plane but not along the confinement direction. Hence, the QW excitons couple
to light with the same in-plane wave number k||. The QW exciton dispersion can be
expressed as

Ex(k||) = Ex(k|| = 0) +
~2k2
||

2m∗x
(2.40)

where m∗x is the exciton effective mass. The solutions of eqn (2.37) read as

ELP,UP =
Ec(k||) + Ex(k||)− i(γx + γc)

2 ±

√
1
4(Ex(k||)− Ec(k||)− i(γx − γc))2 + (~V )2. (2.41)

These new eigenstates ELP and EUP of the coupled system represent the lower and
upper polariton, respectively. The term detuning (δ) is defined as the energy difference
between the cavity mode and the exciton resonance at k|| = 0

δ = Ec(k|| = 0)− Ex(k|| = 0). (2.42)

In the case of the resonance between the exciton and cavity mode (δ = 0), the Rabi-
splitting energy is defined as

~Ω = 2
√

(~V )2 − 1
4(γc − γx)2. (2.43)

When ~V is small compared to both γx and γc, precisely 2~V 0 |γc − γx|, the second
term in eqn (2.41) is purely imaginary or zero and this regime is referred to as the
weak coupling regime. In this situation the system can be described in terms of weakly
interacting photon and exciton. This is characterized by the crossing of the exciton
and photon modes when they are tuned and an increase in the exciton decay rate at
the resonance point. If the condition 2~V > |γc − γx| occurs, then the square root
becomes purely real and the anticrossing takes place between real parts of exciton and
photon eigenenergies, which is characteristic for the strong-coupling regime. Figure
2.9 (a) shows the evaluation of the eigenenergies of the exciton and cavity mode as
function of the cavity mode detuning with respect to the exciton resonance. The new
polariton energies exhibit an anticrossing and the simulated reflectivity spectrum at
δ = 0 is displayed in Figure 2.9 (b) indicating the Rabi-splitting ~Ω.
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Figure 2.9: (a) Calculated anticrossing of the lower (black) and upper polariton (red
line) energy levels at k|| = 0 when tuning the cavity energy (blue) across
the exciton energy (dark yellow dotted line). (b) Reflectivity spectrum of
the microcavity at δ = 0. Calculations are performed using the transfer
matrix method and the microcavity structure is assumed as 15 (top DBRs)
- 1 λ (cavity) - 18 (bottom DBRs). For the active layer one ZnSe QW is
considered.

Note that the eqn (2.43) holds for the splitting of the mixed-mode energies not for
the splitting of the reflectivity peaks. The experimental expressions for the splitting
energy in reflectivity (R) and photoluminescence (PL) are given by [76]

~ΩR = 2

√√√√√(~V )4(1 + 2γx
γc

)2 + 2(~V )2γ2
x(1 + γx

γc
)− 2(~V )2γx

γc
− γ2

x (2.44)

and

~ΩPL =
√

2~Ω
√

(~Ω)2 + 4Γ2 − (~Ω)2 − 4Γ2 (2.45)

where the splitting ~Ω is given by eqn (2.43) and Γ = (γx+γc)/2. Indeed, the splittings
deduced from the reflectivity and photoluminescence are different especially for the
lower cavity finesse. Further detailed discussion on these points can be found in Ref.
76.

2.3.2 Polariton dispersion

One of the interesting features of the exciton-polaritons is their energy-momentum
dispersion. The fractions of light and matter in each of polariton branch need to be
considered in order to drive the polariton dispersion relations. The Hopfield coefficients
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Figure 2.10: Simulated energy-momentum dispersion relations for exciton-polaritons
with a large negative detuning δ = -10 meV (a), at zero-detuning δ =
0 meV (b), and with a large positive detuning δ = 10 meV (c). The
uncoupled cavity photon and exciton dispersions are presented as well.

are referred to as |Xk|2 and |Ck|2 which represent the exciton and photon fractions in
the lower and upper polariton branch, respectively and they are given as follows:

|Xk|2 = 1
2

[
1 + Ex − Ec√

(~Ω)2 + (Ex − Ec)

]
(2.46)

and

|Ck|2 = 1
2

[
1− Ex − Ec√

(~Ω)2 + (Ex − Ec)

]
. (2.47)

Since the cavity photon possesses a parabolic dispersion, the lower polariton dispersion
also acquires a parabolic shape around its energy ground state. The detuning δ of the
bare photon and exciton modes in a microcavity is an important parameter which also
strongly affects the shape of polariton dispersion curves. Figure 2.10 shows the polari-
ton dispersion for three different detunings. It can be clearly seen that the curvature
of the lower polariton branch decreases as the value of the parameter detuning δ in-
creases. Such modification of the dispersion curves simply results from the alteration of
the photonic and excitonic part in the polariton branch. The lower polariton effective
mass mpol near k|| = 0 is given by:

1
mpol

= |Xk|2

m∗x
+ |Ck|

2

m∗c
. (2.48)

m∗c is usually four order of magnitude smaller than m∗x, hence, a small photon mass in
the polariton state is adequate to provide an effective mass to the polariton state much
smaller that that of the bare exciton. Such a small effective mass of the lower polariton
at k|| = 0 makes the very high critical temperature of phase transitions for the system
possible. The effective mass of the lower polariton also depends on the parameter δ.
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In addition, the nature of the polariton states is strongly modified along the polariton
branches. This effect can be observed from Figure 2.10. The lower polariton state is
a half photon, half exciton quasiparticle close to k|| = 0 (Figure2.10 (b)). When k||
increases, the lower polariton state evolves towards a more exciton like state. As k||
is very large, the lower polariton eigenstates are excitonic states where the polariton
has an effective mass of mpol ∼ m∗x. This region of k-space is termed as the excitonic
reservoir.

The photonic part of the polaritons present many similarities to pure photons such
as their propagation, coupling to the external radiation fields, and they inherit a very
small effective mass due to their photonic nature. In addition, their excitonic part
gives them the ability to interact with phonons [78], free electrons [79], and excitons
[80]. Furthermore, strong polariton-polariton interactions are inherited from their ex-
citonic component, arising primarily from Coulomb exchange effects of the underlying
fermionic species [81–83] as well as sensitivity to external electrical fields are induced
due to their excitonic component. The effect of such interactions plays a crucial role
for nonlinearities.

The in-plane wave vector k|| is related to the angle of incidence of light illuminating
the microcavity structure, θinc , by the relation:

k|| =
E

~c
sin(θinc). (2.49)

Therefore, the dispersion of exciton-polaritons can be restored by measuring the an-
gle dependence of the resonances in reflection or photoluminescence spectra. A more
detailed explanation of the measurement technique is given in chapter 4.

2.3.3 Polariton lasing and condensation

Excitons can be considered as composite bosons in the diluted limit and their mass
is four orders of magnitude smaller than the atomic masses. Hence, they appeared to
be candidates for the observation of Bose–Einstein condensation (BEC) in a solid-state
system at temperature of the order of a few tens of Kelvin [84]. However, problem arises
when increasing the exciton density, its binding energy decreases and the Bohr radius
increases due to the phase space filling effect [85, 86] and the exchanged energy [85].
They can no longer be considered as bosons when their density reaches the so called
saturation density which is inversely proportional to the square of the Bohr radius.
Therefore, increasing exciton density diminishes its bosonic character as well as its os-
cillator strength. These facts make it difficult to observed the exciton condensation,
therefore it has only recently been experimentally observed [87–91]. Being a hybridiza-
tion of a photon and an exciton, cavity polaritons are also bosonic quasi-particles and
they possess several advantages with respect to excitons. Their photonic part intro-
duces some significant features making the polaritom system worthy of interest. They
have a much lower mass than the exciton (typically 4-5 orders of magnitude lower than
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2.3 Light-matter interaction in microcavities

Figure 2.11: A schematic representation of the polariton lasing mechanism: the black
curve represents the lower polariton branch. (From [95])

the pure exciton mass at k|| = 0) owing to their steep dispersion relation. Such a low
effective mass of the cavity polaritons makes them excellent candidates for the obser-
vation of polariton condensation at higher temperatures [2], up to room temperature
[15, 16, 92–94].

The concept of polariton lasing was first proposed in a theoretical paper by Imamoglu
et al. in 1996 [8]. The basic principle of the polariton laser was very simple: since
exciton-polaritons are bosons, they can accumulate in macroscopic quantities in a sin-
gle quantum state in a microcavity. The buildup of a ground-state coherent population
from an incoherent exciton reservoir can be considered as a phase transition towards
a Bose condensate state which would emit coherent laser light resulting from bosonic
stimulated scattering. A scheme of the polariton lasing mechanism in a two-dimensional
semiconductor microcavity is shown in Figure 2.11. First a population of polaritons
must be introduced, which is realized by exciting the sample non-resonantly at the
reflection minimum of the stop band at k|| = 0, high above the QW energy levels, typ-
ically through a continuous wave or pulsed laser. The excitation can also be achieved
from resonant pumping into the exciton energy at a large angle [96]. Hot electron-hole
pairs are created by laser pumping, and afterwards they lose energy through phonon
emission. In this process excitons are formed and as they relax, they start to populate
the polariton states in the excitonic reservoir. They should relax further down to the
lower polariton branch by different scattering processes (e.g., exciton-phonon scattering
[78], exciton-exciton scattering [80] and in some cases electron-exciton scattering [79])
and finally the population buildup occurs at the k|| = 0 state. This state is privileged
for the accumulation of polaritons and subsequently emit coherent light via leakage of
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their photonic components through the microcavity Bragg mirrors. One of the basic
properties of bosons is that the scattering rate towards a final state enhances as the
population of the state increases [95]. This positive effect thus favors the formation of
a macroscopic population of polaritons in the final state.

The microcavity structure, that supports the polariton lasing possesses precisely
the same structure as a vertical-cavity surface emitting laser (VCSEL). However, the
lasing mechanism for a polariton laser is rather different with respect to a VCSEL. The
electrons and holes serve as the gain medium in VCSEL and population inversion takes
place via sufficiently pumping the gain medium. In this case many excited electron-
hole pairs are generated. Finally the photon lasing occurs by the process of stimulated
emission, where the light in the cavity is amplified by recombination of electron-hole
pairs. In contrast, the polariton laser becomes coherent by the process of stimulated
cooling. Hence, for polariton lasing the basic physics of the system is not stimulated
emission of radiation, but rather stimulated relaxation of quasi-particles.

The major obstacle for polariton condensation is the shorter lifetime of the polaritons
than or comparable to their energy relaxation time because of the leakage of their
photonic components from the cavity mirrors. Hence, the polariton condensation is
dynamic in nature, which means that the final state population must be created and
preserved against its natural decay via recombination of its excitonic part. In the weak
excitation regime, the main relaxation process for the polaritons is the emission of
acoustic phonons. However, interactions between excitons and acoustic phonons are
very inefficient compared to optical phonon-exciton interactions [48]. Phonon emission
is sufficient to relax lower polaritons at k|| � 0.1 k0, where k0 is the total wave number
of the cavity photon at k|| = 0 [10]. In the region k|| < 0.1 k0 ∼ kbot the phonon
relaxation process becomes very inefficient. In this region, the coupling between the
cavity photon and the QW exciton becomes strong and the lower polariton effective
mass is greatly reduced leading to a rapid reduction of the density of states of the lower
polaritons by four orders of magnitude when comparing k|| > kbot and k|| ∼ 0 [10]. In
addition, the radiative lifetime of the polaritons considerably diminishes with increasing
their photonic fraction. Usually, the lifetime of the lower polaritons at k|| = 0 state
is two orders of magnitude shorter than that of the lower polaritons at kbot [4]. As
a result the polaritons are more likely to radiatively decay before they relax to the
bottom of the lower polariton branch if only phonon emission is responsible for the
cooling mechanism. Hence, an accumulation of incoherent exciton population occurs
at the state k|| ∼ kbot. This effect is called the relaxation bottleneck, since it is induced
by the existence of a relaxation ’neck’ in the dispersion relation [78, 97–100]. Such a
bottleneck effect can strongly appear in the negative detuning regime where the lifetime
of polaritons is much shorter compared to the lifetime of zero or positive detuned
polaritons. For a sufficiently dense population of the bottleneck polaritons, polariton-
polariton scattering is the main available process to overcome this bottleneck effect
[48]. This elastic scattering mechanism is a dipole-dipole interaction, since polaritons
have a strong repulsive interaction, due to dipole and exchange terms between their
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excitonic parts. In this process two polaritons within the bottleneck region can scatter,
one polariton drops into the vicinity of k|| = 0 where it will rapidly decay, whereas the
other polariton gains energy and stays in a higher momentum region (typically twice the
bottleneck momentum) [3]. Note that no dissipation of energy takes place during this
scattering process; rather, it heats the polariton gas. Polariton lasing and first-order
coherence for a bottleneck regime have already been reported [101, 102]. However, this
kind of system is always far from thermal equilibrium. Such a non-equilibrium nature
of the system makes it difficult to define the term ’polariton BEC’ and the debate
on the nature of the phenomenon is still open [103–105]. It has been argued that
the concept that polariton condensates can form without a thermalized population of
polaritons suggests it should be more appropriately called a polariton laser [104]. In
order to claim a polariton BEC a number of additional criteria should be satisfied such
as the thermal equilibrium below threshold, Bose distribution above threshold and the
spontaneous vector polarisation build-up [3]. It should be noted, that this work does
not focus on the topic of polariton condensation. For a more detailed exposition of this
topic the reader is referred to reviews such as refs [3–5, 11, 106–108].

2.4 Optics in metals
2.4.1 Surface plasmons
Metals that contain nearly free electrons play an important part in optics. The high
density of free electrons in metals induces a very high reflectivity. Hence, metallic sur-
faces act as excellent mirrors. The optical properties of metals are often approximately
described in terms of a plasma model, known as the Drude model [109]. This model
treats the dense metallic electrons as a collective ensemble or gas with the number
density n. The frequency dependence of the permittivity of the metal is approximated
by

ε(ω) = 1−
ω2
p

ω2 + iωγp
. (2.50)

Here, γp is a parameter that characterizes material losses. ωp represents the plasma
frequency of the conductor and is defined by

ωp =
√

ne2

εom∗e
, (2.51)

where m∗e is the effective mass of the electron. The frequency dependent dielectric
permittivity ε = ε(ω) is in general a complex function, ε = ε

′ + iε
′′ and it is connected

to the complex refractive index through n∗ = n + iκ =
√
ε. One can experimentally

obtain ε in the optical regime by evaluating the complex refractive index as:

ε
′ = n2 − κ2, ε

′′ = 2nκ, (2.52)

n2 = ε
′

2 + 1
2
√
ε′2 + ε′′2, κ = ε

′′

2n. (2.53)
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Figure 2.12: Schematic illustration of surface plasmon mode propagating along the in-
terface between the metal and the dielectric material. The curves indicate
electric field lines for these modes, while the + and - symbols represent
the charge density wave component of these excitations. (From [111])

The imaginary part κ(ω) is called the attenuation index or extinction coefficient and
is responsible for the absorption.
It can be seen from eqn (2.50) that at frequencies below the plasma frequency, the
permittivity of the metal is negative (ignoring the losses) and the electromagnetic wave
cannot propagate within this bulk metal. However, a metal surface does allow for
the guided propagation of waves due to its broken translation invariance [109]. The
electromagnetic excitations that propagate along the interface between a metal and a
dielectric medium are known as surface plasmon polaritons or simply surface plasmons.
The first theoretical description of surface plasmons was given by Ritchie through his
pioneering investigation of electron energy losses in thin films [110]. These waves are
trapped on the surface because of their interaction with the free electrons of the met-
als (Figure 2.12). The resonant interaction between the electromagnetic field and the
surface charge oscillation gives rise to the surface plasmons. Solving Maxwell’s equa-
tions under the appropriate boundary conditions yields the surface plasmon dispersion
relation and a solution that acquires the form of a surface wave, which results in [112]:

ksp = k0

√
εdεm
εd + εm

. (2.54)

Here εm and εd are the frequency dependent relative permittivity of the metal and
the dielectric material, respectively. The spatial distribution of the electric field for
the surface plasmon mode is shown in Figure 2.13 (a). The field perpendicular to the
surface decays exponentially with a characteristic length δd (on the order of the optical
wavelength) in the dielectric and a characteristic length of δm (the skin depth) in the
metal. If εm has the Drude-model frequency dependence of eqn (2.50), the dispersion
relation for surface plasmons takes the form shown in Figure 2.13 (b), which exhibits a
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Figure 2.13: (a) The field component perpendicular to the surface is enhanced near
the surface and decays exponentially with distance in a direction normal
to the interface. (b) The dispersion curve for a surface plasmon mode
shows the momentum mismatch problem that must be overcome in order
to couple light and surface plasmon modes together. The surface plasmon
possesses greater momentum (~ksp) than a free space photon (~k0) of the
same frequency ω. From [111].

nonlinear characteristic. The surface plasmon mode always lies beyond the light line,
that is, the momentum (~ksp) of the surface plasmon wave is larger than that of the
light in free space photon (~k0) for the same frequency. Hence, this mode cannot be
excited by direct optical illumination, as energy and momentum conservation can not
be fulfilled at the same time. There are several coupler configurations by which the
missing momentum can be rendered such as prism couplers [113, 114], grating couplers
[113, 114], and fibre and waveguide couplers [115, 116].

2.4.2 Tamm plasmons

In 2005, a simple planar multilayer structure has been proposed by Kavokin et al. for
the creation of lossless interface modes within the light cone [117]. It has been shown
that such states can be formed at the interface between two periodic dielectric structures
having different periods. These states have been called optical Tamm states in analogy
with the electronic Tamm states localized at crystal surfaces [48]. Recently, it was
theoretically proposed by Kaliteevski et al. that similar electromagnetic modes could
be formed at the interface between a metallic layer and a Bragg mirror for frequencies
within the photonic band gap [18]. Such modes are confined in the metal for the same
reason as surface plasmons (e.g., due to negative dielectric constant of the metal) and
in the DBR due to its photonic stop-band. These states were named Tamm plasmon
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Figure 2.14: (a) Real part of the refractive index along the growth direction for a TP
structure consists of a 16-period Bragg reflector with a 35 nm Ag on top.
Calculated squared electric field distribution along the growth axis for the
structure with metal (b), and without metal (c) are shown. The TP mode
is localized at the interface between the metal and DBR with an energy
of 2.55 eV.

polaritons (TPPs) or simple Tamm plasmons (TPs) in analogy with Tamm electronic
surface states in a semiconductor, and the optical Tamm states in periodic dielectric
structures. The confined electric field at the interface between the metal and the DBR
is a signature for the existence of the TP mode as shown in Figure 2.14 (b). One of the
interesting features of TP modes is that they have a higher ratio of the electric field
in the dielectric than in the metallic layer. As a result they possess lower losses than
conventional surface plasmons and an electric field shape similar to the one associated
with microcavity modes.

The eigenenergy of a TP mode in a metal/DBR structure can be found from the
phase matching condition [18]

rmrDBR = 1, (2.55)

where rm is the amplitude reflection coefficient for the wave incident on the metal from
the medium with refractive index nH , and rDBR is the amplitude reflection coefficient
of the wave incident from the medium with refractive index nH on the DBR starting
with a layer of the same refractive index nH . The reflection coefficient rm can be found
from the Fresnel formula rm = (nH − nm)/(nH + nm) where nm is the refractive index
of the metal, which can be deduced from the Drude model (eqn (2.50)) as discussed
in the previous section. When ω � ωp, the amplitude reflection coefficient rm can be
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written as:

rm = exp
[
i

(
π + 2nHω√

εbωp

)]
, (2.56)

where εb is a background dielectric constant. The reflection coefficients rDBR can be
readily obtained by the transfer matrix method. For a large number of layers and for
a wave with frequency ω sufficiently close to the Bragg frequency ω0, rDBR can be
described by

rDBR = ± exp
[
iβ(ω − ω0)

ω0

]
(2.57)

with a parameter β = πnH
|nH−nL| . From eqn (2.55), (2.56), and (2.57) one can obtained

eigenfrequency of the TP mode as:

ωTP ≈
ω0

1 + 2nHω0√
εbβωp

. (2.58)

At an interface between a 35 nm Ag layer (~ωp = 9.6 eV) and a DBR (parameters
described in section 2.2.3), the TP mode appears at 2.55 eV. More details on the
calculations of the TP eigenstates can be found in Ref.18. The in-plane dispersion of
the TP modes can be described by the formula ~ωTP = ~2k2/(2mTP ) and they exhibit
parabolic dispersions in the vicinity of k = 0 with an effective mass of the order of 10−5

of a free electron mass [118]. The Q factor of the TP modes is typically one order of
magnitude larger than the one of surface plasmons. These interesting characteristics are
very comparable to the characteristics of a conventional microcavity which encourage
the study of these systems for nonlinear polaritonic effects.
The field distribution of the TP mode is another attractive feature. Since a large

portion of the field penetrates inside the DBR structure, the interaction between the
TP resonance and the cavity mode is possible when the TPs are created in a complete
microcavity structure.

2.5 Bragg periodic structure
The Rabi-splitting is usually maximized by increasing the number of QWs within the
microcavity layer, and hence an enhancement of the total oscillator strength can be
achieved. It should be noted that in order to attain a maximum interaction between
the QW excitons and the cavity photons the physical placement of the QWs must be at
the cavity electric field antinode position. In a 1λ cavity one field antinode is created at
the center of the cavity (see Figure 2.7). The insertion of multiple QWs within cavity
layer is limited, since beyond a certain number of QWs (typically 3 QWs in a 1λ cavity)
it is not physically possible to have all the wells close to the field antinode. Therefore, an
alternative approach for the implementation of many QWs without increase of mode
volume is the utilization of the Bragg structure referred to as unfolded microcavity
where QWs can be periodically placed inside each of the high-index layer. In this case,
a simple Bragg mirror (section 2.2.3) can be used in which QWs are incorporated in
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Figure 2.15: (a) Schematic of a Bragg structure using GaAs material system. The
sample consists of a stack of quarter wavelength thick alternating high re-
fractive index layer and of a smaller effective refractive index pseudolayer
whose effective optical thickness is λ/4. (b) Electric field along the struc-
ture shows the QW positioned at the electric field maxima. (From [22])

the periodic layers. For this type of Bragg structure the Bragg polariton arises from
the strong coherent coupling between Bragg photons and QW excitons. Figure 2.15 (a)
shows an example of the unfolded microcavity structure using GaAs material system.
For this Bragg structure a 30-period of DBR stack with quarter wavelength (λ/4) thick
alternating layer is utilized. The QWs are symmetrically placed inside the high-index
layer at the antinodes of the electric field as shown in Figure 2.15 (b). Note that this
Bragg structure is designed for the infrared spectral region. Hence, the alternative
layer thickness of λ/4 is sufficient enough to insert QWs effectively. However, in order
to realize this unfolded microcavity structure in the visible spectral region a thicker
alternative layer is required. A detailed description of such a Bragg structure is given
in chapter 4.
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3.1 Strong coupling in microcavities: cavity polaritons
Over the past two decades, strong light–matter interaction in semiconductor microcav-
ities have gathered much attention for the realization of novel photonics devices. In
early days, such light-matter interaction between the cavity photon and the QW exciton
was extensively studied mainly in the GaAs material system. The first demonstration
of exciton-polaritons was reported in a planar semiconductor microcavity structure
composed of AlGaAs/AlAs DBRs and a λ AlGaAs cavity with GaAs QWs embedded
at the antinode of the photon field by Weisbuch et al. [7]. In this work the strong
coupling was manifested by a clear anticrossing between the cavity photon mode and
QW exciton resonance in reflectivity measurements. The tuning of the cavity reso-
nance relative the exciton absorption resonance was accomplished by exploiting the
cavity thickness variation across the wafer. An alternative technique for tuning the
exciton relative to the photon eigenstates can be realized using temperature variation
as demonstrated by Fisher et al. [119]. Such a technique offers an effective method for
tuning the resonances without disturbing the position of the probing spot on the sam-
ple. An unambiguous evidence of the strong coupling can be given by measuring the
polariton dispersion curves. In 1994, the first such measurement of a cavity-polariton
dispersion curve from angle-resolved PL experiments was reported by Houdré et al.
[120]. Two years later, Imamoglu et al. [8] proposed the idea of a polariton laser at
elevated temperature, which excited and fascinated the scientific community. The first
report for the observation of polariton lasing from the strongly coupled polariton states
of GaAs-based microcavities was given by Pau et al. [121], where the results were in-
terpreted as ’boser’ action. However, such boser experiment was controversial and its
interpretation was strongly criticized by the publication of Kira et al. [122]. It was
suggested that such lasing in the experiments [121] in fact occurs in the weak coupling
regime, with significant bleaching of the exciton absorption. The initial claim had to be
withdrawn and the authors corrected their previous interpretation for the microcavity
polariton system at the high density regime [123]. Another early claim for observation
of the stimulated scattering of polaritons in a single QW GaAs microcavity character-
ized by 3.5 meV Rabi splitting was reported by Senellart et al. [124]. However, the
detailed analysis showed [125] that this nonlinearity had emission varying as the square
of pumping intensity, and a threshold that occurred for occupation factors much less
than one, and so this nonlinearity could not be the result of a stimulation process, but
was due to binary collisions of excitons.

One of the main obstacles for the observation of polariton lasing at that time was the
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exciton bleaching effect [126] at higher densities which could not overcome the strong
bottleneck effect in the exciton relaxation towards polariton states at k|| ≈ 0. The
rapid dephasing of excitons and bleaching of the excitonic oscillator strength at higher
pumping powers induce a transition from strong coupling to weak coupling regime
before polartiton stimulation could take place [126–129]. In order to cope with the
relatively lower saturation density and maintain the strong coupling regime, the concept
of multiple QWs was implemented by Deng et al. [96]. In this experiment a microcavity
with 12 QWs was used and indeed the polariton lasing at k|| = 0 ground state was
observed. Later polariton condensation in the GaAs material system was reported by
Balili et al. at a temperature of T = 4.2 K [23]. However, the investigation of polariton
nonlinear effects in GaAs material system is limited to cryogenic temperatures owing
to their small exciton binding energy and low exciton oscillator strength. An early
work by Houdré et al. reported room-temperature cavity polaritons in a GaAs-based
microcavitiy [130]. More recently, electrically injected GaAs polariton light-emitting
diodes operating at 100 K [131], 235 K [132], and up to room temperature [133] were
reported. However, in these experiments the Rabi-splitting energies were relatively
small. In general, the splitting energy reaches in existing GaAs-based microcavities
up to 15 meV at low temperatures [11] and up to 4 meV at room temperature [133].
Thus, exciton-polariton research attention was transferred to wide-band gap material
systems such as II-VI materials (e.g. CdTe, ZnSe), GaN, and ZnO which provide a
much higher exciton binding energy and oscillator strength for supporting stable room
temperature operation with larger splitting energy.

In the 90s, when the GaAs-based microcavities suffered from low saturation densities
resulting in a transition to the weak coupling regime at higher excitation densities, it
was predicted that a II-VI microcavity could reach the polariton lasing threshold before
the composite oscillator is saturated by phase-space filling and screening of the excitonic
resonance [134]. The first experimental evidence for the strong coupling in II-VI micro-
cavities was given by Kelkar et al. in 1995 [135]. In this investigation three (Zn,Cd)Se
QWs were employed as the resonant medium and anti-crossing between the heavy-hole
exciton and the cavity photon mode was provided both in angle and temperature tun-
ing experiments with a Rabi-splitting energy of 17.5 meV at a temperature of 50 K.
The value of splitting energy reduced to approximately 10 meV at T = 175 K due to
the increase in the scattering rate. Two years later, strong coupling was demonstrated
for a binary ZnSe QW-based microcavity through reflection and transmission measure-
ments [134] (see Figure 3.1). It was shown that the normal mode splitting energy
exceeded 10 meV per QW at low temperatures when measured by conventional linear
optical probes or by four-wave mixing techniques. It was also reported that, unlike in
GaAs-based microcavities, the exciton-cavity normal-mode splitting in a ZnSe-based
QW system does not disappear at high e-h pair densities. Recently, a Rabi-splitting
energy of 23.6 meV was found in a ZnSe/ZnCdSe QW sample with SiO2/Ta2O5 Bragg
mirrors [136]. Room temperature strong coupling in a ZnSe/(Zn,Cd)Se semiconductor
microcavity structure with ZnS and YF3 DBRs was reported by Pawlis et al. [137]. A
large Rabi-splitting energy (~Ω = 40 meV) was observed at T = 300 K in reflection
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Figure 3.1: (a) Dispersion of the ZnSe QW microcavity obtained from transmission
spectra at T = 10 K. The solid lines represent a guide to the eye and dashed
lines are the spectral positions of the absorption maxima for the heavy-hole,
light-hole exciton, and the ZnSwSe1−w ternary cap layer for the as-grown
sample, together with that for the empty cavity. (b) reflection spectrum at
normal incidence for a detuning of 1 meV between the heavy-hole exciton
and the cavity mode. (From [134])

as well as in photoluminescence measurements. These results reflect the advantages
of the large oscillator strength of excitons in ZnSe-based QWs and encouraged for the
investigation of stimulated emission in II-VI microcavities.
In 1998, André et al. [138] investigated a CdTe-based microcavity containing six CdTe
QWs, embedded in CdMnTe/CdMgTe Bragg reflectors. Anticrossings between the
photon mode and three excitonic states were observed. In this experiment, the strong
coupling between the ground-state exciton and the cavity mode was stable up to a
temperature of 270 K. The nonlinear emission regime for a CdTe-based microcavity
was investigated by Bleuse et al. [139]. The stimulated emission was observed for high
enough excitation and shifted to the blue with respect to the spontaneous emission
by about 0.3 meV. The authors argued that, such small shift was evidence that the
microcavity was still in the strong coupling regime. The first unambiguous observation
of polariton bosonic stimulation in a CdTe microcavity consisting of sixteen QWs en-
closed in (Cd,Mg)Te/(Cd,Mn)Te semiconductor Bragg mirrors was reported by Dang
et al. [140]. The measurements showed a Rabi-splitting energy of around 23 meV
at T = 4.2 K and this value reduced to about 17 meV at room temperature. Two
distinct stimulation effects were observed with increasing intensity of continuous wave
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Figure 3.2: Optical measurements on a CdTe-based microcavity at 4.2 K for zero de-
tuning. (a) Reflectivity spectrum, representing location of lower and upper
polariton modes. (b) PL spectra as function of pumping powers. The A line
corresponds to the stimulated emission associated with the lower polariton
state in the strong exciton-photon coupling regime. (c) Emission spectra at
much higher pumping powers. The B line represents stimulated emission
of the electron-hole plasma in the weak coupling regime. (From [140])

excitation, as shown in Figure 3.2. As the pump power was increased above the first
threshold, the ground state polariton emission exhibited a clear nonlinearity, while the
emission linewidth showed significant narrowing. According to the authors, these re-
sults clearly showed that the observed PL stimulation actually occurred in the strong
exciton-photon coupling regime. This interpretation was confirmed by the observation
of a second threshold towards the weak-coupling regime indicating electron–hole las-
ing mechanism. The pump power required to observe conventional photon lasing was
two orders of magnitude higher than needed for polariton stimulation emission. Fur-
ther evidences for polariton stimulated scattering to the ground state was given by the
following reports [141, 142]. The first clear demonstration of spontaneous first-order
coherence in an incoherently pumped microcavity was given by Richard et al. in 2005
[102]. The microcavity sample consisted of 16 CdTe/CdMgTe QWs embedded in a 2λ
CdMgTe microcavity exhibiting a vacuum Rabi-splitting of 26 meV. A non-equilibrium
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Figure 3.3: Experimental dispersion images of polariton condensate formation in a
CdTe microcavity under non-resonant excitation. Below threshold, the po-
laritonic emission are broadly distributed in momentum and energy (left).
At and above threshold the polaritons condense in the k|| = 0 ground state.
The observed blue shift of about 0.5 meV (2 % of the Rabi splitting energy)
of the ground state indicates that the microcavity is still in the strong cou-
pling regime. (From [2])

polariton condensate was demonstrated by the utilization of k-space and real-space
measurements. It was shown that by increasing pumping power, polaritons at the bot-
tleneck did not relax towards the k|| = 0 state, instead they condensed into k|| 6= 0
states, leading to an emission ring at an angle of around 17°. The first-order coherence
was investigated by spectroscopic imaging of the far-field emission under non-resonant
pumping. The interference contrast was reported over 75 % above threshold and up to
35 % below threshold. In the same year, the macroscopic occupation of the k|| = 0 state
was measured by the same group for a CdTe microcavity with 4 QWs characterized by
a 13.2 meV Rabi splitting [143]. Finally, in 2006, a comprehensive set of experiments
show clear evidences for polariton condensation in a CdTe structure consisting of 16
QWs which was reported by Kasprzak et al. [2] (note, this was the first demonstration
of polariton condensation under non-resonant pumping in any material system). In this
paper, the authors reported the measurements of polariton state occupancy in k-space
as a function excitation power under continuous wave (cw) non-resonant pumping at
T = 19 K (Figure 3.3). Below condensation, a broad distribution of exciton-polaritons
in both energy and momentum of the lower polariton dispersion was observed. As the
pumping power was increased, a sudden narrowing in both the energy and momentum
distribution was detected. Above a certain threshold pumping density they observed
a massive occupation of the polariton states k|| ∼= 0, a significant narrowing of the
emission linewidth, an increase of temporal coherence, the build-up of long-range spa-
tial coherence, and linear polarization. Indeed, II-VI material-based microcavities have
significantly contributed to the development of the polariton laser and condensation at
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increased temperatures due to their much robust excitons. Very recently, Klembt et
al. showed polariton lasing in a ZnSe-based microcavity with 32 meV Rabi-splitting at
T = 5 K (up to T = 243 K) [144].

Much progress has been made in recent years in GaN-based microcavities for the
exploitation of cavity prolaritons at elevated temperatures. The first experimental
observation of the strong-coupling regime in the nitride material system was reported
for a bulk GaN microcavity with a Rabi-splitting of 31 meV at T = 5 K [145]. Later
room temperature strong coupling in bulk GaN microcavities was reported by several
groups with large values of Rabi splitting energies upto 60 meV [146–148]. In 2007,
Christopoulos et al. demonstrated room temperature polariton lasing in a bulk GaN
microcavity [15]. Early experiments carried out on strongly coupled nitride based mi-
crocavities mainly focused on bulk GaN cavities owing to their simpler geometry and
the improved optical properties of bulk GaN layers over nitride-based QWs. However,
the physical properties of bulk GaN microcavities are somewhat different compared
to planar QW-based microcavites as in such a bulk GaN structure up to three bulk
three-dimensional excitons can couple to cavity photons resulting more complicated po-
lariton system [148]. Besides, the exciton binding energy of bulk GaN excitons is about
∼26 meV, which is rather small compared to a value of ∼ 40 meV in narrow QWs [148].
Strong coupling and polariton lasing at room temperature were also observed in QW
based-nitride microcavites [149, 150]. However, in this case the QW exciton oscillator
strength is reduced due to the poor wave function overlap caused by the quantum-
confined Stark effect which occurs in heterostructures grown on the c-plane substrate
[151]. Usually a large number of QWs is used to enhance the coupling strength and
maintain the strong coupling regime at elevated temperatures. This concept would
cause severe structural defects during epitaxial growth.
Recently, ZnO-based microcavities have attracted much attention due to their much
larger exciton binding energies (approximately 60 meV in the bulk layer) and coupling
strengths [152]. Since the first demonstration of strong coupling in ZnO planar micro-
cavities reported by Shimada et al. [153], several other groups showed the characteris-
tics of strong coupling in ZnO microcavities [154–156]. Polariton lasing in ZnO-based
microcavities was observed at low temperatures [157] as well as room temperature [16].
Lai et al. reported polariton lasing in hybrid ZnO microcavities at the even higher
temperature of 353 K [158]. However, due to the large Rabi-splitting energy in ZnO
microcavities DBRs with stop-band widths larger than splitting energy are needed.
This limits the use of ZnO-based DBRs and needs to adopt dielectric DBRs, which is
technologically demanding.
Large Rabi-splitting energies on the order of 100 meV at room temperature were re-
ported for organic semiconducting material-based microcavites [159, 160]. In 2002 it
was shown that a metal-based microcavity system that contained emitters based on
organic semiconductors may lead to a 300 meV Rabi-splitting energy at room tem-
perature [161]. By utilizing their large exciton oscillator strengths room temperature
polariton lasing was reported by several groups [92–94]. Although organic semicon-
ductor microcavities are promising for the realization of stable polariton systems at
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room temperature, they posses relatively low scattering rates of reservoir excitons with
phonons toward the ground state compared to the radiative recombination rate as well
as a small exciton–exciton interactions [162]. In addition, these materials lack durabil-
ity due to irreversible bleaching on irradiation.
In the last 20 years, various material systems have been used for the development of
stable cavity-polariton systems at room temperature. Nevertheless, due to the nontriv-
ial technological challenges up to now, electrically injected polariton lasers have only
been demonstrated using a strong magnetic field at low temperatures [12, 13]. In 2014,
Bhattacharya et al. observed room temperature electrically pumped polariton lasing
from a bulk GaN-based microcavity diode [14]. However, their claim was strongly
criticized by Deveaud [163]. Hence from the technological point of view, more simpli-
fied device structures i.e., hybrid metal–semiconductor structures would be beneficial
for the realization of practical devices and may lead to a new major breakthrough in
polaritonics.

3.2 Strong coupling in metal-semiconductor hybrid structures

3.2.1 Surface plasmon polaritons

Recently, the strong coupling of surface plasmon-polariton (SPP) modes to states as-
sociated with quantum emitters such as QW excitons, J-aggregates, dye molecules and
quantum dots have been extensively studied. One of the fascinating features of such
SPPs is that their mode volumes are extremely small since light is confined in the
nanoscale rather than micronscale, that makes them highly interesting for the inves-
tigation of strong coupling phenomena. Indeed, in 2009 a Rabi-splitting energy of
450 meV between localized mixed plasmon-exciton states was reported by Bellessa et
al. [164]. An even larger value of 650 meV of splitting energy between SPPs and the
photochrome was measured by Schwartz et al. [165] in 2011. These results indicate
that a room temperature strong coupling between the SPP mode and emitters can be
feasibly attained without using an additional closed cavity. The simplicity of such a
system is a major technical advantage that may be very important for potential polari-
tonic applications.
Strong coupling between the excitonic absorption resonances of dye molecules and
the SPP mode supported by the silver film with a Rabi-splitting energy of 70 meV
was first measured by Pockrand et al. using the attenuated total reflection technique
(Kretschmann–Raether prism-coupling) [166]. The initial work of Pockrand et al. was
followed up more than 20 years later by Bellessa et al. who showed strong coupling
between a surface plasmon and an organic exciton with 180 meV Rabi-splitting energy
at room temperature, based on reflectivity measurements [167]. A more detailed inves-
tigation of the strong coupling regime occurring between SPP modes and excitons was
reported by Symonds et al. [168]. For their experiments two different active materi-
als were deposited on a silver film: a cyanine dye J-aggregate, and a two-dimensional
layered perovskite-type semiconductor. Balci et al. showed that the damping of the
plasmonic mode influences the magnitude of the Rabi-splitting energy [169]. The au-
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thors demonstrated a tunable Rabi-splitting with energies ranging from 0 to 150 meV
by varying the plasmonic layer thickness, which defines the damping (width) of the
plasmonic mode.
The results of SPPs mentioned up to now are associated with flat metal films where
prism coupling being used to allow incident light to be coupled to the SPPs. Many
research groups showed that the strong coupling regime could be achieved using struc-
tured metal layers [17]. Bellessa et al. reported the strong coupling between inorganic
(GaAs/GaAlAs) QW excitons and SPPs generated from a corrugated silver film [170].
They observed exciton-polaritons that are formed by plasmons and heavy- and light-
hole exciton states with interaction energies of 22 and 21 meV, respectively. Coherent
coupling between the lowest excited state of CdSe nanocrystals (quantum dots) and a
SPP propagating on a planar thin silver film was demonstrated in [171]. The dynamics
of such SPP-quantum dot system was investigated by steady-state and transient reflec-
tivity measurements in the Kretschmann geometry [172]. Further details on the strong
coupling phenomena between SPPs and emitters can be found in the comprehensive
review article [17].
Indeed, the SPP-emitter system is an undoubtedly promising platform for the explo-
ration of the strong coupling regime. However, due to the greater momentum of SPPs
than that of a free space photon, they can not be excited at a metal-dielectric inter-
face without using prisms or structured metal. But this approach is not always very
convenient, or even practical, in experiments or device applications.

3.2.2 Tamm plasmon polaritons

In 2005, Kavokin et al. proposed a simple, planar multilayer structure for the realiza-
tion of surface waves within the light cone [117]. It was shown that such states can
be formed at the interface between two periodical dielectric structures, one having a
period close to the wavelength of light and another one having a period close to the
double of the wavelength. These states were named after electronic Tamm states local-
ized at crystal surfaces [48]. In the same year, in an another report, it was theoretically
predicted that strong coupling could be attained between an optical Tamm state and
the exciton of an active layer [173]. Two years later, Kaliteevski et al. proposed for the
creation of a similar confined electromagnetic mode at the boundary between a Bragg
reflector and a metal layer; such states were called Tamm plasmons (TPs) [18]. These
modes are confined in the DBR owing to its photonic stop-band, and in the metal due
to its negative dielectric constant. The first experimental evidence of the formation
of a TP mode at the interface between a metal and a dielectric Bragg reflector was
reported by Sasin et al. in 2008 [118]. They studied samples containing a 19 pair
GaAs/GaAlAs DBR, with the top GaAs layer covered by a gold film. They suggested
that in order to form the TP mode, the material of the top first layer of the DBR,
which is adjacent to the metal should have a greater refractive index than the second
layer of the DBR. The TP modes were observed for both the thicknesses of 30 and
50 nm of gold layers as shown in Figure 3.4. A change in the frequency of the TP
modes was observed when changing the sample temperature. It was also shown that
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their in-plane dispersion is parabolic with an effective mass of the order of 10−5 of the
free electron mass, and the splitting between the TE and TM polarized TPs increases
quadratically with the in-plane wavevector. In order to tune the TP eigenenergy they
etched the top GaAs layer by approximately 10 or 20 nm using ion etching before gold
was deposited. It could be seen that the reduction of the top layer thickness leads
to a shift of the TP mode to a higher frequency, and when approximately 20 nm of
GaAs were removed the frequency of the TP mode corresponded to the center of the
stop-band of the DBR. In the following year Symonds et al. observed the strong cou-
pling regime occurring between a TP mode and an exciton from GaInAs QWs [19].
The sample was formed by depositing a 60 nm thick silver film onto an AlAs/GaAlAs
Bragg reflector. In the upper 15 pairs, each high-index layer contains two QWs. An-
gular resolved reflectometry experiments showed a clear anticrossing in the dispersion
relation with a Rabi-splitting energy of 11.5 meV at 77 K (see Figure 3.5). In addition,
the emission from low and high energy TP/exciton polaritons was demonstrated which
had never been observed for QWs in strong interaction with plasmons [170, 174]. In
2011, Grossmann et al. reported room temperature strong coupling between TPs and
excitons from GaAs QWs in metal/air-gap microcavities, showing a Rabi-splitting en-
ergy of 10 meV [20]. The authors argued that a high refractive index contrast air-gap
mirror together with TPs states at a metal/semiconductor interface tightly confines
the intracavity field leading to substantial local field enhancements. Furthermore, they

Figure 3.4: Formation of TP modes at the interface between GaAs/AlAs Bragg mirrors
and gold layers. Transmission and reflection spectra of the DBR sample
covered by layers of gold of thickness [(a) and (b)] d=30 nm and [(c) and
(d)] d=50 nm taken at [(a) and (c)] 300 K and [(b) and (d)] 77 K. Circles and
solid lines correspond to the measured reflection and transmission spectra,
respectively; dashed and dotted lines represent the calculated reflection and
transmission spectra. Reflection spectra of the Bragg mirror uncovered by
gold are shown by thin solid lines. ∆ is the full width at half maximum of
the spectral feature associated with the TPs. (From [118])
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Figure 3.5: Experimental evidence for the strong coupling between the TP mode and
the GaInAs QW exciton. (a) Experimental solid black line and calculated
dashed gray line reflectivity spectra for an incident angle of 26.5°. (b), (c)
Experimental and calculated dispersion relation deduced from the reflectiv-
ity spectra, respectively. All the experiments have been performed at 77 K.
(From [19])

showed the electrical control of the spectral positions of the polariton modes. Gessler
et al. studied in detail electro-optical resonance tuning of QWs coupled to a TP mode
in a hybrid metal/dielectric structure, operating in the strong coupling regime [21]. In
this experiment the surface metal layer was used as a top gate, which allowed for a
precise tuning of the QW emission via the quantum confined Stark effect. Applying
this tuning method they measured a Rabi-splitting of (9.2 ± 0.2) meV through mo-
mentum resolved photoreflectance spectroscopy. The emission of the TP mode under
pulsed pumping power was investigated by Symonds et al. for a sample consisting of
InGaAs/GaAs QWs embedded in an AlAs/AlGaAs Bragg reflector covered by a 45
nm thick silver layer [175]. It was shown, that as the pump power was increased to
a certain value a second emission band evolved at the position of the bare TP mode
indicating the strong coupling regime started to be screened by the injected carriers
and that the sample was entering the weak coupling regime similar to conventional
microcavity polaritons [126–129]. A further increase of the pumping power resulted in
a super-linear increase of the TP mode emission accompanied by a reduction of the
lower polariton intensity.
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The evidence of strong confinement of the optical field by depositing a micron sized
metallic disk on a planar Bragg reflector was given in this experiment [176]. Later
Symonds et al. demonstrated that lasing could be achieved with confined TP struc-
tures containing InGaAs QWs in the weak coupling regime [177]. Brückner et al.
observed the transition from a single cavity mode into two optical Tamm states when
an additional metal layer was embedded between the bottom DBR and the cavity layer
[178, 179]. These hybridized cavity-Tamm states exhibited an anticrossing, when PL
measurements were performed for different detunings between the TP and the cav-
ity mode. Remarkably, these authors showed that the additional absorption of the
metal layer does not suppress the intensity of the hybrid modes but instead enhances
them. Besides, the cavity-Tamm states the coupling phenomena between TPs and
SPPs were investigated by several groups both theoretically [180, 181] and experimen-
tally [182, 183].

3.3 Bragg polaritons

An alternative system for the realization of polaritonic effects is the “Bragg periodic
structure” or “Bragg arranged QWs”. The first theoretical study of such a periodic
structure was undertaken by Ivchenko et al. in 1994, who showed that stronger in-
teraction between photons and excitons could be reached when the emitters (QWs)
are arranged periodically in a uniform dielectric background or vacuum with the pe-
riod equal to half of the emission wavelength [184]. In general, Bragg structures are
one dimensional photonic crystals in which exciton states of the QWs are responsible
for the periodic modulation of the dielectric function. When the Bragg period of the
QW array in such a structure coincides with the frequency of quasi-two-dimensional
excitons of the QWs, a collective superradiant exciton-polariton mode is formed whose
oscillator strength is proportional to the number of QWs. As the number of periods
of such structure exceeds a certain value, the character of the light–matter interaction
further changes, transforming the super-radiant mode into a photonic bandgap. The
first experimental investigation of II-VI material based Bragg MQW structures with a
finite number of equidistant CdTe/CdMgTe QWs was carried out by Kochereshko et
al. [185]. A giant amplification of the reflectance was observed in the MQW satisfying
the Bragg condition kd=π, where k is the light wavevector in the exciton resonance
region and d is the period of the structure. In 1996 Merle et al. reported polariton
effects in similar CdTe/CdMgTe structures with various thicknesses of the cladding
layer [186]. In particular, they put into evidence a strong enhancement of the exciton-
photon coupling for MQWs with a period equal to the half of the photon wavelength.
Hübner et al. studied such exciton-polaiton effect in coupled GaAs MQW Bragg and
anti-Bragg structures with time-resolved four-wave mixing spectroscopy [187]. Haas et
al. measured the intensity dependence of superradiant emission from radiatively cou-
pled excitons in GaAs MQW structures [188]. The first long MQW (up to 100) with
Bragg or near Bragg periods were studied by Hübner et al. [189]. In their experiment
a radiative mode splitting up to 3.2 meV and the buildup of the photonic band gap
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with an increasing number of coupled QWs at Bragg resonance were observed. Later a
dominant superradiant polariton mode was reported by Hayes et al. at high excitation
powers and at temperatures of up to 180 K [190]. A more detailed investigation of
exciton-polariton eigenmodes in a series of light-coupled InGaAs/GaAs semiconductor
MQWs with varying number of QWs N from 1 to 100, and with various periodicities
was studied by Prineas et al. in 2000 [191]. Recently, several groups investigated such
Bragg structures with periodic GaAs/AlGaAs QWs [192–195]. At room temperature,
this effect was first observed in the GaN/InGaN system, which was possible due to the
high exciton binding energy of the gallium nitride material system [196].
It should be noted that most of the experiments as discussed above were carried out for
MQW Bragg structures with a negligible refractive index difference between well and
barrier, thus, it was assumed that there was no contribution to the photonic band struc-
ture. However, dielectric constants of the wells and barriers are not equal to each other,
and the presence of resonant optical excitations is accompanied by a periodic modula-
tion of the background dielectric constant. Hence, these structures represent a special
case of one dimensional resonant photonic crystals. The optical properties of such
structures are characterized by an interplay between interface reflections and resonant
light-exciton interactions. However, in order to observe a significant contribution of the
photonic crystal effect in Bragg structures, a large refractive index contrast is required.
In this case the emitters are periodically arranged in a periodically modulated dielectric
environment and the electromagnetic Bloch waves of the photonic crystal are responsi-
ble for the interaction between them. The effect of mismatch between the background
refractive index in the well, and the refractive index in the barrier, on the resonant
optical properties of periodic QW structures was theoretically investigated by Kavokin
et al. [198] and Ivchenko et al. [199] in early days. Later, theoretical considerations of
such systems were explored in detail [200–203]. The first experimental observation of
coherent interaction between excitonic lattices and a photonic crystal was reported by
Goldberg et al. [197]. The sample consisted of 70 periods of a double QW (DQW) basis
comprising of GaAs QWs separated by a AlGaAs barrier and the DQWs were separated
from each other by a 99.6 nm AlGaAs layer. In order to produce a structure with a
non-negligible refractive index contrast (∼ 0.22), they used an appropriate concentra-
tion of aluminium in the barriers. This effect provided the photonic-crystal aspect of
the structure, while maintaining the contribution from the excitonic lattice introduced
by the periodic arrangement of QWs. From angle-resolved reflectivity measurements at
10 K, the anticrossings were observed between the photonic mode and the light- as well
as heavy-hole exciton, with the interaction strengths of 4.3 meV and 6.2 meV, respec-
tively (Figure 3.6). Askitopoulos et al. proposed and experimentally realized a more
innovative Bragg structure referred to as unfolded microcavity for the demonstration
of strong coherent coupling between Bragg photons and InGaAs QW excitons [22]. In
this experiment, they utilized a simple one-dimensional Bragg structure consisting of a
30-period stack of quarter wavelength thick alternating high refractive index layer and
of a smaller effective refractive index pseudolayer whose effective optical thickness was
λ/4. The QWs were inserted periodically inside the pseudolayer at the antinodes of the
electric field. They observed a clear anticrossing between the excitonic and the photonic
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Figure 3.6: Evidence of strong coupling between excitons and photonic mode; resonant
eigenenergies deduced from reflectivity measurements plotted as a function
of angle indicate the presence of three polariton branches exhibiting charac-
teristic anti-crossing behaviour. The solid lines represent calculation using a
three coupled harmonic oscillator model yielding exciton-photon interaction
strengths of 4.3 meV and 6.2 meV for the light- and heavy-hole excitons,
respectively. The dashed lines correspond to the bare exciton eigenenergies
and pure photonic crystal dispersion. (From [197])

component with a splitting energy of 9.3 meV (see Figure 3.7). The authors argued that
a clear separation of Bragg polariton branches was observed in their experiment due to
the relatively large refractive index contrasts of the considered structures, giving rise
to a large width of the photonic band gap. Recently, the Bragg structure concept was
applied for all-organic one-dimensional photonic crystals, exhibiting a branch splitting
of about 75 meV [204]. These authors pointed out an important feature of the Bragg
structure, the long-range energy transfer process showing strong coupling occurred over
the entire thickness of the photonic crystal. More recently the Bragg polariton samples
were proposed for the realization of hyperbolic metamaterials by controlling the signs
of effective masses of mixed light-matter quasiparticles [205, 206]. It was predicted the-
oretically that the peculiar dispersion of the Bragg polariton modes could give rise to
many nonlinear phenomena, such as slow-light-enhanced nonlinear propagation and an
ultra-efficient parametric scattering [203]. Bragg polaritons were also observed in con-
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Figure 3.7: (a) Measured reflectivity spectra versus sample position. (b) Calculated
reflectivity spectra. (c) Bragg polariton branches versus detuning, extracted
from the measured dip positions. Black circles are measured reflectivity dip
positions, solid line corresponds to calculation based on transfer matrix,
and thick gray line are obtained from coupled harmonic oscillator model.
Dashed lines indicate the position of uncoupled exciton and Bragg modes.
Calculated Bragg polariton linewidths are plotted as well. (From [22])

ventional Fabry-Perot type microcavities at low temperatures [207] and even at room
temperature [208, 209]. However, the periodic arrangement of the excitonic resonances
in a Bragg structure ensures a maximum overlap between the exciton wave function
and the photon mode. In addition, such structures offer a reduced number of growth
interfaces between epitaxial layers compared to a conventional microcavity structure
which provides a positive impact on the crystal quality of the sample [22].

3.4 Exciton-polariton trapping potential

The manipulation of the quantum state of the exciton-polariton is an important task
that is extremely necessary for investigating fundamental physics as well as for the
realization of future polaritonic quantum devices. The modulation of exciton-polariton
eigenenergies provides lateral potential traps which can result in a strong in-plane
localization of polaritons. These potential traps lead to a finite size of the exciton-
polariton system, resulting in a genuine polariton condensation and spatial conden-
sation accompanies the configuration-space condensation [4]. A strong potential trap
will help to create a lateral potential channel for the polaritons. Such channels can
be exploited in designing new schemes of highly nonlinear photonic integrated circuits,
exciton-polariton transistors, switches, and logic gates [210, 211]. A trapping potential
allows to produce discrete polariton modes, hence single-mode polariton condensation
is expected. Engineering of lateral traps in the polariton system yields the possibility
to create a quantum simulator to study complex many-body phenomena as well as
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fundamental studies of polariton condensation in complex potential landscapes. The
coherence and interactions among multiple condensates can be explored with the aid
of a lattice potential. Polariton interaction can be enhanced in the presence of spatial
confinement [212]. Hence, the polariton blockade regime could be reached by realizing
advanced trapping schemes at the sub-micron scale, where non-linearities occur on the
single polariton scale [212–215]. In addition, the trap also produces an evaporative
cooling effect for the polaritons, which can help to avoid the bottleneck effect during
polariton relaxation process [23].
Due to the hybrid nature of exciton polaritons, spatial confinement can be achieved via
their excitonic as well as their photonic component. A variety of engineering methods
have been proposed and experimentally demonstrated to create static and dynamical
in-plane potentials for polariton trapping. The shift of the exciton states with exter-
nally applied crystal strain was reported by several groups [23, 216–219]. In this way a
confinement potential of several tens of meV can be achieved. Utilizing this technique
the first demonstration of polariton condensation in GaAs-based microcavity was real-
ized under non-resonant and non-local excitation [23]. However, this method is not only
limited to a single trap due to the finite size of the mechanical pin but also unsuitable
for practical devices. The coherent modulation of microcavity polaritons through an
acoustically induced Stark effect was proposed by Ivanov and Littlewood [220]. Lima et
al. showed that the application of surface acoustic waves to the polariton system could
lead to a transition from a two-dimensional to a one-dimensional polariton dispersion
as the confinement potential increases with the phonon population [221]. A dynamic
polariton superlattice was created through the modulation of cavity polaritons by stim-
ulated acoustic phonons. They argued that the one-dimensional polariton wires were
identical and almost free of potential fluctuations, since the phonon population was
solely responsible for the polariton confinement. The use of surface acoustic waves for
the creation of a two-dimensional polariton superlattice was reported as well [222]. In
this scheme the acoustic field propagates along the sample and the acoustic phonon
field has a direct impact on both the excitonic and the photonic component of the po-
lariton. However, the excitonic confinement is typically much stronger compared to the
photonic modulation. Another technique to create large excitonic trapping potentials
is the use of local interdiffusion of compound QWs with the barrier material [24]. In
this case, the QW exciton energy can be tuned through thermal annealing process. A
trapping potential can be generated by this process owing to a local red shift of the
QW emission. The local intermixing between the QW material and its barrier can
alternatively be achieved via high energy ion implantation [223]. The modulation of
exciton energy by applying an electric field is a promising technique for the realization
of trapping potentials. The quantum confined Stark effect is the main mechanism for
the shift of the exciton energy when an electric field is locally applied to the QWs.
This trapping technique was used for the manipulation and confinement for both the
exciton and the trion gas in the same structure [224]. Gärtner et al. demonstrated
an electrostatically tunable trap that gave rise to a very steep harmonic trapping po-
tential for indirect excitons in one dimension GaAs QW plane [225]. They explained
the trapping mechanism based on a local electrostatic field enhancement in combina-
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tion with the quantum confined Stark effect. This method yielded the possibility to
observe condensation of excitons in potential traps [88]. For the microcavity sample
the polariton emission can be tuned to several meV by applying a moderate voltage of
a few hundred meV [226]. The development of this method would be highly beneficial
based on the facts of simplicity and flexibility. Another useful technique for the polari-
ton confinement and manipulation is the use of an exciton reservoir induced by laser
pumping. Wertz et al. applied such technique in an one-dimensional polariton wire
[227]. The polaritons were spacially confined in all directions by exciting one edge of
the wire. In addition, by changing the excitation-spot position on the wire cavity, the
size of the trap could be altered. Askitopoulos et al. showed that the interactions of
polaritons with the excitonic reservoir could lead to a two-dimensional repulsive opti-
cal potential trap [228]. They employed a ring shaped laser excitation for the creation
of all-optical confinement. Several other groups exploited such exciton reservoir tech-
nique in different confined polariton experiments [229–231]. However, the strength of
the polariton-exciton repulsive interaction limits the depth of the confinement poten-
tial, which is on the order of 1 meV.
Up to now, the possibility of polariton confinement using their exciton part has been
discussed. Several groups observed the formation of polariton traps in photonic disor-
der potentials. These potentials can arise from natural defects in microcavities [232–
234]. Point-like defects result in a local modulation of surface, which is translated into
the cavity structure and provide an optical confinement. Din et al. showed that a
submicrometer Gaussian-shaped defect inserted between two DBRs could confine the
photons in a small modal volume with a high Q factor, which is not achievable with
submicrometer diameter micro-pillars [235]. However, the scalability of this method
is a limiting factor owing to the random nature of these defects. One of the most
popular techniques for the creation of laterally confined polaritons is the use of etched
micro-pillar/wire cavities. In this configuration the optical field is laterally confined
by the semiconductor-air interface. Using this technique an extremely large Q factor
value exceeding 2 ×105 was reported by Schneider et al. [236]. Gutbrod et al. were
the first to demonstrate strong coupling using such GaAs-based pillar cavities [237].
Obert et al. observed polariton non-linear emission from II-VI pillar microcavities at
elevated temperatures [238]. The first demonstration of polariton lasing in GaAs-based
micro-pillar cavities was reported by Bajoni et. al. [239]. Polariton condensation in
a one-dimensional microcavity with a periodic modulation was demonstrated in this
experiment [240]. Furthermore, polariton propagation and coherence properties in one-
dimensional wire cavities were explored [227, 241, 242]. Indeed, this is the most mature
technique even for the realization of polaritonic logic circuits via etched channel struc-
tures [243, 244]. However, an unavoidable nonradiative recombination of the excitons
at the surface can occur due to the etching process of the active region, resulting in ex-
citon linewidth which are too broad to obtain the strong coupling regime [24, 95]. The
use of photonic crystal nanocavities similar to the approach of micro-pillars can lead
to a tight optical confinement with the smallest mode volumes. Azzin et al. measured
an ultra-low threshold polariton lasing in such photonic crystal cavities [245]. Zhang et
al. introduced a hybrid photonic crystal approach for the creation of zero-dimensional
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polariton modes [246]. In this experiments, the top DBR was replaced by a single-layer
subwavelength grating mirror resulting in non-destructive confinement of polaritons.
Another interesting approach to define zero dimensional polaritons was demonstrated
by Besga et al. based on a fiber-cavity platform [215]. The authors replaced the top
DBR by a single mode fiber with an integrated Bragg grating. The curvature of the fiber
tip determines the mode volume in such a cavity. By changing the distance between
the fiber tip and the sample surface a precise tuning of the polariton eigenenergies is
possible. The concept of confining polaritons by etch and overgrowth scheme was first
reported by Daïf et al. [247]. The trap was created by using a locally elongated micro-
cavity. First, the bottom DBR mirror and the cavity layer including QWs were grown.
Afterwards, the wafer was removed from the molecular beam epitaxy chamber, and
small mesa structures with heights of few nanometers were patterned into the cavity
layer via lithographic technique and etching process (Figure 3.8). Finally, the top DBR
was grown after a cleaning process. In this way several meV potential traps were pro-
duced without affecting the optical properties of the active medium. Clearer evidence
for the spatial confinement of cavity polaritons in a three-dimensional trap based on
this approach was given in [248]. Recently, polariton condensation under non-resonant
pumping in such a mesa was demonstrated [249]. Although this technique carries a
strong preciseness, it requires technologically demanding processes. A more simple and
convenient method to create a polariton trapping potential is the deposition of a thin
metal film on top of the microcavity structure. Lai et al. showed a periodic spatial
modulation of the lower polariton energy (∼ 200 µeV) by depositing the periodic thin
metallic strips (∼ 20 nm Au) on top of the microcavity structure [250] (Figure 3.9).
In the presence of a metal layer the boundary conditions of the electromagnetic field

Figure 3.8: (a) Schematic drawing of the mesa trap structure to provide a lateral con-
finement for polaritons. (b) Drawing focused on the active region showing
an overgrown trap. (c) and (d) Energy-momentum dispersion of a trap with
a diameter of 30 µm and 4 µm, respectively. (From [247])
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Figure 3.9: (a) A schematic of the periodic potential trap formed by depositing periodic
thin metallic strips (Au/Ti) on top of a microcavity structure. (b) Disper-
sion curves of the cavity photon mode (dashed lines) and lower polariton
(solid lines). The black dashed lines represent the uncoupled cavity pho-
ton mode and quantum-well heavy-hole exciton state. The addition of the
metallic layer shifts the lower polariton energy (red solid line) by approx-
imately 200 µeV. (c) Spatially modulated lower polariton energy. (From
[250])

with respect to a semiconductor-air interface is modified [251]. As a results, the effec-
tive cavity length is reduced under the metal film, and the corresponding eigenenergy
of the cavity resonance is blue-shifted. The great advantage of this technique lies in
its simplicity e.g., different geometries of one- and two-dimensional polaritons can be
realized by structuring just the metal part of the hybrid metal-microcavity structure.
Applying this technique many pioneering experiments with confined polaritons were
carried out. Such experiments are the observation of Bogoliubov excitations in po-
lariton condensates [252], the demonstration of a polariton condensate at higher-order
Bloch bands in one-dimensional arrays [250], the condensation of polaritons close to
Dirac points in a triangular lattice [253], and the formation of polariton condensates
in d[254], p[250], and f [255] bands as well as in a 2D kagome lattice potential [256].
However, the depth of the confinement potential induced by this method is limited to
a few hundreds of µeV. This obstacle limits the use of this technique for the devel-
opment of future polaritonic devices. Kaliteevski et al. theoretically showed that the
concept of Tamm plasmon could be employed in a hybrid metal-microcavity structure
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to enhance the value of trapping potential in the meV range [257]. In this thesis the
first experimental evidence of such states of TP-microcavity exciton polaritons will be
given. It should be noted, that a reduction of the lateral size of the metal layer can
also yield a strong confinement of the photonic component as it was shown for the bare
TP system [176]. As a consequence, the overall confinement for this hybrid system can
be further increased by using patterned metal layers.
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This chapter provides an overview of the examined samples, their processing and the
experimental measurement methods. In the first section the growth and structure of the
investigated strong coupling systems including microcavity, Tamm plasmons, and Bragg
structures are discussed. The sample setup for the investigation of the bare TPs as well
as different hybrid TP-microcavity system are also demonstrated in this section. The
experimental techniques used for the processing of the metal-microcavity structures
are presented in the following section. Subsequently, the experimental methods to
characterize the optical properties of the samples, such as the microphotoluminescence
and microreflectivity measurement setup both in real and k-space are introduced.

4.1 Growth and structure of the samples
The samples examined in this work were produced in the group of semiconductors
epitaxy conducted by Prof. Dr. Hommel at the Institute for Solid State Physics at the
University of Bremen. The samples were fabricated by the method of molecular beam
epitaxy (MBE). In this process beams of atoms or molecules in an ultra-high vacuum
environment are incident upon a moderately heated crystal to create a nearly atomically
clean surface. The MBE allows deposition of individual monolayers with an extremely
high-precision, since each element is provided in a separately controlled beam and the
choice of elements as well as their relative concentrations can be adjusted for any given
layer. In addition, the ultra-high vacuum environment minimizes contamination of
the growing surface. Furthermore, each gas beam can be turned on and off instantly
with a shutter within a fraction of a second. Although the growth rate is rather low,
this concept provides an opportunity to grow the films without contamination. Dr.
Thorsten Klein and Dr. Sebastian Klembt grew the II-VI samples using such MBE
process.

4.1.1 Microcavity structures

The structure of the II-VI microcavity (MC) sample is shown schematically in Figure
4.1 (a). The as-grown MC sample structure consists of an 11 (or 15)-fold top DBR, a
1λ cavity layer and an 18-fold bottom DBR. A cross-section scanning electron micro-
scope (SEM) image of the sample is depicted in Figure 4.1 (b). Growth is performed
with MBE employing an EPI 930 twin chamber system using Knudsen cells for zinc,
selenium, and cadmium and a valved cracker source for sulfur. The whole growth
process is monitored in situ by reflection high-energy electron diffraction (RHEED) to
verify the crystal structure and morphology of the surface. A Se-rich growth is highly
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Figure 4.1: (a) Schematic of the ZnSe-based MC structure consists of 11 (or 15)-fold top
DBR, 1λ cavity, and 18-fold bottom DBR. Three ZnSe QWs were used as
the optically active medium. (b) SEM image of the as-grown MC structure.
The layer structure of the two DBRs (top-11 and bottom-18 pairs) with
ZnMgSSe (light) as a high-index layer and the superlattice of MgS/ZnCdSe
(dark) as a low-index layer as well as the ZnMgSSe-λ-cavity are clearly
visible.

favorable since it promotes smooth two-dimensional growth; therefore, it is used for all
II-VI samples studied in this thesis. The substrate temperature is 310 ◦C for MC sam-
ples as measured by a pyrometer. Thermal deoxidation of the GaAs substrates and the
growth of a 200 nm thick GaAs buffer layer are performed in the second chamber of the
system. Afterward, the substrate is transferred to the II-VI chamber under ultra-high
vacuum conditions. Before the growth of the actual structure begins, a 10 nm thick
ZnSe layer is first applied to the GaAs buffer layer. This intermediate layer is necessary
to avoid stacking faults and dislocations in the transition from a III-V compound to
an II-VI compound. The sample must be rotated during growth for a homogeneous
layer growth, since the different materials impact the sample from different directions.
A layer with a low refractive index nL and a reduced layer thickness is applied to the
ZnSe intermediate layer so that both layers together have a thickness of approximately
λ0/4nL with λ0 as the Bragg wavelength. The low refractive index layer is followed
by 18 Bragg pairs of the lower Bragg mirror, the cavity with the optically active layer
and the upper Bragg mirror with 15 or 11 mirror pairs in the reverse order. The high-
index layer of the DBR is constituted of ZnMgSSe with a thickness of 44 nm. The
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concentration of Mg is very crucial with respect to structural quality and energetically
high onset of absorption [258]. The Mg content in the quaternary layer is limited by
the fact that above a certain value the zinc blende structure becomes unstable because
MgS and MgSe naturally crystallize in rock salt structure. On the other hand, a high
concentration of Mg is required in order to shift the onset of absorption of the high
index material up to 3.1 eV. Therefore, a composition of Zn0.72Mg0.28S0.29Se0.71 is used
for the high-index layer, which provides an optical gap of 3.1 eV. For the low-index
layer, MgS would be the material with the largest band gap and the smallest refractive
index. However, as mentioned above MgS can only grow stably in very thin layers in
the zinc blende structure and changes into the rock salt structure for thicker layers.
Therefore, for the low-index layers, a short-period superlattice (SL) is used, in which
alternating 1.9 nm MgS followed by 0.6 nm ZnCdSe with about 30 % cadmium is ap-
plied. This approach was succeeded in stabilizing MgS throughout the microcavity in
the zinc blende structure [259]. The introduction of Cd content into the MgS/ZnCdSe
SL provides an additional degree of freedom for lattice matching of SLs with modified
period lengths. The number of layer pairs in the SL is 27.5 and has a total thickness of
50 nm. In order to minimize the number of Bragg mirror pairs necessary for a certain
reflectivity, two materials with a high difference of refractive index are required. The
high- and low-index materials described above have a refractive index contrast of 0.41
at E = 2.792 eV and the DBR composed of these materials can provide a reflectivity
of more than 99 %. This lower mirror is followed by the cavity spacing layer with
the optical thickness λc from the high-index material ZnMgSSe. In order to make
the optical excitation more efficient, the cavity material composition is altered with
respect to the Mg and S concentration. The composition of cavity material is chosen
to Zn0.81Mg0.19S0.20Se0.80 which absorbs at 2.93 eV at room temperature resulting in
a tenfold increase of the absorbed excitation laser power [258, 260]. The growth is
stopped after the bottom DBR in order to change the Mg concentration from 28 % to
19 % and the S concentration from 29 % to 20 %. The Mg cell temperature is reduced
and the flux of the valved sulphur cracker is adjusted to maintain a lattice matched
quaternary material. In order to vary the cavity resonance, the cavity spacing layer is
grown without rotation of the sample introducing a thickness gradient. As a result, the
spectral position of the cavity mode compared to the emission of the active material
varies slightly over the sample. In this way polariton properties can be investigated
based on detuning between the cavity mode and QW exciton resonance. In a 1λ cavity,
one antinode is formed at the center of the cavity. Three ZnSe QWs are placed at that
antinode of the electric field to achieve maximum interaction with the field. The QWs
have a thickness of 8 nm and are separated by 7 nm thick ZnMgSSe barrier layers. Fi-
nally, the upper mirror is grown, which has a smaller number of mirror pairs and thus a
slightly reduced reflectivity compared to the lower mirror. This reduced reflectivity is
necessary to effectively couple the light upwards. In spite of the pseudomorphic growth,
stacking faults occur in the structures starting from a layer thickness of approximately
20 mirror pairs or approximately 2 µm, which in some samples lead to a degradation
of the surface. However, the examined samples possess a sufficiently large area with a
nearly defect-free surface.

55



4 Experimental methods

4.1.2 Tamm plasmon structures

Bare Tamm plasmons

Figure 4.2 (a) shows the schematic of a TP-sample setup for the investigation of bare
TP resonances. The structure consists of a 16-fold DBR with λ/4 alternative layers
and a thin metal film on top. For the low- and high-index layer the same material
compositions as described for the MC are applied with a thickness of 49 nm and 50
nm, respectively. An Ag layer with a thicknesses of 40 nm is deposited by electron-
beam physical vapor deposition on top of the bare DBR. In order to obtain a narrow
TP resonance in the visible spectral region a high reflectivity and low optical loss are
required. For that purpose Ag is chosen, since it possesses low optical absorption losses
at visible frequencies while exhibiting high reflectivity as well as excellent electrical
conductivity. Note, it is essential for the satisfaction of the phase matching condition
and for the formation of TPs, that the material of the top first layer of the DBR, which
is adjacent to the metal has a greater refractive index (Zn0.81Mg0.19S0.20Se0.80 in this
case) than the second layer of the DBR (SL).

Figure 4.2: Sketch of TP structures. (a) Bare TP structure consists of 16 pairs of low-
and high-index λ/4 layers with a 40 nm Ag layer on top. (b) Optically active
layer embedded TP structure for the investigation of strong coupling effect
between the TP mode and the QWs exciton resonance. Three ZnSe QWs
are placed in a 1λ thick upper layer. For this layer a high-index material
(ZnMgSSe) is chosen to satisfy the phase matching condition.
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Tamm plasmons and QWs

A schematic representation of the hot TP structure (with QWs) for the investigation
of the interaction between the TP mode and the QW exciton resonance is given in
Figure 4.2 (b). This structure is composed of a 16 pair ZnMgSSe/SL DBR, with the
top ZnMgSSe layer covered by a 35 nm thick Ag film. The thickness of the top layer is
chosen as 1λ to match the eigenenergy of the TP mode and the QW-emission. Three
ZnSe QWs are placed at the antinodes of the electromagnetic field to enhance the
light-matter interaction.

Tamm plasmons and empty microcavity

In order to explore the influence of the TPs on the cavity eigenmodes a cold cavity
(without QWs) covered by thin metal films is utilized. In this case the cold microcavity
consists of a 12-fold bottom DBR, a λ/2 cavity and a 1.5-fold top DBR. The cavity
layer is made of a low-index material i.e., SL of MgS and ZnCd0.79Se0.21. Ag films with
thicknesses between 30 nm and 50 nm are deposited on the sample surface.

Tamm plasmons and microcavity with QWs

To realize a hybrid state of TPs and MC exciton polaritons, a MC with 3 ZnSe QWs as
described in section 4.1.1 is applied. The number of top DBR pairs is 11 and the upper
layer of the top DBR is made of a quaternary high-index material. The eigenenergy
of the TP resonance can be varied by changing either the thickness of the top layer of
the DBR or by the metal layer. However, increasing the metal layer thickness would
diminish the transmission of the TP resonance. Hence changing the thickness of the
top layer of the DBR would be advantageous in order to vary the TP eigenenergy. The
upper layer thickness of the top DBR of the MC sample is reduced by a dry etching
process. The first layer pair of the top DBR is completely removed, hence, the number
of top layer pairs is reduced to 10. A thickness gradient for the top DBR layer is
realized by further etching with a shadow mask. The details of the etching process will
be given in next section.

4.1.3 Bragg structure

The layer sequence of the Bragg structure or the unfolded MC structure is shown in
Figure 4.3. For this sample structure, all three 8 nm thick ZnSe QWs are embedded
in the center of the high-index material layer made of ZnMg0.21S0.23Se with a total
thickness of 3λ/4 (144 nm). The QWs are separated by 5 nm of the quaternary material.
The low-index material consists of a SL of 41 periods of MgS and ZnCd0.37Se with a
total thickness of λ/4 (44.7 nm). This concept results in an effective overlap of the
electric field of the first Bragg mode and the QW exciton wave function. Eight of these
Bragg-polariton layers are grown on four plain DBR pairs, where the latter ensures a
precise in-situ control of the respective λ/4 thickness. The refractive index contrast
between the high- and low-index materials is on the order of ∆n = 0.4. It should be
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Figure 4.3: (a) Scheme of the Bragg polariton system studied. The Bragg cavity layer
is made of a 3λ/4 high- and a λ/4 low-index layer each. Three ZnSe QWs
are inserted in each of these 3λ/4 high-index layer. (b) The cross-section
SEM image shows the periodically arranged Bragg sample. Eight Bragg
cavity layers and four pairs of DBR are clearly visible.

noted that a large index contrast is crucial in order to realize spectrally narrow Bragg
modes and a resolvable exciton-photon coupling. This concept of periodic arrangement
of QWs in a Bragg structure has the advantage of reducing the number of growth
interfaces by a factor of 2.5 in comparison to conventional MCs (Figure 4.1) for the
strong-coupling regime. This simplification exhibits a positive impact on the crystal
quality of the sample.

4.2 Sample processing
4.2.1 Metal deposition

The metal used in this thesis is silver, since it is noble and it offers low optical absorption
loss at visible frequencies. The deposition of the metal is performed by electron-beam
physical vapor deposition method. This technique allows deposition of high-quality
materials on the sample with a thickness of a few nanometers to several micrometers.
The evaporation material is located in the evaporation system in a water-cooled crucible
under vacuum. There are four crucibles available in the deposition system, which means
that up to four different materials can be loaded in a vapor deposition process.
In this method, the electrons are emitted by a tungsten-coil filament through a process
of thermionic emission and accelerated towards the biased anode by a constant high
voltage of 8 KV. The electron beam is directed onto the target material which is
deposited by the resulting Lorentz force of a modulated magnetic field. Upon impact,
most of the beam penetrates the evaporant material and loses its kinetic energy by
electron-electron interactions. The conversion of kinetic energy of the electrons into
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other forms of energy leads to a heating of the material above its melting or sublimation
point. The total number of electrons defines the overall power of the electron-beam.
The value of such beam power is controlled via adjusting the effective emission current
flowing through the filament and the energy of the electrons given by the constant
accelerating voltage per unit of time.
The sample is placed over the crucible and it is covered by a manual shutter before the
evaporation starts. In addition, this shutter can protect the sample from the initially
vaporizing impurities. The deposited layer thickness is determined in situ by means of
oscillating quartz crystals (MTM-10 quartz crystal monitor system, resolution of 0.1
nm). This oscillating quartz is mounted near the sample. The eigenfrequency of the
quartz crystals (starting at 6 MHz) decreases proportionally to the amount of material
deposited. These changes can be quickly measured and evaluated allowing to calculate
layer thickness.
The silver layer must be closed and flat in order to achieve a good optical quality.
This can be realized by using a very low deposition rate preventing the layer from
forming islands during growth. In this work, a deposition rate of 0.5-0.6 Å/s is chosen.
A shadow mask is used for depositing different thicknesses of Ag layers on the same
sample.

4.2.2 Etching process

The etching process is applied to the sample surface to reduce the top layer thickness.
Such a change of layer thickness is utilized to obtain a tuning method for the eigenen-
ergy of the TP-mode or the Bragg photon mode. The etching is carried out in this
work by means of ion beam etching (chemically assisted ion beam etching, CAIBE by
Roth and Rau). In this etching process energetic ions are used to erode a surface by
the bombardment (argon, Ar). Substrate atoms (or molecules) from the target surface
are removed by physical collision (sputtering) and the etching effect can additionally be
chemically assisted in the CAIBE process. However, in this work the chemical support
for the etching of the sample was not used.

The sample, which is adhered on a sample holder, is located in the chamber oppo-
site to the ion source. The angle of incidence can be varied by using a variable angle
adjustment of the sample holder so that the ion beam can be oriented perpendicular
to the sample. Moreover, the sample holder can rotate during the etching process,
resulting in an increase of the homogeneity of the etching rate. In addition, the heating
of the sample during etching is prevented by a good thermal contact between the back
of the sample holder and a cooling liquid circuit. A thickness gradient for the top layer
of the sample is realized by etching with a shadow mask. The thickness gradient is
estimated by SEM, profilometer and by the calculation based on the transfer matrix
method. A slow etching rate of 1.5 Å/s is applied in order to achieve a smooth surface
structure.
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4.3 Microphotoluminescence and microreflectivity setup
Microphotoluminescence (μ-PL) and microreflectivity (μ-R) investigations are carried
out for the optical characterization of the samples. In this method a laser or white
light is focused on the sample by a microscope objective with a few micrometers of
spot size and collects the luminescence or reflected light of the sample. A schematic
sketch of the experimental setup used is shown in Figure 4.4. The sample to be tested
is mounted in a flow cryostat from Oxford Instruments. A calibrated temperature sen-
sor and a heater coupled with Oxford Instruments intelligent temperature controller
ITC503 allows a precise adjustment of the temperature in the range of 4 K up to 300 K.
In order to characterize different positions on the sample, the entire cryostat is movably
mounted in all spatial directions via electrical linear PI M505 translation stages. The
accuracy of the minimum incremental motion is within the range of a few micrometers.
A precise adjustment of the excitation in the sub-micrometer range is additionally pos-
sible by means of piezoelectric elements in all three spatial axes. For this purpose, the
microscope objective is mounted on a self-stabilizing piezoelectric transducer (Tritor
100 SG, Piezosystem Jena). The position of the laser/white light spot on the sample
surface is monitored with a video camera (TV) via a beam splitter (20R / 80T). The
luminescence/reflectance of the sample is collected by the microscope objective and
coupled into a spectrometer for detection by means of a 95 R / 5 T beam splitter and
lens. A suitable longpass filter is used in the detection path to block the excitation
laser signal. Neutral density filter wheels are inserted both in the excitation and de-
tection path to adjust the intensity of laser or luminescence from the sample. For the

Figure 4.4: Schematic sketch of the microphotoluminescence and microreflectivity
setup, where M: microscope objective, ND: neutral density filter wheel,
BS: beam splitter, F: Long pass filter, L2: lens and L1: removable lens. For
real space spectroscopy L1 lens is removed from the setup.
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decoupling of vibration from the building environment, the experiment is carried out
on pressure-bearing optical tables.

Two laser systems and a white light sources are available for PL and reflection measure-
ments, respectively. The reflectivity characterization is carried out with a tungsten-
halogen light source (high power ASBN-W spectral products). This light source pro-
duces 2000 lumens light output which ensures a sufficient light intensity in the blue
spectral region. In addition, a threaded fiber adapter helps to achieve a more flexi-
ble light alignment. For PL measurements a continuous wave (cw) diode laser with a
maximum output power of 60 mW at a wavelength of 406 nm is utilized. For the in-
vestigation of stimulated emission of the polariton mode a Ti:sapphire laser operating
in the pulsed mode (Tsunami, Spectra Physics, pulse duration 60 fs, repetition rate
82 MHz) in combination with a regenerative amplifier (Spitfire Pro, Spectra Physics,
pulse duration 130 fs, repetition rate 1 kHz) and an optical parametric amplifier (Topas
Prime, Spectra Physics) is used. A excitation wavelength of 400 nm is applied, well
above the polariton ground state meaning a non-resonant excitation of the sample.

The small spot size created by a microscope objective is an important feature of this
technique. The size of the investigated area of a sample determines the overall accuracy
of the measurement since averaging over sample areas with slightly different spectral
characteristics can hamper very sharp features. With regard to a small spot size and a
high collecting efficiency of the sample structure, a microscope objective of the highest
possible numerical aperture is desirable. For this work, a conventional Olympus lens
with a 50-fold magnification (numerical aperture, NA = 0.5, working distance, AA =
10.5 mm) is used as a microscope objective. A size of the laser spot on the sample
could be achieved below 3 µm. Both the excitation and the detection are performed
by the same microscope objective. For high resolution spectroscopy (real space) the
light emitted (or reflected) by the sample is analyzed spectrally by a monochromator
(SPEX-1401, grating 1200 grooves/mm) of 750 mm focal length. A spectral resolu-
tion of 100 µeV is obtained with a 50 µm slit width. The spectrally analyzed light
is detected by a CCD camera (Larry-USB 2048). The CCD sensor has 2048 sensi-
tive (14 µm × 200 µm) pixels and the array has a total length of 29 mm. A Jobin
Yvon HR 320 monochromator with a spectral resolution of 50 µeV at 546 nm (holo-
graphic grating 1200 grooves/mm) is used for k-space measurements. In this case, a
CCD camera with two dimensional array (Princeton Instruments Spec-10, 2048 × 512,
13.5 µm × 13.5 µm pixels with 100 % fill factor, 27.6 × 6.9 mm imaging area) is uti-
lized for the detection. To reduce the thermal noise, the CCD chip of the camera is
cooled with liquid nitrogen to a temperature of T = -120 ◦C. In order to acquire an
overview of the reflectivity spectra, a low resolution thermo-electric cooled fiber-optic
spectrometer (AvaSpec-ULS2048LTEC) with 75 mm focal length is available as detec-
tion system. The spectrometer has a linear CCD array (2048 pixels). It provides a
large wavelength range of 300-800 nm and possesses a grating of 1200 lines/mm with
a spectral resolution of 7 meV (for 100 µm slit size).
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4.3.1 k-space measurements

To have access to the far-field (momentum space) emission/reflectance of the sample
a setup is used as sketched in Figure 4.5 (a). The Fourier space of a given object is
situated at the back focal plane of the objective. The light, collected in the Fourier
space is the exact Fourier transformation of the light emitted/reflected from the real
space. Therefore, by imaging the back focal plane of the microscope objective one can
measure dispersion in k-space directly on a detector. This is done by just placing a lens
(removable lens L1) after the objective as shown in Figure 4.5 (a). For spectroscopy
in coordinate space (near-field), the lens L1 is removed (Figure 4.5 (b)). Hence, by
using this removable lens we can perform both k-space and real space measurements
simultaneously.
The Fourier plane is the plane on which each point corresponds to the far field emis-
sion/reflectance of the sample. Note that the in-plane wave vector k|| is related to the
observation angle θ and selection rules require that the in-plane wave vector of the
emitted photon be equal of the recombining polariton (kphoton = kpolariton = E

�c sin(θ)).
Hence, the image of the Fourier plane carries important information about the polari-
ton distribution. By using a monochromator in the Fourier plane image a direct image

Figure 4.5: Schematic illustration of (a) k-space (far field) and (b) real-space (near
field) spectroscopic setup. Coordinate and momentum space measurements
are performed simultaneously by using the removable lens L1.
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(θ, E) of the polariton dispersion curve E(θ) can be obtained. Accessible angles θ
are determined by the numerical aperture of the microscope objective. The numerical
aperture NA = 0.5 yields an accessible angle in the range of -30◦ to 30◦. The angular
resolution of the Fourier plane analysis is limited by the pixel size of the CCD camera
of the monochromator, which is 13.5 µm.
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5 Strong coupling in ZnSe-based
microcavity sample

The following chapter focuses on the optical properties of the microcavity sample in
the strong coupling regime. In the first part we demonstrate strong coupling between
cavity photons and QW excitons by performing real and k-space reflectivity measure-
ments. The experimental findings are compared with the calculations based on the
transfer matrix method. The angular-resolved far-field emission characteristics of the
MC sample are discussed in the second part of this chapter. This section starts with
the discussion of the polariton emission properties as a function of exciton-photon de-
tuning. A clear polariton relaxation bottleneck is observed at a large negative detuning
at low temperature. For this detuning, the polariton relaxation is slow due to a small
exciton fraction and a shorter polariton lifetime. The polaritons can scatter more ef-
ficiently from high k states into lower k states when going from negative to positive
detuning. At low temperatures a complete suppression of relaxation bottleneck is found
for a positive detuning of about 3 meV. The influence of temperature on the emission
properties of the polaritons is discussed in the next section. It has been shown that
the polariton relaxation bottleneck effect vanishes completely even at a negative detun-
ing of about - 6 meV if the temperature is raised to 110 K indicating a more efficient
phonon-assisted relaxation at elevated temperatures. In the last section the excitation
dependent polariton emission properties are given. The transition from strong to weak
coupling regime is observed for a certain excitation power due to the saturation of exci-
ton oscillator strength. This suggests that a large number of QWs will be necessary for
the realization of polariton lasing and condensation in ZnSe-based MCs. These results
are very crucial for the experimental investigation of the polariton condensation phase
diagram for ZnSe based MCs.

5.1 Evidence for strong coupling
The MC sample discussed in this chapter consists of a 15-fold top DBR, a 1λ cav-
ity with 3 ZnSe QWs and an 18-fold bottom DBR as discussed in section 4.1.1. A
microreflectivity spectrum of the MC sample measured at room temperature with a
fiber-coupled spectrometer (spectral resolution SR = 7 meV) is shown in Figure 5.1
(a). The spectral position of the cavity resonance is found at Ec = 2.804 eV (at this
position of the sample). At room temperature the QW emission energy is at 2.715 eV
which is largely detuned relative to the cavity resonance. The growth parameters of
the MC sample are optimized for a resonance of the cavity and the QW emission at low
temperatures (center of the wafer). In addition, a thickness gradient across the wafer
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Figure 5.1: (a) Microreflectivity spectrum of the MC sample measured at RT
(SR = 7 meV). (b)-(d) Spectrally highly resolved (SR = 0.1 meV) microre-
flectivity spectra measured at 10 K for three different detunings δ (different
sample positions). Three branches of polaritons (LP, MP, and UP) are
clearly visible which shift to higher energies when δ moves from negative
to positive values. (e) Measured (circles) and calculated (solid lines) ener-
gies of the polaritons as a function of detuning. The calculated bare cavity
resonance Ec (dark yellow dotted-line) as well as uncoupled Ehh (purple
dotted-line) and Elh (black) as a function of detuning are plotted.

is realized by stopping the wafer rotation during the growth of the cavity layer. As a
results the spectral position of the cavity resonance can be tuned relative to the QW
exciton energy by measuring different positions of the sample. Figure 5.1 (b)-(d) shows
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spectrally highly resolved reflectivity spectra of the MC structure measured in three dif-
ferent positions of the sample at T = 10 K. Three reflectivity minima can be identified
at the spectral position of 2.815 eV, 2.832 eV, and 2.8416 eV, which are attributed to the
lower, middle, and upper polariton, respectively (Figure 5.1 (b)). Due to the coupling
of the heavy- (Xhh) and light-hole (Xlh) excitons and the cavity photons three hybrid
exciton-polariton branches are formed. The detuning (δ = Ec−Ehh) is estimated from
the transfer matrix calculation. Three polariton branches shift to lower energies when
probing the sample from a positively detuned position to a negatively detuned position.
The measured spectral position of the polariton peaks as a function of the detuning
δ is plotted in Figure 5.1 (e) together with the calculated spectral positions based on
the transfer matrix method. In the calculation oscillator strengths of f = 1.7813 cm−2

(Ref.136) for the heavy-hole exciton (Xhh) and f/3 for the light-hole exciton (Xlh)
are employed as well as the QW excitonic emission linewidth (FWHM = 3 meV for
both Xhh and Xlh) which is taken from a reference sample. Two anticrossings of the
cavity mode with Xhh and Xlh are clearly visible. Kelkar et al. reported very similar
anticrossing features for a MC with a single ZnSe QW as shown in Figure 3.1. These
anticrossings provide the evidence for strong exciton-photon coupling in this MC sam-
ple. The Rabi-splitting energies of ~Ωhh ≈ 17 meV and ~Ωlh ≈ 13 meV are deduced
from the measurement at the position of the respective anticrossing.

The evidence of the strong coupling can also be given by measuring the polariton
dispersion curves. For this purpose we measure the reflectivity of the MC sample in a
k-space configuration using a white light source as described in section 4.3.1. Figure
5.2 (a)-(c) shows the measured angle-resolved reflectivity dispersion curves of the MC
sample for three different detunings. The experimental results are compared with the
calculated dispersion (based on the transfer matrix method) as displayed in a gray-
coded intensity map (Figure 5.2 (d)-(f)). The calculated cavity dispersion curve (blue)
as well as the flat dispersionless lines of Xhh (black) and Xlh (green) are also shown as
dotted lines in the figure. Three branches of the polariton dispersion are visible. The
LP and MP possess an energy splitting of ~Ωhh ≈ 17 meV at k|| = 0 (angle and wave
vector are interchangeable with a relation of k|| = E

~c sin(θ)) for a detuning δ = 0.5 meV.
The UP branch in the negative detuning position (Figure 5.2 (a)) appears as a less pro-
nounced flimsy shadow due to the presence of a small amount of photonic fraction as
well as the low deep-blue efficiency of the used white-light source. The LP dispersion
curve measured in this negative detuning position of the sample exhibits a more cavity
like dispersion feature, whereas the MP and UP show a relative flatter exciton like
dispersion characteristics. The reason for such different curvatures in the polariton
dispersion branches is due to the spectral positions of the cavity and excitonic reso-
nance. The amount of photonic fraction in the LP branch is much higher at negative
detunings as compared to other polariton branches. As a result, a large curvature in
the LP dispersion is observed for a negative detuning. A change in the curvature of
the polariton branches can be identified when measuring different detuning positions
of the sample (Figure 5.2 (b) and (c)). When the cavity mode and Xhh are nearly
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Figure 5.2: Polariton dispersion in an angle resolved reflectivity experiment (a)-(c) and
calculation (d)-(f) for different detunings δ. The calculated dispersion curve
for the bare cavity mode is displayed as a blue dotted-line. The black (green)
dotted-lines correspond to the uncoupled exciton Xhh (Xlh) states.

in resonance (Figure 5.2 (b)) the photonic nature of the MP and UP increases. The
LP dispersion curve for δ = 12 meV is predominantly excitonic like. In addition, the
absorption contrast for the UP branch increases when going from negative to positive
detuning due the enhancement of the photonic fraction. The observed experimental
dispersion curves of polaritons are in good agreement with calculations.
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5.2 Polariton emission properties

5.2.1 Detuning-dependent emission

In order to measure the far-field emission from the MC sample a momentum space
setup is utilized which allows us to observe the polariton distribution in k-space and
along the dispersion curve. The MC sample is excited by a CW diode laser with an
excitation energy of 3.053 eV, well above the polariton ground state ensuring a non-
resonant excitation. Figure 5.3 shows the LP emission distribution along the k-space
at 10 K for different detuning positions of the sample. We start to analyze the LP
emission at a negatively detuned position (δ ∼ - 22 meV) of the sample (see Figure
5.3 (a)). At this position, the polariton population of the ground state (θ = 0◦) is

Figure 5.3: Far-field emission spectra measured at 10 K for six different positions on the
sample with different detuning δ. For large negative detunings a pronounce
bottleneck effect is visible. As the δ value moves from negative to positive,
the population of polaritons close to k|| = 0 increases and the dispersion
curve flattens. The polariton relaxation bottleneck effect is completely sup-
pressed for detunings above δ ≈ 3 meV.
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5 Strong coupling in ZnSe-based microcavity sample

nearly empty and most of the polariton population is located at an angle of θ ≈ 14 ◦.
Hence, for negative detunings, a strong "bottleneck" region [97–100] of the polariton
dispersion curve persists. Such an effect can be described as follows. The non-resonant
optical excitation creates electron-holes pairs that self-thermalize on a picosecond time
scale and form an incoherent exciton-polariton reservoir [48]. Exciton polaritons from
this reservoir can not directly relax to the bottom of the polariton dispersion curve,
but they need to emit a large number of acoustic phonons losing a small amount of
energy each time, gradually relaxing to the minimum (k|| = 0) of the lower polariton
branch. However, this process is efficient along the excitonlike part of the LP branch.
The more they relax towards the minimum (at the bottleneck region) the more their
photon fraction increases. This photonlike polariton has an effective mass four orders
of magnitude lighter than the exciton mass. The excitonic part is very crucial for the
polariton relaxation process, since the scattering with phonons is proportional to the
excitonic fraction [95]. As their photon fraction increases their interaction with the
lattice decreases and longer delays will pass until the next relaxation step. In addition,
the photonlike polariton possesses a much shorter radiative lifetime [261]. Hence, the
relaxation time in this bottleneck region is longer than the radiative lifetime. The net
result is that polaritons do not reach the ground state at k|| = 0, but they radiatively
decay during the process of relaxation near the bottleneck. The polariton scattering
efficiency including polariton-polariton and polariton-phonon interactions is related to
the cavity-exciton detuning δ, which determines the excitonic and photonic fractions in
the polariton branch. The lifetime of the polaritons is mainly inversely proportional to
the photonic fraction [261]. When going from positive to negative δ values the photonic
fraction of the LP mode increases so that the lifetime of the polariton (τpol) decreases.
At the same time, the polariton relaxation time (τrel) increases when going from posi-
tive to negative values due to the smaller excitonic fraction of the LPs. Therefore, the
polariton lifetime as well as exciton fraction enhance with increasing detuning towards
more positive values, facilitating the relaxation towards the ground state. This effect
can already be seen for a detuning δ ≈ -19 meV (Figure 5.3 (b)). The polariton ground
state starts to populate and the bottleneck emission shifts towards lower angles (or
wave vectors). Even, when the value of detuning reaches zero the bottleneck effect is
still observed. However, for this detuned position the relaxation process is very efficient
compared to a negatively detuned position. The bottleneck effect nearly disappears for
a detuning of approximately 3 meV and the emission exhibits a smooth distribution
around θ = 0◦ (Figure 5.3 (d)). Hence, at low temperature, when the LP branch
possesses an excition fraction of about 0.59 (δ ≈ 3 meV), the polariton relaxation is
efficient enough to overcome the bottleneck effect. A more efficient relaxation of the
LPs is observed for higher positive values of δ (see Figure 5.3 (e)-(f)). In addition, a
noticeable shrinkage of the width of the momentum distribution can be detected with
increasing positive detuning.
The polariton linewidth is also strongly affected by the detuning δ. The linewidth of
the LP is narrower in the negative detuning region. However, the linewidth becomes
broader when moving towards positive δ values. This is due to the fact that at posi-
tive detunings the polariton-polariton scattering process is much more enhanced which
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induces a shorter dephasing time than the polariton lifetime [262]. On the other hand,
the collision broadening of the polariton states is reduced at negative detunings, pro-
viding a lower efficiency of the polariton scattering process, which forbids equilibration
of the polariton population.

5.2.2 Temperature-dependent emission

In order to investigate the polariton emission distribution in momentum space as a func-
tion of temperature, the same experimental setup is used as mentioned in the previous
section. Figure 5.4 shows the angular-resolved far-field emission for different temper-
atures. The measurements are performed at a fixed position in the sample. It should
be noted that when performing temperature variation studies the parameter δ is also
varied. The temperature tuning changes the bandgap of the semiconductor material as
discussed in section 2.1.2 leading to a variation in the absolute exciton energy. At the
same time the energy of the photon mode is also varied, since the effective refractive
index of the material depends on the temperature tuning. However, the temperature
dependent change of the bandgap is much larger than the temperature dependent en-
ergy of the photon mode. As a result, when investigating a fixed point on the sample
surface at different temperatures, the photon-exciton detuning is not the same. We
choose a position in the sample that exhibits a negative detuning of δ ≈ - 17 meV at
10 K. As expected, a strong bottleneck effect can be detected as shown in Figure 5.4
(a). When the temperature is increased to 40 K a redistribution of the polariton popu-
lation can be observed (see Figure 5.4 (b)). It shows an efficient scattering of bottleneck
polaritons into the ground state which starts to occur by increasing the temperature.
The emission from the MP branch is also detected at this temperature. However, the
angular resolved far-field emission measured at 10 K shows no signature of MP due to
the thermalization effect (Figure 5.4 (a)). The suppression of the bottleneck effect is
clearly visible when the temperature is continuously raised (Figure 5.4 (b)-(f)). The
bottleneck effect is completely vanished at a temperature of 110 K as shown in Figure
5.4 (e). At this temperature the detuning is increased to δ ≈ -6 meV. Figure 5.4 (f)
shows that the maximum emission intensity of the LP is centered at zero degrees when
the temperature dependent detuning δ reaches to a positive value of δ ≈ 1 meV at
130 K. Such an improvement of the relaxation bottleneck effect can be explained by
the temperature dependent detuning parameter δ, since it influences the distribution
of the polariton emission due to the variation of the excitonic and photonic fraction
in the LP state. In fact, the exciton-photon detuning becomes more positive as the
temperature is raised. It has already been shown for the measurements at different
sample positions (Figure 5.3) that a higher excitonic fraction in the LP state enhances
the polariton scattering efficiency including polariton-polariton and polariton-phonon
interactions. Such a higher ratio of excitonic fraction is achieved when the value of
detuning goes from negative to positive. However, it is interesting to note that the
polariton relaxation bottleneck is effectively suppressed even at smaller negative de-
tunings if the temperature is increased. Comparing Figure 5.3 (d) and Figure 5.4 (e),
we find that the minimum exciton fraction required to achieve a complete suppression
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Figure 5.4: Fourier space images of the polariton emission measured for different tem-
peratures without changing the sample position. With increasing tempera-
ture the detuning increases from δ ≈ - 17 meV at T = 10 K to δ ≈ 1 meV at
T = 130 K. The relaxation bottleneck effect is suppressed with increasing
temperature due to more efficient phonon-assisted relaxation and a longer
lifetime of the polaritons.

of the polariton bottleneck effect at 10 K and 110 K are ∼ 0.59 (δ ≈ 3 meV) and ∼ 0.33
(δ ≈ -6 meV), respectively. Hence, at low temperatures a higher excitonic fraction is
required due to inefficient polariton scattering. At elevated temperatures τrel should
undergo a net decrease due to the significant increase in exciton-phonon and polariton-
phonon interactions [261]. As a result δmin (complete suppression of the relaxation
bottleneck effect) shifts toward more negative detunings when the temperature rises.
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In general, if the detuning is fixed, the polariton can scatter more efficiently from high
k states into lower k states by increasing the temperature. However, with increasing
cryostat temperature the onset of various exciton non-radiative recombination channels
can be activated leading to a depletion in the occupancy of the exciton reservoir and
of the polariton states. This indicates that the polariton occupation density is not
constant for various temperatures at a given excitation power.
A continous emission broadening of the LP state is also observed from Figure 5.4 as
the temperature rises. The reason for such linewidth broadening is not only from
the contribution of the increase of excitonic fraction in the LP state but also from a
larger phonon population due to the increased temperature. For the same reason, the
linewidth of the MP also increases as the temperature rises. The main contribution to
the phonon-polariton scattering rate at elevated temperatures is given by longitudinal
optical phonons. The contribution from acoustic phonons, via deformation potential
interaction is very small e.g., three orders of magnitude smaller compared to the optical-
phonon one [144].

Thus, the exciton-photon detuning δ and the temperature T are two independent
parameters that can effectively control polariton relaxation dynamics. At negative
detuning the polariton relaxation time is typically larger than the mean polariton life-
time; the system is expected to be out of equilibrium and this region is so-called the
“kinetic regime”. On the other hand, the polariton lifetime becomes much longer than
the cooling time when moving toward more positive detunings, which means that the
system is in the so-called “thermodynamic regime”. It is important to note that the
critical polariton density nc (for polariton condensation) also depends on the parameter
δ [263]. The value of nc is smaller for negative detunings because of a smaller effective
mass. On the opposite, at a positive detunings the LP possesses a flatter dispersion
with a larger effective mass yielding a higher value of nc. Hence, one needs to de-
termine an optimum detuning by the trade-off between thermodynamics and kinetics
[261, 263–266]. Such an optimum value could not be determined for the investigated
ZnSe-based MC sample, since we could not investigate nonlinear emission properties
due to the saturation effect that will be discussed in the next section.

5.2.3 Excitation-dependent emission

Here we discussed the excitation dependent emission characteristics at 10 K of the
same MC sample containing three ZnSe-QWs. A Ti:sapphire laser operating in the
pulsed mode (82 MHz rate, excitation wavelength λ = 406 nm) is used as excitation
source. The angular-resolved far-field emission spectra for different excitation densities
are displayed in Figure 5.5. The measurements are carried out at a positive detuning
of δ ≈ 4 meV. Figure 5.5 (a) shows the angular dispersion of polariton emission at low
excitation power. As expected, no polariton bottleneck emission is observed even at
this low pump power (P0 = 4 pJ) due to a higher excitonic fraction in the LP state. The
polaritons are homogeneously distributed along the dispersion curve within a smaller
angle (θ ≈ ± 10◦). As the excitation power increases the shrinkage of the momentum
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space distribution can be clearly observed. This indicates that the polaritons more
efficiently relax from high k states to the ground state through stimulated scattering
process with increasing pumping power. A strong accumulation of polariton popula-
tion near k|| = 0 is achieved when the pump power is increased to 1.97 P0 (Figure 5.5
(d)). A small but continuous broadening of the polariton emission along the dispersion
curve is visible as the excitation density is progressively increased. This broadening of
the polariton as a function of the pump power can be explained by polariton-polariton
scattering processes [267]. The scattering rate depends on the density of states and the
excitonic fraction in the LPs, since the photonic fraction does not contribute to scatter-
ing events. In the low pumping regime polariton-polariton scattering processes are not
significant because of the small polariton density. As the pump power is continuously
increased, the polariton population near to k|| = 0 increases resulting in a shorter po-
lariton dephasing time due to the enhancement of polariton-polariton scattering [128].
In addition, the LP state exhibits a small blue-shift as the excitation density increases.
This phenomenon can be explained by the following two different effects:
(1) The exciton-exciton interaction resulting in an exciton blue-shift and consequently
polariton energy [268, 269]. Polariton-polariton interaction arises from Coulomb inter-
actions between the fermionic constituents (electron and hole) of their excitonic part.
As the occupancy of the polariton states increases, self-interaction within the half-light
half-matter polariton induces a spectral blueshift of the emission [96, 239].
(2) The blue shift can also originate from the saturation effects describing the decrease
of the exciton oscillator strength when increasing the exciton density, due to phase
space filling and exchange effects. This results in a reduction of the Rabi splitting, and
thus to blue-shift of the lower polariton and red-shift of the upper polariton [270].
Hence, the observed blue-shift is the result of the combination of the above mentioned
two effects. These characteristics (blue shift and linewidth broadening) are the signa-
tures of the polariton stimulated emission (before reaching a certain threshold density)
as reported for MC polariton condensation and lasing (see Figure 3.3). However, we
could not observe any threshold like behavior for this MC sample. When the excitation
density is increased to a value above 2.53 P0, the emission from the uncoupled cavity
mode starts to be visible, indicating the transition towards the weak coupling regime
(Figure 5.5 (e)). The cavity mode emission is clearly seen when the pump power is
further enhanced as shown in Figure 5.5 (f). Since this time integrated measurement is
performed in a pulsed mode, directly after the arrival of the excitation pulse, the carrier
and polariton densities are large enough to break the strong coupling, their following
recombination after pulse-off can lead back to a density for which strong coupling re-
covers. Due to the time integrated measurement, this angular-resolved spectrum shows
simultaneously emission from polariton states (strong-coupling regime) and from the
cavity mode (weak-coupling regimes). These measurements indicate that the strong
coupling is lost in this MC sample before reaching any polaritonic nonlinear behavior.
The reason for such transition to the weak coupling regime is due to the saturation
limit of the exciton oscillator strength [126]. The exciton binding energy decreases as
the exciton density increases leading to a bleaching of the exciton oscillator strength.
The phase space filling [85, 86] and the exchange effect [85] induce such a degradation
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Figure 5.5: Far-field emission measured at T = 10 K for different excitation intensi-
ties. The measurements are performed at a positive detuning (δ ≈ 4 meV)
position on the sample. With increasing excitation power, the momentum
shrinkage of the LP dispersion is observed. The LP state exhibits an energy
blue shift and a linewidth broadening as the pump power increases. For a
certain pump power (2.53 P0), a transition from strong to weak coupling
regime is detected due the exciton saturation effect.

of the exciton binding energy, which can be described as a carrier density dependent
effective dielectric constant as reported by Huang et al. [271]. Another mechanism is
the Coulomb screening of excitons that also influences the exciton binding energy as
the excitation density is increased. However, the contribution of this mechanism is less
important in our case, since in 2D the screening effect is relatively weaker than the
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phase-space filling and exchange effect [85]. Hence, at the saturation limit of the exci-
tons, its excitonic oscillator strength as well as the bosonic character diminish leading
to a transition to weak coupling regime [126–129]. In order to increase the saturation
limit a high number of QWs can be placed inside the MC, so that the effective exciton
density per QW is reduced [96]. In addition, the Rabi-splitting energy is also enhanced
as the number of QWs increases. All these effects combined favour the polariton lasing
or condensation before the saturation limit is reached. Indeed, recent work by Klein et
al., has demonstrated polariton lasing at low temperature utilizing 15 ZnSe-QWs in a
3 λ MC [272]. Very recently, polariton lasing at elevated temperatures (e.g., ∼ 243 K)
have been reported by Klembt et al. [144]. The growth of these MC samples has been
performed in similar conditions by the same MBE machine that was used for the dis-
cussed MC sample. Hence, the employment of a large number of QWs is very crucial
for the realization of room temperature nonlinear effects in ZnSe-based MCs.

5.3 Conclusion
In this chapter the evidence of strong coupling in a ZnSe-based MC containing only
three QWs is given by real and momentum space measurements. The angular-resolved
far-field emission characterization at a large negatively detuned position of the sample
shows a clear polariton relaxation bottleneck effect at low temperatures. It has been
shown that the relaxation of the polariton towards low k states is much more efficient
when the cavity-exciton detuning moves from negative to positive values and the tem-
perature is raised. At low temperatures the polariton relaxation bottleneck can be
completely suppressed for a detuning of about 3 meV. It is also found that the pho-
tonic like polariton can be efficient enough to overcome the relaxation bottleneck if the
temperature is increased. The scattering rate including exciton-phonon and polariton-
phonon interactions is significantly enhanced at elevated temperatures. Thus, the two
independent parameters, detuning and temperature, can be effectively utilized for the
manipulation of the photonic and excitonic nature of polaritons. In addition, the exci-
tation dependent PL measurements show that the polariton can efficiently relax toward
k|| = 0 when the polariton density is increased due to the enhancement of polariton-
polariton interactions. Clear transition to the weak coupling regime is visible for a
certain excitation density due to the saturation of exciton oscillator strength. Hence,
a large number of QWs is necessary for the realization of polaritonic devices based on
the concept of polariton lasing and condensation. The obtained results will promote
the experimental investigation of polariton condensation phase diagram for ZnSe-based
MCs. Such a phase diagram is very important to obtain an optimum detuning by the
trade-off between thermodynamics and kinetics.

76



6 Hybrid metal-microcavity system: strong
coupling and polariton manipulation

In the previous chapter the strong light-matter interaction is discussed for the micro-
cavity sample. In this chapter we present the optical properties of different designs
of hybrid metal-microcavity systems. The results presented in this chapter have been
published in three publications of the author (publication I, II, and III), which are
included in this chapter. The first part of this chapter (section 6.1 to 6.3) is based on
the results from publication I and II. The formation of Tamm-plasmon resonance in
the visible spectral region at the interface between an Ag film and a ZnSe-based DBR
is discussed in the first section. The tuning of the Tamm-plasmon eigenenergies within
the stop-band in dependence on the DBR top layer thickness is studied by microreflec-
tivity measurements. Using a cold microcavity sample the effect of the Tamm-plasmon
resonance on the spectral position of the bare cavity mode is investigated. The influ-
ence of metal oxidation on the optical properties of Tamm plasmons is discussed in the
second section. Experimental evidences of strong coupling between the Tamm-plasmon
mode and the QW exciton is presented in the third section. Temperature dependent
reflectivity measurements yield a Rabi-splitting energy of 18.5 meV. The transfer ma-
trix calculations show that the Rabi-splitting energy can be enhanced in such a simple
TP structure by increasing the number of QWs inside the top layer of the DBR. In
the last part of this chapter evidence for the existence of a hybrid state of Tamm plas-
mons and microcavity exciton polaritons in a ZnSe-based microcavity sample covered
with an Ag metal layer will be presented. The results discussed in this section led to
the publication III. The Tamm-plasmon mode shows a characteristic anticrossing with
the bare cavity mode, when microreflectivity measurements are performed for differ-
ent detunings between the Tamm plasmon and the cavity mode. Due to the coupling
of the cavity-photon mode, the Tamm-plasmon mode, and the heavy- and light-hole
excitons, four hybrid eigenstates are observed in the reflectivity spectrum when the
Tamm-plasmon mode is in resonance with the cavity polariton. Experimental results
are backed up by calculations based on the transfer matrix method as well as on the
coupled-oscillators model. The lowest hybrid eigenstate exhibits a red shift of about
13 meV with respect to the lower cavity polariton state when the Tamm plasmon is
resonantly coupled with the cavity polariton. This spectral shift, which is caused by
the metal layer, can be used to create a trapping potential for polaritons.
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6.1 Tamm plasmon polaritons and their tunability

Tamm plasmon modes formed at the interface between a one dimension photonic crys-
tal e.g., DBR and a metal layer have been theoretically proposed by Kaliteevski et
al. [18]. The first experimental observation of such TP states has been reported by
Sasin et al. using the GaAs material system [118]. In recent years, TPs have attracted
much attention, since they can be directly optically excited and possess linewidths be-
ing one order of magnitude smaller than that of surface plasmons. Further, they show
a parabolic in-plane dispersion (a detailed theoretical discussion is given in the basic
chapter section 2.4.2). The simplicity of such TP structures is one of the key important
points that makes this system fascinating for the investigation of strong light-matter
interactions. However, up to now the operating wavelength of the TP modes and their
proposed applications have mostly been discussed for the infrared spectral region (see
3.2.2). Here, in this section, we present the formation of TP modes in the visible spec-
tral region by utilizing the ZnSe-material system. DBRs composed of these materials
show reflectivities up to 99 % [273] which facilitates the formation of TPs, because
their confinement in the dielectric multilayer depends on the photonic stop-band of the
DBR. Moreover, ZnSe-based materials possess a high oscillator strength and a large
binding energy (see 2.1.2) which allow the strong coupling to be stable up to room
temperature. Hence, these materials have large potentialities for the realization of TP-
based polaritonic devices operating at room temperature.

In order to investigate the TP modes in the visible spectral region, we have studied a
sample containing a 16-fold DBR with a 40 nm thin Ag layer on top (see the schematic
drawing in Figure 4.2 (a)). An elaborate description of the investigated sample param-
eters can be found in section 4.1.2. Microreflectivity measurements were performed in
order to optically characterize the sample covered with an Ag film as well as the uncov-
ered areas of the sample at room temperature. The experimental results are compared
with calculations based on the transfer matrix method (CAMFR program [47]). In the
calculations, the parameters for the layer thicknesses were taken from measurements
by XRD, the refractive index dispersions for the semiconductor materials can be found
in Ref. [273]. The Drude model was used to describe the refractive index of Ag [274].

Figure 6.1 shows microreflectivity measurements of the DBR structures covered with
and without Ag together with the calculated spectra. A stop-band width of approx-
imately 193 meV is found for the bare DBR (Figure 6.1 (a)) which is in very good
agreement with the calculation. The measured and calculated peak reflectivities of
the metal-free DBR are close to 95.5 %. After depositing 40 nm of Ag on top of this
DBR, the existence of TP resonance can be observed at an spectral position of 2.621 eV
(Figure 6.1 (b)). The appearance of the TP mode can nicely be reproduced by the cal-
culation. It is observed that there are some discrepancies between the measured and
the calculated results. These may be due to sample inhomogeneities and absorption
losses which are not taken into account for the calculation. For energies that are not
eigenenergies of the TP structure, the reflectivity is caused by the reflection coefficient
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Figure 6.1: Measured (solid lines) and calculated (dotted lines) reflectivity spectra
of the DBR at RT, (a) without Ag; (b) with 40 nm Ag, TP resonance
is observed; (c)-(e) different top layer thicknesses, TP mode shows blue
shift with decreasing top layer thickness; (f) top layer completely removed
(dtopDBR = 0), no TP resonance is built due the non-matching phase con-
dition. From [I].

of the metal, which is close to unity despite its nonzero absorption. This indicates that
a DBR with 95.5 % reflectivity is sufficient to demonstrate the formation of a TP mode
at the interface between an Ag film and a DBR.
The eigenenergy of the TP mode can be tuned by either varying the thickness of the
top layer of the DBR or by that of the metal layer [18]. In the first case, the phase of
the reflection coefficient of the DBR changes as the thickness of the top layer varies,
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Figure 6.2: Calculated squared electric field distribution (red line) for the TP mode.
The blue line shows the real part of the index of refraction (right axis) of the
device structures. In the calculation a λ/8 thick high-index layer adjacent
to the metal is considered. From [I].

resulting in a change in the eigenenergy of the TP mode. The thickness of the top layer
of the DBR was reduced by CAIBE and a thickness gradient was created by a shadow
mask (see section 4.2.2). The TP mode shows a blue shift of about 68 meV with a
pronounced increase of transmittance of the resonance when the top layer is reduced
by approximately 15 nm (dtopDBR = 35 nm), (Figure 6.1 (c)). It can be seen that the
frequency of the TP resonance corresponds to the center of the photonic bandgap of
the DBR when approximately 24 nm (dtopDBR = 26 nm) of the quarter-wavelength
high-index layer, adjacent to the metal, is removed. This way, the TP resonances can
be tuned within the whole range of the photonic bandgap by just changing the thick-
ness of the top layer of the DBR as shown in Figure 6.1 (c)-(e). If the top layer is
completely removed and the DBR starts with a low-index layer, no TP mode will be
observed (Figure 6.1 (f)), in agreement with findings in previous reports [275]. Hence,
in order to form a TP resonance it is essential to start with a high-index layer to satisfy
the phase match condition between the DBR and the metal.

Figure 6.2 represents the calculated squared electric field distribution for the TP mode
with an eigenenergy of 2.725 eV which corresponds to approximately half the photonic
bandgap. In this calculation the DBR top layer thickness was assumed to be λ/8. One
pronounced electric field maximum can be identified at the interface between the metal
and the DBR which is the signature of the TP [18]. The penetration depth in silver
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Figure 6.3: Calculated reflectivity spectra of the TP mode for various metal layer thick-
nesses. In the calculation a fixed top layer thickness of 35 nm is chosen.
The TP mode shifts to higher energies by increasing Ag thickness accom-
panied by an increase of the Q factor. The transmission of the TP mode
diminishes with the enhancement of the Ag thickness.

is approximately equal to c/ωp ≈ 20 nm, where c is the velocity of light in free space.
The TP mode possess a higher ratio of the electric field in the dielectric than in the
metallic layer. This results in lower losses than for conventional SPPs and an electric
field shape similar to the one associated with cavity modes.

6.1.1 The dependence of TP modes on the metal thickness

Now, the influence of the metal layer thickness variation on the TP resonance will be
discussed. The calculated reflectivity spectra of the TP structure for different Ag layer
thicknesses are displayed in Figure 6.3. It can be observed that the eigenenergy of
the TP mode shifts to higher energies as the thickness of the Ag layer raises. This
is induced by the change of phase in the amplitude reflection coefficient of the Ag
layer when its thickness varies. The mode transmission is increased to unity for an
Ag thickness of 30 nm and decreases for a further increase of the Ag thickness. In
addition, the linewidth of the TP mode diminishes with raising Ag thickness due to the
increase of reflectivity. These results suggest, that the variation of metal layer thickness
is an alternative technique to tune the TP eigenenergy. However, increasing the metal
layer thickness would reduce the transmission of the TP resonance. Hence, changing
the thickness of top layer of the DBR would be advantageous in order to vary the TP
eigenenergy without reducing the TP transmittance. In that case, one needs to find an
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optimum metal layer thickness in order to have sufficient transmission and a relatively
high Q factor. Ag thickness of 40-45 nm has been determined as an optimum trade-off
between the Q factor and the mode transmission.

6.2 Influence of TPs on the bare cavity resonance

In order to investigate the influence of the TPs on the cavity eigenmodes a cold MC
(MC without active layer) was used which consists of a 12-pair bottom DBR, a λ/2
cavity, and a 1.5-pair top DBR (see section 4.1.2). A 45 nm thick Ag layer was deposited
on top of the cold MC sample.
Figure 6.4 shows the microreflectivity measurements on the planar cold MC sample
with and without Ag layer. The measurements are carried out at normal incidence of
light at room temperature. For comparison, reflectivity spectra are modelled by using
the transfer matrix method. The stop-band width of approximately 340 meV is deduced
from the measurement of the metal-free MC sample and it is in good agreement with
the calculation (Figure 6.4 (a)). The calculated and measured peak reflectivities are
close to 94 %. This relatively low value is owing to the small number of top DBR layer
pairs. A cavity resonance at 2.779 eV can be identified. This cavity resonance shows
a blue shift when the MC sample was covered with a 45 nm Ag layer. In addition,
the linewidth of the cavity mode is strongly reduced in the presence of an Ag layer.
The eigenenergy of the TP mode is estimated to 2.652 eV for an Ag covered DBR
by using eqn (2.58). Although this energy is not in resonance with the cavity mode,
the measurements and calculations yield a relevant influence of the metal layer on
the cavity resonance, which originates from the complex contribution of the refractive
index in the Drude model resulting in the formation of a hybrid cavity-Tamm mode
[257]. In the previous section it has been described that the eigenenergies of the TP
mode can be tuned within the photonic stop-band region by changing the top layer
thickness. Hence, the top layer thickness is reduced by CAIBE in order to observe
the TP modes experimentally in the same MC structure. Figure 6.4 (b) represents
micro-reflectivity measurements and calculations for the MC with reduced top layer
thickness with and without Ag. If the top layer is reduced by approximately 38 nm
from the initial thickness of 50 nm, the cavity resonance will disappear (black line).
The measured spectrum is well reproduced by the transfer matrix calculation (black
dotted-line). The absence of the cavity resonance in the etched structure is due to
an insufficient number of top DBR pairs. However, the TP mode can be identified
at ET = 2.643 eV when 45 nm of Ag is deposited on this etched structure (Figure
6.4 (b), red line). Interestingly, the TP resonance also appears when the structure
starts with a low-index layer (Figure 6.4 (b), blue line). Because of the inclusion of the
λ/2 cavity layer, the phase match condition for the TP mode can be satisfied for this
configuration as well (publication I). A resonant excitation of the TP and cavity mode
is required in order to achieve a large confinement potential for exciton polaritons as
describe theoretically in [257]. This MC structure possesses 1.5 top DBR pairs, which
is not sufficient to excite both TP and cavity modes simultaneously. However, it would
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6.2 Influence of TPs on the bare cavity resonance

Figure 6.4: Microreflectivity measurements (solid lines) and calculations (dotted lines)
for the cold MC sample at RT. (a) Reflectivity of the MC without and with
Ag top layer. Cavity resonance exhibits blue shift in energy and a linewidth
narrowing effect for the Ag covered MC sample. (b) Reflectivity of a cold
MC with reduced top layer thickness, black line (dAg = 0), red and blue
lines (dAg = 45 nm). The existence of the TP resonance can be observed
in the MC sample if the top layer thickness is reduced. From [I].

be possible to excite both modes within the photonic bandgap if the number of the
top DBR pairs is increased. The experimental realization of such a hybrid metal-MC
system will be discussed in section 6.4.
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6 Hybrid metal-microcavity system: strong coupling and polariton manipulation

Figure 6.5: (a) Microreflectivity spectra for a 30 nm thick Ag layer on top of the sam-
ple measured directly after deposition (I, solid line) and after oxidation
(II, dashed line). (b) Calculated reflectivity for the metal covered sample
obtained by assuming a pure (black, solid line) and a layer oxidized by
a fraction of 44 % (blue, dashed line), respectively. Measurements were
performed at room temperature. After [II].

6.2.1 Metal oxidation effect

The influence of a partially oxidized silver layer on the optical properties of the same
cold cavity structure, which consists of a 12-fold bottom DBR, a λ/2 cavity and a
1.5-fold top DBR, will be explored in this section (publication II). Ag layers with
thicknesses between 30 to 50 nm were deposited on the cold MC sample. It is well
known that the metal is prone to oxidize. In our sample the metal oxidation takes
place when it is exposed to air for a long period of time.

Figure 6.5 (a) shows the reflectivity of the cold MC sample just after the metal de-
position (solid line) and after oxidation (dashed line). The reflectivity minimum, in
comparison to the uncovered sample, is shifted in both cases to higher energies, which
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6.3 Strong coupling between Tamm plasmons and QW excitons

goes along with an enhancement of the reflectivity dip, as expected. It is found that
the reflectivity minimum is asymmetrically broadened to the low-energy side when the
metal is oxidized. Figure 6.5 represents the measured spectrum along with the calcu-
lated one for a pure 30 nm Ag layer on top of the sample (solid line). The measurement
performed just after the metal deposition shows a blue shift of the reflectivity minimum
of about 65 meV being about a factor of 1.5 times larger than the value obtained for a
oxidized Ag layer. The oxidation of the thin layer was estimated by a certain percent-
age of Ag2O in the Ag layer. The measured reflectivity spectrum and particularly the
asymmetrical feature of the cavity resonance can rather perfectly be reproduced if an
oxidation degree of 5 % is assumed for the just deposited layer, while a degree of 44 %
is supposed for the finally oxidized layer (dashed line).
The effect of metal oxidation on the cavity resonance can be further explained by cal-
culating the electric field distribution for the plain cold cavity sample without and with
Ag (or Ag2O/Ag) as described in publication II. The deposition of a thin metal film
results in an attenuation of the resonant field in the metal layer. As a consequence, the
field is squeezed into the structure, which pushes the antinode position into the upper
DBR layer as well as the field maximum towards the lower-DBR side of the sample
(see Figure 2(a) in publication II]). This observation is in agreement with reports in
literature [18, 176, 276] as well as the calculation (Figure 6.2) for metal covered DBRs,
where the influence of Tamm plasmons on the field distribution was discussed. In the
pure metal/DBR structure, the field amplitude is most pronounced at the metal/DBR
interface which is not the case for this MC sample because of the small distance be-
tween the metal layer and the cavity. The partial oxidation of the Ag film which had
to be considered in the calculation increases the refractive index [277] leading to a less
pronounced spatial displacement and energy shift of the optical field. In general, any
deposition of an Ag layer, whether pure or partially oxidized, leads to a blue shift of
the cavity resonance relative to the plain sample.
The change in the reflectivity spectrum for different Ag-layer thicknesses with reference
to that of the uncovered sample is also discussed in publication II. It is found that the
spectral shift of the hybrid cavity-Tamm mode becomes more pronounced with increas-
ing metal layer thickness. A saturation of the spectral shift is visible for thicknesses
exceeding 40 nm, due to the dominating optical field absorption in very thick metal
layers. This finding implies that the modulation of cavity resonance can be achieved
by the deposition of an Ag layer of sufficient thickness. However, a partial oxidation of
the Ag layer has to be taken into account if the Ag layer is exposed to air for a longer
period of time.

6.3 Strong coupling between Tamm plasmons and QW
excitons

Now, the evidence for the strong coupling between the TP mode and the QW exciton
in a TP structure is presented. For this experiment an open cavity is utilized which
consists of a 14-pair bottom DBR, a λ cavity with three ZnSe QWs and a 35 nm thick
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Figure 6.6: (a) Microreflectivity spectrum of the plain and the Ag-covered open cavity
sample measured at T = 4 K (solid lines) in comparison to the calculated
reflectivity spectra (dotted lines). The spectra are vertically shifted for
clarity. (b) Spectral position of the reflectivity minima of the Ag-covered
sample at different temperatures (dots) in comparison to the excitonic ZnSe-
QW absorption (gray stars), the calculated TP mode resonance for the
metal covered open cavity without QWs (light gray stars) and the calculated
upper and lower polariton (red and black line). A clear anticrossing between
the TP mode and the QW exciton is observed. From [II].

Ag layer on top of the cavity layer (see Figure 4.2 (b)). Note the cavity layer which
acts as a top layer for this open cavity structure is made of a high refractive index layer
to satisfy the phase matching condition. The thickness of this layer was designed to
match the eigenenergy of the TP mode and the QW-emission. The QWs were placed
at the antinodes of the electromagnetic field to enhance the light-matter interaction.

Figure 6.6 (a) shows the region of interest of the microreflectivity spectra for the plain
and the Ag-covered open cavity sample with three ZnSe QWs measured at T = 4 K. For
comparison the calculated overview spectra are displayed (dotted line). In the calcula-
tion the percentage of Ag oxidation was fitted to 29 % as described in publication II.
An absorption dip can be identified in the measured reflectivity spectrum (plain sam-
ple) at 2.818 eV with a spectral width of about 11 meV. It is attributed to the Xhh

combined with the absorption of the trionic complex (X−), which is known to con-
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6.4 Exciton-Polariton manipulation and confinement potential

tribute to the reflectivity spectra of ZnSe/ZnMgSSe samples [278]. This attribution is
in agreement to the PL of a single QW ZnSe/Zn0.74Mg0.26S0.28Se0.72 reference sample,
which shows the Xhh at 2.818 eV (FWHM 3 meV) and X− at 2.814 eV (FWHM 6 meV)
together with the shoulder of the biexcitonic emission [II]. In addition, the absorption
of the Xlh can be observed at 2.835 eV. The reflectivity spectrum for the Ag-covered
sample exhibits two resonances. We name them R1 (low) and R2 (high energy side
relative to the calculated TP mode resonance at ET = 2.816 eV). It can be observed
that the high-energy dip (R2) possesses an asymmetrically broadened shape due to the
absorption contribution of Xlh. The evolution of the spectral positions of R1 and R2
with temperature is plotted in Figure 6.6 (b). The resonance R1 and R2 exhibit a clear
anticrossing behavior as shown to occur for the UP and LP in the strong light-matter
coupling regime in MCs (see Figure 5.1 (c)). The experimental findings for R1 (LP)
and R2 (UP) are in agreement with the characteristics calculated by considering a sys-
tem of two coupled oscillators [171]. The Rabi splitting energy of 18.5 meV is found in
excellent agreement with calculation. This value is comparable to the value of 17 meV
measured in an earlier experiment (see section 5.1) for a similar MC including a 15 pair
top DBR. Furthermore, this value is on the same order than that found for TP based
structures in other material system as discussed in section 3.2.2.
For temperatures above 150 K, the strong coupling regime is broken due to the temper-
ature dependent spectral broadening of the excitonic contribution. These observations
demonstrate that the strong coupling regime can be achieved for an open cavity sample
with three QWs just by depositing a metal layer on the cavity instead of 15 top DBR
layer pairs. However, one needs to find a way to increase the number of QWs in this
TP-structure to enhance the splitting energy for the high-temperature stability.

It is discussed in [I] that the resonance energy of the TP mode shifts to the lower
energy side of the stop-band with increasing top layer thickness and the TP mode
reappears periodically when the top layer is further increased. This reappearance of
TP resonance for thicker top layer is very promising with respect to the use of many
QWs. In order to enhance the light-matter interactions QWs have to be placed at the
antinodes of the electromagnetic field. By utilizing the spectral shift of the DBR and
TP resonances with the DBR top layer thickness, the top layer can be increased to 1λ
or 3λ without changing the spectral position of the TP mode. The calculated electro-
magnetic field distribution for a 3λ top layer exhibits five field maxima. Hence, at each
of these field maxima, a threefold ZnSe-QW stack can be periodically placed. Calcula-
tions show that such a structure exhibits a large Rabi-splitting energy of 43 meV. These
findings possess the potential to simplify the sample fabrication and the realization of
electrically driven polariton-based devices.

6.4 Exciton-Polariton manipulation and confinement potential

Another crucial challenge for the development of the polaritonic devices as well as
for fundamental physics is to control and manipulate the polariton eigenstate or to
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engineer the potential in which polaritons are created. In this section we will provide
the experimental evidence for a concept of a hybrid TP-microcavity exciton polariton
state. This hybrid system will exhibit a sufficiently large lateral confinement potential
for the lowest cavity polariton state if a metal layer is used. The results for this section
are given in publication III, along with the accompanying supporting material.

6.5 Conclusion
In this chapter different metal-semiconductor MC systems are presented for the inves-
tigation of strong light-matter interaction, polariton manipulation and engineering the
potential landscape. The results presented in the first part of this chapter are based on
the publication I and II. The existence of TP modes in the visible region is demonstrated
by depositing Ag layers on top of a ZnSe-based DBR structure. It is shown that the TP
resonance can be tuned within the whole photonic stop-band by just changing the top
layer thickness. Microreflectivity spectra show a blue shift of the cavity resonance when
a metal layer is deposited on a cold MC sample. By comparison of the experimental
findings with the theoretical calculations the influence of metal oxidation on the optical
properties is discussed. The realization of the strong coupling regime with a Rabi split-
ting energy of 18.5 meV is demonstrated for a TP structure containing three ZnSe QWs.

In the last part (publication III), we have experimentally demonstrated the existence
of a hybrid state of the TP-microcavity exciton polariton by depositing a thin Ag film
on top of a ZnSe-based monolithic MC structure. The microreflectivity measurements
show the formation of the TP and the cavity mode on the low energy side of the pho-
tonic stop-band if the QW emission is very far detuned from the cavity mode. When
the TP mode is tuned with respect to the cavity mode, an anticrossing is observed
between them with a splitting energy of about 44 meV. The formation of a hybrid
state of the TP-microcavity exciton polariton is confirmed by the observation of four
resonances in the microreflectivity spectrum of the Ag covered MC sample at 4 K.
They show three anticrossings when the bare TP mode is tuned. A trapping potential
for the lower polaritons being as large as about 13 meV is obtained when the TP is
resonantly coupled with the exciton polariton. Such a large confinement potential is
very important for manipulating, shaping, and directing the flow of polaritons at room
temperature.
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6.5 Conclusion

Publication I: “Tamm plasmon polaritons in the visible
spectral region and its optical properties in ZnSe-based
microcavitie”
Author contributions (publication I)
The candidate designed the experiments, carried out the measurements, analyzed the
results and interpreted the experimental data. Thorsten Klein, Sebastian Klembt and
Carsten Kruse designed and fabricated the samples. The candidate also performed
all the simulations and conducted processing of the sample e.g., metal deposition and
dry etching. Kathrin Sebald and Jürgen Gutowski contributed to the discussion of the
results and gave input to the manuscript writing. Detlef Hommel contributed to the
concept of the growth of the sample. The manuscript was written by the candidate
with input of all authors.
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We report on the formation of Tamm plasmon (TP)
modes in the visible spectral region at the interface be-
tween a Ag film and a ZnSe-based distributed Bragg re-
flector (DBR). The tuning of the TP eigenenergies within
the stop-band in dependence on the DBR top layer thick-
ness is investigated by micro-reflectivity measurements.
The experimental findings are compared with calcula-
tions using the transfer matrix method. The latter cal-
culations show that strong coupling can be achieved be-
tween quantum well (QW) excitons and the TP modes.
In addition, the Rabi-splitting energy can be enhanced in
a simple TP structure by increasing the number of QWs
inside the top layer of the DBR.

When a metal layer is deposited on a cold MC sample,
micro-reflectivity spectra show a blue shift of the cavity
resonance. The TP modes are likewise observed in the
same MC sample when reducing the top layer thickness
of the DBR. This shift of cavity resonance and formation
of TP mode are in good agreement with calculations.
These results are rather promising in order to realize a
spatial confinement of the polaritons by utilizing metal
strips. Such channeling of polaritons opens the way to
practical demonstration of exciton-polariton integrated
circuits.

1 Introduction Tamm plasmon (TP) modes formed at
the interface between a distributed Bragg reflector (DBR)
and a metal layer have been theoretically proposed by Kali-
teevski et al. [1] and first experimentally demonstrated
by Sasin et al. [2]. In recent years TPs have attracted
much attention, since they can be directly optically excited
and possessing linewidths being one order of magnitude
smaller than that of surface plasmons. Further, they show
a parabolic in-plane dispersion. These noteworthy proper-
ties of TPs open many potential applications such as Tamm
lasers [3], efficient single photon sources [4], optical filters

[5], and bistable switching devices [6]. In addition, strong
coupling between TP modes and quantum well (QW) ex-
citons has experimentally been demonstrated [7].
Up to now the operating wavelength of the TP modes and
their proposed applications have mostly been discussed for
the infrared spectral region. In this contribution we present
the creation of TP modes in the visible spectral region
and their influence on the optical properties of ZnSe-based
microcavities (MCs). DBRs composed of these materials
show reflectivities up to 99% [8] which facilitates the for-
mation of TPs, because of their confinement in the dielec-
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tric multilayer depends on the photonic stop band of the
DBR. Moreover, these materials possess a high oscilla-
tor strength and a large binding energy [9] which allow
the strong coupling to be stable up to room temperature.
Hence, these materials have large potentialities for the re-
alization of TP-based polaritonic devices operating at room
temperature.

2 Experimental details In order to investigate the
TP modes in the visible spectral region, we have studied
a sample containing a 16-fold DBR while a cold MC (MC
without active layer) is used to investigate the influence of
TPs on the cavity eigenmodes. All these structures were
fabricated by molecular beam epitaxy (MBE) in an EPI
930 twin chamber system using Knudsen cells for zinc, se-
lenium, and cadmium. The cold cavity structure consists
of a 12-fold bottom DBR, a λ/2 cavity and a 1.5-fold top
DBR. A superlattice (SL) of MgS and ZnCd0.79Se0.21 is
used for the low-index material with a total thickness of 49
nm while the high-index material of the DBRs consists of
Zn0.72Mg0.28S0.29Se0.71 with a thickness of 50 nm. For
the cavity layer of the cold cavity the same SL is cho-
sen. The top layer of the bare DBR and the cold cavity
is made of the quaternary high-index layer. The refractive
index contrast between the high- and low-index materials
is Δn = 0.42 at 2.815 eV. Ag layers with thicknesses of 40
nm and 45 nm were deposited by electron-beam physical
vapor deposition on the bare DBR and the cold MC, re-
spectively.
Micro-reflectivity measurements were performed in order
to optically characterize the samples covered with Ag as
well as the uncovered samples at room temperature. The
used spot diameter of ≤ 8 μm is favorable in order to
keep the spectral broadening of the reflectivity minimum
caused by thickness fluctuations of the metal and top DBR
layer as small as possible. The experimental results are
compared with calculations based on the transfer matrix
method (CAMFR program [10]). In the calculations, the
parameters for the layer thicknesses were taken from mea-
surements by XRD, the refractive index dispersions for
the semiconductor materials can be found in Ref. [8]. The
Drude model was used to describe the refractive index of
Ag [11].

3 Results and discussion Figure 1 shows micro-
reflectivity measurements of the DBR structures covered
with and without Ag together with the calculated spectra.
The bare DBR exhibits a stop-band width of approximately
193 meV (Fig. 1(a)) which is in very good agreement with
the calculation. After depositing 40 nm of Ag on top of this
DBR, a TP resonance on the low energy side of the stop-
band can be observed at 2.621 eV, which can nicely be
reproduced by the calculation (Fig. 1(b)). The eigenenergy
of the TP modes can be tuned by either varying the thick-
ness of the top layer of the DBR or by that of the metal
layer [2]. The thickness of the top layer of the DBR was re-

Figure 1 Measured (solid lines) and calculated (dotted lines) re-
flectivity spectra of the DBR at RT, (a) without Ag; (b) with 40
nm Ag, TP resonance is observed; (c)-(e) different top layer thick-
nesses, TP mode shows blue shift with decreasing top layer thick-
ness; (f) top layer completely removed (dtopDBR = 0).

Figure 2 Calculated reflectivity map (color coded) in the TP
mode region for varying top layer thickness for a DBR structure
covered with 45 nm Ag. The minimum of reflectivity (blue) cor-
responds to the TP mode shift exhibiting a periodic behavior.

duced by chemically assisted ion beam etching (CAIBE).
By reducing the top layer by approximately 15 nm, the
TP mode shows a blue shift of about 68 meV with a pro-
nounced increase of transmittance of the resonance (Fig.
1(c)). This way the TP resonances can be tuned within the
whole range of the photonic band gap by just changing
the thickness of the top layer of the DBR as shown in
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a) Top layer thickness λ/8. b) Top layer thickness 1λ. c) Top layer thickness 3λ with implemented
ZnSe-QWs.

Figure 3 Calculated squared electric field distribution (red lines) for the TP mode at 2.815 eV. The blue line shows the real part of the
index of refraction (right axis) of the device structures.

Fig. 1(c)-(e). If the top layer is completely removed and
the DBR is started with a low-index layer, no TP mode
will be observed (Fig. 1(f)), in agreement with findings in
previous reports [12]. Hence, it is necessary to start with
a high-index layer to satisfy the phase match condition
between the DBR and the metal for the formation of a TP
resonance. It should be noted that the linewidth of the TP
mode decreases for increasing metal layer thickness due to
an enhancement of the reflectivity. However, at the same
time the transmission of the TP mode diminishes. There-
fore, a thickness of 40-45 nm is the optimal value for the
Ag layer in our case.
The shift of the TP mode energy is shown in detail in Fig.
2 in which the calculated reflectivity spectra are displayed
as a function of DBR top layer thickness. It can be clearly
observed that the resonance energy of the TP mode shifts
to the lower energy side of the stop-band with increasing
top layer thickness. In addition to this shift, the TP mode
reappears periodically when the top layer is further in-
creased.
Figure 3(a) shows the calculated squared electric field dis-
tribution for the TP mode with an eigenenergy of 2.815
eV which can be found at approximately half the photonic
band gap. In this calculation the DBR top layer thickness
was taken as λ/8 covered with a 45 nm thick Ag layer.
One pronounced electric field maximum can be identified
at the interface between the metal and the DBR which
is the signature of the TP [1]. In order to investigate the
light-matter interactions QWs have to be placed at the
antinodes of the electromagnetic field. For such a position-
ing of the QWs in the DBR top layer its thickness has to
be increased. By utilizing the spectral shift of the DBR and
TP resonances with the DBR top layer thickness, the top
layer can be increased to 1λ or 3λ without changing the
spectral position of the TP mode. The calculated electric
field profile for a top layer thickness of 1λ is shown in Fig.

Figure 4 Simulated reflectivity spectra as function of the top
layer thickness for the 3λ structure with embedded QWs (see Fig.
3(c)) at T = 4 K. The resonances of the upper (EUP ) and lower
polariton (ELP ) can be identified, black dotted and dashed lines
correspond to the exciton (EX ) and the calculated TP (ETP ) en-
ergy, respectively.

3(b). One field maximum at the center can be observed,
where three QWs can be placed. For a structure covered
with Ag strong coupling and a Rabi-splitting energy of
18.5 meV were already reported by us [13]. The Rabi-
splitting energy can be enhanced by increasing the number
of QWs. The calculated electromagnetic field distribution
for a 3λ top layer shows five field maxima. Hence, a three-
fold ZnSe-QW stack can be periodically placed at each of
these field maxima as shown in Fig. 3(c). In order to study
the light-matter interaction of this proposed structure, cal-
culations were performed for the anticrossing using the
transfer matrix method. Figure 4 shows the simulated re-
flectivity as a function of the top layer thickness, where
the emission of QW excitons was set to 2.815 eV. The
oscillator strength of f = 2 × 1013 cm−2 and the spectral
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Figure 5 Micro-reflectivity measurements (solid lines) and cal-
culations (dotted lines) for the cold MC sample at RT. (a) Reflec-
tivity of the MC without and with Ag top layer. (b) Reflectivity
of a cold MC with reduced top layer thickness, black line (dAg =
0), red and blue lines (dAg = 45 nm) .

width of 3 meV at T = 4 K of the excitonic QW emission
were taken from the Ref. [9]. An anticrossing is observed
between the TP mode and the QW excitons for a top layer
thickness of 493 nm (∼3λ). A Rabi-splitting energy of 43
meV is deduced from the calculation. In order to compare
this value of Rabi-splitting energy with a complete MC
structure, calculations were performed for a MC with 5 ×
3 QWs using a 14-fold top DBR instead of metal layer. For
this structure a Rabi-splitting energy of 33 meV is found
(not shown). This calculated value of the Rabi-splitting
energy is very comparable to the value of 32 meV which
was reported for a similar MC with 14-fold top DBR/3λ
cavity/16-fold bottom DBR [14]. This enhancement of
Rabi-splitting energy being obtained in such TP structures
is very promising with regard to a simplified fabrication
process for polariton devices.
Fig. 5 represents the micro-reflectivity measurements on
the cold MC sample with and without Ag layer. For com-
parison, reflectivity spectra are modelled by using the
transfer matrix method. A cavity resonance at 2.779 eV
can be identified from the reflectivity spectrum measured
on the uncovered MC sample which shows good agree-
ment with calculations with regard to the spectral position
(Fig. 5(a)). This cavity resonance shows a blue shift of
44.6 meV when the MC sample was covered with a 45 nm
Ag layer. The eigenenergy of the TP mode is estimated
to 2.652 eV by using the equation ETP = EDBR

1+ηEDBR/EP
,

where η = 2n1−n2

π
√
εb

. n1 and n2 are the refractive indices of
the DBR layers, EP and εb are the the plasma energy of the
metal and the background dielectric constant, respectively
[1]. In order to observe the TP modes experimentally in
the same MC structure, the top layer thickness is reduced
by CAIBE. Figure 5(b) shows micro-reflectivity measure-
ments and calculations for the MC with reduced top layer
thickness with and without Ag. If the top layer is reduced

by approximately 38 nm from the initial thickness of 50
nm, the cavity resonance will disappear (black line). How-
ever, the TP mode can be identified at ETP = 2.643 eV
when 45 nm of Ag is deposited on this etched structure
(Fig. 5(b), red line). Interestingly, the TP mode is also
observed when the structure starts with a low-index layer
(Fig. 5(b), blue line). Because of the inclusion of the λ/2
cavity layer, the phase match condition for the TP mode
can be satisfied for this configuration as well. To achieve
a large confinement potential for the cavity polaritons, the
TP and cavity modes need to be excited resonantly as de-
scribe theoretically in [15]. Our investigated MC structure
possesses 1.5 top DBR pairs which is not suffient to excite
both TP and cavity modes simultaneously. However, by
increasing the number of the top DBR pairs, it is possible
to excite both modes within the photonic bandgap which
will help to realize a large confinement potential for the
polaritons.

4 Conclusion We have presented the existence of TP
modes in the visible region which can be obtained by de-
positing metal (Ag) layers on top of a ZnSe-based DBR
structure. It was experimentally verified that the TP res-
onance can be tuned within the whole stop-band by just
changing the top layer thickness. In addition, the interac-
tion of the TP modes with the cavity resonance of a cold
MC samples shows an influence on its spectral position
which will help to create potential traps for the polaritons.
On base of this investigated interactions of TP mode with
the cavity resonance and our calculations we propose a
simplified structure for the strong light matter coupling. It
would be made of just one DBR, a cavity with QWs and
a metal layer on top and its Rabi-splitting energy will be
comparable to conventional ZnSe-based MCs with the ad-
ditional possibility to realize an electric tuning of the po-
lariton mode.
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6.5 Conclusion

Publication II: “Tailoring the optical properties of
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We report on the tuning of the optical properties of II-VI-material-based microcavity samples,

which is achieved by depositing Ag films on top of the structures. The micro-reflectivity spectra

show a spectral shift of the sample resonance dependent on the metal layer thickness. By compar-

ison of the experimental findings with the theoretical calculations applying the transfer matrix

method on a metal-dielectric mirror structure, the influence of the metal layer particularly with

regard to its partial oxidation was explored. Tamm plasmon modes are created at the interface

between an open cavity with three ZnSe quantum wells and a metal layer on top. When tuning

the excitonic emission relative to the mode by changing the sample temperature, an anticrossing

of the resonances was observed. This is a clear indication that the strong coupling regime has

been achieved in that sample configuration yielding a Rabi splitting of 18.5 meV. These results

are promising for the realization of polariton-based optical devices with a rather simple sample

configuration. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928604]

Since the realization of high-quality microcavities, a va-

riety of fascinating quantum optical phenomena are accessi-

ble opening the way to a new generation of optoelectronic

devices1 operating on new physical principles such as polari-

ton lasing.2 The use of quantum wells (QWs) as optically

active layers in such devices results in a reversible energy

exchange between the localized electromagnetic field and

the QW exciton, leading to the formation of cavity-exciton

polaritons. As a result of this strong light-matter interaction,

two eigenstates are formed, namely, the upper- and lower-

polariton states.3,4

It has already been reported that ZnSe-based microcav-

ities (MCs) are particularly well suited for the investigation

of cavity-exciton polaritons in semiconductors due to their

high exciton oscillator strength and large exciton binding

energy. For this material system, a promising Rabi splitting

energy of about 11 meV per QW was already reported by us

for a microcavity with 15 top and 18 bottom layer pairs for

the distributed Bragg reflector (DBR).5 The benefit of wide-

bandgap based MCs is confirmed by the observation of

strong coupling in ZnO- and GaN-based MCs resulting in

the report of polariton lasing at room temperature for such

devices (see Ref. 6 and references therein).

The strong coupling regime can likewise be realized

between surface plasmons and excitonic emitters leading to

so-called surface plasmon polaritons in organic and inor-

ganic materials (a review can be found in Ref. 7). With

regard to inorganic systems, e.g., a coupling strength of

15 meV was reported for a ZnO/ZnMgO QW covered with

Al (Ref. 8) and the ultrastrong coupling regime can be

reached in GaAs-based structures.9 If a metal layer is

deposited on a periodic DBR, a surface state will be formed

at the interface, the so-called optical Tamm state or Tamm

plasmon (TP).10 TP modes generation results in a spectral

minimum appearing in the stopband of the reflectivity

spectrum comparable to a Fabry-P�erot cavity resonance.11

For this optically excitable state, strong coupling with

quantum-well excitons can be achieved forming Tamm plas-

mon-exciton-polaritons. Up to now, inorganic open cavity

samples show a Rabi splitting energy in the order of 11 meV

for samples with at least three GaAs QWs.11–13 Furthermore,

the attenuation of the optical field within the metal layer

results in a squeezing of the cavity mode into the structure.

This leads to a reduction of the effective cavity length corre-

sponding to a blue shift of the cavity resonance, which

implies an increase of the lower polariton energy. Hence, by

utilizing metal gratings or disks on top of an MC a periodic

confining potential for the polaritons can be created,14,15

which is utilized in plasmon lasers.16 This kind of polariton

manipulation can be rather easily accomplished compared to

concepts based on surface acoustic waves17 or cavity thick-

ness modulation.18,19 In addition, these metal/dielectric

structures enable an electro-optical resonance tuning via the

Stark effect of the QW emission relative to the TP mode in

the strong coupling regime. This allows for the creation of

tunable potential landscapes.11

In this contribution, the influence of a partially oxidized

silver layer on the optical properties of a microcavity, built

in the simplest form of a cold and an open cavity, will be

presented. The cold (open) cavity sample consists of a 12-

pair (14-pair) bottom DBR, a k/2 (k) cavity, and a 1.5-pair

(no) top DBR. Zn0.72Mg0.28S0.29Se0.71 is used for the high-

index material of the DBRs with a thickness of 45 nm, while

the low-index material is a superlattice (SL) composed of

MgS and ZnCd0.79Se0.21. The number of layer pairs in the

SL is 44 yielding a total thickness of 50 nm. This SL is also

a)Electronic mail: ksebald@ifp.uni-bremen.de
b)Present address: Institute N�eel, CNRS/UJF Grenoble, France.
c)Present address: Institute of Experimental Physics, University of Wroclaw

and Wroclaw Research Center EIT, Poland.
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used for the cavity layer of the cold cavity. The refractive

index contrast between the high- (nh¼ 2.597) and low-index

materials (nl¼ 2.184) at E¼ 2.809 eV is 0.413 (Fig. 2(a)).

For the open cavity sample, three ZnSe QWs were embedded

in the center of the k cavity consisting of ZnMgSSe. Silver

films with thicknesses between 30 nm and 50 nm and a width

of 10 lm were deposited by lithography and electron-beam

physical vapor deposition on the sample surface. Micro-

reflectivity measurements on top of the silver stripes as well

as on the adjacent plain sample were performed for different

metal layer thicknesses. The experimental findings are com-

pared to calculations using the transfer matrix method

(CAMFR program20). The parameters for the simulations

are based on layer thicknesses measured by XRD. The re-

fractive index dispersions of both DBR layers were taken

from Ref. 21. The influence of the metal layer on the calcu-

lated reflectivity is considered by using the Drude model22

for the pure Ag, and the refractive index of Ag2O was taken

from Ref. 23.

Figure 1(a) shows the micro-reflectivity spectrum of the

planar cold cavity sample measured at room temperature.

The spectrum is compared to a simulation for which the

stop-band width of approximately 340 meV is in good agree-

ment with the experimental findings. The cavity dip is found

at EC¼ 2.742 eV. The calculated and measured peak reflec-

tivities are close to 94%. This relatively low value is due to

the small number of top DBR layer pairs. The difference

between the measurement and the calculation is mainly due

to averaging over sample inhomogeneities and absorption

losses not taken into account for the calculation. As a next

step, the change of the micro-reflectivity spectrum of the MC

when covered with a 30 nm thick silver stripe will be dis-

cussed. In Fig. 1(b), the reflectivity is shown just after the

metal deposition (solid line) and after oxidation (dashed

line). In comparison to the uncovered sample, the reflectivity

minimum is shifted in both cases to higher energies, which

goes along with an enhancement of the reflectivity dip. The

reflectivity minimum of the just deposited metal layer pos-

sesses a full width at half maximum FWHM of 33 meV.

When the metal is oxidized, the reflectivity minimum is

asymmetrically broadened to the low-energy side. The meas-

ured spectrum is displayed along with the calculated one

(Fig. 1(c)) for a pure 30 nm Ag layer on top of the sample

(solid line), which possesses a spectral width of 13 meV. The

calculated blueshift of the reflectivity minimum amounts to

65 meV being about a factor of 1.7 times larger than the ex-

perimental value and the maximal reflectivity is increased to

99.5%. The oxidation of the thin layer was approximated by

a certain percentage of Ag2O in the Ag layer. The measured

reflectivity spectrum and especially the asymmetrically

broadened form of the cavity resonance can rather perfectly

be reproduced if an oxidation degree of 15% is assumed for

the just deposited layer (not shown), while a degree of 44%

is supposed for the finally oxidized layer (dashed line).

Fig. 2(a) shows the calculated squared electric field dis-

tribution for the plain cold cavity sample (bottom) and when

covered by Ag2O/Ag (middle) or pure Ag (top). The distri-

bution at the particular spectral position of the reflectivity

minimum is displayed together with the real part of the re-

fractive index in the different sample layers for the case of a

pure Ag layer. In addition, an outside air layer (n¼ 1) and

the bottom GaAs substrate (n¼ 4.12) were taken into

account. For all three configurations (plain, Ag2O/Ag, and

Ag), the field maximum is centered at the position of the cav-

ity layer due to the confinement within the cavity, followed

by an exponential decrease of the field amplitude in the

lower DBR. As expected, the resonant field of the plain sam-

ple possesses an antinode at the ZnMgSSe-air interface,

which can be seen in the lower graph. The deposition of a

thin metal film results in an attenuation of the resonant field

in the metal layer. As a consequence, the field is squeezed

FIG. 1. (a) Measured and calculated reflectivity of the uncovered planar

cold cavity sample (solid and dotted line). (b) Micro-reflectivity for a 30 nm

thick Ag layer on top of the sample measured directly after deposition (I,

solid line) and after oxidation (II, dashed line). (c) Calculated reflectivity for

the metal covered sample obtained by assuming a pure (black, solid line)

and a layer oxidized by a fraction of 44% (blue, dashed line), respectively.

Measurements were performed at room temperature.

FIG. 2. (a) Calculated profile of the squared electric field distribution of the cor-

responding cavity resonance energy for the uncovered sample (EC¼ 2.742 eV,

bottom), for an Ag covering with an oxide amount of 44% (EC,Ag2O¼ 2.772 eV,

middle), and for a non-oxidized Ag layer (EC,Ag¼ 2.809 eV, top). The latter

two have a total metal layer thickness of 30 nm. As a blue line, the real part of

the index of refraction is given for the Ag covered sample (see right axis). (b)

Normalized reflectivity difference DR/Rref, with DR¼R – Rref, of the samples

with metal layers possessing different thicknesses between 30 nm and 50 nm.

Rref reflection of the plain uncovered sample at RT. Inset: Energy shift DE of

the reflectivity minimum in comparison to its position in the uncovered sample.

Dots: measured values. Blue line: calculated for a pure Ag layer on top. Black

line: calculated for 44% oxidized layer.
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into the structure, which pushes the antinode position into

the upper DBR layer as well as the field maximum towards

the lower-DBR side of the sample. This observation is in

agreement with reports in literature for metal covered DBRs,

where the influence of Tamm plasmons on the field distribu-

tion is discussed.10,15,24 In literature, the field amplitude is

most pronounced at the metal/DBR interface which is not

the case for our sample because of the small distance

between the metal layer and the cavity. The partial oxidation

of the Ag film which had to be considered in the calculation

(see above and Fig. 1(b)) increases the refractive index23

leading to a less pronounced spatial displacement and energy

shift of the optical field. However, as a general result, any

deposition of an Ag layer, whether pure or partially oxidized,

leads to a blueshifted cavity resonance relative to the plain

sample, as a consequence of the spatial field shift indicating

interaction of the Tamm plasmon with the microcavity

mode. The Tamm plasmon energy can be calculated for an

Ag covered DBR as �hxTP ¼ 2:653 eV following Ref. 10 and

possessing a FWHM of 9 meV calculated by CAMFR for a

50 nm thick pure Ag layer. Although this energy is not in res-

onance with the cavity mode, the measurements and calcula-

tions yield a relevant influence of the metal layer on the

optical field distribution and the cavity resonance, which

originates from the complex contribution of the refractive

index in the Drude model resulting in the formation of a

hybrid cavity-Tamm mode.10

This effect can also be seen in Fig. 2(b). Here, the

change in the reflectivity spectrum for different Ag-layer

thicknesses with reference to that of the uncovered sample is

plotted versus the relative spectral energy (DE¼E – EC)

with respect to the plain cavity resonance EC. In the inset,

the experimental data for the energy shift (dots) are plotted

together with the calculated ones for the pure (blue line) and

the partly oxidized Ag film (black line). The spectral shift of

the hybrid cavity-Tamm mode becomes more pronounced

with increasing metal layer thickness, going from 29 meV

for 30 nm Ag up to 48 meV for 50 nm Ag. This is a result of

the cumulative suppression of the electric field dispersion

with increasing metal layer thickness, which leads to a more

pronounced spatial shift towards the cavity region and, thus,

to a larger change of the spectral energy. For thicknesses

exceeding 40 nm, a saturation of this effect is observed due

to the dominating optical field absorption in very thick metal

layers. This finding implies that it is possible to tune the cav-

ity resonance by an Ag layer of sufficient thickness in order

to create an energy confinement of polaritons in the region of

the metal stripe. However, a partial oxidation of the Ag layer

has to be taken into account.

In Fig. 3(a), the region of interest of the micro-reflectivity

spectra for the plain and with 35 nm Ag-covered open cavity

sample with three ZnSe QWs measured at T¼ 4 K is shown in

comparison to the calculated overview spectra. For this calcu-

lation, the percentage of Ag oxidation was fitted to 29%. This

different oxidation degree is due to a variation of the exposi-

tion time in air for different sample series. The plain sample

shows an absorption dip in the measured reflectivity spectrum

at 2.818 eV with a spectral width of about 11 meV. It is attrib-

uted to the heavy-hole QW exciton (Xhh) combined with the

absorption of the trionic complex (X–), which is known to

contribute to the reflectivity spectra of ZnSe/ZnMgSSe

samples.25 This attribution is in agreement to the PL of a sin-

gle QW ZnSe/Zn0.74Mg0.26S0.28Se0.72 reference sample, which

shows the Xhh at 2.818 eV (FWHM 3 meV) and X– at

2.814 eV (FWHM 6 meV) together with the shoulder of the

biexcitonic emission. In addition, at 2.835 eV the absorption

of the light-hole exciton (Xlh) can be observed in the reflectiv-

ity spectrum. The deviation between the measurement and the

calculation is mainly due to the increased inaccuracy as a

result of the low deep-blue efficiency of the used white-light

source. The reflectivity spectrum for the Ag-covered sample

exhibits two resonances R1 and R2, shifted by 8 meV to the

high (R2) and 9 meV to the low (R1) energy side relative to

the calculated TP mode resonance at ETP¼ 2.816 eV. This

calculation was performed for an open, cold cavity covered

with an oxidized 35 nm Ag-layer. The high-energy dip (R2)

possesses an asymmetrically broadened shape due to the

absorption contribution of Xlh. Fig. 3(b) shows the evolution

of the spectral positions of R1 and R2 with temperature. For

comparison, the spectral shift of the Xhh from the reference

sample is plotted in the graph (gray stars), following

Varshni’s law, while its linewidth increases from 3 meV at

FIG. 3. (a) Micro-reflectivity spectrum

of the plain and the Ag-covered open

cavity sample measured at T¼ 4 K

(solid lines) in comparison to the

calculated reflectivity spectra (dotted

lines). The spectra are vertically

shifted for clarity. (b) Spectral position

of the reflectivity minima of the

Ag-covered sample at different tem-

peratures (dots) in comparison to the

excitonic ZnSe-QW absorption (gray

stars), the calculated TP mode reso-

nance for the metal covered open cav-

ity without QWs (light gray stars) and

the calculated upper and lower polari-

ton (red and black line).
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T¼ 4 K to 11 meV at T¼ 150 K (not shown). Further, the

calculated shift of the TP-mode resonance for a metal cov-

ered open cavity sample without QWs is shown (light gray

stars). In contrast to these uncoupled contributions, R1 and

R2 show a typical anticrossing behavior as known to occur

for the upper (UP) and lower polaritons (LP) in the strong

light-matter coupling regime. The experimental findings for

R1 (LP) and R2 (UP) are in agreement with the characteris-

tics calculated by considering a system of two coupled

oscillators26

EUP;LP Tð Þ ¼ ETP Tð Þ þ EX Tð Þ
2

6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�hXR

2

� �2

þ ETP Tð Þ � EX Tð Þ
2

� �2
s

;

where ETP(T) is the energy of the calculated TP mode and

EX(T) is the dispersion of Xhh taken from a reference sample,

both changing with temperature. �hXR is the vacuum Rabi

splitting energy, which was set to 18.5 meV. This value is in

the same order than that found for TP-exciton polaritons in

GaAs (11.5 meV)12 or hybridized plasmon-exciton states in

ZnO (15 meV)8 and comparable to the value of 19 meV

measured by us in an earlier experiment for a similar MC

including a 15 pair top DBR.5 The calculation nicely repro-

duces the anticrossing behavior of the reflectivity dips as a

function of temperature up to T¼ 150 K. When calculating

the reflectivity spectra by using the transfer matrix method

and taking into account the spectral broadening of the QW

emission line, the anticrossing of R1 and R2 can be repro-

duced as well.

For temperatures above 150 K, the exciton and TP mode

are strongly detuned. Hence, their excitonic and photonic na-

ture become dominant, respectively. Combined with the tem-

perature dependent spectral broadening of the excitonic

contribution, the strong coupling regime is broken. Thus, the

contribution of the TP resonance is the only one which can

be identified in the reflectivity spectrum at such high temper-

atures. These observations demonstrate that the strong cou-

pling regime for ZnSe-based microcavities can be achieved

for an open cavity sample with three QWs just by depositing

a metal layer on the cavity instead of 15 top DBR layer pairs.

This finding possesses the potential to simplify the sample

fabrication and the realization of electrically driven

polariton-based devices.

In conclusion, the influence of Ag films on the optical

properties of ZnSe-based cold and open hot monolithic

microcavities was investigated by micro-reflectivity meas-

urements. The comparison with theoretical calculations

based on the transfer matrix method reveals possibilities of

manipulating the cavity resonance and the light-matter inter-

action by a metal layer. For the example of a cold cavity,

spectral tuning of the cavity resonance by the presence of a

metal film was demonstrated, indicating the strong influence

of Tamm plasmons on the optical properties of such samples.

For an open k-cavity including three ZnSe quantum wells,

the realization of the strong coupling regime with a Rabi

splitting energy of 18.5 meV was demonstrated. Strong

coupling could be observed up to temperatures of about

150 K. This is promising for the development of electrically

driven ZnSe-based polariton devices with a rather simple

sample configuration.
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Observation of a hybrid state of 
Tamm plasmons and microcavity 
exciton polaritons
SK. Shaid-Ur Rahman1, Thorsten Klein2,†, Sebastian Klembt2,‡, Jürgen Gutowski1, 
Detlef Hommel2,§ & Kathrin Sebald1

We present evidence for the existence of a hybrid state of Tamm plasmons and microcavity exciton 
polaritons in a II-VI material based microcavity sample covered with an Ag metal layer. The bare cavity 
mode shows a characteristic anticrossing with the Tamm-plasmon mode, when microreflectivity 
measurements are performed for different detunings between the Tamm plasmon and the cavity mode. 
When the Tamm-plasmon mode is in resonance with the cavity polariton four hybrid eigenstates are 
observed due to the coupling of the cavity-photon mode, the Tamm-plasmon mode, and the heavy- 
and light-hole excitons. If the bare Tamm-plasmon mode is tuned, these resonances will exhibit three 
anticrossings. Experimental results are in good agreement with calculations based on the transfer 
matrix method as well as on the coupled-oscillators model. The lowest hybrid eigenstate is observed to 
be red shifted by about 13 meV with respect to the lower cavity polariton state when the Tamm plasmon 
is resonantly coupled with the cavity polariton. This spectral shift which is caused by the metal layer can 
be used to create a trapping potential channel for the polaritons. Such channels can guide the polariton 
propagation similar to one-dimensional polariton wires.

Exciton polaritons are half light, half matter bosonic quasiparticles, resulting from the strong light-matter cou-
pling between the quantum well (QW) excitons and the cavity photons in a microcavity (MC). The effective mass 
of microcavity exciton polaritons is exceedingly small, typically in the order of 10−4 times the bare electron mass. 
This fascinating property allows for exciton polaritons to undergo a condensation at temperatures ranging from 
tens of Kelvin1,2 up to 300 K3–7. Moreover, a number of interesting phenomena have been observed in such MC 
structures like parametric amplification8, superfluidity9, and polarization bistability10.

In order to realize polariton-based devices operating at room temperature large exciton binding energies and 
high oscillator strengths are of essential importance. In this context ZnSe-based MCs are of particular interest 
since they possess these fundamental properties. For this material system a promising Rabi splitting energy of 
about 19 meV for a MC with 3 QWs11 and polariton lasing12,13 have already been reported.

One crucial challenge is to control and manipulate the polariton eigenstate what is extremely important for fun-
damental physics as well as for the realization of polariton-based devices in future. Owing to the hybrid nature of 
exciton polaritons, spatial confinement can be achieved via their excitonic as well as their photonic component14.  
A variety of techniques for polariton trapping has been proposed and experimentally demonstrated. These 
concepts are based on local strain2, surface acoustic waves15, an exciton reservoir16, photonic disorder traps17, 
photonic crystals18, cavity thickness modulation19, and pillar cavities20. However, for practical applications of 
polariton-based devices a simple design would be advantageous. One approach is the deposition of metal strips, 
resulting in a local energy blueshift of the cavity mode and thus the lower polariton. In such a way potential bar-
riers of about 200 μeV21 can be created. This trapping potential is rather small for polaritonic quantum devices. 
However, by employing Tamm plasmons (TPs)22,23 which are formed at the interface between a metal and a dis-
tributed Bragg reflector (DBR) the trapping potential can be enhanced. The utilization of these TP resonances in 
order to observe strong coupling with QW excitons has already been reported24–27. An interesting technique has 
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been proposed theoretically by Kaliteevski et al.28 by employing a hybrid state of a TP and a microcavity exciton 
polariton where the TP mode is resonantly coupled with the exciton-polariton mode. For this concept it was 
shown that the spectral modulation of the lowest polariton energy determined by the interaction with the metal 
layer is much larger compared to the non-resonant modulation of the cavity polariton21.

In this contribution, we report on the experimental observation of a hybrid TP-microcavity exciton polar-
iton state in a ZnSe-based MC. This structure will exhibit a sufficiently large lateral confinement potential for 
the lowest cavity polariton state if a metal layer is used. Such confinement potential is important for creating 
one-dimensional channels to control the flow of polaritons in a defined direction.

Results
Figure 1(a) represents the schematic of the MC sample with 40 nm Ag layer. The as-grown MC sample structure 
consists of an 11-fold top DBR, a 1λ cavity layer and an 18-fold bottom DBR. In Fig. 1(b), a cross-section scan-
ning electron microscope (SEM) image of the MC structure is depicted. The number of layer pairs for the top 
DBR was reduced to achieve a 10-fold DBR by an etching process accompanied by the creation of a thickness 
gradient of the top layer of the DBR as shown in Fig. 1(a) in order to tune the eigenenergy of the TP resonance 
(see methods). Figure 2(a) shows the microreflectivity spectrum of the uncovered MC sample measured at room 
temperature. A photonic stop-band width of approximately 310 meV is observed and the cavity resonance can 
be identified at 2.792 eV. At room temperature the QW emission energy is largely detuned in the order of 80 meV 
relative to the cavity resonance and the linewidth is 36 meV (measured for a reference sample). Hence, the bare 
interaction between the cavity resonance and the TP mode can be investigated. However, at room temperature the 
direct band-to-band transitions can lead to additional absorption which can be safely neglected for the following 
low temperature investigations. Figure 2(b) represents the microreflectivity spectrum of the Ag covered MC sam-
ple, where the metal adjacent semiconductor layer thickness was reduced to approximately 32 nm by chemically 
assisted ion beam etching (CAIBE), starting from an initial thickness of 44 nm. In this spectrum two resonances 
are observed at the low-energy side of the stop-band. One resonance minimum at 2.72 eV shows a pronounced 
transmission. The origin of this resonance is due to the formation of the TP mode at the interface between the 
metal and the DBR. A second resonance minimum is observed at 2.798 eV which is nearly at the spectral position 
of the bare cavity mode. Both resonances shift to higher energies when the top DBR layer thickness is further 
reduced (shown in Fig. 2(c,d)). However, the spectral shift of the resonances is different. The shift of the first 
resonance (TP mode) depends on the thickness of the metal-adjacent semiconductor layer22. The shift of the 
second resonance (cavity mode) is caused by the coupling to the TP mode. Evidence of this coupling is given in 
Fig. 2(c) where two nearly symmetric resonances are observed for a top DBR layer thickness of approximately 
22 nm. The dependancy of these two reflectivity minima on the top DBR layer thickness is shown in Fig. 2(e) 
in comparison to the calculated spectral positions of the resonances based on the transfer matrix method. A 
clear anticrossing is observed between the two modes in excellent agreement with the calculation. The splitting 
energy between the modes amounts to about 44 meV and is deduced from the measurement when the TP and 
cavity modes are in resonance. Our findings are comparable to those on a sample for which the metal layer was 
placed in between the cavity and the DBR29. Until now we have discussed our results for the MC sample with a 
10-fold top DBR as shown in Fig. 1(a). Additionally, calculations reveal that the splitting energy can be varied by 
changing the number of the top DBR pairs. This is confirmed by measuring a sample with an 11-fold top DBR (see 
supplementary information) yielding a splitting energy of about 34 meV. Hence, the splitting energy decreases 
with increasing the number of top DBR pairs. Figure 3 depicts the calculated squared electric field distribution in 
one and the same MC structure but without and with Ag layer. As expected, the field maximum can be observed 
at the center of the cavity layer in the absence of the Ag layer (Fig. 3(a)). However, after introduction of the Ag 

Figure 1. (a) Schematic of the investigated MC structure. The sample possesses a thickness gradient for the top 
DBR layer and it is covered by a 40 nm of Ag layer. (b) Scanning electron microscope image of the as-grown MC 
structure.
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layer the hybrid mode exhibits two field maxima. One is located at the metal-DBR interface and the other at the 
center of the cavity (Fig. 3(b)). The electric field is confined at the interface between the metal and the DBR what 
is a clear evidence for the existence of the TP mode in our structure. One of the main advantages of the hybrid 

Figure 2. Measured microreflectivity spectra of the MC sample at RT (a) without Ag, (b) with a 40 nm Ag. The 
thickness of the top DBR layer is approximately 32 nm. Both the TP and the cavity resonances are observed at 
the low energy side of the photonic stopband, (c,d) microreflectivity spectra measured at RT for different top 
layer thicknesses, resonances shift to higher energies. (e) Measured (squares) and calculated spectral positons 
(solid lines) of the resonances of the Ag covered MC sample for different thicknesses of the top DBR layer. The 
calculated bare TP and the bare cavity modes are shown as dotted black and red line, respectively.

Figure 3. Calculated profiles of the squared electric field distribution and the refractive index for (a) 
the cavity photon mode localized between two DBRs at an energy of 2.7924 eV, (b) the lowest eigenstate 
coupled mode of the TP and the cavity mode with an energy of 2.768 eV. The TP mode is tuned into 
resonance with the cavity mode by adjusting the thickness of the top DBR layer.
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TP-cavity compared to the bare TP system is the reduction of absorption in the metal film, and consequently, an 
enhancement of the Q factor30. In the case the TP and cavity mode are in resonance (as shown in Fig. 2(c)), the 
two hybrid modes are nearly symmetric and thus possess comparable Q factors. However, the Q factor of one of 
these modes is increased by a factor of 2 with respect to the bare TP mode (a comparison of simulated reflectivity 
spectra is shown in the supplementary information). Such an increase of the Q factor implies less absorption 
losses for this hybrid system.

The interactions between the QW excitons and cavity mode have been investigated at low temperatures since 
the resonances are largely detuned relative to each other at room temperature in our MC sample. Figure 4(a) rep-
resents the overview spectrum (spectral resolution SR =  11 meV) of the MC sample without Ag at T =  4 K, where 
the cavity mode and the QW heavy-hole excitons are expected to be nearly in resonance. In addition, the region of 
particular interest within the reflectivity spectrum is shown spectrally highly resolved (SR =  0.1 meV) in Fig. 4(b). 
Three reflectivity minima can be identified at the spectral positions 2.8105 eV, 2.8283 eV, and 2.8403 eV, which 
are attributed to the lower, middle, and upper polariton, respectively. The observed reflectivity spectrum can be 
reproduced by a transfer matrix calculation (dotted line). In the calculation oscillator strengths of f =  1.7813 cm−2 
(ref. 31) for the heavy-hole exciton (Xhh) and f/3 for the light-hole exciton (Xlh) are implemented as well as the QW 
excitonic emission linewidth (FWHM =  3 meV for both Xhh and Xlh) which is taken from the reference sample. 
In Fig. 4(c) the evolution of these three resonances as function of the temperature is displayed. For comparison, 
the emission energies of Xhh and Xlh for these temperatures taken from a reference sample (reflectivity measure-
ment) are plotted as well (dotted lines). Moreover, the calculated spectral shift of the bare cavity mode is shown 
as a dashed line. In the calculation, the temperature dependent refractive index change (dn/dT) is assumed to be 
constant32. Two anticrossings of the cavity mode with Xhh and Xlh are observed. The experimental findings are in 
good agreement with the calculation based on the three-coupled-oscillators model (solid line). Splitting energies 
of ħΩhh ≈  17.5 meV and ħΩlh ≈  12 meV are derived from the measurement at 20 K, where the cavity mode and Xhh 
possess a small detuning of ~2.5 meV.

Up to now, we have shown evidence that a strong coupling regime exists in this sample at low temperatures. As 
next step, we investigate the influence of TPs on the eigenstates of the exciton polaritons. In Fig. 5(a) the microre-
flectivity spectrum of the MC covered with Ag is depicted as measured at 4 K, where the top layer thickness of 
the DBR is approximately 21 nm thick. Four resonances can be observed in the reflectivity spectrum which is 
comparable to the calculated spectrum. The difference between the measurement and the calculation, especially 
the spectral linewidth of the lower and upper resonances, is mainly due to metal oxidation24 and absorption 
losses which were not taken into account for the calculation. The presence of the TP mode which forms a hybrid 
TP-microcavity exciton polariton state is identified as being the reason for the formation of four resonances. 
This is mathematically comparable to the situation of two coupled cavities33, although the sample setup is quite 
different. The properties of these hybrid states can be investigated by tuning the eigenstate of the bare TP mode. 
Figure 5(b) shows the hybrid modes as a function of the thickness of the top DBR layer adjacent to the metal. 
The solid magenta line represents the shift of the calculated bare TP eigenenergy in dependence on the top layer 

Figure 4. (a) Microreflectivity spectrum of the MC without Ag layer measured (solid line) at T =  4 K. (b) Spectrally 
highly resolved microreflectivity in the vicinity of the exciton-photon resonance, compared with the calculated 
spectrum (dotted line), (c) Energies of the upper (black), middle (red), and lower polariton (blue-symbols) reflectivity 
resonances as function of temperature in comparison with the calculation (solid lines). Uncoupled Xhh (Xlh) as purple 
(olive) dotted line and calculated cavity mode (black-dotted line) as a function of temperature are shown as well.
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thickness. The measured eigenenergies of the hybrid system are compared to the calculated ones by solving the 
four-coupled-oscillators equation,
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where Ec, Ehh, Elh, and ETP are the eigenenergies of the bare cavity mode, of Xhh, Xlh, and of the TP mode, respec-
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2 ,  are the coupling strengths of the cavity photons to Xhh, Xlh, and to the TP 

mode, and correspond to half the splitting energy. The measured values of Ωc hh
1
2 ,  =  17.5/2 meV, 

Ωc lh
1
2 ,  =  12/2 meV, and Ωc TP

1
2 ,  =  44/2 meV are employed in the calculation. The experimental observation of 

three anticrossings is nicely reproduced by the coupled-oscillators-model calculations (see Fig. 5(b)). Further, this 
multiple anticrossing feature agrees with a previous theoretical report28. If the exciton (Xhh), cavity, and TP mode 
are nearly in resonance (Ehh ≈  EC =  ET at the top layer thickness of approximately 21 nm), the lowest hybrid mode 
will be red shifted by Δ E ≈  13 meV with respect to the lower cavity polariton state without Ag (indicated by the 
horizontal dotted line). The corresponding value of Δ E =  12.9 meV deduced from the simulation based on the 
transfer matrix method is in good agreement with the experimental finding as well as with the result obtained 
using the coupled-oscillators model. This offset Δ E can be utilized as a confinement potential for the cavity polar-
iton when structuring just the metal part of the hybrid metal-MC structure in terms of gratings or disks. It should 
be noted that a reduction of the lateral size of the metal layer can also yield a confinement of the photonic compo-
nent as it has been shown for the bare TP system34. As a result, the overall confinement for this hybrid system can 
be further enhanced when using structured metal layers.

When the TP mode is strongly detuned from the cavity polariton mode the effect of the metal is a blue shift 
of the lower polariton mode. However, if the TP mode is in resonance with the cavity polariton mode, the lowest 
hybrid mode will be red shifted with respect to the bare polariton mode. The approach of such resonant modula-
tion of the lower polariton mode provides a larger in-plane confinement potential for the polaritons. The potential 
depth Δ E depends on the exciton oscillator strength and on the number of top DBR pairs. The calculated Q factor 
for the investigated MC structure is about 1000. One should consider the fact that the cavity Q factor increases 
with the number of top DBR pairs but, at the same time, the depth of the confinement Δ E decreases. According 
to the calculation, a confinement depth of Δ E =  3 meV can be obtained by utilizing a 16-fold top DBR where the 
cavity Q factor increases by a factor of 3.5 (see supplementary information Fig. S5). Nevertheless, this value of Δ E 
is still one order of magnitude larger than that obtained for non-resonant modulation21, where the TP mode is far 
detuned from the exciton polariton. Therefore, utilizing this technique to create a hybrid state of TP-microcavity 
exciton polariton will help to produce lateral potential channels for the polaritons. The importance of such 

Figure 5. (a) Region of interest of the measured microreflectivity spectrum (solid line) of the Ag covered MC 
sample at 4 K in comparison to the calculated spectrum (dotted line). (b) The spectral position of the resonances 
(dots) as a function of the tuning of the TP mode (by choosing different top layer thicknesses), compared with 
the calculation (solid line). The calculated bare TP mode (solid magenta line) and the lower polariton energy 
position (dotted line) of the cavity polaritons are plotted as well.
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channels for the realization of polariton based devices such as exciton-polariton transistors, switches, logic gates, 
and polariton integrated circuits are proposed in literature35,36. These confining channels can also be created by 
etching the planar MC. However, it requires much more demanding processing techniques12. In this context the 
hybrid metal-MC approach would be an interesting alternative choice.

Discussion
We have experimentally demonstrated the existence of a hybrid state of the TP-microcavity exciton polariton 
by depositing a thin Ag film on top of a ZnSe-based monolithic microcavity. When the QW emission is very 
far detuned from the cavity mode the microreflectivity measurements show the formation of the TP and the 
cavity mode on the low energy side of the photonic stopband. The spectral positions of both modes exhibit a 
nonuniform shift to higher energies when the thickness of the top DBR layer is reduced. Further, they show an 
anticrossing with a splitting energy of about 44 meV. The formation of a hybrid state of the TP-microcavity exciton 
polariton is manifested by the observation of four resonances in the microreflectivity spectrum of the Ag covered 
MC sample at 4 K. They show three anticrossings when the bare TP mode is tuned. The experimental findings 
agree with the calculated results based on the transfer matrix method as well as on the coupled-oscillators model. 
A confinement for the lower polaritons being as large as about 13 meV as discussed previously is obtained when 
the TP is resonantly coupled with the exciton polariton. We anticipate that such a concept for the lateral confine-
ment of the lower polariton eigenstate may be important for manipulating, shaping, and directing the flow of 
polaritons. Additionally, a possibility for electrical tuning could be established.

Methods
The investigated sample was grown by molecular beam epitaxy (MBE) in an EPI 930 twin chamber system. The 
high-index layer of the DBR is constituted of Zn0.72Mg0.28S0.29Se0.71 with a thickness of 44 nm while the low-index 
layer consists of a superlattice of MgS and ZnCd0.79Se0.21 with a total thickness of 50 nm. A 1λ cavity was used 
in order to achieve a smaller mode volume which is advantageous for obtaining a larger Rabi splitting energy11. 
For the cavity, a high index layer of Zn0.81Mg0.19S0.20Se0.80 was employed. In a 1λ cavity, one antinode is formed 
at the center of the cavity37. Three ZnSe QWs with a thickness of 8 nm each were placed at the antinode of the 
electric field to achieve maximum interaction with the field. For the top layer of the upper DBR, the quaternary 
high-index material is used once again, which is an essential condition of the structure to support TPs22. The 
refractive index contrast between the high- and low-index material of the DBR is 0.41 at E =  2.792 eV. The eigene-
nergy of the TP resonance can be altered by varying either the thickness of the top layer of the DBR or by a metal 
layer22. However, increasing the metal layer thickness would diminish the transmission of the TP resonance24 
(See Fig. S4). Hence changing the thickness of top layer of the DBR would be advantageous in order to vary the 
TP eigenenergy. The upper layer thickness of the top DBR of the MC sample was reduced by CAIBE. The first 
DBR pair of the top DBR was completely removed, hence, the number of top layer pairs has been reduced to 
10. A thickness gradient for the top DBR layer was realized by further etching with a shadow mask. The thick-
ness gradient was estimated by SEM, profilometer and by the calculation based on the transfer matrix method 
(software CAMFR38). Finally, a 40 nm thick Ag layer was deposited by electron-beam physical vapor deposition 
on top of the sample surface. Microreflectivity measurements with a white light source (spot diameter ~3μm) 
were performed on different areas of the sample with and without Ag at various temperatures. A fiber coupled 
spectrometer with a SR =  11 meV for the overview of the reflectivity spectra and a high resolution spectrometer 
SR =  0.1 meV for the spectral region of interest were used. The experimental findings are compared to calcula-
tions using the transfer matrix method and the coupled-oscillator model. The parameters for the simulations like 
the layer thicknesses are evaluated by X-ray diffraction (XRD) and the semiconductor refractive index dispersions 
can be found in ref. 39. In the calculations, the Drude model was utilized to describe the refractive index of the 
Ag layer40.
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 Schematic of the MC structure with a 40 nm Ag layer.

thickness gradient is created in the upper layer of the 11-fold top DBR. 

Here we present the influence of the number of top DBR pairs on the splitting energy 

between the Tamm plasmon and the cavity mode.  

Fig. S1 shows the investigated sample design of the hybrid metal-MC structure. A 40 nm 

layer is deposited onto the 11-fold top DBR. In order to vary the TP eigenenergy a thickness 

gradient of the top layer of the DBR is created by chemically assisted ion beam etching

represents the microreflectivity spectrum of the uncovered MC structure at room 

one cavity resonance can be identified at the spectral position of 

2.792 eV. Two resonances are observed when a 40 nm Ag layer is deposited on the sample 

The origin of the second resonance is due to the formation of the T

mode at the interface between the metal and DBR layer. Both resonances shift to

energies when the top DBR layer thickness is reduced (Fig. S2 (c) and (d)). 

these resonances on the top layer thickness is shown in Fig. S2 (e) 

in comparison to the calculated spectral positions of the resonances based 
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chemically assisted ion beam etching. Fig. 
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one cavity resonance can be identified at the spectral position of 

is deposited on the sample 

The origin of the second resonance is due to the formation of the TP 

Both resonances shift to higher 

(d)). The dependency 

the top layer thickness is shown in Fig. S2 (e) 

in comparison to the calculated spectral positions of the resonances based on the transfer 



matrix method. An anticrossing is observed between the modes in excellent agreement with 

calculations. The splitting energy between the modes is in the order of 34 meV which is 

deduced from the measurement when the TP and cavity modes are in resonance. The splitting 

energy for metal covered MC with a 10-fold top DBR can be determined to amount to 44 

meV (shown in the main manuscript). Hence, indicates that the splitting energy is reduced with 

increasing the number of top DBR pairs. This observation can be explained by the longer 

penetration depth of the photons with increasing number of DBR pairs resulting in a reduced 

coupling strength between the cavity and the TP resonance.            

 

Supplementary Figure S2. Measured microreflectivity spectra of the MC sample (Fig. S1) 

at RT (a) without metal, (b)-(d) with a 40 nm Ag layer and different top layer thicknesses. (e) 

Measured (dots) and calculated spectral positions (solid lines) of the resonances of the Ag 

covered MC sample as function of the top layer thickness. The calculated bare TP and the 

bare cavity modes are shown as dotted black and red line, respectively.  



 

Supplementary Figure S3. Simulated microreflectivity spectrum (region of interest) of the 

bare Tamm plasmon (red), and the hybrid Tamm plasmon-cavity system (black lines) 

respectively. 

Here we discuss the difference between the bare Tamm plasmon and the hybrid Tamm 

plasmon-cavity system.   

In the calculation it was assumed that the TP structure consists of a DBR and a 40 nm Ag 

layer, whereas the hybrid structure consists of top DBR, cavity, and bottom DBR with a 40 

nm Ag layer on top (as shown in Fig. 1(a)). Fig. S3 shows mode formation of the bare TP 

structure (red) and the hybrid TP-cavity structure (black line). The upper layer of the top 

DBR was adjusted so that the TP mode is in resonance with the cavity mode. Two nearly 

symmetric modes can be observed which further verifies our experimental observation (Fig 

2(c) and S2 (c)). One of these modes Q factor is increased by a factor of 2 with respect to the 

bare TP mode due to the reduction of the metal absorption losses in the hybrid structure. Such 



an enhancement of the Q factor makes this hybrid system more attractive compared to bare 

TP system.                

 

Supplementary Figure S4. Simulated microreflectivity spectra of the bare Tamm plasmon 

structure for different Ag layer thicknesses. 

Optimized Ag layer thickness: 

The TP eigenenergy can be varied by changing either the top layer or the metal layer 

thickness. However, the metal absorption losses increase by increasing the metal layer 

thickness. Therefore, altering the DBR top layer thickness would be favorable in order to tune 

the eigenenergy without reducing the quality of the structure. Fig. S4 shows the calculated 

reflectivity for different Ag layer thicknesses. The TP mode shifts to higher energies by 

increasing Ag thickness accompanied by an increase of the Q factor. However, the 

transmission of the TP mode diminishes by the enhancement of the Ag thickness. Hence, we 

need an optimum metal layer thickness in order to have sufficient transmission and relatively 



high Q factor. Ag thickness of 40 nm is an optimum trade-off between the Q factor and the 

mode transmission. 

 

 

Supplementary Figure S5. The calculated lower polariton energy shift �E at 4K (red) and 

the cavity Q factor (normalized to the Q factor of the MC with a 10-fold top DBR, black-

symbols) as a function of the number of top DBR pairs. Red and black lines are shown for the 

guidance of the eye. 

Influence of the variation of the number of top DBR pairs on the cavity Q factor as well as on 

the lower polariton (LP) energy shift �E:  

The LP energy shift �E with respect to the LP position of the metal free MC can be varied by 

changing the number of top DBR pairs as shown in Fig. S5 (red-symbols). In the calculation 

the structure of the MC was assumed as shown in Fig. 1 (a) and the thickness of the upper 

layer of the top DBR layer was adjusted so that the heavy-hole exciton (Xhh), cavity, and TP 



mode are in resonance (Ehh = EC = ET). From the calculation we can observed that the 

confinement potential �E reduces by increasing the number of DBR pairs. The reason for the 

reduction of �E is the same as we have discussed for the bare interaction between the TP and 

cavity modes (first part of the supplementary information). However, the cavity Q factor 

enhances by increasing the number of top DBR pairs as expected (Fig S5 (black-symbols)). 

Nevertheless, the value of �E is still in the meV range when the Q factor is enhanced by a 

factor of about 3.5. Therefore, this hybrid approach is also suitable for the high Q MC 

system. 

 





7 Bragg structure: strong coupling,
manipulation and nonlinear emission

In chapter 5 it has been discussed that a large number of QWs is very important for
the realization of polaritonic effects at room temperature. However, the insertion of
a large number of QWs in the MC or the metal-hybrid MC structure (chapter 6) is
limited by mainly two factors. Firstly, a thicker cavity would be required which results
in a larger mode volume restricting the enhancement of the Rabi-splitting energy. The
second limiting factor is that it is not physically possible to have all the wells close to
the antinode of the electric field within the cavity.
In recent years, periodic Bragg structures have drawn much attention as an interest-

ing system for the investigation of light-matter interactions. This type of unfolded MC
sample is advantageous, because a large number of QWs can be positioned at the field
maxima of the Bragg mode without increasing the mode volume. In the early experi-
ments of the periodic Bragg structure the contribution of the photonic band structure
was neglected due to the spectrally wide photon mode. However, in recent experi-
ments it is shown that a large index contrast between the dielectric and active layers
is critical in realizing spectrally narrow photon modes and a resolvable exciton-photon
coupling (see section 3.3 for details). In unfolded MCs (investigated in this thesis) the
light-matter interaction occurs between the QW excitons and the Bragg-mirror modes,
leading to the creation of Bragg polariton eigenstates. Although the quality factor
of the Bragg modes is rather small in comparison to a conventional MC, these Bragg
polaritons possess an extremely small effective mass in comparison to those in conven-
tional MCs [203, 279]. This characteristic of Bragg polaritons is very promising with
respect to the realization of high-temperature polariton condensation, since the critical
temperature for polariton condensation is inversely proportional to the polariton effec-
tive mass. An additional key features of this system is that the strong coupling can
occur over the entire thickness of the Bragg structure [204]. However, a precise control
and manipulation of quantum states of Bragg polaritons is required in order to create
a novel platform based on confined Bragg polaritons.
In this chapter a strong coupling effect will be experimentally demonstrated using ZnSe-
based periodic Bragg structure. Two novel methods are proposed and experimentally
realized for the precise control and manipulation of Bragg polaritons. In addition, the
observation of nonlinear emission of the lower Bragg polariton mode will be reported
for a hybrid Ag covered unfolded MC structure.
The results presented in this chapter have been published in publication IV and V.

In the first part of this chapter strong coupling is shown for ZnSe QW excitons to one-
dimensional photonic crystal Bragg modes at the edge of the photonic band gap result-

117



7 Bragg structure: strong coupling, manipulation and nonlinear emission

ing in the formation of Bragg polariton eigenstates. The characteristic anticrossing of
the excitonic and the photonic component in our sample is observed which represents a
clear signature for the strong-coupling regime. By changing the detuning between the
excitonic components and the Bragg mode the strong coupling regime is investigated
(publication IV). Anticrossings between the first Bragg mode and the heavy- as well
as light-hole exciton are formed, respectively, resulting in three polariton branches.
The measured Bragg-polariton branches are in good agreement with theoretical calcu-
lations. The existence of the strong coupling phenomenon in the investigated sample
is traceable up to a temperature of 200 K. The Rabi-splitting energies of 24 meV and
13 meV for the Bragg mode with the heavy- and light-hole exciton, respectively, are
observed in reflection measurements.

The second part of this chapter deals with the Publication V together with the sup-
plementary material. In this section, further evidence of strong coupling for the periodic
Bragg structure is given by angular resolved microreflectivity measurements. The char-
acteristic dispersion curves of three Bragg polariton branches are nicely reproduced by
calculations based on the transfer matrix method. For the modulation of Bragg po-
lariton eigenstates two methods are applied to the unfolded MC sample. For the first
method, it is shown that the variation of the thickness of the top layer of the Bragg
structure can lead to a spectral change of the lower Bragg polariton eigenstate. This
concept is similar to the one that was reported for the conventional MC structure (see
Figure 3.8). However, in the case of MC sample, the confinement of the polaritons was
achieved by the modulation of the cavity layer thickness. As a second modification,
different thickness of Ag layer are deposited on top of the as-grown Bragg sample. The
Bragg mode as well as the Bragg polariton eigenstate are precisely tuned by the depo-
sition of such thin Ag layers. The modulation of the Bragg polaritons will be shown to
even exceed 10 meV for both techniques. The Q value of the Bragg mode is increased
by a factor of 2.3 for a 30 nm silver layer reflecting the advantage of the integration
of metal layer into the Bragg structure. In addition, the emission properties of the
Bragg polaritons is investigated by performing real and k-space PL measurements. No
significant bottleneck effect is detected for zero and positive detunings of a hybrid Ag-
Bragg sample. When excitation dependent measurements are performed, a nonlinear
emission of the lower Bragg polariton mode is clearly observed for this hybrid struc-
ture. These results open the door to create a confined Bragg polariton system similar
to conventional microcavity structures with reduced dimensionality.

7.1 Evidence for strong coupling in a Bragg structure

In this section a ZnSe-based Bragg sample consists of eight pairs of the Bragg cavity
layers which were grown on four pairs of DBR is studied. A schematic of the investigated
periodic Bragg structure is shown in Figure 4.3 (a). The optical properties of the
unfolded MC sample are investigated by microreflectivity and microphotoluminescence
measurements. The strong coupling in the Bragg structure is demonstrated by the
observation of anticrossings between the first Bragg mode and the heavy- as well as
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7.2 Bragg polariton manipulation, confinement potential and nonlinear emission

light-hole exciton, respectively. The results presented in this section are discussed in
detail in the publication IV.

7.2 Bragg polariton manipulation, confinement potential and
nonlinear emission

In this section the optical properties of the unfolded MC sample are investigated by per-
forming angle-resolved photoluminescence and reflectivity measurements. Two promis-
ing techniques are demonstrated for the modulation of the Bragg polariton resonances,
i.e., controlling the thickness of the upper layer of the Bragg structure in the nanometer
range or by the deposition of a thin Ag layer on top of the Bragg structure. The results
presented in this section have been reported in publication V.

7.3 Conclusion

In this chapter a periodic Bragg system is presented that provides the opportunity to
create an innovative platform for the investigation of strong light-matter interactions
based on Bragg photons and QW excitons. In the first part (publication IV) evidences
of the strong coupling effect is given by performing reflectivity measurements on dif-
ferent sample positions and at different temperatures. Three Bragg polariton branches
are observed due the coupling of the first Bragg mode with the exciton heavy-hole and
light-hole states with the interaction strength of about 24 meV and 13 meV, respec-
tively. By changing the detuning between the exciton components and the Bragg mode
the anticrossing is analyzed. Very similar anticrossing features were reported for the
Bragg polariton sample using GaAs material system with 70 (Figure 3.6) and 30 (Fig-
ure 3.7) period of QW stack [22, 197]. However, the interaction strengths of our Bragg
structure are much larger compared to the GaAs-based Bragg system even though our
Bragg structure possesses only eight Bragg stacks.

In the last part (publication V) of this chapter it is shown, how the Bragg polari-
ton modes can be tuned by changing the top layer thickness of the Bragg structure or
by depositing a thin silver layer on top. For both techniques a shift of the lower Bragg
polariton mode exceeding 10 meV is achieved. The obtained modulation of the lower
Bragg polariton energy will help to create deep lateral potential traps which can result
a strong in-plane localization of the Bragg polaritons. The Q factor of the Bragg mode
is enhanced by a factor of about 2.3 by the deposition of a 30 nm thick silver layer. The
experimental observations are in very good agreement with calculations based on the
transfer matrix method. In addition, a nonlinear increase of the lower Bragg polariton
emission intensity is observed up to T = 80 K when the excitation dependent measure-
ments have performed in the hybrid Ag-Bragg structure. These results will promote
the investigation of nonlinear phenomena such as stimulated scattering, amplification,
and lasing in the Bragg polariton system containing a large number of QWs.
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7 Bragg structure: strong coupling, manipulation and nonlinear emission

Publication IV: “Bragg polaritons in a ZnSe-based unfolded
microcavity at elevated temperatures”
Author contributions (publication IV)
The candidate and Kathrin Sebald conceived the experiment. The sample design was
carried out by Kathrin Sebald and Thorsten Klein. The candidate conducted the
measurements with the help of Merle Cornelius and Tuncer Kaya. The initial analysis
of the experimental data was carried out by the candidate. Kathrin Sebald performed
the calculation and analyzed the results. The candidate and Kathrin Sebald interpreted
the experimental data. Thorsten Klein and Sebastian Klembt fabricated the sample.
Arne Gust and Detlef Hommel contributed to the concept of the growth of the sample.
Jürgen Gutowski contributed to the discussion of the results. Kathrin Sebald wrote
the manuscript, with input from all co-authors.
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In this contribution, we present strong coupling of ZnSe quantum well excitons to Bragg modes

resulting in the formation of Bragg polariton eigenstates, characterized by a small effective mass in

comparison to a conventional microcavity. We observe an anticrossing of the excitonic and the

photonic component in our sample being a clear signature for the strong-coupling regime. The anti-

crossing is investigated by changing the detuning between the excitonic components and the Bragg

mode. We find anticrossings between the first Bragg mode and the heavy- as well as light-hole

exciton, respectively, resulting in three polariton branches. The observed Bragg-polariton branches

are in good agreement with theoretical calculations. The strong indication for the existence of

strong coupling is traceable up to a temperature of 200 K, with a Rabi-splitting energy of 24 meV

and 13 meV for the Bragg mode with the heavy- and light-hole exciton, respectively. These find-

ings demonstrate the advantages of this sample configuration for ZnSe-based devices for the strong

coupling regime. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944717]

Strong light-matter interaction has attracted much interest

in the last decade because of the possibility to study its funda-

mental aspects1,2 as well as to create optoelectronic devices,

whose operation is based on the properties of cavity-exciton

polaritons.3 The benefit of wide-bandgap semiconductor-

based microcavities (MCs) is confirmed by the observation of

strong coupling in ZnO and GaN MCs, resulting in polariton

lasing at room temperature.4,5 ZnSe-based MCs are particu-

larly well-suited for the investigation of cavity-exciton polari-

tons in semiconductors due to the high exciton oscillator

strength and large exciton binding energy. We reported a

promising Rabi-splitting energy of about 11 meV per quantum

well (QW)6,7 as well as polariton lasing in micropillars.8

Since the Rabi-splitting energy increases with the number of

quantum wells, an investigation of the strong-coupling regime

in samples composed of ZnSe is even possible at elevated

temperatures. In order to increase the Rabi-splitting energy in

the latter MCs, more QWs must be used, which results in a

thicker cavity. This hampers the increase of the Rabi-splitting

energy due to its larger mode volume.

In recent years, Bragg polaritons have been discussed as

an innovative tool for tailoring light-matter coupling.9,10 This

type of unfolded MC sample is advantageous, because a large

number of QWs can be positioned at the field maxima of the

Bragg mode without increasing the mode volume. In this case,

the light-matter interaction occurs between the QW excitons

and the Bragg-mirror modes, leading to the creation of Bragg

polariton eigenstates. These polaritons possess an extremely

small effective mass in comparison to those in conventional

MCs.11,12 Since the critical temperature for polariton conden-

sation is inversely proportional to the polariton effective mass,

such structures are promising for the realization of high-

temperature polariton condensation. The strong light-matter

coupling regime in a Bragg-polariton sample is indicated, as

for a Fabry–P�erot MC, by an anticrossing of the excitonic res-

onance and the photonic mode. For conventional MCs, this

effect has been reported previously.13–15 The first report on the

realization of strong coupling for an unfolded MC concerned

single InGaAs QWs embedded in a 30-period distributed

Bragg reflector (DBR) stack with a Rabi-splitting energy of

9.3 meV. The strong-coupling regime was observed up to

100 K.9 For an alternative concept, 70-period GaAs/AlGaAs

QWs were employed. From reflectivity measurements at 10 K,

the interaction strengths between light-hole (X1
lh) and heavy-

hole (X1
hh) excitons with the photons were reported to be

4.4 meV and 6.2 meV, respectively.16 This Bragg-sample con-

cept was used for all-organic one-dimensional photonic crys-

tals as well, resulting in a branch splitting of about 75 meV.17

For the coupling of resonant Bragg gratings to ZnO bulk exci-

tons, recent theoretical investigations have shown peculiar

nonlinear phenomena, indicating that this system may be used

to create slow-light-enhanced nonlinear propagation.12

Furthermore, Bragg-polariton samples were recently proposed

as an innovative concept for designing an additional type of

hyperbolic metamaterial,10 which is interesting for applica-

tions in, e.g., quantum lifetime engineering.

In this contribution, we report on the optical properties of

a Bragg-polariton sample grown by molecular beam epitaxy

(MBE). For this sample, all three 8 nm thick ZnSe QWs were

embedded in the center of the high-index material made of

ZnMg0.21S0.23Se with a total thickness of 3k/4 (144 nm). The

QWs are separated by 5 nm of the quaternary material. The

low-index material consists of a superlattice of 41 periods of

MgS and ZnCd0.37Se with a total thickness of k/4 (44.7 nm)

(see Fig. 1(a)). This concept results in an effective overlap of

a)Present address: Institute of Experimental Physics, University of Wroclaw

and Wroclaw Research Center EIT, 50204 Wroclaw, Poland.

0003-6951/2016/108(12)/121105/5/$30.00 VC 2016 AIP Publishing LLC108, 121105-1
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the electric field of the first Bragg mode and the QWs as

shown in the calculation in Fig. 1(b). Eight of these Bragg-

polariton layers were grown on four plain DBR pairs, where

the latter ensures a precise in-situ control of the respective k/4

thickness. The high- and low-index materials possess a refrac-

tive index contrast on the order of Dn¼ 0.4, and the refractive

index dispersions of both layers were taken from.18 In view of

the sample’s growth, this concept has the advantage of reduc-

ing the number of growth interfaces by a factor of 2.5 in com-

parison to conventional MCs for the strong-coupling regime,

which we have previously presented.6,7 This simplification

exhibits a positive impact on the crystal quality of the sample.

Micro-reflectivity measurements with a white-light source

(spot diameter�3 l m) were performed, and the experimental

findings are compared to calculations using a transfer matrix

(TM) method (CAMFR program19) as well as the coupled os-

cillator model for the Bragg mode, the heavy- and the light-

hole exciton.20

In Fig. 1(c), an overview spectrum (spectral resolution

SP¼ 7 meV) of the Bragg sample is displayed for a tempera-

ture of 60 K in comparison to the TM-calculated reflectivity

for such a sample without QWs. The stopband is centered at

2.75 eV, and the position of the first Bragg mode (BM) on the

high-energy side can be identified at 2.823 eV from the calcu-

lated spectrum. Hence, the resonance is detuned by approxi-

mately 12 meV relative to the spectral position of X1
hh located

at 2.811 eV. This almost resonant situation results in the

detailed spectrum for reflectivity and PL, when highly spec-

trally resolved measurements were performed as shown in the

inset (SP¼ 0.1 meV). The reflectivity breaks up into five dis-

tinct minima. The minimum centered at 2.811 eV originates

from the ZnSe QW X1
hh, while the minimum at 2.828 eV can

be attributed to the absorption of X1
lh. This classification is

underscored by the PL spectrum showing a dominant contri-

bution of the ZnSe QW X1
hh. The asymmetric shape of the

emission is caused by a contribution of a trionic complex

known to exist in ZnSe/ZnMgSSe samples.21 Additionally, the

PL has a shoulder on the low energy side at 2.79 eV caused by

increased transmission at the position of the reflectivity mini-

mum. The first Bragg mode, identified at 2.823 eV for the

sample without QWs, is now split up into three reflectivity

minima in the spectrum which can be identified at 2.793 eV,

2.820 eV, and 2.834 eV. We name them the lower, middle,

and upper Bragg-polariton (LBP, MBP, UBP) branches,

respectively. In contrast to conventional MCs, Bragg-polariton

samples show beside the polariton modes additional excitonic

state contributions to the reflectivity spectrum. This is due to

the QWs of the upper DBR layers, which are not efficiently

coupled to the photonic modes, as discussed in Ref. 9.

Additionally, the first excited state X2
hh can be identified as a

less pronounced minimum in the spectra at 2.856 eV (not

shown).

We measured these reflectivity minima as a function of

the local detection position on the sample at 4 K (Fig. 2(a)),

where the average distance between those positions amounts

to 300 lm. In doing so, we made use of the layer thickness

gradient intrinsic to the MBE growth, which leads to a varia-

tion of the spectral position of any Bragg minimum, as

shown in the figure for a higher Bragg mode (HBM, open

circles). In contrast to the latter, the exciton-related absorp-

tion (stars) varies comparatively little with the thickness gra-

dient. Hence, the detuning between the X1
hh and the first

Bragg mode is changed from position to position allowing us

to easily observe the anticrossing behavior of the three com-

ponents of the first Bragg mode.

For the number of observable polariton branches, the

exciton binding energy, the Rabi-coupling energy, and the

energy separation D between X1
hh and X1

lh are important. The

Rabi-splitting energy corresponding to the exciton coupling

strength amounts to �hXMC
R ¼ 19 meV for three QWs in a

microcavity based on ZnSe.7 This value is comparable to the

exciton binding energy of about 22 meV for 8 nm thick ZnSe

QWs in ZnMgSSe22 and its valence-band splitting of 18 meV.

Hence, the anticrossing observed for varied detuning between

the Bragg mode and excitonic emission in the reflectivity

spectra results from the coupling of the Bragg mode with both

contributions of X1
hh and X1

lh. Therefore, three eigenstates exist

in the strong-coupling regime that are a combination of the

Bragg-photon mode and the two excitonic states. They have

already been labeled as LBP, MBP, and UBP, respectively.

This attribution is underscored when the experimental findings

are compared to the reflectivity minima extracted from the cal-

culated reflectivity spectra using the TM method (see Fig.

2(b)). The positions of the X1
hh; X1

lh, and X2
hh are indicated by

FIG. 1. (a) Sketch of the unfolded cav-

ity structure. (b) Profile of the squared

electric field distribution calculated for

the energy of the first Bragg mode.

The index of refraction is shown by the

blue line. (c) Overview spectrum of the

Bragg polariton sample at T¼ 60 K

(dashed line) compared to the calcu-

lated spectrum of a Bragg sample with-

out QWs (solid line). The inset shows

the high resolution reflectivity and PL

spectra (excitation energy 3.03 eV) in

the spectral region of the first Bragg

mode.
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horizontal lines. For the calculation, the X1
lh/X1

hh, (X2
hh/X1

hh) os-

cillator strength ratio was assumed to be 1/3,23 (1/8 (Ref. 24)),

and the thickness of the DBR layers was varied by the indi-

cated factor. The 1.00 value was taken as the aspired norm

thickness at which the Bragg mode and X1
hh are in resonance.

The calculated evolution of the spectral positions of the reflec-

tivity minima coincides quite well with the experimental find-

ings (left side). It should be noted that we used a linear

thickness gradient in the model for simplicity. However, the

gradient on the 2-in. wafer becomes smaller towards the maxi-

mum thickness in the center, where we find the most negative

detuning (in the direction of position 1 in Fig. 2(a)). For this

reason, the model overestimates the thickness for small posi-

tion numbers. Additionally, a particular spectral change of the

excitonic emission for smaller thicknesses caused by a slight

modification of the strain situation within the sample was not

implemented in the calculation. This results in a more pro-

nounced saturation of the spectral shift of the LBP for the cal-

culation compared to the measurement. The three polariton

branches show two anticrossings, one occurring between the

Bragg mode and X1
hh, and the second between the mode and

X1
lh. The interaction strengths between the excitons and the

Bragg photons are �hXhh¼ (25 6 1) meV and �hXlh¼ (13 6 1)

meV, respectively, as derived from the measurement at the

resonance position of the Bragg mode and X1
hh. These results

indicate that although the spectral width of a Bragg mode

(cBM¼ 22 meV) is large in comparison to a conventional MC

cavity mode, the criterion for the strong coupling regime is

still satisfied (�hX > ðjcX � cBMjÞ=2,25 with cX ¼ 3 meV).

The anticrossing can likewise be observed by detuning

the excitonic components relative to the Bragg mode caused

by a variation of the sample temperature. Fig. 3(a) depicts the

reflectivity spectra in the vicinity of position 1 on the sample

piece (Fig. 2(a)) in the temperature region between 40 K and

160 K. They show the relative detuning of the reflectivity min-

ima with respect to the energy position of X1
hh with the given

temperatures taken as the zero vertical line. Besides reduced

visibility of the excitonic components with increasing

temperature, a clear spectral shift of the minima attributed to

the LBP, MBP, and UBP can be seen with regards to the X1
hh

position. This evolution is shown in detail in Fig. 3(b), where

the relative detuning between the energy positions of the

Bragg-polariton branches to those of X1
hh (again taken as 0) is

plotted as a function of temperature (solid symbols). The mea-

surement is shown in comparison to the calculated reflectivity

minima based on the TM method (stars) where the spectral

shift of excitonic components, their spectral broadening, and

change of refractive index with temperature were taken into

account. Additionally, the spectral shift of Bragg-polariton

branches calculated by the three-oscillator model is plotted as

a solid line (parameters were taken from the measurement).

Furthermore, the changing position of the uncoupled Bragg

mode due to the refractive index temperature dependence is

shown by the dotted line. The measured Bragg polariton line-

width and the calculated excitonic linewidths (FWHM) are

plotted as the shaded region. At this sample position, the anti-

crossing of the Bragg mode with X1
hh occurs at about

T¼ 130 K (FWHMcalc¼ 5 meV), accompanied by a decrease

of the LBP linewidth down to 4 meV. The anticrossing of the

Bragg mode with X1
lh (FWHMcalc¼ 8 meV) is observed at

190 K. The Rabi-splitting energies �hXhh and �hXlh deduced at

the crossing point of X1
hh and the Bragg mode are approxi-

mately (23 6 1) meV and (14 6 1) meV, respectively. The

Rabi-splitting energy is proportional to the square root of the

exciton oscillator strength f. Since f ðX1
hhÞ=f ðX1

lhÞ ¼ 1=3, one

expects �hXhh=�hXlh ¼ 1=1:75, in good coincidence with the

ratio of the experimentally determined values given above.

For temperatures exceeding 200 K, one observes a clear devi-

ation between the results of the three-oscillator model and the

measurement on one hand, and values from the TM method

on the other. This is because for the fact that for the oscillator

model, spectral broadening of the excitonic components was

not taken into consideration. The reflectivity minima of the

LBP and MBP start to approach X1
hh and X1

lh, respectively,

while the UBP matches with the uncoupled Bragg mode.

Hence, the strong-coupling regime is broken for temperatures

FIG. 2. (a) Experimental spectral

reflectivity dip positions versus the

local detection position number on the

sample at T¼ 4 K. The numbers repre-

sent the positions on the sample from

one edge to the other with a spacing of

about 300 lm. The solid symbols rep-

resent the Bragg polariton modes. The

stars correspond to the uncoupled exci-

tonic states and the open circles to a

higher Bragg mode (HBM). (b)

Modeled spectral positions of Bragg-

polariton branches for different layer

thicknesses normalized to the thickness

for which the mode and X1
hh are in res-

onance (1.00). For comparison, the cal-

culated first Bragg mode of a Bragg

sample without QWs is plotted (open

circles).
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above 200 K due to spectral broadening of the excitonic

components.

These results show that a remarkably large Rabi-

splitting energy can be realized even with eight Bragg-

polariton stacks. This interaction strength is comparable to a

complete MC structure consisting of an 18-fold bottom

DBR, a k cavity, and a 15-pair top DBR, for which a Rabi-

splitting energy of 19 meV was reported at 70 K.7 Hence, the

smaller effective Bragg polariton mass relative to that in a

conventional MC might take effect in the larger branch split-

ting and increase of temperature stability. As additional TM

calculations have indicated, a further simplification of the

sample setup would be possible by implementing only one

QW at the antinode of the high-index material layer without

a real reduction of the interaction strength. Additionally, the

calculations show that the splitting energy between the LBP

and UBP at 130 K can be raised from 36 meV to 60 meV by

doubling the number of Bragg polariton stacks. The utiliza-

tion of a threefold number of Bragg pairs providing an inter-

action strength of 75 meV would make a ZnSe-based Bragg-

polariton sample comparable to organic Bragg structures,17

which are known for their large interaction strengths. These

results are extremely encouraging with respect to the rapidly

evolving field of nontrivial topological polariton effects.26–28

A recent work of Sedov et al. used a GaN/AlGaN structure

for numerical calculations, with which Bragg polaritons

were proposed to create a hyperbolic metamaterial.10 Our

present results on a ZnSe-based structure come quite close to

benchmark values with the additional benefit of a high epi-

taxial quality.

In conclusion, we have shown strong coupling in an

unfolded Bragg cavity with three ZnSe quantum wells em-

bedded in each segment, repeated eight times. The interac-

tion of the first Bragg mode with the exciton heavy-hole and

light-hole states results in the formation of three polariton

branches with an interaction strength of about 24 meV and

13 meV, respectively. The anticrossing was analyzed by

changing the detuning between the exciton components and

the Bragg mode. The experimental findings are in excellent

agreement with theoretical calculations. Although the Bragg

modes possess a large spectral width and the growth process

is simplified in comparison to a conventional microcavity,

the interaction strength and temperature stability in the

strong coupling regime are improved. This enables an addi-

tional class of II–VI based devices for strong coupling to be

created.
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7 Bragg structure: strong coupling, manipulation and nonlinear emission
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Tunable Bragg polaritons and 
nonlinear emission from a hybrid 
metal-unfolded ZnSe-based 
microcavity
SK. Shaid-Ur Rahman1, Thorsten Klein2,3, Jürgen Gutowski1, Sebastian Klembt2,4 & Kathrin 
Sebald1

Strong light-matter interaction in Bragg structures possesses several advantages over conventional 
microcavity system. These structures provide an opportunity to incorporate a large number of quantum 
wells without increasing the mode volume. Further, it is expected that the strong coupling could occur 
over the entire thickness of the Bragg structure, and the system offers an improved overlap between 
exciton wave function and light mode. However, advanced experiments in Bragg structures require 
a precise control and manipulation of quantum states of Bragg polaritons. Here, we propose and 
experimentally demonstrate novel methods for the modulation of Bragg polariton eigenstates. The 
modulation will be shown to even exceed 10 meV if the thickness of the top layer of the ZnSe-based 
Bragg structure is changed or if a thin silver layer is deposited on top of the structure. The Q value of 
the Bragg mode will be enhanced by a factor of 2.3 for a 30 nm silver layer. In addition, we report on 
the observation of nonlinear emission of the lower Bragg polariton mode in the hybrid structure being 
achieved when excitation dependent measurements are performed. Our results open the door to create 
a confined Bragg polariton system similar to conventional microcavities.

Cavity-exciton polaritons are quasiparticles resulting from the strong coupling of quantum well (QW) exci-
tons with confined photons in a semiconductor microcavity (MC). The hybrid nature of this part light and part 
matter quasiparticles leads to many remarkable demonstrations such as polariton condensation and lasing1–6, 
parametric amplification7, 8, superfluidity9 and bistability10, 11. Since many publications on different aspects of 
exciton-polaritons have been published up to now, we want to refer only to some of the review articles, like refs 12–15  
because of the lack of space. The wide-bandgap semiconductor-based MCs are highly beneficial in order to realize 
polaritonic devices operating at elevated temperatures. This is confirmed by the observation of strong coupling 
and polariton lasing in GaN and ZnO MCs at room temperature16–21. ZnSe-based MCs are particularly well suited 
for the investigation of cavity-exciton polaritons in semiconductors since they possess large exciton binding ener-
gies and high exciton oscillator strengths. In addition, they offer a high crystalline quality as well as dopability 
being beneficial for device structures. The strength of the light-matter coupling in microcavities is generally quan-
tified in units of the Rabi energy. For this material system a promising Rabi-splitting energy of about 19 meV for a 
MC with 3 QWs22 as well as polariton lasing23 up to 240 K24 have already been reported. A large number of QWs 
can be used to enhance the Rabi-splitting energy since the Rabi-splitting energy increases with the square root of 
the number of QWs that can be positioned at the antinodes of the electric field inside the microcavity. However, 
in this case a thicker cavity is required which results in a larger mode volume restricting the enhancement of the 
Rabi-splitting energy.

In recent years, Bragg polariton structures have attracted much attention as an innovative system for the 
investigation of light-matter interaction25–30. The Bragg mode (BM) is utilized as the photonic mode and a large 
number of QWs can be periodically placed at the field maxima of the BM without increasing the mode volume. 
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In this unfolded MC the Bragg polaritons arise from the strong coherent coupling between the Bragg photons 
and the QW excitons. Although the Bragg modes possess a smaller quality factor in comparison to a conventional 
MC, these polaritons possess an extremely small effective mass in comparison to those in conventional MCs28, 31. 
Since the critical temperature for polariton condensation is inversely proportional to the polariton effective mass, 
such structures are promising for the realization of high-temperature polariton condensation. An additional key 
features of this system is that the strong coupling can occur over the entire thickness of the Bragg structure30. It 
has been predicted theoretically that the peculiar dispersion of the Bragg polariton modes can give rise to many 
nonlinear phenomena, such as slow-light-enhanced nonlinear propagation and an ultra-efficient parametric scat-
tering28. More recently the Bragg polariton samples were proposed for the realization of hyperbolic metamatrials 
by controlling the signs of effective masses of such mixed light-matter quasiparticles27, 32. Bragg polaritons were 
also observed in conventional Fabry-Perot type MCs33–35. However, the periodic arrangement of the excitonic 
resonances in a Bragg structure provides a maximum overlap between the exciton wave function and the pho-
ton mode25. From the technological point of view, such structures offer a reduced number of growth interfaces 
between epitaxial layers compared to a conventional MC structure which ensures a positive impact on the crystal 
quality of the sample25, 26.

In order to fully utilize the unfolded MC system as a versatile experimental platform based on Bragg polari-
tons some essential requirements need to be fulfilled such as the control and the manipulation of Bragg polariton 
eigenstates and the realization of a confined Bragg polariton system. The importance of laterally confined polari-
tons has been demonstrated by various potential applications36–40. In the conventional MC the confinement of the 
cavity polaritons is achieved via their excitonic as well as their photonic components. The respective confinement 
has been realized using surface acoustic waves41, local strain2, an exciton reservoir42, photonic disorder traps43, 
cavity thickness modulation44, 45, metal layers46, 47, subwavelength gratings48, and pillar cavities36. A recent review 
on trapped polaritons can be found in ref. 49. However, to date, mode confinement and Bragg polariton manipu-
lation for the unfolded MCs have not been reported.

In this work, we demonstrate two promising methods to manipulate the Bragg polariton eigenstates by the 
variation of the thickness of the top layer of the Bragg structure or by the deposition of an Ag layer. In both cases 
a shift of several meV of the lower Bragg polariton (LBP) is realized. Such a large shift is crucial in order to create 
a potential trap for the Bragg polaritons. In addition, we will report on the nonlinear emission from the hybrid 
Ag-Bragg structures by performing excitation dependent photoluminescence measurements. Our calculation 
reveals that the Q factor of the BM can be enhanced by a factor of 2.3 by the employment of a 30 nm of Ag layer. 
Such an improvement of the Q factor is very important in order to increase the polariton lifetime such that the 
polariton relaxation to the ground state becomes faster than its radiative decay.

Results
Figure 1(a) shows the schematic drawing of the investigated Bragg structure. The sample consists of eight pairs 
of the Bragg cavity layers which were grown on four pairs of distributed Bragg reflectors (DBR). A cross-section 
scanning electron microscope (SEM) image of the sample is depicted in Fig. 1(b). The Bragg cavity layer is made 
of a 3λ/4 high- and a λ/4 low-index layer each. Three ZnSe QWs are inserted in each of these 3λ/4 high-index 
layer. The adjustment of the spectral position of the BM and the QW emission is challenging in comparison to a 
conventional MC, since it can only be controlled in an indirect way during epitaxial growth. Nevertheless, with 
such a design of the Bragg structure an optimum overlap of the electric field of the first Bragg mode and the 
QWs can be achieved26. In order to tune the Bragg mode two modifications were applied to the sample. As a first 
modification, a thickness gradient of the top layer was created (see methods). As a second modification, differ-
ent thickness (15 and 30 nm) of Ag layer of was deposited on top of the as-grown sample as shown in Fig. 1(a). 

Figure 1. (a) Schematic of the investigated Bragg structure. The sample possesses a thickness gradient for the 
top layer as well as an Ag layer on an area without gradient. (b) Scanning electron microscope image of the as-
grown Bragg polariton sample.
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The calculated reflectivity spectrum of the periodic cold Bragg structure (without QWs) is shown in Fig. 2(a) 
(solid line). The photonic stop-band width is 110 meV and the position of the first BM on the high energy side 
can be identified at 2.799 eV. The change in the reflectivity spectrum by reducing the top layer thickness of the 
Bragg structure up to a maximum reduction value of 25 nm is depicted in Fig. 2(a) (dotted lines). The calculated 
spectra show that the photonic stop-band as well as the Bragg modes shift to higher energies by reducing the top 
layer thickness. A reduction of 25 nm thickness of the top layer results in a shift of about 23 meV of the first BM 
to higher energies. Such a large change of the spectral position of the BM is very promising with respect to the 
realization of an easy tuning method for the photonic component of the Bragg polaritons.

Now we will discuss the formation of the Bragg polaritons in our device structure. Figure 2(b) shows the 
microreflectivity spectrum of the Bragg structure at T = 10 K, where the detuning between the QW heavy-hole 
(Xhh

1 ) and the first BM amounts to δ = EBM − Ehh
1  ≈ −10 meV. Three Bragg polariton resonances are identified at 

the spectral positions of 2.796 eV, 2.827 eV, and 2.84 eV respectively, which we call the lower, middle, and upper 
Bragg-polariton (LBP, MBP, UBP). The observed three branches of the Bragg polaritons are the result of the cou-
pling of the first BM with Xhh

1  and with the light-hole (Xlh
1 ) excitons. The uncoupled Xhh

1  (2.817 eV) and Xlh
1  

(2.835 eV) resonances are also visible in the spectrum due to the inefficient coupling of the QW exciting transi-
tions to the BM for the upper DBR layers25, 26. In addition, a less pronounced reflectivity minimum at 2.851 eV can 
be detected which originates from the absorption of the first excited state Xhh

2 . The characteristics of the reflectiv-
ity measurements can be reproduced by reflectivity calculations using transfer matrix method as shown in 
Fig. 2(b) (dotted line). In the calculation, the oscillator strength ratios =X X/ 1/3lh hh

1 1  and =X X/ 1/8hh hh
2 1  are 

implemented as well as the QW excitonic emission linewidths (FWHM = 3 meV for both Xhh
1  and Xlh

1  and 
FWHM = 6 meV for Xhh

2  at T = 10 K) which are taken from a reference sample. Figure 2(c,d) present the microre-
flectivity spectra of the same Bragg structure but for a thickness reduction of the upper layer by detch depth ≈10 nm 
and 18 nm, respectively, using chemical assisted ion beam etching (CAIBE). The Bragg polariton eigenstates shift 
to higher energies with respect to the Bragg polaritons in the unetched area of the sample (Fig. 2(b)). The change 
of the spectral positions of the Bragg polaritons arises from the tuning of the bare BM as shown in Fig. 2(a). The 
LBP will reveal shifts of ΔLBP ≈ 5 meV and 12 meV with respect to its value obtained in the unetched area if the 
top layer is etched by detchdepth ≈ 10 nm and 18 nm, respectively. In addition, the linewidth of the LBP is reduced for 
the sample with thinner top layer due to the increase of the excitonic fraction in the Bragg polariton state. The 
features in the measured reflectivity spectra are in excellent agreement with those obtained from the calculations 
(dotted lines in Fig. 2(c,d)). Using this mode tuning technique the interaction strengths between the Bragg pho-
tons and the excitons as amounting to ħΩhh = (25.5 ± 1) meV and ħΩlh = (14 ± 1) meV, respectively, are derived 
from the measurements at 10 K for the detuning δ = 0. The measured values of the splitting energies are very 
comparable to the values of ħΩhh = 17 meV and ħΩlh = 12 meV, which were reported for a classical microcavity 
sample with three ZnSe QWs within the λ-cavity47.

Figure 2. (a) Calculated reflectivity spectra of the cold Bragg structure obtained when the thickness of the 
upper layer is continuously reduced for moving along the thickness gradient, eventually ending at a 25 nm 
reduction achieved at the leading edge of the structure (see Fig. 1(a)). (b–d) Region of interest of the measured 
microreflectivity spectra (solid lines) of the Bragg sample at T = 10 K for different top layer thicknesses in 
comparison to the calculated spectra (dotted lines). ΔLBP indicates the shift of the LBP mode.
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The existence of strong coupling in the sample can further be emphasized by performing angle-resolved meas-
urements. Figure 3 shows the measured angle-resolved reflectivity dispersion curves of the unetched and etched 
area of the Bragg polariton sample at T = 10 K together with the calculated dispersion displayed in a gray-coded 
intensity map. The measurement reveals three branches of the Bragg polariton dispersion as well as three flat 
dispersion lines of the Xhh

1 , Xlh
1  and Xhh

2  as shown in Fig. 3(a,b). The LBP in the unetched area of the sample is more 
photon-like at θ = 0° since the area of the sample possesses a negative detuning of δ ≈ −10 meV as depicted in 
Fig. 3(a). An LBP energy offset of ΔLBP ≈ 12 meV is obtained in the sample area for which the upper layer of the 
Bragg structure is etched by detch depth ≈18 nm (see Fig. 3(b)). In this case the characteristic curvature of the LBP 
dispersion curve exhibits a more excitonic nature with a smaller curvature due to a positive detuning of 
δ ≈ +8 meV. The LBP is mostly affected in its spectral position when the detuning is changed due to the predom-
inantly photonic nature. In addition, a weakening of the absorption and spectral broadening is observed for the 
UBP for positive detuning, which is caused by the overlap of the UBP with the excitonic scattering states50. The 
calculated microreflectivity intensity shown in Fig. 3 for the unetched (c) and etched (d) sample reproduces the 
experimental findings, except for the UBP, since the exciton scattering states were not taken into account for the 
calculations. The striking feature of this investigation is the controllable tuning of the LBP mode by changing a 
few nanometer thickness of the upper layer. The shifts of about 18 meV of the bare Bragg photon mode and of 
about 12 meV of the LBP resonance are quite large for an etch depth of about 18 nm. This observation is similar to 
the findings for a conventional MC system, where a potential depth of 9 meV was obtained44, 51. In this case the 
confinement of the photonic component is realized by etching the cavity layer 6 nm deep into the mesa structure 
before growing the top mirror. Likewise, the engineering of the upper layer of the Bragg structure can provide 
larger confinement potential for the Bragg polariton system.

We will now explore the influence of a thin metal layer on the optical properties of the Bragg structure. 
Figure 4(a) represents the relevant calculated reflectivity spectra around the first BM of the cold Bragg structure 
as a function of the Ag layer thickness. If the Ag thickness is zero the spectral position of the first BM is at 2.788 eV 
and the peak reflectivity will be close to 83.5%. The BM shifts to higher energies with increasing Ag thickness, 
and the peak reflectivity is increased up to 97% for an Ag thickness of 45 nm. In Fig. 4(b) the variation of the 
spectral position, the Q factor, and the mode transmission of the first BM as function of the Ag layer thickness 
are displayed. The spectral shift of the BM relative to its position in the uncovered area is quite pronounced when 
increasing the Ag thickness up to 30 nm and reaches its maximum value of about 18 meV for an Ag thickness of 
~45–50 nm. Although the strong coupling can be achieved in these structures, the Q factor of the BM is rather low 
being in the order of 100. However, it can be enhanced by a factor of about 2.5 for an Ag thickness of 40 nm but 
it should be noted that the transmission of the Bragg resonance diminishes by increasing the thickness of the Ag 
layer (Fig. 4(b) (blue dot-dashed line)). Hence we need an optimized Ag thickness in order to get a high transmis-
sion and Q factor as well as a pronounced spectral shift at the same time. The theoretical calculation indicates that 
for an Ag thickness of 30–35 nm an optimum trade-off for all these requirements is reached and the calculated 
E-field distribution for the coupled mode within the periodic structure shows a reduction by a factor of 0.7 only 
in comparison to the uncovered sample.

The angle-resolved reflectivity measurements of the Bragg polariton sample with and without Ag layer at 10 K 
are shown in Fig. 5 and compared to the calculated dispersion. The investigated area of the sample possesses a 
negative detuning of δ ≈ −14.5 meV (without Ag) and the spectral position of the LBP mode (θ = 0°) can be iden-
tified at 2.791 eV (see Fig. 5(a)). After deposition of an Ag layer on top of the Bragg structure the Bragg polariton 

Figure 3. Measured (a,b) and calculated (c,d) microreflectivity intensity (arb. units) in a gray-coded map as a 
function of energy and angle at T = 10 K for the unetched detch depth = 0 (a,c) and etched detch depth ≈18 nm (b,d) 
Bragg structure. The calculated dispersion curves of the bare BM are displayed as dotted lines as well.
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eigenstates shift to higher energies. Beside the reduction of the absorption contrast, the linewidth of the LBP 
resonance decreases with increasing Ag thickness and for the UBP no spectral widening is observed. The reason 
of such a linewidth narrowing is due to the enhancement of the Q factor of the photonic component as shown 
in Fig. 4(a), which can compensate the absorption losses originating from the overlap between the UBP and the 
excitonic scattering states. A shift of about 6.0 meV (9.5 meV) of the LBP mode [θ = 0°] compared to its position 
in the metal-free sample is induced by a 15 nm (30 nm) thick Ag layer, respectively (Fig. 5(b,c)). The experimental 
observations are in very good agreement with the calculations as presented in Fig. 5(d–f). The observed spectral 
shift exceeds the value in the order of 0.1–1 meV which was reported for conventional MCs49. Hence, this metal 
induced spectral shift could be utilized as a lateral trapping potential for the Bragg polaritons when using a struc-
tured metal layer such as gratings or disks on top of the unfolded MC structure.

Up to now, we have demonstrated the influence of the Ag layer on the Bragg polariton eigenstates. In the next 
step we investigate the properties of Bragg polariton photoluminescence (PL) from the hybrid Ag-Bragg struc-
ture. The angular-resolved emission spectra of the Bragg polaritons at a temperature of T = 10 K are shown in 
Fig. 6(a–c) for different excitation densities. The sample contains a 30 nm thick Ag layer and the measurements 
were performed at a positive detuning of δ ≈ +11.0 meV. At low excitation densities the LBP dispersion branch is 
observed which possesses a little stronger PL intensity at higher angles (see Fig. 6(a)). In addition, the uncoupled 
Xhh

1  emission can be identified. With an increase of the excitation power (P = 1.04 Pth, Pth is the nonlinear thresh-
old), the emission of the LBP mode exhibits a smooth intensity distribution around θ = 0° due to the enhance-
ment of polariton-polariton scattering. By further increasing the excitation power (P = 1.44 Pth) a slight shrinkage 
of the momentum space distribution can be detected, as shown in Fig. 6(c), and the LBP emission is broadened. 
Figure 6(d) presents the PL intensity and linewidth of the LBP (θ = 0°) as a function of the excitation density at 
T = 10 K. A clear nonlinear increase of the emission intensity is observed for the LBP mode above P = Pth indicat-
ing a threshold like behavior. Below threshold, the spectral width of the LBP emission broadens with increasing 
density; however, at the threshold, the linewidth drops slightly then again starts to increase with the excitation 
power due to decoherence induced by polariton-polariton interaction and heating52, 53. A very similar nonlinear 
behavior of the LBP mode is observed at a temperature of T = 80 K (Fig. 6(e)). Due to the spectral position and 
dispersion it is clear that the nonlinear emission comes from a polaritonic mode in strong coupling regime. This 
nonlinear emission behavior of the LBP mode is also observed for a small positive detuning of δ ≈ +3.0 meV at 
10 K (see Supplementary information). However, a pronounced bottleneck effect can be detected for negative 
detunings (Fig. S2) which hinders the observation of nonlinear emission in this case. For negative detunings the 
photonic fraction of the LBP mode is considerably increased which results in a reduction of the polariton lifetime. 
Hence, photon like LBPs radiatively decay during the relaxation near the bottleneck before reaching the ground 
state of the polariton dispersion. For positive detunings, the polariton lifetime is long enough so that they can 
reach the energy minimum of the polariton dispersion. More details on the kinetics and thermodynamics of 
polaritons in MCs are discussed in refs 54–57.

In our Bragg polariton system, a more efficient stimulated scattering is observed for the positive detuning. 
However, in the case of nonlinear emission the linewidth narrowing at threshold is not significant. Furthermore, 
we have not observed a spectral blue shift of the LBP energy with increasing excitation power, which typically 
arises in a conventional MC due to phase space filling of the excitons and exciton-exciton interactions3, 58. Above 
threshold a small red shift of the LBP by about 0.3 meV can be detected (Fig. 6(c)) attributed to a local heating 
effect of the sample which is confirmed by the spectral shift of the uncoupled Xhh

1  energy in the real space PL 
measurement. Hence, before stating a Bragg polariton lasing effect further evidence for this would have to be 
given by measuring the coherence properties of the LBP emission1. Nevertheless, a significant improvement of the 
LBP emission has been observed after deposition of an Ag layer on the Bragg structure. Figure 7 represents a 
comparison between the LBP emission from the metal free Bragg structure and the hybrid Ag-Bragg structure. At 
low excitation power (P = P0) the uncoupled Xhh

1  emission from the metal free Bragg structure is dominant com-
pared to the emission of the LBP resonance (Fig. 7(a)). When the pump power is increased to P = 1.7 P0 the 

Figure 4. (a) Calculated reflectivity spectra of the cold Bragg structure in the vicinity of the first BM for 
different thicknesses of the Ag layer. (b) Calculated spectral position (black), the Q factor (red), and the mode 
transmission (blue dash-dotted line) of the first BM as a function of the thickness of the Ag layer.
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emission of the LBP mode exceeds the Xhh
1  emission. In the case of the hybrid Bragg structure, a strong emission 

of the LBP mode can be observed for both low and high excitation powers ( ⁎P0 and 1.7 ⁎P0) as shown in Fig. 7(b). 
In addition, the LBP emission linewidth in the hybrid structure is much narrower in comparison to the Bragg 
polariton in the metal-free structure owing to the enhancement of the vertical photon confinement.

Indeed the deposition of an Ag layer on top of the Bragg structure presents several important advantages: (a) 
it provides an alternative technique to create a lateral confinement potential for the Bragg polariton system when 
using structured metal layers; (b) it is expected to increase the lifetime of the Bragg photon which is very crucial 
for the polariton relaxation to the ground state; (c) it offers a possibility to realize an electrical tuning of the Bragg 
polaritons. In order to take full advantage of the metal layer on the Bragg structure the following steps could be 
utilized: first, the upper layer of the Bragg structure could be engineered to produce a lateral confinement poten-
tial; afterwards a metal layer could be deposited on top of the structured upper layer. Such a hybrid metal-Bragg 
structure will ensure a large lateral confinement potential for the Bragg polaritons as well as a strong vertical pho-
ton confinement. It should also be noted that the presented Bragg structure has only eight Bragg polariton stacks. 
It has been discussed in ref. 26 that the splitting energy between the LBP and UBP can be raised to up 60 meV by 
doubling the number of Bragg polariton stacks and the utilization of a threefold number of Bragg pairs can pro-
vide an interaction strength of 75 meV. In addition, this hybrid system can easily be realized using a wide variety 

Figure 5. (a–c) Angle resolved microreflectivity measurement of the Bragg polariton dispersion for different 
thicknesses of the Ag layer. The experimental results are compared to the calculated dispersions (d–f).
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of high refractive index contrast organic or inorganic materials. Furthermore, our proposed techniques for the 
creation of the confined Bragg polariton system and the evidence of nonlinear emission from the Bragg structure 
will promote the investigation of other nonlinear phenomena such as stimulated scattering, amplification, and 
lasing in the Bragg polariton system.

Discussion
We have experimentally realized two promising techniques for the modulation of the Bragg polariton eigenstates 
in a ZnSe-based unfolded microcavity. The Bragg polariton modes exhibit a shift to higher energies when the 
thickness of the upper layer of the Bragg structure is reduced or a thin Ag layer is deposited on top of the Bragg 
structure. Shifts of about 12 meV and 9.5 meV of the LBP mode are induced by an etch depth of about 18 nm in 
the upper layer and by the deposition of a 30 nm Ag layer on the unfolded MC structure, respectively. Such large 
shifts of the Bragg polariton are striking with respect to the realization of lateral potential traps for the Bragg 
polariton system. The experimental observations are in very good agreement with calculations based on the 
transfer matrix method. In addition, a nonlinear increase of the LBP emission intensity is achieved up to T = 80 K 
when the excitation intensity is increased applied to the hybrid Ag-Bragg structure. Our results will help to cre-
ate a novel platform for the exploration of light-matter interactions based on confined Bragg polaritons in an 
unfolded microcavity system with a large number of QWs.

Figure 6. (a–c) The angular-resolved PL spectra of the hybrid Ag-Bragg structure for three different excitation 
powers at T = 10 K, the calculated bare BM (solid line) and LBP (dotted line) dispersion are displayed as well. 
The PL intensity and linewidth of the LBP mode (θ = 0°) as a function of the excitation density for T = 10 K (d) 
and T = 80 K (e) are plotted.



www.nature.com/scientificreports/

8Scientific RepoRts | 7: 767  | DOI:10.1038/s41598-017-00878-2

Methods
The investigated sample was grown by molecular beam epitaxy. The high-index layer of the Bragg cavity layer, 
which includes 3 ZnSe QWs is constituted of Zn0.79 Mg0.21 S0.23 Se0.77 with a total thickness of 3λ/4 (144 nm) while 
the low-index layer consists of a superlattice of MgS and Zn0.63 Cd0.37 Se with a total thickness of λ/4 (44.7 nm). 
The refractive index contrast between the high- and low-index materials is in the order of Δn = 0.4. It should be 
noted that a large index contrast is crucial in order to realize spectrally narrow Bragg modes25. Further details on 
the growth and fabrication processes can be found in our previous report26. The top layer of the Bragg structure is 
a 3λ/4 high-index layer. For the first tuning method of the Bragg eigenenergy the top layer thickness was reduced 
by CAIBE. By using a shadow mask a thickness gradient was realized with a maximum etch depth in the top layer 
of about 25 nm as shown in Fig. 1(a). An Ag layer was deposited on the sample surface as an alternative tuning 
method for the Bragg polaritons. For this investigation, 15 nm and 30 nm of Ag layers were deposited on top of 
the Bragg structure by electron-beam physical vapor deposition. For optical characterizations microreflectivity 
and microphotoluminescence measurements were performed on different areas of the sample with and without 
Ag cover layer. A white light source and a Ti:sapphire laser operating in pulsed mode (82 MHz rate, excitation 
wavelength λ = 406 nm) were used as the excitation sources for the microreflectivity and microphotolumines-
cence measurements, respectively. The exciting laser spot diameter was about 3 μm. The signals from the sam-
ple were collected through a microscope objective (collecting angles up to ±200) and detected using a cooled 
charge-coupled device spectrometer. The experimental reflectivity spectra and dispersions were compared to 
calculations using the transfer matrix method (software CAMFR59). The parameters for the simulations are based 
on layer thicknesses measured by X-ray diffraction. The semiconductor refractive index dispersions were taken 
from ref. 60 and the Drude model was employed for the Ag layer61.
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Supplementary Figure S1. The PL intensity (squared dot) and linewidth (circled dot) of the 

LBP mode (� = 0
0
) as a function of the excitation density for a detuning of � � 3 meV. The 

measurements are performed at a temperature of T = 10 K.  

 

Here, we present Bragg polariton emission properties for two different detunings (� � 3 meV 

and � � -10 meV) of hybrid Ag-Bragg structure. The sample contains a 30 nm thick Ag layer 

and the measurements were performed at T = 10 K.  

Fig. S1 shows the PL intensity and linewidth of the LBP (at normal incidence, � = 0
0
) as a 

function of pump power for a detuning of � � 3 meV. The emission behavior is similar to the 

one in the main manuscript (Figure 6 (d) and (e)) for the LBP mode. The spectral width of the 

LBP emission drops slightly at the threshold region and then starts to increase with the 

excitation power due to the polariton-polariton interaction.  



 

Supplementary Figure S2. The angular-resolved PL spectra of the hybrid Ag-Bragg 

structure for a negatively detuned (� � -10 meV) position of the sample measured at T = 10 

K. 

  

For the negative detuning, light is mostly emitted from the relaxation bottleneck region of the 

polariton dispersion curve as shown in Fig. S2. In this case, the polariton ground state is 

highly diluted and an intense population of the polariton can be found at higher angles (17 - 

20
0
). This implies that an inefficient polariton relaxation event occurs at negative detunings. 

The polariton scattering efficiency, including polariton-polariton and polariton-phonon 

interactions are related to the cavity-exciton detuning �, which determines the excitonic and 

photonic fractions in the polariton branch
1
. The lifetime of the polaritons is mainly inversely 

proportional to the photonic fraction
2
. When going from positive to negative � values the 

photonic fraction of the LBP mode increases so that the lifetime of the polariton decreases. At 



the same time, the polariton relaxation time increases when going from positive to negative 

values due to the smaller excitonic fraction of the LBPs and a decreased polariton-polariton 

and polariton-phonon interactions. Hence at the negative detunings, the photonlike LBPs 

radiatively decay during the process of relaxation near the bottleneck before actually reaching 

the energy minimum. The relaxation kinetics owing to the onset of the polariton-polariton 

scattering mechanism can be further enhanced by increasing the pump power. However, as 

the Q factor is quite low for the investigated Bragg structure the polariton-polariton scattering 

event for photonlike polaritons is not rich enough to overcome the bottleneck effect. The 

polariton stimulated scattering is favored for the positive detuning of this hybrid Ag-Bragg 

structure.  
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8 Conclusion and outlook

The focus of this thesis was the investigation of strong coupling phenomena between
confined photons and QW excitons in various designs of II-VI material based microcav-
ities. It was experimentally shown that strong coupling can be achieved in the Tamm
plasmon system (hybrid metal-semiconductor) and in the periodic Bragg system (un-
folded microcavity) besides conventional microcavity structures. Novel methods of
polariton control and manipulation were also realized for both, the cavity and the
Bragg polariton system. One of the striking findings of this thesis is the realization of
a large polariton trapping potential (several meV), which will help to create confined
polaritons for more advanced fundamental studies and applications of polariton physics.

The first part of this thesis deals with the study of strong light-matter interactions
in a conventional microcavity structure containing three ZnSe QWs (chapter 5). Us-
ing microreflectivity and microphotoluminescence spectroscopy techniques, the optical
properties of the microcavity sample were studied in detail. From the position de-
pendent measurements at normal incidence of light at 10 K, the anticrossings were
observed between the cavity mode and the heavy- as well as the light-hole exciton,
with Rabi-splitting energies of ∼ 17 meV and ∼ 13 meV, respectively. Further evidence
for strong coupling in the same microcavity sample was given by performing k-space
measurements. The angle-resolved far-field emission spectra revealed a strong polariton
relaxation bottleneck effect at low temperature and large negative detuning conditions.
For negative detunings, the polaritons exhibit an inefficient relaxation efficiency due
to a small exciton fraction and a shorter polariton lifetime. It was shown that the
polaritons can scatter more efficiently from high k states to low k states when the
detuning δ goes from negative to positive values. The polariton relaxation bottleneck
effect completely vanished for a detuning of about 3 meV at low temperatures. It was
also found that the temperature plays an important role to enhance the polariton re-
laxation efficiency. The scattering rate including exciton-phonon and polariton-phonon
interactions increases as the temperature raises. This is confirmed by the observation
of a complete suppression of polariton relaxation effect at a negative detuning of about
- 6 meV for an elevated temperature of 110 K. Hence, one can utilize these two in-
dependent parameters, detuning and temperature, in order to completely modify the
characteristics of the polaritons. The excitation dependent photoluminescence mea-
surements showed that the polariton relaxation efficiency can be further enhanced by
increasing pump power owing to the increase of polariton-polariton interactions. For
a certain excitation density a clear transition from the strong to weak coupling region
was observed due to the bleaching of the exciton oscillator strength. This indicates
that a large number of QWs would be advantageous with respect to the realization of
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8 Conclusion and outlook

polariton nonlinear effects in ZnSe-based microcavities. In addition, the characteristics
of polariton relaxation show great potential for the realization of polariton lasing and
condensation in ZnSe-based microcavities at elevated temperatures due to the increase
of exciton-phonon and polariton-phonon interactions.

In the second part of this work hybrid metal-DBR/microcavity structures were studied.
The results presented for this topic in chapter 6 have been published in publication I,
II, and III. The Tamm-plasmon resonance was realized in the visible spectral region
by using a ZnSe-based DBR with an Ag layer on top. It was shown that the Tamm-
plasmon resonance can be precisely tuned within the whole photonic stop-band by just
altering the top layer thickness of the DBR. Tuning of the Tamm-plasmon resonance
can also be realized by changing the Ag layer thickness. In addition, the Q factor of the
Tamm-plasmon mode enhances with increasing Ag layer thickness. However, in that
case the mode transmission diminishes. Hence, a thickness of 40-45 nm was found to
be an optimum trade-off between the Q factor and the mode transmission.
In a next step, the influence of Tamm plasmons on the spectral position of bare cavity
resonance was investigated by utilizing a cold microcavity sample. We observed an
spectral blue shift of the cavity resonance when a thin Ag layer was deposited on the
cold microcavity sample. It was also found that the increase of Ag layer thickness can
lead to a spectral blue shift of the cavity mode. When characterizing this sample by re-
flectivity measurements in comparison to calculations, the effect of metal oxidation on
the optical properties of Tamm plasmons was revealed. The oxidation of the Ag layer
decreases the spectral shift and increases the linewidth of the cavity resonance. This
implies that it is possible to tune the cavity resonance by an Ag layer of appropriate
thickness however, a partial oxidation of the Ag layer needs to be considered.
In a further step, the strong light-matter interaction was investigated by using the
Tamm-plasmon resonance. For this investigation, three ZnSe QWs were embedded in
a 1λ thick upper layer of the DBR and the sample was covered by a 35 nm thick Ag
layer. An anticrossing was observed between the Tamm-plasmon mode and the QW
exciton resonance when tuning the excitonic emission relative to the mode by changing
the sample temperature. This indicates that the strong coupling regime was achieved
in that sample configuration yielding a Rabi-splitting energy of 18.5 meV. With that
work for the first time the strong coupling effect using the Tamm plasmon system in
the visible spectral region was demonstrated. In this sample strong coupling could be
observed up to temperatures of about 150 K. It is interesting to note that the obtained
value of Rabi-splitting energy is very comparable to the value of 17 meV, which was
found for a conventional microcavity sample. In addition, the transfer matrix calcula-
tion showed that the splitting energy can be increased to 43 meV if the number of QWs
in the upper layer of the DBR is increased to 15. These results are very promising with
respect to the realization of practical polaritonic devices with a rather simple sample
configuration.

In the next step, the concept of Tamm plasmons was applied to a complete micro-
cavity sample aiming for the realization of a large trapping potential for the polaritons.
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For the first time evidences for the existence of a hybrid state of Tamm plasmons and
microcavity exciton polaritons in a microcavity sample covered with an Ag metal layer
were presented (publication III). The formation of the Tamm plasmon and the cavity
mode was observed in reflectivity measurements for a large detuning between the QW
emission and the cavity mode. A nonuniform shift of the spectral position of both
modes was detected when the thickness of the top DBR layer was reduced. These
photonic modes showed a clear anticrossing feature with a splitting energy of about
44 meV. If the Tamm-plasmon mode is in resonance with the cavity polariton, four
hybrid eigenstates were created due to the coupling of the cavity-photon mode, the
Tamm-plasmon mode, and the heavy- and light-hole excitons. These resonances exhib-
ited three anticrossings when the bare Tamm-plasmon mode was tuned with respect
to the cavity mode. A trapping potential for the lower polaritons as large as about
13 meV was achieved for a resonant condition between Tamm plasmons and exciton
polaritons. The obtained trapping potential is one order of magnitude larger than that
reported for non-resonant modulation of exciton-polaritons by Lai et al. [250]. Such a
large confining potential is very important for the creation of low dimensional polariton
systems at room temperature.

In the last part of this thesis, the unfolded microcavity structure was studied where the
optically active layers e.g., QWs are periodically embedded in the high-index material
layers of the DBR. The results obtained for this system were reported in publication
IV and V. Strong coupling of Bragg photons to ZnSe QW excitons in the formation
of Bragg polariton eigenstates was demonstrated. The evidence of the strong coupling
regime was given by measuring the characteristic anticrossing of the excitonic and the
photonic component in this sample. The anticrossing was found by changing the de-
tuning between the excitonic components and the Bragg photon mode. Three Bragg
polariton branches were observed owing to the coupling of the first Bragg mode, the
heavy- and light-hole exciton. The Rabi-splitting energies of 24 meV and 13 meV for
the Bragg mode with the heavy- and light-hole exciton, respectively, were deduced
from the reflectivity measurements. These results show that a remarkably large Rabi-
splitting energy can be achieved even with eight Bragg stacks. In addition, the transfer
matrix calculation showed that an interaction strength of 75 meV could be achieved if a
threefold number of Bragg pairs is used. The results presented for this Bragg structure
come quite close to benchmark values with the additional advantage of a high crystal
quality of the sample.
In publication V two novel methods were proposed and experimentally demonstrated
for the modulation of Bragg polariton eigenstates. The Bragg polariton resonances
showed a spectral blue shift when the thickness of the upper layer of the Bragg struc-
ture was reduced or a thin Ag layer was deposited on top of the Bragg structure. The
Bragg polariton quantum states can be precisely controlled by applying both of these
techniques. Spectral shifts of about 12 meV and 9.5 meV of the lower Bragg polariton
resonance are induced by an etch depth of about 18 nm in the upper layer and by the
deposition of a 30 nm Ag layer on the Bragg structure, respectively. Such large shifts
of the Bragg polariton are striking with respect to the creation of in-plane confinement
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potential for the Bragg polariton system.
In a final step, the Bragg polariton emission properties were investigated in dependence
on the excitation density and spectral detuning between the Bragg mode and the QW
exciton. At low temperatures and positive detunings, clear indications of Bragg polari-
ton nonlinear emission from a hybrid Ag-Bragg structure were observed for the first
time. For large negative detunings, no nonlinear behavior was detected due to the
less efficient polariton relaxation efficiency. The concept of Bragg polaritons was first
proposed by Ivchenko et al. in 1994 [184]. However, before this thesis work took place,
the precise control of Bragg polaritons and the Bragg polariton nonlinear emission had
not been reported. Hence, the results show a remarkable progress in the development
of the Bragg polariton system.

Outlook
The overall results achieved in this work will significantly contribute to the develop-
ment of practical polariton devices and open the way for the demonstration of many
advanced polariton physics. In this last section the possible directions for future work
are suggested.
It is necessary to insert many QWs inside the ZnSe-based microcavity for the real-
ization of room temperature polaritonic effect. This will provide the opportunity to
achieve polariton lasing as well as condensation and open the possibility to measure the
polariton condensation phase diagram for ZnSe-based microcavites similar to the other
material systems [261, 263–266]. It will also be very interesting to perform the similar
experiments in the Tamm plasmon based structure with a large number of QWs.
The proposed technique of Tamm plasmons and exciton polaritons should be applied
to the microcavity sample to produce laterally confined polariton channels. This will
pave the way for the demonstration of practical exciton-polariton transistors, switches,
logic gates, and polariton integrated circuits.
In order to provide evidence for Bragg polariton lasing the coherence properties of
the lower Bragg polaritons need to be investigated in future experiments. The other
promising direction to favor Bragg polariton condensation is to create spatial trapping.
The techniques that we demonstrated for the realization of large trapping potential
can be applied to the Bragg polariton samples. In this case, structured metal layers or
etched top layer should be fabricated in the existing Bragg samples.
Finally the systems and the trapping methods that we realized can be employed for
other material systems especially the new classes of room temperature excitonic mate-
rials, such as dichalcogenide monolayers and hybrid organic-inorganic perovskites [6],
that are beginning to be explored for polaritonic applications.
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