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ABSTRACT

Efficient light sources in the mid-infrared spectral region are desirable for various
environmental, industrial and biochemical applications. Quantum cascade lasers (QCLs)
facilitate tailorable emission characteristics over a wide wavelength range and provide
reliable high-performance operation. Besides the possibility of on-chip testing and two
dimensional array integration, surface emitting QCLs offer collimated laser beams in-
duced by their large apertures. A detailed understanding of the formation of the light
beam as well as a precise control of the latter is indispensable for most applications. In
the first part of this dissertation, beam modifications of vertically emitting ring QCLs
are designed and successfully implemented. They provide enhanced beam patterns and
make novel applications accessible. Dual distributed feedback gratings with integrated
phase shifts create central lobed far field patterns and simultaneously contain detailed
information about the location and order of the whispering gallery mode propagating
inside the circular resonator. Due to the second order distributed feedback grating, ring
QCLs exhibit bi-directional emission in the surface and substrate directions. A micro-
scopic metamaterial is designed and directly fabricated into the semiconductor substrate
in order to reshape the substrate beam. Based on this approach dielectric on-chip lenses
for light collimation as well as spiral phase structures for orbital angular momentum
beams are realized. The second part of this dissertation broaches the topic of ring QCLs
for spectroscopic sensing applications. Compatibility of these lasers with substrate in-
tegrated hollow waveguides for gas analysis is demonstrated, which represents the first
milestone towards compact sensor systems requiring small sample volumes. Heterodyne
phase-sensitive detection techniques exhibits not only immunity to power fluctuations
but also reveal key insights into the optical and electrical characteristics of ring QCLs.
Finally, an innovative sensing concept is introduced which combines laser and detector
on a single chip. Utilization of two concentric ring-shaped laser/detector units features
mutual commutation and paves the way for ultra-compact sensor systems.
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KURZFASSUNG

Quantenkaskadenlaser sind effiziente Lichtquellen im mittleren Infrarotbereich,
die elektronische Übergänge zwischen Subbändern im Leitungsband zur Lichterzeu-
gung nutzen. Diese Subbänder entstehen durch das schichtweise Auftragen von un-
terschiedlichen Halbleitermaterialien. Die dabei abgestrahlte Wellenlänge des Lichts
kann durch die Schichtdicke variabel gestaltet werden, was diese Laser zu vielseitig
einsetzbaren Instrumenten in unterschiedlichen Bereichen wie Prozess- und Umwelt-
überwachung sowie medizinischer und biochemischer Diagnostik macht. Viele dieser
Anwendungen profitieren dabei von kompakten und gleichzeitig effizienten Lichtquellen.
Ringförmige Quantenkaskadenlaser (Ring QCLs) bestehen aus einem zirkularen Wel-
lenleiter mit einem verteilten Rückkopplungsgitter zweiter Ordnung und gehören somit
zu den Oberflächenemittern. Diese Laserstruktur ermöglicht sogenanntes

”
on-chip test-

ing“ während allen Produktionsschritten und bietet dabei neben der Realisierbarkeit
zweidimensionaler Matrixanordnungen auch den Vorteil großer emittierender Flächen,
die einen kollimierten Laserstrahl erzeugen. Der erste Teil dieser Dissertation setzt sich
zum Ziel diesen Laserstrahl neu zu gestalten um dabei die Leistungsfähigkeit der Laser zu
verbessern sowie neue Anwendungsbereiche zu erschließen. Integrierte Phasensprünge
im Rückkopplungsgitter sorgen für ein zentrales Intensitätsmaximum im Fernfeld des
Lasers. Darüber hinaus ist es möglich mittels dieser Phasensprünge die Lasermode in-
nerhalb des Resonators im Hinblick auf ihren Schwerpunkt sowie ihre Ordnung zu unter-
suchen. Ein neu entwickeltes duales Rückkopplungsgitter spiegelt dabei diese Charakter-
istika der Mode im Lichtstrahl des Lasers wider. Ring QCLs emittieren Licht nicht nur
vertikal nach oben sondern auch nach unten durch das Substrat. Durch eine mikrosko-
pische Strukturierung der Chip-Unterseite ist es gelungen ein vielseitiges Metamaterial
zu entwickeln, das als fokussierende Linse oder als bahndrehimpulserzeugende Spiral-
struktur direkt in den Halbleiterchip eingearbeitet werden kann. Im zweiten Teil dieser
Dissertation werden potentielle Anwendungen von Ring QCLs in der Spektroskopie
aufgezeigt. Durch ihre kompakte Bauweise sind diese Laser ideal zur Integration mit
hohlen Lichtwellenleitern, die gleichzeitig als Gasmesszelle verwendet werden können,
geeignet. Heterodyn-Spektroskopie in Kombination mit Ringlasern im Dauerstrichbe-
trieb bietet nicht nur Immunität gegen Intensitätsschwankungen sondern ermöglicht auch
Einblicke in die optischen und elektrischen Eigenschaften dieser Laser. Im abschließen-
den Kapitel dieser Dissertation wird ein neuartiges Sensorprinzip vorgestellt, das Laser
und Detektor auf einem einzigen Chip vereint. Darüber hinaus ist es durch Verwendung
von zwei konzentrischen Ringstrukturen möglich vertauschbare Emissions- und Detek-
tionseinheiten zu verwirklichen, die den Weg für kompakte Sensorsysteme ebnen.
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CHAPTER 1

INTRODUCTION

The following chapter provides introductory aspects of light-matter interaction and
gives an overview on light sources and detectors. Subsequently, the structure of this
dissertation is described.

1.1 Light-matter interaction and infrared spectroscopy

One of the greatest endeavors of our time is the identification of matter and analysis
of its structure. For this purpose various techniques from different scientific fields have
been developed. One of the most powerful technique is optical spectroscopy exploiting
the unique interaction between light and matter. According to quantum mechanics light
consists of photons possessing the energy

E = hν = ~ω =
hc

λ
(1.1.1)

which is linked with Planck’s constant h, the reduced Planck constant ~, the frequency
ν and wavelength λ of the photon, its angular frequency ω and the speed of light c
via the Planck-Einstein relation [1]. The nature and strength of any given light-matter
interaction strongly depend on the energy of the involved photons. Table 1.1 illustrates
how different photon energies induce diverse effects in matter. Photons with energies

Electromagnetic wave Energy (eV) Wavelength Light-matter interaction

γ-rays > 105 < 10 pm Nuclear disintegration

X-rays 105 - 102 10 pm - 10 nm Ionization of inner electrons

Ultraviolet 102 - 3 10 nm - 400 nm Ionization of outer electrons

Visible 3 - 1.8 400 nm - 700 nm Electronic transitions

Infrared 1.8 - 10−3 0.7µm - 1 mm Molecular vibrations

Microwave 10−3 - 10−6 1 mm - 1 m Molecular rotations

Radio < 10−6 > 1 mm Nuclear spin resonance

Table 1.1: Light-matter interaction classified by means of type of electromagnetic radiation. [2, 3]

higher than 105 eV are associated with γ-rays and provoke nuclear transitions and even
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Introduction Light-matter interaction and infrared spectroscopy

disintegration of atomic nuclei. In the energy range between 105 and roughly 1.8 eV light
interacts mainly with the electrons of atoms. X-ray and ultraviolet photons can ionize
atoms by knocking out inner and outer electrons, respectively. Light in the visible part
of the electromagnetic spectrum causes electronic transitions without ionization of the
atom. For even lower photon energies the significance of electronic transitions declines.
In this part of the electromagnetic spectrum, with energies ranging from 1 − 10−6 eV,
infrared and microwave radiation induces molecular vibrations and rotations. The asso-
ciated frequency of such molecular transitions originates from a discrete dipole alteration
and change of the molecule’s energy [4]. It is directly connected with the energy of the
photon initiating or resulting from this dipole alteration. This is the basic foundation
of molecular spectroscopy. Each molecule exhibits inimitable vibrational and rotational
resonances resulting in a unique spectral pattern on the basis of which an explicit iden-
tification of the molecule is possible. [5, 6]

The simplest model for ro-vibrational transitions is the diatomic molecule which can be
approximated by two masses connected via a spring obeying Hook’s law. The resulting
harmonic oscillation is described by a parabolic potential as given in Fig. 1.1. The

r

n = 0

n = 1

n = 2

n = 3

n = 4

Morse
Harmonic

r0

−EB

0

Internuclear separation r

En
er

gy

Figure 1.1: Morse potential describing molecular energy levels with dissimilar energy separation in con-
trast to the harmonic potential with equidistant levels.

quantized energy levels En = hν(n + 1/2) are equidistant with an energy separation of
∆E = hν, where n is the integer vibrational quantum number. This simplification would
result in a single spectral line and is valid for small energies only [5]. A more realistic
description is given by the Morse potential [7] illustrated in Fig. 1.1. The mathematical
expression of the Morse potential V M(r) and the corresponding quantized energy levels
EM
n are given by

V M(r) = EBe
−2a(r−r0) − 2EBe

−a(r−r0) (1.1.2)

EM
n = hν(n+ 1/2)− h2ν2

4EB
(n+ 1/2)2 (1.1.3)

with the binding energy EB, the distance r between the atoms, the equilibrium distance
r0 and the constant a influencing the width of the potential. In contrast to the harmonic

2



Introduction Infrared light sources and detectors

potential this approach is capable of describing effects like molecular bond breaking,
anharmonic oscillations and unbound states. Furthermore, the strict selection rule of
the harmonic oscillator is weakened and non-zero transition dipole moments can be
realized for ∆ν ≥ 2 which gives rise to overtone bands. Rotation of molecules does
not depend on the atomic mass itself but rather on the mass distribution given by the
moment of inertia. Molecules with N atoms in 3 dimensions exhibit 3N − 3 possible
modes associated with non-translational displacements. In the case of linear molecules, 2
modes are rotational and 3N −5 are vibrational. Non-linear molecules have 3 rotational
and 3N − 6 vibrational degrees of freedom. Even this simple molecular model features
a huge plurality of ro-vibrational resonances resulting in more complex spectra than for
electronic transitions. Hence, these molecular spectra contain more information about
the molecule and enable a distinct identification and characterization. [6, 8]
Figure 1.2 shows calculated molecular absorption spectra for various substances and
illustrates the variety of molecular resonances.

5 10 15
0.0

0.5

1.0
 CH3Cl

 CH4

 CO2

 H2S

 HCOOH
 HI
 N2O

 OCS
 PH3

 CH3CN

 CH3OH

Ab
so

rb
an

ce
 (n

or
m

.)

Wavelength ( m)

Figure 1.2: Normalized absorption spectra for eleven different chemical substances in the spectral range
between 3µm and 18µm. Datasets are retrieved from the HITRAN [9] database.

1.2 Infrared light sources and detectors

According to Tab. 1.1 the photon energy required for performing molecular spec-
troscopy is located in the infrared and microwave region of the electromagnetic spectrum.
Two fundamental types of light sources can be defined: (i) Broadband polychromatic
emitters usually in the form of a black-body source and (ii) narrowband monochromatic
emitters mostly associated with lasers.

3



Introduction Infrared light sources and detectors

1.2.1 Black-body radiators

Planck’s radiation law [10] indicates that all matter with a non-zero temperature emits
light. Spectral characteristics such as the spectral energy density u(ν) of such black-body
emitters obey

u(ν) =
8πhν3

c3

1

ehν/kBT − 1
=̂ u(λ) =

8πhc

λ5

1

ehc/λkBT − 1
(1.2.1)

with the Boltzmann constant kB, implying an explicit dependence on the black-body
temperature T as shown in Fig. 1.3 a). The standard technique for molecular spec-

(a) (b)
Stationary mirror

Detector

Sample

Movable
mirror

Beam splitter

Light
source

T = 5000 K
T = 4000 K
T = 3000 K

0 0.5 1 1.5 2 2.5 3
Wavelength λ (µm)

En
er

gy
de

ns
it

y
u(

λ
)

(a
.u

.)

Figure 1.3: (a) Planck’s radiation law for three different temperatures. As the temperature decreases
the peak value of the energy density is reduced and shifted towards longer wavelengths. (b)
Schematic of the working principle of an FTIR spectrometer.

troscopy using a broadband light source is Fourier transform infrared (FTIR) spec-
troscopy [11] based on the Michelson interferometer [12]. Its working principle is given
in 1.3 b). The light emitted from the black-body source is divided by a beam splitter
and one of the two rays is incident on a fixed mirror while the other ray is reflected by
a moveable mirror. Both rays are combined again at the beam splitter and interfere
with each other before they impinge on the detector. A change in the position of the
moveable mirror directly changes the path length for the second beam. This alters the
phase relation at the detector between both rays and influences the type of interference.
In the symmetric case both paths are equal and a maximum signal for all wavelengths
is measured at the detector due to constructive interference. For a single wavelength,
constructive interference is ensured when the path difference δ = nλ is an integer mul-
tiple of this wavelength. Sweeping of the moveable mirror induces a continuous shift of
δ and results in an oscillatory signal at the detector given by

Iλ(δ) =
I0

2
(1 + cos (2πν̃δ)) (1.2.2)

with the source intensity I0 and the spatial frequency ν̃ = 1/λ. The interferogram
is given by the modulated part in Eq. (1.2.2) without the constant component. For
polychromatic light sources the measured detector signal at each δ-value is given by the
superposition of all wavelengths resulting in the following integral description

S(δ) =

∫ ∞

−∞
I(ν̃)B(ν̃) cos (2πν̃δ) dν̃ (1.2.3)

4



Introduction Infrared light sources and detectors

where I(ν̃) represents the wavelength-dependent emission characteristics of the source
and B(ν̃) takes into account the efficiencies of the beam splitter, the detector and other
involved instruments. Equation (1.2.3) corresponds to the Fourier cosine transform,
which for even functions is the same as the complex Fourier transform. Based on this
idea the spectrum I(ν̃) of the light source can be calculated by means of the Fourier
transform of the interferogram S(δ) as follows

I(ν̃) = B(ν̃)

∫ ∞

−∞
S(δ)ei2πν̃δdδ. (1.2.4)

FTIR spectrometers are widely used in various fields for structural determination. Their
main advantages are the broad spectral coverage and good resolution which is only
limited by the spatial dimension of the instrument. [8, 11]

1.2.2 Coherent sources

In contrast to black-body radiation, laser light is coherent and rather monochromatic.
The high spectral density, narrow linewidth and excellent beam quality of lasers make
them one of the most important light sources ever developed. The acronym “laser”
stands for “light amplification by stimulated emission of radiation”. Based on Albert
Einstein’s theoretical foundation [13] formulated in 1917 and the theoretical work [14]
of Arthur L. Schawlow and Charles H. Towns, the first laser [15] was built by Theodore
H. Maiman in 1960. It emitted in the microwave range and was therefore referred to
as a “maser”. Since then a multitude of different types of lasers have been developed.
While a more detailed description of the physical properties of lasers is given in chapter
2, the emphasis in this section lies in the various possibilities to generate infrared light
using different laser types. The main components of a laser are the optical resonator,
the pump and the gain medium providing discrete energetic levels. Gain media in all
states of aggregation have been realized.

Gas lasers emitting in the infrared include the He-Ne laser at λ = 3.39µm [16] and the
CO2 laser at λ = 9.4µm and λ = 10.4µm [17] commonly used for material processing.
Typically, they provide narrow-band emission with a high spectral purity [18] and use
electrical discharge as a pump source.

In contrast, dye lasers mostly utilize an optically pumped liquid gain medium and
operate in the visible and near-infrared (NIR) [19] spectral region. They exhibit a broad
and tunable gain spectrum which strongly depends on the used organic molecules. This
makes them versatile light sources used in medicine [20] and many other fields.

One of the most prevalent laser types is the solid-state laser. Its solid gain medium is
usually made of an insulating host crystal containing lattice impurities called dopants
which are predominantly rare-earth elements or transition metals. The lasing transition
occurs between atomic energy levels of the dopant. Two of the most famous represen-
tatives of this laser family are the Ti:Sapphire [21] and the Nd:YAG [22] laser, both ca-
pable of emitting in the NIR around λ = 1µm. For longer emission wavelengths around
λ = 2.5µm, various crystal-dopant combinations like Cr2+:ZnSe [23] and Tm3+:YLF [24]
have been realized. By using exotic materials such as praseodymium [25] the maximum
emission wavelength can be pushed to λ = 7µm. One subcategory of solid-state lasers
are tunable fiber lasers in which the active medium is a doped fiber instead of a bulk

5



Introduction Infrared light sources and detectors

crystal. Typical wavelengths for such lasers are between λ = 400 nm and λ = 3µm [26].

Although semiconductor lasers are made of solid matter, they are classified as a sep-
arate laser type. This insinuates their fundamentally different nature compared with
solid-state lasers. Conventional semiconductor lasers, also referred to as laser diodes,
are electrically pumped and emit radiation due to an optical transition of an injected
electron from the conduction to the valence band. These quantized energy levels are
formed due to the crystalline nature of the semiconductor material and critically differ
from the atomic energy levels of the dopants in solid-state lasers. At the end of 1962,
four different groups demonstrated working diode lasers based on GaAs [27, 28, 29] and
GaAsP [30] p-n homojunctions. This kind of semiconductor interface denotes a region
where n-doped and p-doped parts of the same semiconductor coincide. Large electron
and hole densities are necessary in order to stimulate the electron-hole recombination
process and provide lasing [31]. Due to their smooth band alignment such homojunction
lasers suffer from a high threshold current preventing continuous-wave (CW) or room-
temperature operation. The development of semiconductor heterostructures [32, 33, 34]
consisting of dissimilar materials with different band gaps enabled high carrier densities
and paved the way to becoming the most widespread laser in the world [35, 36]. Such
heterostructure diode lasers exhibit low threshold currents and provide CW operation
at room temperature. The direct conversion of electrical current into light enables very
high power efficiencies of more than 70% [37] and facilitates a direct current-induced
modulation of the emitted light [38]. In addition, their high spectral purity, small size
and robustness make them the light source of choice for many applications in various
fields from telecommunications and materials processing to medicine and optical storage
[36]. The emission wavelength of diode lasers is determined by the energetic distance
between the bottom of the conduction and top of the valence bands. This specific mate-
rial parameter is referred to as the band gap. For GaAs the band gap is around 1.48 eV
[39], resulting in an emission wavelength of λ = 840 nm for the first laser diode. Due
to their emission around λ = 1.3µm, InGaAs or InGaAsP diode lasers [40] are widely
used for optical telecommunication. Conventional semiconductor diodes are limited to
an upper CW room-temperature emission wavelength around λ = 2.6µm utilizing the
InGaAs/Sb material system [41]. This emission wavelength corresponds to a band gap
of 0.48 eV. In principle, semiconductor compositions can be fine-tuned in order to create
even smaller band gaps down to zero gap materials which would emit arbitrarily long
wavelengths. However, a reduction of the band gap energy is accompanied by an increase
of non-radiative Auger recombination [42], rendering such lasers impractical. [38, 43, 44]

Nevertheless, there is one class of diode lasers providing emission within a broad wave-
length range in the mid-infrared (MIR) from λ = 3µm to λ = 30µm. These so-called
lead-salt lasers are IV-VI compounds containing several of the few naturally occurring
semiconductors. Due to their non-degenerate band extrema at the L-point, they do not
suffer as much from Auger recombination as conventional III-V semiconductors. Since
their emission wavelength can be easily tuned, most of their applications are in the field
of gas sensing. Despite these promising characteristics, lead salt lasers are still limited to
cryogenic operation. This performance shortcoming is not determined by Auger recom-
bination but by some other non-radiative loss mechanism originating from impurities
or other material properties [45]. This deficient material reliability prevents not only
CW room temperature operation but also greater applications of this laser type. [43, 46]

Still, these light sources dominated the MIR spectral region [47] until the development
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Introduction Structure of this dissertation

of the quantum cascade laser (QCL) [48] in 1994. Their unique way of producing
photons via cascading intersubband transitions within the conduction band facilitates
tailorable laser emission from the MIR to the terahertz (THz) spectral region utilizing
standard and easily manageable semiconductor materials. A more detailed description
of QCLs is provided in section 2.2.

Rather exotic infrared light sources are non-linear sources [49], based on effects like
frequency-mixing and free-electron lasers [50] with an active medium made of fast
electrons in a magnetic field.

1.2.3 Detectors

Numerous possibilities for generating infrared light have been specified. Infrared detec-
tors are essential in order to sense the light emitted by coherent sources or black-body
radiators. Two different detection mechanisms can be identified: (i) Thermal detectors
and (ii) photonic detectors.

The former is sensitive to the absorbed radiation power, which increases the temperature
of the isolated detector element. This temperature change can be measured in the form
of the thermoelectric effect in thermopiles [51], a resistance change in bolometers
[52, 53] or thermal expansion in Golay cells [54].

In contrast, photonic detectors operate upon photon-induced electronic excitations.
These electrons are measured via an electronic readout scheme. Direct band gap
detectors based on materials like mercury-cadmium-telluride (MCT) [55] exploit the
fundamental transition from the valence band to the conduction band. In Schottky
barrier detectors [56] electrons are excited in the metal by incoming photons and
have to escape over the barrier where they can be measured. Similarly, in quantum
well infrared photodetectors (QWIPs) [57, 58] electrons are photo-excited from the
lowest energy level in a quantum well to the next level from where they can overcome the
barrier and contribute to the photocurrent. Recently, quantum cascade detectors
(QCDs) [59, 60] have been developed. As in QCLs, the working principle is based on a
cascading scheme. Compared with QWIPs, each excited electron is not directly injected
into the continuum but rather recycled and guided to the lowest energy level of the next
active quantum well. All of the detectors mentioned above can be used for sensing and
imaging applications. Figure 1.4 shows an infrared image of a black-body radiator, also
referred to as the author of this dissertation, recorded with the FLIR ONE � thermal
imaging camera. [61, 62]

1.3 Structure of this dissertation

In the present dissertation various aspects of the emission beam of ring QCLs as well
as potential sensing applications are outlined. For a successful implementation of these
lasers a profound understanding of the formation of the far field is indispensable. By
gaining this knowledge, modifications of the laser beam can be put into effect and enable
significant performance enhancement. Chapter 2 provides a thorough introduction to
elementary principles of optoelectronic devices. In chapter 3 the working principle of
light extraction in ring QCLs is discussed. On this basis, beam modifications including
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Figure 1.4: Infrared image taken with the FLIR ONE � thermal imaging camera.

the generation of central lobed beams, on-chip light collimation and the creation of
orbital angular momentum beams are introduced. Implementation of ring QCLs in
spectroscopic sensing setups is demonstrated in chapter 4. The latter comprises the first
demonstration of a ring QCL integrated with a hollow waveguide as well as utilization of
such a laser for heterodyne phase-sensitive detection. The final topic in this chapter is a
matter of remote photonic sensing using an innovative on-chip sensor system. Based on
bi-functional quantum cascade heterostructures, surface emitting and detecting sensors
are demonstrated. Chapter 5 provides a conclusion and specifies concepts for potential
future research on ring QCLs.
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CHAPTER 2

OPTOELECTRONIC PRINCIPLES

Electrons in a crystalline lattice form electronic bands. Transitions between the
latter give rise to lasing processes. In this chapter the theoretical foundation for opto-
electronic devices with a focus on intersubband lasers is discussed.

2.1 From crystals to lasers

Free electrons are characterized by energy values according to

E =
~2k2

2m
(2.1.1)

with the reduced Planck constant ~, the electron mass me and the wavevector k.
Electrons in solid matter perceive the potential of the atomic nuclei. In the case of
a crystal, the atoms are arranged in a regular pattern producing a periodic poten-
tial V (r + R) = V (r) for all Bravais lattice vectors R. Bloch’s theorem dictates
that the eigenstates are given by the product of a plane wave with the periodicity
uk(r + R) = uk(r) of the lattice. The wavefunction can then be written as follows

Ψ(r + R) = eikRΨ(r). (2.1.2)

Based on this approach there are several simple concepts describing the energetic levels
or electronic bands in a solid. The approximation of the “quasi-free” electron or “weak
binding” method starts with totally free electrons and adds a weak periodic potential
which slightly modifies the electronic energies. This is treated as a small perturbation
of the initial system of the free electron. Obviously, this approach describes valence
electrons better than core electrons. On the other hand, the “tight binding” method
starts from completely separated atomic sites where the electronic energy levels coincide
with the atomic levels and no coupling between neighboring atoms is existent. When
these atoms are mentally brought closer together, at some point the electron at one
atomic site will perceive the potential of the neighboring atom which will slightly modify
the electronic energies. In the tight binding approach the energy difference between the
raw atomic energy and this modified electronic energy is treated as a small perturbation.
The k ·p method expands the entire band structure on the basis of the k = 0 value. In
the following, these approaches are explained in more detail.
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2.1.1 The quasi-free electron

A general term for the wavefunction is given by a plane wave expansion Ψ(r) =
∑

kCke
ikr

with the expansion coefficients Ck. This leads to the Schrödinger equation in reciprocal
space (

~2k2

2m
− E

)
Ck +

∑

G

VGCk−G = 0 (2.1.3)

with the reciprocal lattice vector G. Equation (2.1.3) connects only these expansion
coefficients whose k-values differ by a reciprocal lattice vector. Since the number of
reciprocal lattice vectors is given by the number of unit cells N , Eq. (2.1.3) represents
N systems of equations. Each of these equations has a solution given by a superpo-
sition of plane waves whose k-values differ only by a reciprocal lattice vector G. The
corresponding wavefunction is given by

Ψk(r) =
∑

G

Ck−Ge
i(k−G)r (2.1.4)

with periodic energy eigenvalues E(k) = E(k + G). Therefore, in the one-dimensional
case the eigenvalues in the first Brillouin zone at k = G/2 are degenerate due to the
overlap of two energy parabolas. In the simplest approximation the wavefunctions are
described by an overlap of the two corresponding plane waves

Ψ± ∝ eiGx/2 ± e−iGx/2. (2.1.5)

The probability density Ψ∗±Ψ± results in a sin2 function for Ψ− and a cos2 for Ψ+.
Electrons with Ψ− are rather located between atomic sites, which is accompanied by
a relative increase of the total energy compared to the traveling plane wave. On the
other hand, electrons with Ψ+ are more likely found at the atomic sites, which reduces
their total energy. In order to quantify the emerging energy gap induced by this band
splitting, the reciprocal Schrödinger equation has to be rewritten as follows(

E − ~2

2m
|k−G|2

)
Ck−G =

∑

G′

VG′−GCk−G′ (2.1.6)

where E0
k−G = (~2/2m) |k−G|2 represents the energy of the free electron. The discrep-

ancy between the free and the quasi-free electron are given by the coefficients Ck−G.
This means that the strongest deviation is expected for |k| ≈ |k−G|, that is at the
Brillouin zone boundary. In a first approximation only the largest coefficients Ck and
Ck−G play a significant role. Equation (2.1.6) then simplifies to the following equation
system (

E − ~2

2m
|k|2
)
Ck = VGCk−G (2.1.7)

(
E − ~2

2m
|k−G|2

)
Ck−G = V−GCk. (2.1.8)

Its solution is given by

E± =
1

2

(
E0

k−G + E0
k

)
±
√

1

4

(
E0

k−G − E0
k

)2
+ |VG|2. (2.1.9)

Directly at the Brillouin zone boundary E0
k−G = E0

k, resulting in the formation of an
energy gap given by

∆E = 2 |VG| (2.1.10)

and schematically illustrated in Fig. 2.1. [63]
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Figure 2.1: Comparison between the energy dispersion of free electrons and electrons in a weak periodic
potential. The energy difference at the Brillouin zone boundary introduces forbidden energy
bands.

2.1.2 Tight binding

For the tight binding approach the Schrödinger equation and its solution are assumed to
be known for the isolated atomic sites. The small perturbation ∆U from the neighboring
potentials can be described by an overlap of all atomic potentials Vat in the form of
∆U(r) =

∑
m Vat(r− rm). The modified Hamiltonian is

H = − ~2

2m
∆ + Vat(r)

︸ ︷︷ ︸
Hat

+∆U(r) (2.1.11)

with the known atomic Hamiltonian Hat. Due to the periodicity of the system, Bloch
waves should solve the corresponding Schrödinger equation. The wavefunction is defined
by

Ψ(r) =
∑

R

eikRφ(r−R) (2.1.12)

with the function φ(r) being close to a stationary atomic wavefunction. This function φ,
on the other hand, is assumed to be well described by a limited number of neighboring
atomic wavefunctions ϕn also referred to as a linear combination of atomic orbitals
(LCAO) as in

φ(r) =
∑

n

bnϕn(r) (2.1.13)

weighed by the coefficients bn. Using the modified Hamiltonian from Eq. (2.1.11) the
Schrödinger equation reads

HΨ(r) = (Hat + ∆U(r)) Ψ(r) = E(k)Ψ(r). (2.1.14)

Multiplication with the atomic wavefunction ϕ∗m and integration over all distances r
yields

(E(k)− Em)

∫

r

ϕ∗m(r)Ψ(r)dr =

∫

r

ϕ∗m(r)∆U(r)Ψ(r)dr (2.1.15)

with the atomic eigenvalue Em. Utilizing Eq. (2.1.12) and (2.1.13) consequently results
in

E(k) = Em +

∑
n bn

∑
R

∫
r
ϕ∗m(r)∆U(r)ϕn(r−R)eikRdr∑

n bn
∑

R

∫
r
ϕ∗m(r)ϕn(r−R)eikRdr

. (2.1.16)
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Due to the orthonormality of the atomic wavefunctions ϕi, the denominator equals 1
for n = m and R = 0. Otherwise, the denominator is zero. Considering the simplest
example, the single atomic s-orbital, the

∑
n runs only over a single atomic site and the

corresponding band structure is given by

E(k) = Es +
∑

R6=0

∫

r

φ∗(r)φ(r−R)∆U(r)eikRdr

︸ ︷︷ ︸
αeikR

+

∫

r

|φ(r)|2 ∆U(r)dr

︸ ︷︷ ︸
β=const.

(2.1.17)

with the energy Es of the atomic s-orbital level and the overlap integral α. For a primitive
cubic lattice the lattice vectors for the nearest neighbors are R = (±a, 0, 0); (0,±a, 0);
(0, 0,±a). This simplifies the electronic band structure to

E(k) = Es + 2α [cos(kxa) + cos(kya) + cos(kza)] + β (2.1.18)

with k = (kx, ky, kz). The function in Eq. (2.1.18) for the electronic s-band in a cubic
lattice is illustrated in Fig. 2.2. The bandwidth of the s-band is determined by the

Tight binding
Free electron

−π
a 0 +π

a

Es + β

Wavevector k along [111]

En
er

gy

12α

Figure 2.2: Electronic s-band in a cubic lattice calculated with the tight binding approach. In the [111]
direction the total bandwidth amounts to 12α.

overlap integral and amounts to 4α in the [100] and 12α in the [111] direction. The
proportionality between bandwidth and overlap integral demonstrates the fundamental
characteristics of the tight binding method. The greater the overlap between the atomic
orbitals, the wider the corresponding bands. For a vanishing overlap the electronic
bands turn to the discrete energy levels of the scenario with completely isolated atomic
sites. Consideration of further atomic orbitals introduces multiple energy bands and a
more complex band structure including possible forbidden energies creating band gaps.
[63, 64]

2.1.3 k · p method and envelope function approximation

One of the most widespread techniques for band structure calculations is the k ·p
method. The latter requires the knowledge of the band structure at k = 0 and ex-
pands the rest of the band structure based on this information. This expansion can
be performed by means of perturbation theory which yields the following second order
energy correction for the conduction band

Ec(k) = Ec(0) +
~2k2

2m0

+
~2

m0

∑

m6=c

|〈uc,0 |k ·p|um,0〉|2
Ec − Em,0

(2.1.19)
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neglecting the spin-orbit coupling. Assuming an isotropic interband matrix element pcv
in combination with a non-directional dependence of the energy on k simplifies this term
to

Ec(k) = Eg +
~2k2

2m0

+
~2k2

m0

|pcv|2
Eg

(2.1.20)

with the band gap energy Eg. In combination with the envelope function approximation
this technique represents a powerful tool for the theoretical analysis of semiconductor
nanostructures. The latter consist of at least two different materials (A and B) forming
quantum wells or barriers due to differing conduction band edges. The envelope function
approximation indicates that the wavefunction

Ψ(r) =
∑

l

fA,Bl uA,Bl,k0
(r). (2.1.21)

can be written as a sum of slowly varying envelope functions fA,Bl . The latter is mod-
ulating the Bloch function and at each point a k ·p analysis yields the corresponding
wavefunction. [65]

2.1.4 Lasers

Depending on the characteristics of the band structure, crystalline materials can be
classified into metals, insulators and semiconductors. All available electrons fill the
electronic band structure starting from the lowest energy till the Fermi energy EF at
which all electrons are used up. Metals exhibit a Fermi energy level intersecting with an
electronic band. Electrons at the Fermi edge can travel along this band which enables
easy electron transport. For insulators and semiconductors the Fermi energy is located
within an energy gap. In order to achieve electronic transport, an electron at the Fermi
edge has to be lifted over the band gap into the next higher band. There the electron
can easily travel along these empty bands. The full bands below the Fermi energy are
referred to as the valence bands and the empty bands above the Fermi level are the
conduction bands. These bands can assume the role of laser levels. Transition rates
between these levels can be characterized by

Rsp
ij = AijNi (2.1.22)

Rin
ij = BijNiu(ν). (2.1.23)

with the Einstein coefficients Aij and Bij for spontaneous and stimulated transitions
from level i to j. The spontaneous transition process does only depend on the Einstein
coefficients and the population density Ni. For stimulated transitions the photon density
u from Eq. (1.2.1) with suitable energies plays a role as well. A detailed description of
the rate equation of a 3-level systems is given in section 2.2. [31, 38, 66]

In semiconductor laser diodes upper and lower laser level are given by the lower edge
of the conduction and upper edge of the valence band, respectively. The pump source
are directly injected charge carriers. These electrons and holes recombine at the pn-
junction, operated in forward bias, and produce monochromatic light. The pn-junction
is an interface between p- and n-doped semiconductor materials. They incorporate im-
purity atoms providing an additional electron for n-doping or hole for p-doping. These
quasi-free charge carriers introduce quasi-Fermi levels EqF near the conduction and va-
lence band edge for electrons and holes, respectively. Stimulated emission takes place
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when an incoming photon faces a higher probability to induce a stimulated transition
from level 2 to 1 than an absorption transition from level 1 to 2. Taking into account
the density of states Di of the initial and final state this results in

Rin
21 > Rab

12 (2.1.24)

⇒ B21f(E2)D2(1− f(E1))D1u > B21f(E1)D1(1− f(E2))D2u. (2.1.25)

with the Fermi function f(Ei). This simplifies to

f(E2)(1− f(E1)) > f(E1)(1− f(E2)) (2.1.26)

⇒ f(E2) > f(E1). (2.1.27)

According to Fermi-Dirac statistics the occupation probability reads

f(E) =
1

1 + e(E−µ)/kBT
(2.1.28)

with the chemical potential µ which is given by the quasi-Fermi levels. As a direct
consequence this yields

EqF2 − EqF1 > E2 − E1 = Eg (2.1.29)

with the band gap energy Eg. Population inversion is reached when the energetic dis-
tance between both quasi-Fermi levels is greater than the band gap energy and the
quasi-Fermi levels lie inside the corresponding bands. This can be realized via doping
and direct injection of carriers. [67, 68]

2.1.5 Quantum confinement

In order to achieve high electron densities in the upper laser level, quantum structures
such as quantum wells are beneficial. Quantum wells consist of a semiconductor material
encompassed by two different semiconductors with a higher band gap energy. Due to
a continuous alignment of the Fermi level both the conduction and valence band form
a quantum well providing a two-dimensional confinement with high carrier densities for
electrons and holes, respectively. Therefore, the wavevectors in the confinement direction
are quantized according to

kz =
nπ

wqw
(2.1.30)

with the integer number n and the well width wqw. With the conduction band edge Ec
the energy of these quantized states is given by

E(k) = Ec +
~2

2m∗

[(
nπ

wqw

)2

+ k2
x + k2

y

]
. (2.1.31)

For each n-value a separate subband is emerging each with a constant density of states
given by m/(π~2wqw). Therefore, less states are available in a given energy range com-
pared with the three-dimensional case. As a result, less injected electrons are necessary
to levitate the quasi-Fermi levels into the corresponding bands and a lower threshold
current is observed in these lasers. [66, 69]
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2.2 Intersubband devices

The most straightforward laser transition in a semiconductor is the one from the
conduction band to the valence band. In theory, long emission wavelengths could be
achieved by a reduction of the corresponding band gap energy. However, due to a
significant rise of non-radiative Auger recombination for decreasing band gap energies,
this approach is not feasible, especially for the required high carrier densities. Besides
lead salt lasers, which face additional problems as described in section 1.2, this fact
demonstrates the necessity for a fundamentally different concept of optical transitions.
Instead of using interband transitions between two different bands, a splitting of one
band into multiple subbands can be exploited for so-called intraband or intersubband
transitions between these subbands. Possible approaches for this band splitting include
the utilization of magnetic fields [70] and quantum wells [71]. Both are associated with
different constraints for the motion of the electron. Magnetic fields initiate a circular
electron trajectory, while quantum wells confine the electron in one dimension. The
generation and amplification of light originating from intraband transitions in such low
dimensional systems was predicted in 1971 by Kazarinov and Suris [72]. It was only
much later that this concept could be experimentally realized by Faist et al. in 1993 in
the form of a unipolar quantum cascade light emitting diode [73, 74] and finally in 1994
in terms of the first quantum cascade laser (QCL) [48]. These devices were based on the
InP/GaInAs/AlInAs material system. Light emitting diodes [75] and QCLs [76] in the
GaAs/AlGaAs material system have been realized in the following years.

2.2.1 Interband vs. intersubband transitions

The fundamental difference between an interband and an intraband or intersubband
laser is sketched in Fig. 2.3 (a). In contrast to interband lasers, the optical transition
in QCLs is not between conduction and valence band but between subbands within the
conduction band formed by multiple quantum well structures. Furthermore, replica-
tions of these quantum wells yield the cascading scheme of QCLs in which an electron
is recycled and travels through multiple quantum well periods. In this way, one elec-
tron ideally emits as many photons as there are periods in the structure. For interband
lasers the emission wavelength is determined by the band gap energy. In contrast, the
emission wavelength of QCLs is not dependent on the band gap but directly determined
by the geometrical dimensions of the quantum wells, i.e. the layer thicknesses of the
semiconductor materials and the difference between their band gap energies. This al-
lows the use of sophisticated and easy to handle wide gap semiconductor materials with
minor Auger recombination. Nevertheless, typical laser thresholds are higher in QCLs
than in band gap lasers. This is due to fast (∝ 1 ps) longitudinal optical (LO) phonon
transitions, which require a huge amount of injected electrons in order to compensate
for the short lifetime of electrons in the upper laser level. Due to the same curvature
of the subbands, QCLs exhibit a sharper joint density of states of the optical transition
than interband lasers. This results in sharp gain spectra and high spectral densities. [46]

Besides the main differences between band gap lasers and QCLs, Fig. 2.3 (b) also shows
two different types of photon-induced intersubband transitions. The vertical transi-
tion scheme exhibits larger transition rates but suffers more from the fast non-radiative
transitions. In the diagonal transition scheme the spatial separation between upper and
lower laser level located in neighboring quantum wells makes population inversion easier.
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Figure 2.3: (a) Comparison between intersubband (top) and interband (bottom) laser transitions. (b)
Schematics of vertical (top) and diagonal (bottom) intersubband transitions.

On the other hand, the reduced wavefunction overlap provides a lower transition rate,
resulting in an increased threshold. Both approaches require good electron confinement
in the upper laser level and short electron lifetimes in the lower laser level. These criteria
can be met by a proper design of the band structure. [77]

2.2.2 Optical transitions

A sketch of the laser levels and the electronic transition channels of a typical 3-level
system is illustrated in Fig. 2.4. The upper laser level 3 is supplied with electrons from
the injector with which it is energetically aligned. For simplicity, the injector is assumed
to consist of only one level with a constant electron population. Electrons are injected
at a constant rate Rinj. On the basis of Eq. (2.1.22) and (2.1.23), this assumption yields
electron rate equations for the upper and lower laser levels as follows

dN3

dt
= Rinj − (A32 + A31 + A3c)︸ ︷︷ ︸

A3

N3 −B32(N3 −N2)u (2.2.1)

dN2

dt
= B32(N3 −N2)u+ A32N3 − A21(N2 −N1). (2.2.2)

An additional scattering channel A3c from level 3 into the continuum is assumed and
the injection rate Rinj = j/e is characterized by the injected current density j and the
elementary charge e of the electron. Thermal backfilling of electrons into the lower
laser state is described by A21N1. In order to connect electron and photon densities,
an additional rate equation for the latter has to be established. The photon flux Fph =
cnNph is given by the product of the photon velocity cn and the photon density Nph.
Consequently, the rate of change of the photon population is calculated according to
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Figure 2.4: Descriptive illustration of the significant electronic transitions in a three level intersubband
laser. The levels are labeled Ni and the injection rate is given by Rinj. Spontaneous and
stimulated transitions between level i and j are indicated by the Einstein coefficients Aij
and Bij , respectively.

Rph = −αcnNph with the losses α. These losses are a combination of the total losses αtot

decreasing the light intensity and the modal gain g∆N = g(N3 − N2), which provides
an increase of the light field. Finally, the photon rate equation reads

Rph =
dNph

dt
= cn (g∆N − αtot)Nph, (2.2.3)

neglecting the coupling of spontaneous emission to the laser mode. Since the generation
of photons is directly connected to the stimulated electron transitions, the term B32(N3−
N2)u in the electronic rate equations (2.2.1) and (2.2.2) can be replaced by gNph∆N .
The threshold of the laser is reached when the total losses equal the modal gain. For
the population inversion this means

∆N = αtot/g. (2.2.4)

Below threshold all photons are absorbed (Nph = 0) and the steady-state solutions of
the rate equations read

0 =
j

e
− A3N3 (2.2.5)

0 = A32N3 − A21(N2 −N1). (2.2.6)

From Eq. (2.2.5) it is obvious that

N3 =
j

A3e
(2.2.7)

which directly connects the upper state population N3 to the lifetime τ3 = 1/A3 and
the pumping current density j. In combination with Eq. (2.2.6) this results in the
population inversion

∆N =
j

A3e

(
1− A32

A21

)
−N1. (2.2.8)

A positive population inversion is the key for lasing operation. From Eq. (2.2.8) it is
obvious that

A21 > A32 (2.2.9)
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and

j > A3e
N1 + ∆N

1− A32/A21

(2.2.10)

in order to achieve lasing. Equation (2.2.9) determines that the relaxation from the
lower laser level to the injector, with a relaxation time of τ21 = 1/A21, should be faster
than the spontaneous relaxation from the upper to the lower laser level. In Eq. (2.2.10)
it is shown that the injected current has to exceed a certain value also referred to as
the threshold current. At threshold the population inversion can be described as in Eq.
(2.2.4) which provides the following threshold current density

jth = A3e
N1 + αtot/g

1− A32/A21

. (2.2.11)

Above threshold the modal gain is assumed to be constant and equal to the total losses,
i.e. g∆N = αtot. The steady state solutions of the electron rate equations then include
a term associated with the photon densities and read

0 = −gNph∆N +
j

e
− A3N3 (2.2.12)

0 = gNph∆N + A32N3 − A21(N2 −N1). (2.2.13)

Equation (2.2.12) can be transformed to

Nph =
j/e− A3N3

g∆N
(2.2.14)

where the photon density is related to the population of the upper laser level. The latter
can be expressed by Eq. (2.2.13) as follows

N3 =
∆N +N1

1− A32/A21

+
gNph∆N

A21 (1− A32/A21)
. (2.2.15)

Inserting Eq. (2.2.15) in Eq. (2.2.14) yields

Nph =
j − jth

eαtot

(
1 + A3

A21(1−A32/A21)

) . (2.2.16)

Above threshold the total photon density is directly proportional to the injected current
density. Equations (2.2.8) and (2.2.16) describe the laser behavior in terms of population
inversion and photon density. These characteristics are illustrated in Fig. 2.5. Below
threshold the population inversion increases linearly with the injection current while the
photon density is zero due to absorption. At threshold modal gain and losses are equal.
All the additional injected carriers above threshold directly contribute to the linearly
increasing photon density. [65]

2.2.3 Selection rule and gain derivation

The probability of intersubband transitions due to an incident light field can be cal-
culated by means of Fermi’s golden rule. A linearly polarized wave is considered. Its
electric field is given by E = E0ε̂ cos (qr− ωt) with the field amplitude E0, the polariza-
tion ε̂ = (ε̂x, ε̂y, ε̂z), the photon wavevector q and the angular frequency ω. Introducing
the vector potential

A =
iE0ε̂

2ω

(
ei(qr−ωt) − e−i(qr−ωt)) (2.2.17)
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Figure 2.5: Population inversion and photon density as a function of the laser current density. Below
threshold the population inversion is building up while no photons are extracted. As soon
as the gain exceeds the losses the population inversion is pinned and the excessive energy is
used for photon generation.

facilitates a description of the electric field according to E = −∂A/∂t. The light matter
interaction of this light wave can be treated as a perturbation of the system and the
final Hamiltonian

H =
p′

2m∗
= H0 +Hint (2.2.18)

is composed of the unperturbed Hamiltonian H0 of the electronic states in absence of
the light field and the interaction Hamiltonian Hint. In Eq. (2.2.18) the momentum p′

is modified by the vector potential and reads p − eA. Assuming a small light induced
perturbation the |A|2 can be neglected and the interaction Hamiltonian is

Hint = − e

2m∗
(A ·p + p ·A) . (2.2.19)

Since the wavelength of the light field λ = 2π/ |q| is in the micrometer range and there-
fore much larger than the characteristic dimension of the semiconductor heterostructure,
i.e. the quantum well width which is on the order of nanometers, the dipole approxima-
tion, neglecting the photon wavevector, can be applied. This simplifies the expression
for the interaction Hamiltonian to

Hint = − eE0

2m∗ω
ε̂p
(
e−iωt − eiωt

)
. (2.2.20)

According to Fermi’s golden rule, the transition probability for an electron to make a
transition from an initial state Ψi to a final state Ψf reads

Wi→f =
2π

~
|〈Ψf |Hint|Ψi〉|2 δ(Ef − Ei ± ~ω) (2.2.21)

=
2π

~
·
e2E2

0

4m∗2ω2

∣∣〈Ψf

∣∣(e−iωt − eiωt
)
ε̂p
∣∣Ψi

〉∣∣2 δ(Ef − Ei ± ~ω). (2.2.22)

The −ω and +ω terms describe the light induced absorption and emission process,
respectively. For the case of stimulated emission Ef = Ei − ~ω. The corresponding
transition probability is given by

Wi→f =
2π

~
·
e2E2

0

4m∗2ω2
|〈Ψf |ε̂p|Ψi〉|2 δ(Ef − Ei + ~ω) (2.2.23)
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and mainly dominated by the momentum matrix element 〈Ψf |ε̂p|Ψi〉. The latter can be
described in terms of a one-band model of the envelope function approximation yielding
a wavefunction of the form

Ψi(r) = ub(r)fs(r) (2.2.24)

fs(r) =
1√
A
eik⊥r⊥χs(z) (2.2.25)

with the periodic part of the Bloch function ub, the wavevector k⊥ and spatial coordinate
r⊥ in the layer plane, the area of these layers A and the envelope function χs(z). The
indices b and s depict the band and subband index, respectively. Using this description
of the wavefunction the momentum matrix element can be expressed by

〈Ψf |ε̂p|Ψi〉 =

∫
u∗b′(r)fs′(r)ε̂pub(r)fs(r)dr (2.2.26)

= δs′s

∫
u∗b′(r)ε̂pub(r)dr

︸ ︷︷ ︸
Interband transition

+ δb′b

∫
fs′(r)ε̂pfs(r)dr

︸ ︷︷ ︸
Intersubband transition

(2.2.27)

with b and b′ being the indices of the initial and final bands. Equivalently, s and s′

are the indices of the initial and final subbands of the transition. As proposed in Eq.
(2.2.27), the matrix element is composed of an interband and an intersubband term.
The former describes transitions between dissimilar band indices b and b′ while for the
latter the band indices are the same and transitions between subbands are specified.
These intersubband transitions are characterized by the matrix element of the envelope
functions which is given by

〈fs′ |ε̂p| fs〉 =
1

A

∫
e−ik⊥r⊥χs′(z) (ε̂xpx + ε̂ypy + ε̂zpz) e

ik⊥r⊥χs(z)dr (2.2.28)

=
1

A

[∫∫
δs′se

−ik⊥r⊥ (ε̂xpx + ε̂ypy) e
ik⊥r⊥dxdy + ...

...+

∫
χs′(z)ε̂zpzχs(z)dz

]
. (2.2.29)

The first term is only non-zero if initial and final subband are the same. It corresponds
to free carrier absorption and is forbidden in a defect-free heterostructure due to the
impossibility of energy and momentum conservation. Consequently, only the second
term contributes to the matrix element and therefore to the transition probability which
can now be written as

Wi→f =
2π

~
·
e2E2

0

4m∗2ω2
ε̂z

2 |〈χf |pz|χi〉|2 δ(Ef − Ei ± ~ω). (2.2.30)

Equation (2.2.30) indicates that only the z-component of the electric field couples to
the intersubband transitions, resulting in the well-known intersubband selection rule for
optical transitions. This selection rule has major impact on intersubband devices since
absorption and emission processes can only occur when the polarization of the light field
is parallel to the growth direction and the propagation direction of the light lies in the
layer plane, i.e. the plane perpendicular to the growth direction. A detailed description
of the implications of this selection rule on intersubband devices is provided in section
2.3.2 for emitters and section 4.3.1 for detectors. [65, 71, 78, 79]
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2.2.4 Electron injection

Optical transition regions in a QCL, often referred to as active regions, are separated by
heterostructure injectors. The latter act as electron reservoirs and deliver electrons from
one active region to the next one. The injector is typically designed to provide a broad
overlap of the wavefunctions, creating a miniband in which the electrons travel to the
lowest injector energy level. From there electrons are commonly injected into the upper
laser level via resonant tunneling. In order to provide high injection efficiencies the
heterostructure is designed such that the wavefunction of the ground state is localized
close to the injection barrier of the next active region. From tight-binding calculations
[72, 80] the following expression for the current density can be derived

j = eNinj
2 |Ω|2 τ⊥

1 + ∆2τ 2
⊥ + 4 |Ω|2 τ3τ⊥

(2.2.31)

where Ninj is the sheet density of the injector, 2~ |Ω| is the energy difference between
the ground state and the upper laser level at the resonance condition, τ3 = 1/A3 is the
upper state lifetime, τ⊥ describes the in-plane relaxation of carriers and ~∆ = Eg−E3 =
ed(F − Fr) is the energetic detuning from this resonance. In the latter formula d is the
spacing between the average center of electron distributions in the ground state and the
upper laser level, F is the mean field over this distance and Fr is the field at resonance.
The term ~∆ is zero for the resonance condition F = Fr and therefore the maximum
attainable current density is given by

jmax = eNinj
2 |Ω|2 τ⊥

1 + 4 |Ω|2 τ3τ⊥
. (2.2.32)

In the weak-coupling regime the relaxation times are much shorter than the inverse
splitting, i.e. 4 |Ω|2 τ⊥τ3 � 1 and the resulting maximum of the current density reads
jweak

max = 2eNinj |Ω|2 τ⊥. The ground state and upper laser level wavefunctions exhibit a
small overlap, which means that the corresponding electron distributions are coupled
weakly and transport is dominated by incoherent scattering processes. Obviously, the
strong coupling regime with 4 |Ω|2 τ⊥τ3 � 1 is desirable for efficient carrier injection.
With 1/Ω being the time required by an electron in the ground state to tunnel into
the upper laser level, the strong-coupling regime is characterized by the fact that this
tunneling time is much shorter than the time constants of the in-plane relaxation process.
The corresponding maximum current density

jstrong
max =

eNinj

2τ3

(2.2.33)

only depends on the upper state lifetime and carrier concentration in the injector and
not on the tunneling rate Ω. This means that the electron injection in QCLs is optimized
when the lifetime of the upper laser levels is the limiting factor for the current flowing
through the laser. In this case a quasi-equilibrium between the ground state the upper
laser level is established and both states exhibit a common quasi-Fermi level across the
injection barrier.

The detailed design of the injector depends on the type of the optical transition, e.g.
vertical or diagonal. In order to operate in the strong-coupling regime large values for
Ω and τ3 are beneficial. For the vertical optical transition a large energy splitting 2~∆
can be achieved by a proper design of the ground state wavefunction or a reduction of
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the barrier thickness between injector ground state and upper laser level. However, a
strong injector will induce non-resonant transitions into the lower laser level reducing the
population inversion and efficiency of the laser. In QCLs with diagonal optical transitions
the relaxation time τ3 is larger by a factor of 2 − 3 compared with vertical transition
QCLs. This is due to the reduced spatial overlap between the wavefunctions of the upper
and lower laser level which also decreases the non-resonant coupling between injector
and lower laser level. The long relaxation time of the upper laser level can cause a
depletion of the injector. The resulting undesirable space-charge effects reduce the gain
and require greater doping densities in the injector compared with vertical transition
QCLs. The latter exhibit the best performance in terms of operation temperature and
output power while the diagonal transition QCLs excel with low threshold currents.
[81, 82, 83]

2.2.5 Active region

In addition to the efficiency of the electron injection, the performance of a QCL is mainly
dominated by the electronic subbands and wavefunctions as well as the corresponding
scattering rates. As shown in Fig. 2.4, the laser transition is accompanied by several
undesirable parasitic current paths. Several QCL active region designs have been de-
veloped in order to reduce the impact of these current paths and provide an optimized
laser performance. The most common designs can be divided into (i) laser transitions
between discrete energy levels within few quantum wells and (ii) transitions between
broad minibands formed by coupling of multiple quantum wells. The simplest design of
the former is the 2-well design providing a fast depletion of the lower laser level through
LO-phonon scattering.

Due to a strong coupling between injector ground state and lower laser level, the 3-well
design was developed. The additional well is located between injector and upper laser
level and reduces the electron leakage from the injector into the lower laser level having a
significant positive effect on the population inversion. Therefore, this design enabled the
first room temperature operation of QCLs [84]. Furthermore, it is better suited for short
wavelengths since it allows the optical transition to span over a large part of a given
conduction band offset compared to other designs. A typical 3-well design is depicted
in Fig. 2.6 (a). It can be realized in the form of a vertical or diagonal laser transition
as illustrated in Fig. 2.3 (b). For the former the additional barrier and well between
injector and upper laser level are rather thin and the optical transition occurs in the
same quantum well providing a large overlap between upper and lower laser level accom-
panied by a great dipole matrix element. On the other hand, for the diagonal transition
upper and lower laser level are located in different quantum wells and are therefore not
in the same point in real space. This is achieved if the additional quantum well and
barrier are rather thick. The laser transition takes place from the ground state of the
heterostructure injector miniband to the lower laser level and the emission wavelength
can be adjusted by the layer thicknesses of the injector close to the active region. The
diagonal transition typically includes an LO phonon emission and has a reduced matrix
element but provides longer scattering times and therefore an easier obtainable popu-
lation inversion compared to the vertical transition scheme. Since the energy difference
between two energy levels in neighboring quantum wells is more sensitive to an applied
bias than between two levels in the same well, diagonal transition QCLs exhibit a strong
emission wavelength dependence on the applied voltage and hence provide a large wave-
length tunability. This so-called voltage-induced quantum-confined Stark-effect is also
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Figure 2.6: (a) Conventional 3-well design of a QCL with a vertical laser transition and depletion of the
lower laser level (E2) via LO phonons. (b) Double phonon design with an additional energy
level (E0̃) creating a double phonon ladder for faster depletion of the lower laser level and
reduced thermal backfilling.

the reason for the observed blue-shift of the emission wavelength with increasing active
region temperature in diagonal transition QCLs. It arises from the higher electric field
required due to the increased threshold current at elevated temperatures and is in di-
rect contrast to the observed red-shift with increasing temperature in vertical transition
QCLs which results from the temperature dependence of the refractive index.

A main weakness of the 3-well design is the relatively slow extraction of electrons from
the active region, i.e. from level n = 1 into the subsequent injector. The accumulation
of charge carriers in level n = 1 gives rise to backscattering from level n = 1 to n = 2,
reducing the population inversion. The solution is a fast electron extraction utilizing 2
consecutive phonon extraction channels as shown in Fig. 2.6 (b). It is realized by an
additional quantum well between level n = 1 and the injector, creating an additional
energy level n = 0̃. The corresponding layer thicknesses are designed such that the
energy of the 2→ 1 and 1→ 0̃ transition equals the LO phonon energy. This is referred
to as the double-phonon resonance design and provides a fast electron extraction via
the double-phonon ladder.

Superlattices, formed by multiple quantum wells, can be used to create optical transi-
tions between broad minibands as shown in Fig. 2.7. Several periodic nm-thick quantum
wells and barriers are forming an artificial crystal, splitting the energy levels into wide
minibands. Similar to the 3-well design, electron injection is ensured via the injector
ground state near the bottom of the upper miniband. The optical transition occurs
from the upper to the lower miniband. This interminiband transition is dominated by
LO phonons and usually accompanied by a large momentum transfer providing typical
lifetimes on the order of ∼ 10 ps. Phonon wavevectors for scattering processes within
the miniband are much smaller and therefore the corresponding lifetimes are typically
< 1 ps. This relationship between inter- and intraminiband scattering rates provides an
inherent population inversion in superlattice active region QCLs. Superlattice designs
based on InP are typically used for wavelengths > 7µm since the broad minibands spare
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Figure 2.7: Original superlattice QCL heterostructure with a continuum-to-continuum design. Optical
transitions occur not between well-defined states but rather between broad minibands which
increases the number of possible transition paths and therefore enhances the gain.
Reprinted with permission from [85]

less energetic space for the laser transition. The broad minibands enable multiple optical
transition paths which results in a broad gain curve, high optical output powers and the
ability to support large currents. The required doping levels are relatively high and the
dopants have to be equally distributed throughout the heterostructure in order to screen
the electric field which would destroy the desirable wavefunction overlap in the super-
lattice. The concomitant losses reduce the performance of superlattice QCLs in terms of
threshold, temperature performance and CW operation. Possible ways for improvement
include doping of the injector while ensuring a flat miniband in a way that the applied
electric field is compensated by the doping-induced electric field. Another approach uses
chirped superlattices to compensate for the applied electric field. In the bound-to-
continuum design the lower laser level is formed by such a chirped superlattice while
the upper laser levels is given by a discrete energy state. [65, 85, 86]

2.2.6 Electronic cascading

One key aspect of QCLs is the cascading nature and the accompanying recycling of
electrons. Ideally, one electron emits as many photons as active regions are present
while passing through the QCL heterostructure. This results in the geometric increase
of the gain with increasing number of periods. Such a linear behavior can be assumed
when the mode profile is almost constant over the stack of active regions. According
to Eq. (2.2.11) an increase of the gain reduces the lasing threshold. This means that
the threshold current density is inversely proportional to the number of active region
periods Np as follows

jth ∼
1

Np

. (2.2.34)

This is in direct contrast to band gap laser diodes for which the threshold increases
linearly with Np [87]. Since after the optical transition in diode lasers the electrons are
lost and not recycled, an increase of the number of periods in the active region requires
more electrons for the optical transition and hence a larger threshold current. [65]
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2.3 Laser resonators

Basic principles of the generation of light in lasers, specifically in intersubband devices,
are discussed in section 2.2. In addition, controlling the light is a key factor in order to
realize an efficient laser. This control manifests itself in form of optical confinement in
all three dimensions as well as optical feedback.

2.3.1 Light in cavities

The refractive index

n = nR + inI (2.3.1)

of a material with nR as its real and nI as its imaginary part, strongly influences an
electromagnetic wave traveling within this material. The corresponding propagation
constant is given by

k = k0

√
εr = k0n (2.3.2)

with the relative permittivity εr. A sinusoidal electric (Ψ = E) or magnetic (Ψ = H)
wave propagating in z-direction can be described by

Ψ(r, t) = Ψ0(x, y)ei(kzz−ωt) (2.3.3)

with the amplitude Ψ0, the z-component of the propagation constant kz = k0n, the
angular frequency ω and the time t. Exploiting Eq. (2.3.1) and (2.3.3) yields

Ψ(r, t) = Ψ0(x, y) · e−k0nIz︸ ︷︷ ︸
Absorption

· eik0nRz︸ ︷︷ ︸
Propagation

· e−iωt︸︷︷︸
Time

. (2.3.4)

The first exponential term in Eq. (2.3.4) describes an exponential decay. Therefore, the
imaginary part of the refractive index is responsible for the absorption in a material. The
second term represents an oscillation which implies that the real part of the refractive
index is associated with light propagation in a medium. The last term describes the
time behavior. The field in a material is often described by the propagation constant
β = k0nR and the attenuation constant α = 2k0nI . Neglecting the time dependence
results in the following representation of the field

Ψ(r) = Ψ0(x, y)e−αz/2 · eiβz. (2.3.5)

In dielectric waveguides and resonators materials with different refractive indices are used
to provide a vertical confinement of the light. The propagation of light through such
a structure is characterized by a “zig-zag”-motion as visualized in Fig. 2.8. The light is
guided within the central guiding layer with refractive index ng, which is surrounded by
the cladding and substrate layer with refractive indices nc and ns, respectively. Due to
basic geometrical conditions the propagation constant is given by

β = kz = ngk0 sin(θ) (2.3.6)

with the angle of incidence θ. A successful propagation of an electromagnetic wave
inside the guide layer is based on total internal reflection at the cladding and substrate
interface. In mathematical terms this means

β ≥ ngk0 sin(θc) = k0ni ; i = c, s (2.3.7)
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Figure 2.8: Simplified light propagation based on total internal reflection in a dielectric waveguide.

with the critical angle θc for total internal reflection.

A detailed analysis of the propagation of an electromagnetic wave traveling inside a
dielectric waveguide requires to solve the wave equation

∇2Ψ = εµ
∂2Ψ

∂t2
=
n2

c2

∂2Ψ

∂t2
(2.3.8)

also referred to as the Helmholtz equation. A suitable ansatz is given by Ψ(r, t) =
Ψ0(r)eiωt which yields the following solution

∇2Ψ + k2
0n

2
iΨ = 0 (2.3.9)

for all three regions i = c, g, s. For a wave propagating in z-direction the field is given
by

Ψ(r, t) = Ψ0(x, y) · e−iβz · eiωt (2.3.10)

and ∇2Ψ simplifies to ∂2Ψ
∂y2
− β2Ψ. The restriction of light propagation in z-direction

only, introduces the following modified wave equation

∂2Ψ

∂y2
+
(
k2

0n
2
i − β2

)
Ψ = 0 ; i = c, g, s. (2.3.11)

Solutions to this wave equation can be classified into two types.
(i) Oscillation: If

k2
yi = k2

0n
2
i − β2 > 0 ; i = c, g, s (2.3.12)

the solution of the wave equation has the form Ψ0(x, y)e±i(k
2
0n

2
i−β2)y which represents an

oscillating field in y-direction.
(ii) Decay: If

k2
yi = k2

0n
2
i − β2 < 0 ; i = c, g, s (2.3.13)
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the solution of the wave equation has the form Ψ0(x, y)e±(k20n
2
i−β2)y which represents an

exponential decay of the field in y-direction. The intention in a dielectric waveguide
is to achieve an oscillating solution in the guiding layer and a decaying solution in the
cladding and substrate layers. These requirements can be mathematically summarized
as

k0ng > β > k0ni ; i = c, s. (2.3.14)

Assuming oscillatory behavior in the guide layer and exponential decay in the cladding
and substrate layer, the corresponding propagation and decay constants in y-direction
are given as follows

kyc =
√
β2 − k2

0n
2
c (2.3.15)

kyg =
√
k2

0n
2
g − β2 (2.3.16)

kys =
√
β2 − k2

0n
2
s. (2.3.17)

The exact solution of the wave equation depends on the orientation of the electromag-
netic wave. In intersubband devices only the transverse-magnetic (TM) field components
are relevant. Therefore, the solution of the wave equation exhibits the form

H(r, t) = Hx(y)eikzzeiωt. (2.3.18)

Equations (2.3.19) - (2.3.21) show the behavior of the in-plane magnetic field (Hx) along
the y-direction in all three layers

Hxc(y) = Hce
−kyc(y−h) (2.3.19)

Hxg(y) = Hg cos(kygy + Φ) (2.3.20)

Hxs(y) = Hse
kys(y+h) (2.3.21)

with the phase shift Φ. The boundary conditions at the two interfaces demand the
continuity of Hx as well as n−2∂Hx/∂y resulting in the following expressions for the
boundary conditions between region a and b

Hxa = Hxb (2.3.22)

1

n2
a

∂Hxa

∂z
=

1

n2
b

∂Hxb

∂z
. (2.3.23)

The continuity of the in-plane field yields

y = +h → Hc = Hg cos(kygh+ Φ) (2.3.24)

y = −h → Hs = Hg cos(−kygh+ Φ) (2.3.25)

and the continuity of the spatial derivative produces the following set of equations

y = +h → −kyc
n2
c

Hc =
−kyg
n2
g

Hg sin(kygh+ Φ) (2.3.26)

y = −h → −kys
n2
s

Hs =
−kyg
n2
g

Hg sin(kygh+ Φ). (2.3.27)
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Combination of Eq. (2.3.24) - (2.3.27) yields the following two solutions of the eigenvalue
equation

tan(kygh+ Φ) =

(
ng
nc

)2

·
kyc
kyg

(2.3.28)

tan(kygh− Φ) =

(
ng
ns

)2

·
kys
kyg

, (2.3.29)

which by applying tan−1 and calculating the sum of both equations results in the final
eigenvalue equation

2kygh = tan−1

[(
ng
nc

)2

·
kyc
kkg

]
+ tan−1

[(
ng
ns

)2

·
kys
kkg

]
(2.3.30)

relating the propagation constants in all three layers with the corresponding refractive
indices and the thickness 2h of the guiding layer.

Figure 2.9 shows the refractive index gradient and the corresponding simulated mode
profile of a typical QCL heterostructure. This simulation uses on-resonant Floquet-

Figure 2.9: Simulated mode distribution in a QCL along the growth direction. Most of the mode
is confined within the active region which is encompassed by the InP substrate and the
InAlAs cladding layer.
Reprinted with permission from [88]

Bloch solutions based on coupled mode theory [89]. As required, the solution of the
wave equation indicates an oscillatory behavior in the active region and an exponential
decay in the cladding and substrate layers. From this behavior it is clear that only part
of the electromagnetic mode is located in the active region of the laser. This portion in
relation to the total mode is defined as the confinement factor

Γ =

∫∫ +h

−h Ψ2(x, y)dxdy
∫∫ +∞
−∞ Ψ2(x, y)dxdy

(2.3.31)
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and depicts the efficiency of the control and confinement of the mode inside the waveg-
uide. Ideally, this confinement factor is close to unity in order to support high gain and
small losses. [65, 90]

In the previous discussion the electromagnetic field was assumed to extend to infinity
in the x-direction. A more realistic approach requires additional lateral confinement
in this direction. Similar as for the y-confinement, the constraints in x-direction can be
achieved by a refractive index gradient. In contrast to the y-confinement which is typi-
cally realized by material growth using techniques like molecular beam epitaxy (MBE) or
metal oxide chemical vapor deposition (MOCVD), the x-confinement is mostly realized
in form of material processing including removal and deposition of material. Optical
confinement in both x- and y-direction creates a two-dimensional channel waveguide as
shown in Fig. 2.10. One possibility to analyze such a waveguide is the effective index

ng

nc

ns

na

neff,1 neff,2 neff,2

y

x

z

Figure 2.10: Sketch of a dielectric channel waveguide. The effective refractive indices neff,i are used in
the effective index approximation.

approximation. It reduces the two-dimensional to a one-dimensional problem through
decomposition of the refractive index environment from Fig. 2.10 into two slab waveg-
uides in x- and y- direction using effective refractive indices neff,i. In QCLs the sidewalls
of the waveguide are typically covered with isolating material below a metal layer for
current injection. This ensures that the electric field vanishes at the sidewalls and the
mode is completely confined inside the active region in horizontal direction. A charac-
teristic mode profile along the lateral dimension is indicated in Fig. 2.11. Again, the
oscillatory behavior in the central part of the waveguide is accompanied by exponential
decays in the adjacent SiN and metal layers. The intensity profiles for the first three
mode numbers indicate that a higher mode number pushes the field closer to the lossy
boundary of the waveguide. This implies that the design of the lateral waveguide struc-
ture, especially the waveguide width, can strongly influence the mode behavior inside
the laser cavity. [90]

As indicated in the previous discussion, the lateral and vertical confinement of light pro-
duces a two-dimensional optical waveguide structure. Along these transversal directions
no extended light propagation occurs and the light intensity is engineered to oscillate
in the active region and show an exponential decay in the surrounding layers. Lon-
gitudinal confinement in such a laser structure is provided by the end-facets of the
waveguide. These facets work as partially reflecting mirrors, which reflect the generated
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Figure 2.11: Lateral mode distribution in a QCL. The intensity distribution of the first three lateral
order modes are depicted.
Reprinted with permission from [88]

light back into the cavity where it is amplified. Mirrors and waveguide together form
the laser cavity. If designed properly, standing waves are formed between the two mirror
facets. Together with the cavity length L, the standing wave condition reads

m
λ

2
= neffL (2.3.32)

with the mode number m and the effective refractive index neff. This implies that only
specific wavelengths given by

λ =
2neffL

m
(2.3.33)

are supported in the cavity. Considering a specific wavelength with a particular mode
number facilitates to express the proximate wavelength as follows

λ+ ∆λ =
2L(neff + ∆n)

m+ ∆m
(2.3.34)

which implicates the dependence of the wavelength on the refractive index and the mode
number. Since for neighboring mode numbers ∆m = 1 and the linear approximation
∂n/∂λ = ∆n/∆λ is valid, the wavelength spacing between adjacent modes yields

∆λ =
2L∆λ (∂n/∂λ)− 2neffL/m

m+ 1
. (2.3.35)

Application of Eq. (2.3.32) and solving for ∆λ results in the free spectral range (FSR)
of the resonator

FSR = |∆λ| = λ2

2L

(
neff − λ

∂n

∂λ

)

︸ ︷︷ ︸
ng

+λ

(2.3.36)
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with the group refractive index ng. For typical laser resonators the length of the res-
onator is much larger than the wavelength, i.e. L� λ. As a consequence of this relation,
the FSR is small compared to the wavelength. Hence, such laser cavities support multi-
mode emission for a given gain spectrum as shown in Fig. 2.12 (a). In contrast, a
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Figure 2.12: Comparison of the optical gain and excited modes in lasers (a) and masers (b). Since the
FSR in masers is on the order of the gain bandwidth, they exhibit inherent single mode
emission. In contrast, lasers provide shorter emission wavelengths which consequently
reduces the FSR relative to the gain. Thus, several modes are situated within the gain
curve and can be excited.

maser (microwave amplification by stimulated emission of radiation) emits at a longer
wavelength, which is comparable to the length of typical resonators, i.e. L ≈ λ. In this
case the FSR is on the order of the wavelength and typically even larger than the width
of the gain spectrum as indicated in Fig. 2.12 (b). Therefore, the longitudinal con-
finement in a maser operating at long wavelengths is sufficient to produce single-mode
emission whereas laser cavities with shorter emission wavelengths naturally support mul-
tiple modes.

These modes travel along the longitudinal direction of the laser and experience three
different processes which all have an effect on the light intensity. These processes are
sketched in Fig. 2.13 in order to illustrate their fundamental principles. According to
Eq. (2.3.4) the intensity I = |Ψ|2 of a light beam depends only on the absorption
component. The generated gain g in a laser is the counterpart of the absorption losses
αw in the waveguide and has to be taken into account. Starting with an initial intensity
I0, the light propagating along the cavity gains a factor of e(g−αw)L. Reflection at the
facets adds the corresponding reflectivity factors R1 and R2. After one full round-trip
the total intensity has to exceed the initial intensity

I0R1R2e
(g−αw)2L ≥ I0 (2.3.37)

in order to provide an amplification of light. This defines the expression for the threshold
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Figure 2.13: Factors affecting the intensity of light propagating in a medium providing gain and losses.
At the facets light is partially reflected according to the reflectivities Ri. During propaga-
tion through the waveguide the light intensity is modified by the factor e(g−αw)L.

gain

gth = αw +
1

2L
ln

(
1

R1R2

)
= αw + αm (2.3.38)

being the required gain to ensure population inversion and light amplification. The right
expression can be interpreted as the mirror losses αm with the reflectivity

R =

(
neff − na
neff + na

)2

(2.3.39)

for normal incidence. [31, 44, 65]

These mirror losses determine the optical output power Pout emitted from the laser.
The internal laser power Pint is composed of the product of the photon flux Fph and the
photon energy hν. According to Eq. (2.2.16) the photon flux can be expressed as

Fph =
j − jth
eαtot

ηiqe (2.3.40)

with the internal quantum efficiency

ηiqe =
1

1 + A3

A21(1−A32/A21)

. (2.3.41)

Using these expressions the internal laser power can be written as

Pint = hν
j − jth
eαtot

ηiqe. (2.3.42)

From this internal power only a portion is coupled out from the laser cavity and repre-
sents the output power of the laser. This fraction is specified by the mirror losses as an
additional factor which results in the following equation for the laser output power

Pout = hν
j − jth
e

·
αm
αtot

ηiqe. (2.3.43)
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By defining the extraction efficiency as

ηee =
αm
αtot

=
αm

αw + αm
(2.3.44)

the output power yields

Pout = hν
j − jth
e

ηeeηiqe. (2.3.45)

The product of extraction efficiency and internal quantum efficiency is often referred
to as the external differential quantum efficiency. From the current derivative of Eq.
(2.3.45) the slope efficiency can be extracted as

dPout

dj
=
hνηeeηiqe

e
. (2.3.46)

It represents the slope of the photon density curve in Fig. 2.5. [65, 85]

2.3.2 Optical feedback

Longitudinal confinement of light selects discrete wavelengths from the continuous gain
spectrum of the laser medium. Due to the round trip condition these wavelengths are
separated by the free spectral range and all other wavelengths are attenuated. However,
the selection of only one specific spectral mode requires additional optical feedback
which can be realized in form of distributed feedback (DFB) or an external diffraction
grating. For DFB gratings a periodic modulation of the effective refractive index serves
as the optical feedback mechanism. [65]

A popular approach for solving such a system is the transfer matrix method. It
emanates from a simple rectangular modulation of the effective refractive index shown
in Fig. 2.14 (a). Furthermore, it relates forward (Ψf

y0
) and reverse (Ψr

y0
) propagating

waves. According to Fig. 2.14 (a) and in dependence on Eq. (2.3.10) the magnetic field
for TM-polarization in the regions a and b can be written as

Hxa(x, y, z) = Hf
x0a

(x, y)e−iβaz +Hr
x0a

(x, y)e+iβaz (2.3.47)

Hxb(x, y, z) = Hf
x0b

(x, y)e−iβbz +Hr
x0b

(x, y)e+iβbz. (2.3.48)

Utilization of the boundary conditions given in Eq. (2.3.22) and (2.3.23) yields

Hf
x0a

+Hr
x0a

= Hf
x0b

+Hr
x0b

(2.3.49)

−iβa
n2
a

(
Hf
x0a
−Hr

x0a

)
=
−iβb
n2
b

(
Hf
x0b
−Hr

x0b

)
. (2.3.50)

Inserting Eq. (2.3.49) in (2.3.50) and vice versa produces the solution of this system of
equations which can be depicted in matrix form as follows

(
Hf
x0a

Hr
x0a

)
=

(
d− d+

d+ d−

)

︸ ︷︷ ︸
Dab

(
Hf
x0b

Hr
x0b

)
(2.3.51)

with

d± =
βan

2
b ± βbn2

a

2βan2
b

(2.3.52)
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Figure 2.14: (a) Schematic of a refractive index modulation with sharp interfaces between two different
materials indicated by a and b. (b) At each interface an incoming electromagnetic wave is
partially reflected. For the Bragg wavelength reflected waves interfere constructively with
waves reflected from preceding and following interfaces resulting in two counter-propagating
waves. (c) Relative amplitude of left and right traveling waves in a conventional ridge
waveguide.

where Dab is the transfer matrix describing the field transformations at an a/b interface.
In a uniform region in a or b the corresponding transfer matrix assumes the form

Fj =

(
e−iβjΛj 0

0 e+iβjΛj

)
; j = a, b (2.3.53)

representing a forward and reverse traveling wave in region a or b without any discon-
tinuities. The grating period Λ = Λa + Λb is the combined length of region a and b. A
simple multiplication of the matrices D and F results in the total transfer matrix

Ta = FaDab (2.3.54)

Tb = FbDba (2.3.55)

for the corresponding region including the upcoming interface. In a periodic structure
Ta and Tb are alternating and the transfer matrix per period is given by

Tp = TaTb. (2.3.56)
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The transfer matrix of the full structure consisting of m periods is then

Tmp =

(
T1 T2

T3 T4

)m

=

(
T1Um−1 − Um−2 T2Um−1

T3Um−1 T4Um−1 − Um−2

)
(2.3.57)

with the Chebyshev polynomial [91]

Um =
sinh(m+ 1)εΛ

sinh(εΛ)
(2.3.58)

of the second kind of the order of m and

cosh(εΛ) =
T1 + T4

2
. (2.3.59)

Solving the Tmp matrix with Chebyshev polynomials is only feasible for shallow grating
corrugations implying that det(Tp) = 1. [92, 93]

Although, the transfer matrix method delivers useful results, it lacks the ability to
describe the physics of the system. Kogelnik and Shank published their coupled-wave
theory [94] in 1972, which provides the theoretical groundwork for DFB optical systems
and gives insights into the fundamental physics of such devices. As indicated in Fig.
2.14 (b) a wave traveling in a cavity with periodically modulated effective refractive
index gets partially reflected at each a/b interface. Waves reflected from consecutive
interfaces will constructively interfere if they fulfill the Bragg condition

mDFBλB = 2Λneff (2.3.60)

with the Bragg wavelength λB and the Bragg order mDFB [95]. This interference condi-
tion represents the wavelength-selective mechanism of DFB gratings. According to Eq.
(2.3.6) the propagation constant for a wave traveling in z-direction is

β = k =
ω

c0

n = ω
√
µε (2.3.61)

with the permeability µ = µ0µr = µ0 and the permittivity ε = ε0εr. In a lossy medium
the permittivity is complex and assumes the shape ε = ε′(1 − iσ/ωε′) with the con-
ductivity σ. By using this complex permittivity the propagation constant transforms
to

β2 =
ω2

c2
0

ε′r − iωµσ. (2.3.62)

The modulation of the effective refractive index

n =
√
ε′r = n0 + n1

(
eiKz+−iKz

2

)
(2.3.63)

comes along with a similar modulation of the conductivity

σ = σ0 + σ1

(
eiKz+−iKz

2

)
(2.3.64)

with the grating vector K. Inserting both modulation terms into Eq. (2.3.62) yields

β2 =
ω2

c2
0

n2
0 − iωµσ0 +

[
4
ω2n0n1

c2
0

− 2iωµσ1

]
·

(
eiKz+−iKz

2

)
. (2.3.65)
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The average propagation constant can be defined as β0 = ωn0/c0, the average losses are
denoted by α = µc0σ0/2n0 and the loss amplitude is given by α1 = µc0σ1/2n0. These
substitutions simplify the formula of the propagation constant to

β2 = β2
0 − 2iβ0α + 2β0

[
πn1

λ0

− iα1

2

]

︸ ︷︷ ︸
κ

·

(
eiKz+−iKz

2

)
(2.3.66)

with the coupling constant κ and the vacuum wavelength λ0 = 2πn0/ω. Figure 2.14
(b) indicates that in general an infinite number of reflections occur in a medium with
periodic perturbations. In the coupled-wave theory by Kogelnik and Shank only two
waves are taken into account and all others are neglected due to phase asynchronism
and a significantly reduced amplitude around the Bragg frequency. These two counter-
propagating waves are labeled R and S. The coupling constant κ defines the amount of
the backward scattered light and is therefore a measure of the coupling strength and
specifies the optical feedback from R to S and vice versa. The field in the cavity with
these two counter-propagating waves is described by

Ψ(z) = R(z)e−iρz + S(z)e−i%z (2.3.67)

with the propagation constants ρ and % fulfilling the condition % = ρ−K. Inserting the
wave from Eq. (2.3.67) into the corresponding wave equation

∂2

∂z2
Ψ + β2Ψ = 0, (2.3.68)

neglecting the second derivatives and grouping all terms according to their exponent
generates the following equation

e−iρz
(
−2iρR′ − ρ2R + β2

0R− 2iαβ0R + 2κβ0S
)

︸ ︷︷ ︸
!
=0

+ ...

...+ e−i%z
(
−2i%S ′ − %2S + β2

0S − 2iαβ0S + 2κβ0R
)

︸ ︷︷ ︸
!
=0

+ ...

...+ 2κβ0Re
−i(ρ+K)z

︸ ︷︷ ︸
neglect

+ 2κβ0Se
−i(%−K)z

︸ ︷︷ ︸
neglect

= 0 (2.3.69)

where R′ and S ′ denote the first derivatives of R and S, respectively. Waves emitted in
the directions ρ+K and %−K are neglected which consequently requires that the labeled
terms are zero. This condition in combination with the approximation ρ/β0 = −%/β0 ≈
1, which is valid near the Bragg frequency, generates the coupled-wave equations

−R′ + (−α− iδ)R = iκS (2.3.70)

+S ′ + (−α− iδ)S = iκR (2.3.71)

with the normalized frequency parameter

δ =
β2

0 − ρ2

2β0

=
β2

0 − %2

2β0

≈ β0 − βB (2.3.72)

and βB = K/2. The general Ansatz for the coupled-wave equations is

R = r1e
γz + r2e

−γz (2.3.73)

S = s1e
γz + s2e

−γz (2.3.74)
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with the amplitude coefficients r1,2 and s1,2 and the complex propagation constant γ.
From the first coupled-wave equation the following two equations

(−γ − α− iδ)r1 = iκs1 (2.3.75)

(γ − α− iδ)r2 = iκs2 (2.3.76)

can be extracted by grouping all terms with the same exponent. In the same manner

(γ − α− iδ)s1 = iκr1 (2.3.77)

(−γ − α− iδ)s2 = iκr2 (2.3.78)

can be derived from the second coupled-wave equation. Combination of Eq. (2.3.75)
and (2.3.77) finally results in the dispersion relation of the coupled-wave system

γ2 = κ2 + (α + iδ)2. (2.3.79)

The definition of the coupling constant in Eq. (2.3.66) indicates two different regimes
for the type of coupling. In the index coupling regime the coupling constant is real
and the structure exhibits a modulation of the refractive index only, i.e. α1 = 0 and
n1 6= 0. In this case κ = πn1/λ0. In the gain coupling regime the situation is
reverse. The coupling constant κ = −iα1/2 is imaginary and the structure possesses
only a modulation of the gain, i.e. α1 6= 0 and n1 = 0. A schematic visualization of
the dispersion relation is given in the dispersion diagram in Fig. 2.15 (a) and (b) for
index and gain coupling, respectively. This dispersion diagram shows the normalized
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Figure 2.15: Dispersion diagram for index (a) and gain coupling (b) for different gain-coupling ratios
ζ = α/ |κ| according to coupled wave theory of DFB lasers. Index coupling exhibits a stop
band centered at the Bragg wavelength. Gain coupling allows all frequencies but features
a gap in the propagation constant.

imaginary part of the complex propagation constant as a function of the normalized
frequency parameter which is a measure for the deviation of the light frequency from the
Bragg frequency. Both graphs depict the dispersion relation for different gain-coupling
ratios ζ with α = ζ|κ|. For a gain-free structure (ζ = 0) the dispersion diagrams show
a characteristic behavior. In the index coupling regime a stop band is forming in the
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frequency domain. It is centered at the Bragg frequency δ = 0 and exhibits a width of
2κ. Within the stop band no light propagation is possible and the cavity modes will
develop at the edges of the stop band. In contrast, gain coupling creates a gap in the
Im{γ}-axis. This implies forbidden values for the propagation constant but ensures a
continuous dispersion relation in the frequency domain. Therefore, light propagation at
the Bragg wavelength is possible. In order to solve the coupled-wave equations certain
symmetries and boundary conditions have to be exploited. The symmetry of the device
is illustrated in 2.14 (c) and predicts symmetric Ψ(−z) = Ψ(z) and antisymmetric
Ψ(−z) = −Ψ(z) solutions. They can be summarized by

r1 = ±s2 (2.3.80)

r2 = ±s1 (2.3.81)

where the “+” solution corresponds to the symmetric and the “−” solution to the
asymmetric case. In combination with the boundary conditions

R

(
−L

2

)
= S

(
L

2

)
= 0 (2.3.82)

the asymmetric case yields the following ratios between the amplitude coefficients

r1

r2

=
s2

s1

= −eγL (2.3.83)

as well as the following expressions for the complex amplitudes

R = r1

(
eγL − e−γ(L+z)

)
(2.3.84)

S = s1

(
eγL − eγ(L−z)) . (2.3.85)

Considering the ratio between R and S reveals

R

S
=

r1

s1

·
eγz − e−γ(L+z)

eγL − eγ(L−z) . (2.3.86)

By exploiting

r1

s1

= eγL =
eγL/2

e−γL/2
, (2.3.87)

Eq. (2.3.86) can be rewritten as

R

S
=

1
2

(
eγ(z+L/2) − e−γ(z+L/2)

)
1
2

(eγ(z+L/2) − eγ(z−L/2))
. (2.3.88)

Applying the definition of the hyperbolic sine results in the final field distribution of the
DFB modes

R = sinh

[
γ

(
z +

L

2

)]
(2.3.89)

S = ± sinh

[
γ

(
z − L

2

)]
. (2.3.90)
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The minus-sign in Eq. (2.3.90) originates from the symmetric case. Plugging this field
solutions into the coupled-wave equations (2.3.70) and (2.3.71) and using the addition
theorem for hyperbolic functions provides the following two formulas

−γ cosh(γz) cosh(γL/2)− γ sinh(γz) sinh(γL/2) + ...

...+ (−α− iδ) sinh(γz) cosh(γL/2) + (−α− iδ) cosh(γz) sinh(γL/2) = ...

... = ±iκ (sinh(γz) cosh(γL/2)− cosh(γz) sinh(γL/2)) (2.3.91)

γ cosh(γz) cosh(γL/2)− γ sinh(γz) sinh(γL/2) + ...

...+ (−α− iδ) sinh(γz) cosh(γL/2)− (−α− iδ) cosh(γz) sinh(γL/2) = ...

... = ±iκ (sinh(γz) cosh(γL/2) + cosh(γz) sinh(γL/2)) . (2.3.92)

Sum and difference of Eq. (2.3.91) and (2.3.92) results in

−γ sinh(γL/2) + (−α− iδ) cosh(γL/2) = ±iκ cosh(γL/2) (2.3.93)

and

γ cosh(γL/2)− (−α− iδ) sinh(γL/2) = ±iκ sinh(γL/2), (2.3.94)

respectively. In a similar manner the sum and difference of Eq. (2.3.93) and (2.3.94) in
combination with the Euler identity yield

(−α− iδ)− γ = ±iκe−γL (2.3.95)

(−α− iδ) + γ = ±iκeγL (2.3.96)

which is an alternative representation of the dispersion relation in Eq. (2.3.79). Subtrac-
tion of these two equations results in the transcendental equation of the coupled-wave
formalism

γ = ±iκ sinh(γL). (2.3.97)

Inserting this transcendental equation in Eq. (2.3.95) or (2.3.96) yields

(α + iδ) = γ coth(γL). (2.3.98)

The latter equation indicates that for every complex propagation constant γ there is
a defined set of parameters composed of a gain constant α and a resonant frequency
coefficient δ. Utilizing the substitutions Ξ = −(αL + iδL), κL = κL, γL = γL =√

Ξ2 + κ2
L it is possible to rewrite Eq. (2.3.98) in a normalized form as

Ξ sinh(γL)− γL cosh(γL) = Υ = 0. (2.3.99)

The mode spectra in Fig. 2.16 illustrate the numerical solutions for this problem and
show the value of Υ on a logarithmic scale for different sets of α and δ which are repre-
sented by Ξ. Values of Υ close to zero indicate a solution of the transcendental equation.
In Fig. 2.16 (a) the case for index coupling with a real coupling constant is illustrated.
As expected from the previous analysis a stop band is forming around the Bragg fre-
quency and no mode propagation is feasible. The width of this stop band increases
with the coupling constant. Just outside the stop band the first resonances are evident.
All other resonances farther away from the stop band have an increased threshold gain
which suggests that the modes near the stop band will lase first. On the other hand, gain
coupling with an imaginary coupling constant is shown in Fig. 2.16 (b). Since no stop
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Figure 2.16: Calculated mode spectra for (a) index coupling, (b) gain coupling and (c) complex coupling.
The value of Υ is calculated for several normalized threshold gain values αL and frequency
detuning parameters δL and plotted on a logarithmic scale. Small values are indicated
according to the color bar and represent solutions for Eq. (2.3.99). For index coupling
the coupling constant κL = 5L is real and a clear stop band is forming. In contrast, a
Bragg mode is appearing in the gain coupling case with an imaginary coupling constant
κL = i5L. The complex coupling situation is calculated with κL = 5L + i5L. The length
of the device is set to L = 0.2 cm.

band is existent a resonance can be found exactly at the Bragg frequency. This mode
exhibits the lowest threshold gain compared to the outer modes. In real devices typi-
cally a mixture between index and gain coupling occurs. The latter is also referred to as
complex coupling. In such a case the coupling constant γ is a complex number and the
mode spectra are not symmetric as shown in Fig. 2.16 (c). The degree of the asymme-
try as well as the deviation of the central mode from the Bragg frequency is determined
by the specific values of the real and imaginary part of the coupling constant. [89, 94, 96]

The first DFB QCL [97] was demonstrated by Faist et al. in 1997. Two laser structures
showed room-temperature operation and provided tunable single-mode emission around
5.36µm and 7.8µm.
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CHAPTER 3

BEAM SHAPING

Light emission in QCLs can be realized in a variety of different ways. The very first
QCLs were based on the simple Fabry-Pérot resonator geometry. As discussed in section
2.3.1 the light is confined in growth direction and in the lateral dimension by the het-
erostructure and refractive index gradient. In addition, cleaving this structure creates
mirror-like facets providing longitudinal confinement. This cuboid-like configuration is
often referred to as a laser ridge. Typically, the reflectivities of the facets are suitable
to provide sufficient reflection back into the laser cavity and at the same time ensure
significant light outcoupling. Modifications of this conventional laser geometry can lead
to a tremendous performance improvement of the device. A DFB grating [97] is capable
of selecting and amplifying one specific lasing mode and at the same time attenuate
all the other modes in the gain spectrum. In a master oscillator power amplifier con-
figuration [98, 99, 100] the wavelength selection process occurs in the master oscillator
section and the amplification process takes place in the power amplifier section of a two-
section QCL device. In this way higher order modes can be suppressed and watt-level
output powers are feasible while maintaining the single-mode character of a DFB laser.
Such a suppression of higher order waveguide modes can also be accomplished by tilting
the emitting facet [101] of the QCL ridge which results in higher output powers and
improved emission beams [102]. Collimation of the far field profile of QCLs has been
demonstrated using plasmonic antennas [103, 104] directly fabricated on the edge of the
semiconductor chip near the emitting facet. A rather unconventional laser geometry is
the QCL microdisk [105] with a circular resonator. The absence of facets facilitates low
lasing thresholds due to the lack of mirror losses.

A fundamentally different approach for light emission in QCLs is represented by ver-
tically emitting lasers. In contrast to the in-plane emission of previously discussed
edge emitting QCLs, such devices exhibit light emission perpendicular to the surface
plane of the semiconductor chip. These kind of lasers offer several advantages like the
possibility for on-chip testing and two-dimensional array integration. Furthermore, the
relatively large output aperture produces an emission beam with a rather small diver-
gence angle. Due to the intersubband selection rule, discussed in section 2.2.3, a vertical
cavity surface emitting design is not feasible for QCLs [106, 107]. Hence, different tech-
niques for surface emission in QCLs have to be applied. The first vertically emitting
QCL [108] was demonstrated by Hofstetter et al. in 1999 utilizing a second order DFB
grating. The latter provides optical feedback in the in-plane dimension and at the same
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time vertical light outcoupling due to Bragg diffraction [109]. By applying spatially
separated first and second order DFB gratings [110], a deterministic mode selection can
be achieved and the latter serves solely as a light extractor. Photonic crystal QCLs
[111, 112, 113] utilize artificial periodic structures in order to achieve optical feedback
as well as surface emission. Recently, it was shown that controlled vertical emission
is possible without any periodicity. Such random medium QCLs [114, 115] exhibit a
fortuitous mode formation and can produce collimated beam profiles. Circular metal
DFB grating structures [116] and graded photonic heterostructures [117] enable efficient
wave engineering in QCLs. Figure 3.1 depicts an overview of several edge emitting and
surface emitting QCL concepts.

(a) (b) (c)

(d) (e) (f)

Figure 3.1: Overview of different QCL cavities applying various light extraction techniques for in-plane
(top row) and surface emission (bottom row). (a) Tilted front facet. (b) Microdisk laser.
(c) Plasmonic antennas. (d) Photonic quasi-crystal. (e) Second order DFB grating. (f)
Random laser.
Reprinted with permission from [102, 105, 106, 113, 115, 118]

Ring QCLs are composed of a circular resonator with a second order DFB grating on
top. A scanning electron microscope (SEM) image as well as a sketch of these lasers is
provided in Fig. 3.2 (a) and (b), respectively. Ring QCLs were demonstrated in 2008

(a) (b)

α
0◦

90◦ 270◦

180◦

200 µm

Figure 3.2: SEM image (a) and sketch (b) of a ring QCL featuring a circular waveguide with a second
order DFB grating for vertical light emission.
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by Mujagić et al. [119, 120] showing surface emission and single-mode operation with
a collimated beam profile. These desirable characteristics initiated intensive research
activities in the field. Shortly after the demonstration of the first ring QCL in the
wavelength region around 4µm, the first THz ring QCLs [121, 122] and microdisks [123]
around 94µm were realized. Within the next two years operation at elevated tempera-
tures [124] as well as high optical output powers [125] utilizing buried heterostructures
were accomplished. Mutual coherent coupling of ring QCLs [126] indicated a phase-
locking mechanism in these devices for the first time. The demonstration of a 4x4 array
[127] consisting of 16 ring QCLs with different emission wavelengths exemplified the
feasibility of two-dimensional integration and paved the way for the utilization of such
ring lasers in spectroscopic sensing applications.

3.1 Light extraction

In the following a detailed description of the second order DFB grating utilized in ring
QCLs is given. This discussion will lead to the matter of fact that these ring lasers
exhibit vertical emission from the surface in upward direction and simultaneously from
the substrate in downward direction. Several implications are evident and explored
in the subsequent sections. The topics and findings discussed from section 3.2 to 3.7
deal mainly with surface emission but can in general also be transferred or adapted for
substrate emission. In contrast, sections 3.8 to 3.10 are explicitly devoted to substrate
emission and potential beam modifications of the latter.

3.1.1 Second order distributed feedback grating

Light outcoupling in ring QCLs is ensured by a second order DFB grating. It provides
wavelength selective optical feedback in the horizontal plane of the cavity and refracts
the light, traveling inside this cavity, by 90◦ in vertical direction. This characteristic
behavior of DFB gratings is depicted in the Bragg condition

λB =
2Λneff

mDFB

(3.1.1)

with the Bragg wavelength λB, the grating period Λ, the effective refractive index neff

and the order number of the DFB grating mDFB. The grating equation for two different
media with refractive indices ni and no is

Λ [ni sin(αi) + no sin(αo)] = mdiffλB (3.1.2)

with the angles αi and αo to the grating normal of the incoming and outgoing waves,
respectively. The diffraction order is given by mdiff. In a DFB laser the incoming wave
is perpendicular to the grating normal with αi = 90◦. Furthermore, the corresponding
refractive index equals the effective refractive index of the laser medium. In the case of
surface emission, the outgoing light is propagating in air and no = 1 while for substrate
emission no = neff. Combination of Eq. (3.1.1) and (3.1.2) provides an explicit expression
for the emission angle

αo = arcsin

[
neff

no

(
2mdiff

mDFB

− 1

)]
(3.1.3)
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of the outgoing wave. For a first order DFB grating mDFB = 1 and Eq. (3.1.3) shows
that the only solution is αo = ±90◦ with mdiff = 1 and no = neff. On the other hand a
second order DFB grating allows more than one diffraction order. Since mDFB = 2, Eq.
(3.1.3) can have solutions in the first and second diffraction order. The former provides
the trivial solution α0 = arcsin(0) = 0◦ ± 180◦. Due to the fact that this result is
independent of no, surface and substrate emission occur exactly in the vertical direction.
In the second diffraction order the only solution is αo = ±90◦. Hence, the first diffraction
order in a second order DFB grating copes with the task of vertical light emission while
the second diffraction order is responsible for the optical feedback. Figures 3.3 (a) - (d)
show grating vector plots for several DFB grating orders. Higher order DFB gratings

Figure 3.3: Grating vector plots for a (a) first order, (b) second order, (c) third order and (d) detuned
grating. K denotes the grating vector and kc indicates the light’s wavevector.
Reprinted with permission from [128]

and especially detuned gratings can exhibit oblique emission directions in combination
with a suppression of the surface emission.

3.1.2 Mode characteristics

It is obvious that in a second order DFB laser two complementary modes can be gener-
ated [129, 130]. For TM-polarization the electric and magnetic field distributions for the
symmetric (a) and antisymmetric (b) mode are illustrated in Fig. 3.4. In the symmetric
case the magnetic field lobes of the Hx component are at the locations of the grating
tooths and slits. Consequently, the electric field Ey exhibits negative and positive max-
ima of the field strength at the edges of the grating slits. This arrangement creates a
dipole moment within the slit and facilitates light emission in the vertical direction. The
latter is indicated by the electric field lobe of the Ez component in the slit center. On the
other hand the antisymmetric mode shows precisely the inverse behavior. The magnetic
field is located at the slit edges while the electric field features a maximum intensity at
the slit and tooth positions. In contrast to the symmetric mode alignment the generated
dipole moments in each slit are of opposite sign and cancel each other out. Hence, the
antisymmetric mode is non-radiating in vertical direction. Theoretical investigations
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Symmetric mode Antisymmetric mode

H

Ey

Ez

Figure 3.4: Field distribution of the symmetric and antisymmetric DFB mode. The shaded areas indi-
cate the grating teeth. In a straight DFB laser only the symmetric mode provides vertical
light emission which consequently is accompanied by additional surface losses.
Reprinted with permission from [131]

[129] reveal that the antisymmetric mode in an infinite length laser exhibits the lowest
losses and is therefore the first mode to lase. Considering a metallic grating the losses
of the antisymmetric mode are given by αametal. For the symmetric mode the total losses
αsmetal + αssurf include the surface losses representing vertical emission of light. As a con-
sequence, the infinite second order DFB laser provides no surface emission. However, in
lasers with a finite length the reflecting facets break the grating symmetry and induce a
superposition of antisymmetric and symmetric mode [131] with slowly varying envelope
functions. Especially for high reflectivity facets the antisymmetric mode can be forced
to zero at the facets. This implies that the symmetric mode is more prominent at the
edges of the device and results in surface emission from the outer parts of a straight
second order DFB laser. Due to the different sign of the polarization in the left and
right part of the device, the far field of such a laser exhibits two lobes with a central
intensity minimum [131, 132]. It is possible to compensate for this minimum by using a
central grating π phase shift [133, 134, 135]. The latter flips the polarization of the left
part of the device with reference to the right part and provides a single lobe emission
beam. Such desirable far fields are achievable with quite different techniques as well.
Graded photonic heterostructures [117] and DFB double slit configurations [136] repre-
sent valid approaches for achieving single lobe emission patterns. Introducing significant
losses for the antisymmetric mode facilitates to suppress the latter and favor the sym-
metric mode [137, 138, 139, 140]. In this approach the losses of the antisymmetric mode
αametal > αsmetal + αssurf are higher than the losses of its symmetric counterpart.

Circular laser structures like rings and disks do not feature any facets. Therefore, the
symmetry of the DFB grating is unbroken and no superposition of antisymmetric and
symmetric mode occurs. Nevertheless, surface emission in these structures has been
experimentally demonstrated [119]. Different mechanisms can be identified in order to
explain this behavior. Assuming the antisymmetric mode exhibits the lowest losses and
is the lasing mode, the field vectors at one grating slit are sketched in Fig. 3.5. The cur-
vature of the waveguide introduces an angle between neighboring vectors of the magnetic
field [123] resulting in a non-zero magnetic field component Ht in tangential direction
within the waveguide. This implies a radially polarized emission beam. However, as
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Ey

Ht

H H

Figure 3.5: Field vectors of the antisymmetric mode in a circular cavity. Due to the bending of the
waveguide, vector addition of the magnetic field vectors at the slit/tooth interfaces results
in a finite tangential component of the magnetic field. Thus, surface emission is feasible.
However, this vector configuration implies radial polarization of the emitted beam which is
not the case for ring QCLs.

shown in Fig. 3.6, near field investigations of ring QCLs clearly demonstrate tangen-
tial polarization for these devices. These experiments suggest a symmetric lasing mode.
Assuming the symmetric mode is responsible for the surface emission in ring QCLs, the

E
E E

Figure 3.6: Near field images of a ring QCL obtained in a setup with a lens collimating the laser light
onto a bolometer camera. Furthermore, a wire grid polarizer is placed between lens and
bolometer in order to investigate the origin of both polarization components. The arrows
denote the transmitted component of the electric field. From this study the tangential
polarization of ring QCLs is evident.

dipole moment created by the electric field components Ey facilitates light emission in
vertical direction and results in an overall tangential polarization of the emission beam.
A rigorous analysis determining the type of the lasing mode in ring QCLs is subject of
current investigations.

3.1.3 Surface and substrate emission

Facet emitting QCLs typically emit from both cleaved facets in two opposite direc-
tions. In a similar manner vertically emitting ring QCLs provide light outcoupling in
the upward and downward direction, i.e. surface and substrate emission, respectively.
A promising advantage of substrate emitting QCLs [141] is the potential performance
improvement in conjunction with enhanced thermal dissipation. Substrate emitting ring
QCLs provide continuous-wave (CW) operation in higher order modes [142] and ex-
hibit a varying ratio between the output power of the surface and substrate emission
depending on the grating duty-cycle [143]. Figure 3.7 (a) shows SEM images of six dif-
ferent DFB gratings on ring QCLs with different grating duty-cycles ranging from 14%
to 83%. These devices were investigated in terms of spectral performance and optical
output power. It was found that all ring QCLs provided single-mode operation at the
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(a) (b)

Figure 3.7: Emitted output power for the surface and substrate emission for different grating duty-cycles.
(a) SEM images of the realized grating duty-cycles ranging from 14% to 83%. (b) Ratio
between surface and substrate emission. The inset indicates the absolute power measured for
both emission directions. The dashed curves account for the absorption within the substrate
and reflections at the substrate-air interface.
Reprinted with permission from [143]

same wavelength. The analysis of the output power for surface and substrate emission
is depicted in Fig. 3.7 (b). It shows the substrate-to-surface emission ratio as a function
of the grating duty-cycle. It is striking that up to 60% duty-cycle the substrate emis-
sion exhibits a higher output power. Considering absorption within the 200µm thick
substrate as well as reflection at the semiconductor-air interface, the substrate emission
is actually stronger for all tested duty-cycles. These findings suggest that the preferred
emission direction of second order DFB gratings in ring QCLs is through the substrate.
A maximum in optical output power for the surface emission if found at 72% and for the
substrate emission at 56% which is in good agreement with simulations of a infinitely
long DFB waveguide [143].

The insight that the DFB grating of ring QCLs can be tailored to promote substrate
emission as well as the fact that the latter facilitates a manifold of opportunities for beam
shaping by means of micro-manipulation of the bottom side of the chip makes substrate
emission one of the most interesting features of ring QCLs. A detailed discussion of
such modifications of the emission beam is provided in the sections 3.8 to 3.10. Prior to
that, fundamental principles and beam shaping approaches for the surface emission are
reviewed in the following sections.

3.2 Far field pattern

Combination of a circular resonator with a vertically emitting DFB grating facilitates
an extraordinary laser beam based on unique interference mechanisms. They can be best
described in terms of principles adapted from Fourier optics. A Fourier transform [144] is
the expansion of a function into complex harmonics. In optics this describes the segmen-
tation of light into plane waves with different propagation directions. The independent
generation and manipulation of these plane waves as well as their superposition is the
key aspect of Fourier optics. An extended two-dimensional object in the object plane is
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composed of a multitude of points each weighed by an object function o(x′, y′). Each of
these points is a source for a plane wave. Every single point in the observation plane
is composed by the phase-sensitive integration of all components from the object plane.
All points in the observation plane establish the corresponding field distribution

f(x, y) =

∫∫ +∞

−∞
o(x′, y′)δ(x− x′, y − y′)dx′dy′ (3.2.1)

with the delta function δ(x). Considering that all points are sources for plane waves,
the delta function can be replaced by spherical waves in

f(x, y) =

∫∫ +∞

−∞
o(x′, y′)

1

r
einkrdx′dy′. (3.2.2)

In the far field approximation 1/r ≈ 1/z assuming propagation in z-direction. Therefore,
the spatial coordinate r can be written as r =

√
z2 + (x′ − x)2 + (y′ − y)2. Since the

far field approximation also specifies
√

1 + x ≈ 1 + x/2, the field distribution in the
observation plane yields

f(x, y) =
1

z
eink(z+(x2+y2)/2z)

︸ ︷︷ ︸
A

∫∫ +∞

−∞
o(x′, y′) eink(x

′2+y′2)/2z︸ ︷︷ ︸
≈1

e−ink(y′y+x′x)/zdx′dy′.(3.2.3)

The first exponential term in the integral equals 1 in the far field approximation. Uti-
lization of k = 2π/λ and the spatial frequencies νx = x/zλ and νy = y/zλ provides the
final expression of the field distribution in the observation plane

f(νx, νy) = A

∫∫ +∞

−∞
o(x′, y′)e−i2πn(x′νx+y′νy)dx′dy′ (3.2.4)

=̂ F (o(x′, y′)) (3.2.5)

which corresponds to the Fourier transform of the object function. [67, 145, 146]

In the same manner the field distribution in the observation plane, i.e. the far field,
of a ring QCL can be calculated. Typical geometric parameters of these lasers are an
outer diameter of 400µm and a waveguide width of 10µm. Light emission is provided
by the DFB grating with a width in the range between 6µm and 8µm. In Fig. 3.8 (a)
the object functions of such a ring QCL are shown. Vertical and horizontal polarization
components are calculated separately in order to ensure phase-dependent relationships
between different parts of the ring. The angular near field amplitudes of both compo-
nents are given by

AVNF = sin(θ) (3.2.6)

AHNF = cos(θ). (3.2.7)

It is evident that the emitting area is defined by the DFB grating on top of the waveguide
and that the light intensity is uniformly distributed over the ring. According to Eq.
(3.2.5) the far field of this laser can be calculated by a simple two-dimensional Fourier
transform. Therefore, the intensity distribution of the emitted beam amounts to

IFF = IVFF + IHFF =
∣∣F2D

(
AVNF

)∣∣2 +
∣∣F2D

(
AHNF

)∣∣2 . (3.2.8)

Each polarization component is displayed in Fig. 3.8 (b). The far field pattern exhibits
concentric intensity rings originating from interference effects and a central intensity
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Figure 3.8: Near field object functions for both polarization components and corresponding simulated
far fields. Due to the circular nature of ring QCLs the emitted electric field vectors from
opposing sides of the ring exhibit an antiparallel orientation. This results in the inversely
phased object functions and induces a central intensity minimum in the far fields. The latter
represent the 2D Fourier transform of the corresponding object functions.
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Figure 3.9: (a) Cross section of the far field simulation based on a 2D Fourier transform of the near
field object function. The inset illustrates the orientation of the emitted electric field vec-
tors along the ring. Opposing sides exhibit an antiparallel orientation creating the central
intensity minimum. (b) Comparison between experimentally obtained normalized far fields
from a facet emitting Fabry-Pérot and a surface emitting ring QCL with similar geometrical
dimensions. The latter provides a collimated laser beam. (c) The comparison of simulated
and measured two dimensional far field patterns shows a very good agreement between the-
ory and experiment. The inset illustrates a three dimensional representation of a measured
beam emitted from a ring QCL.

minimum. Investigation of the far field’s cross section, as indicated in Fig. 3.9 (a),
enables a more profound understanding of the formation of the far field. Similar to the
double-slit experiment the emission beam of ring QCLs consists of distinct interference
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fringes. However, the latter displays an inherent intensity minimum in the center of the
beam which is in contrast to the traditional double-slit experiment. The reason for this
phenomenon can be found in the circular cavity structure of ring QCLs. The central
intensity peak in the double-slit experiment originates from constructive interference
between two rays with identical phase. In ring QCLs the phase of light emitted from
opposing sides of the ring possesses indeed the same phase but the emitted electric field
vector is rotated by 180◦ as sketched in the inset of Fig. 3.9 (a). This bears comparison
with a phase shift of exactly π and induces the central intensity minimum. The fringe
separation for a given wavelength is determined by the diameter of the ring and the
envelop function is influenced by the width of the emitting ring structure, i.e. the width
of the DFB grating. It is worthwhile noticing that the cross section of the far field pat-
tern for a two-dimensional ring emitter is different compared to the diffraction pattern
of a one-dimensional double-slit. In the two-dimensional case the field distribution is
composed by the integral over all contributions from the object plane. This includes by
far more plane wave contributions as in the one-dimensional case which in turn strongly
influences the far field pattern. As a consequence of the large emitting area of ring QCLs
their light beam exhibits a smaller divergence as in edge emitting Fabry-Pérot lasers.
Figure 3.9 (b) shows a comparison between the far field of a surface emitting ring QCL
with a FWHM of ∼ 3◦ and an edge emitting Fabry-Pérot laser with a FWHM of ∼ 60◦.

The previous theoretical discussion of the emission beam of ring QCLs certainly needs
experimental validation. Figure 3.9 (c) depicts the good agreement between calculated
and an experimental far field patterns. The inset provides a three-dimensional represen-
tation of the measured far field. The latter was recorded with a liquid-nitrogen cooled
mercury-cadmium-telluride (MCT) photodetector with a detector element size of 1 mm2

on an x-y translational stage. The laser was operated in pulsed mode with a pulse
length of 100 ns and a repetition rate of 5 kHz. If not otherwise indicated all far field
measurements in this dissertation were conducted with these parameters.

3.3 Polarization control

Optical feedback for single-mode surface emission in ring QCLs is provided by the
second order DFB grating. In the course of light outcoupling the DFB grating influ-
ences the polarization of the light. The inset of Fig. 3.9 (a) illustrates the tangential
orientation of the emitted electric field vector. This feature of ring QCLs is verified
by the polarization dependent near field measurements in Fig. 3.6. Even ring QCLs
operating on higher order modes show a clear tangential polarization [125] in the near
field. Control of the polarization of the emitted light is a key factor for potential per-
formance improvements and beam optimizations. In a first step the inherent tangential
polarization feature of ring QCLs is modified. Therefore, the radially aligned grating
slits are tilted by a specific angle αt as shown in the SEM image and the sketch in Fig.
3.10 (a) and (b), respectively. Without loss of generality the orientation of the grating
slit tilt is in the counter clockwise direction with reference to the center of each grat-
ing slit. Since a change of the grating duty-cycle has a significant effect on the optical
output power, as shown in section 3.1.3, comparable results for different values of αt
require an adaptation of the slit width according to st = s · cos (αt) in order to ensure
a constant effective slit width seff. In the present study four different tilt angles from
αt = 0◦ to αt = 30◦ were realized. Due to the still existing rotational symmetry, all
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Figure 3.10: SEM image (a) and sketch (b) of a DFB grating with tilted grating slits. In order to
provide a constant grating duty-cycle for different tilt angles αt the absolute width of the
slits has to be adapted.
Reprinted with permission from [147]

lasers exhibit the conventional far field pattern presented in Fig. 3.9 (c). Although
these emission beams resemble non-modified light beams, they carry exceptional char-
acteristics in the polarization domain. In Fig. 3.11 (a) these features are revealed by
means of polarization dependent measurements. An external wire grid polarizer with a

(a) (b)

Figure 3.11: (a) Horizontal polarization component of far fields emitted from ring QCLs with different
grating tilt angles ranging from 0◦ to 30◦. The rotation of the far field pattern indicates a
shift of the origin of horizontally polarized light. Hence, the emitted light carries a finite
radial polarization component. (b) Light-current (LI) curves measured for all four tilt
angles in (a). An increase of αt is accompanied by a reduced output power. The inset
shows the corresponding spectra.
Reprinted with permission from [147]

vertical orientation of the wires was placed between the laser and the MCT detector.
Thus, only horizontally polarized light reaches the detector. In conventional ring QCLs
this light is generated at the top and bottom of the ring as shown in Fig. 3.6, i.e. at 0◦

and 180◦ according to Fig. 3.2 (b). The experimental far fields in Fig. 3.11 (a) show
modifications of the conventional polarization characteristics for tilt angles αt > 0◦. The
regions of horizontal light emission are shifted in clockwise direction. The larger the tilt
angle the greater the shift. In order to quantify this rotation of the far field pattern the
vertical symmetry axis of the conventional far field (αt = 0◦) is indicated by the green
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line. With reference to the center of the far field the blue line represents a rotation of
αt. Comparison of the blue axis with the corresponding underlying far field shows a
good agreement and suggests that the far field rotation is given by the tilt angle αt of
the grating slits. As a consequence the emitted polarization in ring QCLs is always per-
pendicular to the grating slits. For non-metallic gratings is was shown that this is not a
compulsory condition. In a system with several DFB ridge lasers and a perpendicularly
oriented collector waveguide this enabled coupling of light with the polarization vector
parallel to the grating slits and consequential TE-polarized emission from the facet [148]
of the collector waveguide. In ring QCLs with a metallic DFB grating any reorientation
of the slits entails a corresponding alteration of the emitted polarization of the emitted
electromagnetic field. For the presented laser devices this implies that their emission
beams are not purely tangentially polarized but exhibit a specific degree of sin(αt) of
radial polarization. The ring laser with αt = 30◦ exhibits a rather noisy far field which
can be seen as a result of the lower output power indicated in the light-current (LI)
curves in Fig. 3.11 (b). In contrast, the devices with the two smallest tilt angles exhibit
rather high and comparable output powers. The inset in Fig. 3.11 (b) contains the
measured spectra of all four lasers. While the lasers with αt = 0◦, 10◦ and 20◦ emit
at exactly the same wavelength, the αt = 30◦ laser emits at a neighboring mode. The
correlation between increasing tilt angle and decreasing output power can be attributed
to a perturbation of the lasing mode and concurrent suboptimal coupling of the DFB
grating resulting in a reduction of the emitted output power. [147]

3.4 Integrated phase shifts

Far field patterns emitted by ring QCLs feature characteristic concentric intensity
rings and exhibit a distinct inherent intensity minimum in the center of the beam. As
discussed in section 3.2 and illustrated in Fig. 3.9 this minimum originates from the cur-
vature of the circular resonator and the accompanying rotation of the emitted electric
field vector. The latter corresponds to a phase shift providing an anti-parallel orienta-
tion of electric field vectors from opposing sides of the ring. In the far field this results
in destructive interference and a central intensity minimum. It is comparable to the
double-lobe emission beams from straight second order DFB QCLs [89, 106, 107]. Many
applications, however, require as much intensity as possible in the center of the laser
beam. For straight surface emitting QCLs a central grating phase shift [131, 132] can
be exploited to alter the polarization in the left part of the device with reference to the
right part. For QCLs with a DFB phase shift of π, single-lobe far field patterns are
obtained in a similar manner as in band gap lasers [133, 134, 135].

A similar approach can be utilized for ring QCLs in order to generate a central intensity
maximum in the laser beam. Figure 3.12 (a) contains a SEM image of a ring QCL with
two π phase shifts in the DFB grating. In contrast to straight DFB QCLs with only
one phase shift, ring QCLs require the implementation of two grating phase shifts which
is due to their circular geometry. These phase shifts are realized in the form of two
adjacent grating teeth as shown in the inset of Fig. 3.12. They are located at the top
and bottom of the ring with an angular distance of 180◦. The functional principle of
the π phase shifts is demonstrated in Fig. 3.12 (b). On the left side the DFB grating
on top of the fundamental mode of the electric field Ey of a conventional ring QCL is
depicted. The arrows indicate the momentary orientation of the emitted electric field

54



Beam shaping Integrated phase shifts

(b)

Figure 3.12: (a) SEM image of a ring QCL with two integrated π phase shifts in the grating. The inset
shows a magnified image of the phase shifts. (b) Sketch of the location of the out-of-plane
electric field mode relative to the DFB grating for a conventional and a π phase shift
ring QCL. The arrows denote the emitted polarization vectors. The phase shifts induce a
rotation of the field vectors on one side of the ring which results in a parallel orientation
of the vectors emitted from the left and right side of the ring.
Reprinted with permission from [149, 150]

vector. The resulting anti-parallel orientation of the polarization produces destructive
interference. On the right side the DFB grating and mode profile of a π phase shift ring
QCLs are shown. In contrast to the SEM image in (a) the phase shift is achieved by
means of two adjacent grating slits. In any case, it is found that the type of π shift
does not influence the performance of the ring QCL. Since the DFB grating provides
the same feedback mechanism as in a conventional ring QCL, the mode pattern stays
unchanged. However, due to the phase shift of the grating, opposing sides of the ring
exhibit a parallel orientation of the emitted polarization vector. In the far field this leads
to constructive interference in the beam center. For the simulation of the corresponding
far field the near field amplitudes of the vertical and horizontal polarization are given
by

AVNF = |sin(θ)| , (3.4.1)

(3.4.2)

and

AHNF =

{
cos(θ), if 0◦ < θ < 180◦

cos(θ − 180◦), if 180◦ < θ < 360◦
(3.4.3)

respectively. Figure 3.13 provides the two dimensional near field object functions (a),
the near field amplitudes as a function of the angular position on the ring (b) as well as
a false color plot (c) of experimentally determined near fields for vertical and horizontal
polarization. All parts of Fig. 3.13 clearly display the π phase shifts at θ = 0◦ and
θ = 180◦. In the experimental near field of the horizontal polarization a sharp intensity
drop at the location of the phase shifts is evident. This can be attributed to local
destructive interference of light. Based on the near field object functions in Fig. 3.13
(a) far field simulations were conducted. These theoretical results are shown together
with the experimental data in Fig. 3.14. Each graph consists of a left and right part,
representing the simulated and measured far field patterns, respectively. The entire
emission beam is provided in Fig. 3.14 (a) and exhibits a clear central intensity maximum
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Figure 3.13: (a) Two dimensional near field object functions for a π phase shift ring QCL. Due to two
phase shifts at the top and bottom of the ring, opposing sides exhibit the same phase. (b)
Electric field amplitude as a function of the spatial coordinate θ along the ring. The phase
shifts are located at θ = 0◦ and θ = 180◦. (c) Experimentally obtained false color near
field images showing a good agreement with the object functions in (a). The near field
clearly shows dark spots at the locations of the phase shifts.
Reprinted with permission from [149]

Figure 3.14: (a) Comparison between simulated and measured far field of a π phase shift ring QCL.
The phase shifts generate a central intensity maximum. Along the axis going through
both phase shifts the far field exhibits negligible intensity except for the central lobe. (b)
and (c) indicate the far field’s horizontal and vertical polarization component, respectively.
This analysis shows that the central lobe of the far field is exclusively formed by vertical
polarization.
Reprinted with permission from [149]

as expected from previous theoretical considerations. The outer intensity lobes exhibit
a circular shape except for the top and bottom of the far field corresponding to the
locations of the π phase shifts. Overall an excellent agreement between theory and
experiment is observed. This statement also holds for the horizontally and vertically
polarized parts in 3.14 (b) and (c), respectively. While the latter possesses a central
maximum as well, the horizontal polarization yields an X-shaped far field with almost
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no intensity in the center. Therefore, the central intensity lobe with a full-width-at-
half-maximum (FWHM) of 1◦ along the y-axis and 0.8◦ along the x-axis is exclusively
produced by vertically polarized light. According to Eq. (3.2.8) the entire emission beam
is composed of the superposition of the horizontally and vertically polarized far fields.
Further insight into the principles of grating phase shifts can be obtained by an analysis
of intensity cross sections. Intensity profiles along the x- and y-axis are shown in Fig.
3.15 (a) and (b), respectively. They demonstrate the quantitative agreement between
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Figure 3.15: Comparison between far field cross sections along the azimuthal (a) and polar (b) far field
coordinate. Blue curves indicate far fields emitted by π phase shift ring QCLs while red
curves represent conventional far fields. The dashed curves show the simulated far field
cross sections. This comparison demonstrates that the application of π shifts in the grating
exchanges the locations of intensity minima and maxima between conventional and π shift
lasers.

experiment and theory. Along the x-axis the π phase shift laser exhibits intensity maxima
where conventional ring QCLs possess minima and vice versa. Hence, π phase shifts
provide an intensity-flip-mechanism not only for the central part but almost for the
entire beam. Along the y-axis the phase shifts induce a lack of light intensity and
produce a nearly single-lobe far field pattern exhibiting a strong suppression of the
interference fringes. This investigation of π phase shifts in ring QCLs not only provides
enhanced output beams but also confirms the theoretical approach to understand the
light emission mechanism in these lasers. [149]

3.5 Alignment of waveguide and grating

Integrated phase shifts in a DFB grating are capable of breaking the symmetry of the
DFB grating and providing central lobe emission beams due to constructive interference.
Similar features of the far field have been theoretically observed for DFB gratings with
a spatially separated center point with reference to the waveguide [122]. In Fig. 3.16 a
linear shift of Λ/4 of the grating is illustrated. The latter breaks the symmetry of the
grating and induces a superposition of symmetric and antisymmetric mode. In addition
it constitutes a chirped grating [130, 151] with a varying effective grating period along
the perimeter of the ring, assuming the relocation of the grating does not influence the
propagation path of the mode. This produces a spatially dependent relative phase shift
between grating and mode as depicted in Fig. 3.17 (a). It varies continuously between
+π/2 and −π/2 which is equivalent to the Λ/4 offset of the grating. The corresponding
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No phase shift
Linear

grating shift

Figure 3.16: The location of the out-of-plane electric field mode relative to the grating in a conventional
ring QCLs is compared to the situation in which the DFB grating exhibits a linear shift in
a specific direction. For a shift to the left the situation along the horizontal axis does not
change significantly whereas a phase shift of π is evident between the top and bottom of
the ring.

Figure 3.17: (a) Theoretical near field amplitude and continuously varying grating phase shift with
respect to the mode of a linearly shifted DFB grating ring QCL along the azimuthal
coordinate. (b) Spectrum of the laser showing single mode emission. The inset shows a
near field image of a laser with a linear grating shift. Contrary to the varying near field
amplitude in (a) the ring exhibits steady light emission along the perimeter of the ring.
Reprinted with permission from [147]

near field amplitude, generated by this phase shift, exhibits maxima at ϕ = 90◦ and
ϕ = 270◦ and null values for ϕ = 0◦ and ϕ = 180◦. The latter imply a reduced light
outcoupling. Figure 3.17 (b) provides the recorded spectrum of this laser. The single
mode behavior eliminates the possibility of an overlap effect by two lasing modes. Hence,
the near field intensity pattern shown in the inset can be attributed to a single mode.
A constant intensity distribution along ϕ is evident. At first glance this observation is
inconsistent with the near field amplitude given in Fig. 3.17 (a) which would possess
darker areas and a significantly varying near field intensity distribution.

In order to clarify these results the experimentally determined far field is investigated
in Fig. 3.18. It exhibits a central intensity maximum as a consequence of construc-
tive interference. Furthermore, the far field pattern consists of concentric interference
rings and displays a distinct circular symmetry with a constant intensity distribution
along the azimuthal direction ϕ as observed for the near field. This is in contrast to far
field simulations using a double slit configuration which showed an asymmetric intensity
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Figure 3.18: Comparison between calculated and experimentally obtained far field patterns for a ring
QCL featuring a linear shift of the grating. The far field is rotationally symmetric and ex-
hibits a central intensity maximum. For the calculation of the far field a stepwise rotation
of the near field amplitude in Fig. 3.17 (a) along ϕ was assumed. Such a rotation provides
rotational symmetry while the inherent phase shift introduces the central intensity maxi-
mum.
Reprinted with permission from [147]

distribution of the beam [122]. The inset in Fig. 3.18 shows a SEM image of a DFB
grating section with an off-centered grating with respect to the waveguide. The red lines
mark the location of the grating which is shifted to the left compared to the waveguide
indicated by the green lines. A precise adjustment between grating and waveguide is
ensured by a simultaneous exposure using electron beam lithography. By comparing π
phase shift gratings with off-centered gratings in ring QCLs, the central intensity maxi-
mum can be identified as the most striking similarity. However, this maximum possesses
different polarization characteristics in both cases. While the π shift laser produces a
linearly polarized central lobe, Fig. 3.19 demonstrates that the central intensity maxi-
mum of an off-centered DFB ring QCL is composed of all polarization components. Six
far fields are shown which correspond to the dashed square in Fig. 3.18. Every far field
is measured with a different orientation of an external wire grid polarizer placed between
laser and MCT detector. The orientation of the transmitted electric field is indicated
by the white arrow in each subgraph. Here again, the characteristic tangential polariza-
tion behavior of ring QCLs is demonstrated. In addition, every polarization component
features a distinct central lobe. Hence, the central intensity maximum is formed by all
polarization components originating from the entire ring. It is worth noticing that for
different polarization components the central intensity lobe is rotating round the center
of the beam indicated by the black cross-hair. Polarization vectors are always tangential
in a ring QCL and constructive interference implies a parallel orientation of these vec-
tors for opposing sides of the ring. These conditions can only be realized with a grating
phase shift somewhere on the ring. In turn, a phase shift would appear as an area with
a reduced light intensity. However, experimental data shows that the ring exhibits a
continuous light distribution in the near and far field as shown in Fig. 3.17 (b) and 3.18,
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Figure 3.19: Central far field recorded with different orientations of a wire grid polarizer placed be-
tween the laser and the MCT detector. The white arrows denote the orientation of the
transmitted polarization. The central maximum is existent for every polarization direction
which suggests a parallel orientation of opposing field vectors for the entire ring. This
configuration suggests a non-static case with a time-dependent behavior of the mode.
Reprinted with permission from [147]

respectively.

These matters of fact suggest a time-dependent behavior of the mode inside the wave-
guide. More precisely, the demonstrated characteristics of a ring QCL with an off-
centered grating can be explained by a mode motion in azimuthal, i.e. tangential direc-
tion. In this way, the location of the chirp-induced continuous phase shift varies along
ϕ. Time integrating near and far field measurements like in Fig. 3.17 (b) and 3.18 are
not capable of detecting such a behavior and the resulting summation over all possible
orientations of the mode provides the experimentally measured rotationally symmetric
beam profile. The calculation of such a far field is based on a continuous shift of the
near field amplitude from Fig. 3.17 in ϕ-direction. For each shift value the far field is
calculated according to the technique introduced in section 3.2. Finally, all calculated
far fields are superimposed in order to create the effective far field distribution. The left
side of Fig. 3.18 depicts this calculated beam profile for six different shift values evenly
distributed between 0◦ and 180◦. Even this rather low number of simulated far field
components results in a quite good agreement with the experimental data.

3.6 Matryoshka ring lasers

Spectroscopic investigations of chemical substances often require the utilization of
multiple distinct wavelengths. This is crucial especially in order to distinguish between
analytes with similar absorption characteristics or even facilitate spectroscopy of several
substances at once [152]. Widely tunable emission from QCLs is enabled by broadband
active regions [153, 154] in combination with external cavity configurations [155, 156].
However, due to the incorporation of moving mechanical parts, these devices can be
unstable, suffer from vibrations and thus provide only a limited applicability for spec-
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troscopic sensing. A different approach to realize multi-wavelength sensing experiments
is based on single-mode laser arrays [157]. Typically, several facet emitting DFB QCLs
are placed side by side on a single chip. Collimation of the individual laser beams with
a single lens leads to a different emission angle for each beam. For most applications
with a rather long light propagation path this is not feasible given that the use of only a
single small detector is desirable. At this point, beam combining optics become essential.
The latter comprises optical components featuring a wavelength dependent deflection of
the beam such as diffraction gratings [158, 159], prisms, dichroic mirrors and Dammann
gratings [160]. The goal is to combine several laser beams with different frequencies into
a single output beam while preserving the beam quality. However, the additional optical
elements can limit the performance and increase the size of the entire setup. Therefore,
on-chip beam combining is favorable. It has been demonstrated for facet emitting QCLs
by consecutively merging neighboring waveguides [161]. This approach provides super-
position of light from eight different DFB QCLs and subsequent emission from a single
facet. The vertically emitted light from second order DFB ridge QCLs can be collected
with a collector waveguide which facilitates emission of multiple wavelengths from a
single facet [148].

Arrays of surface emitting ring QCLs [127] in the mid-infrared (MIR) and photonic
crystal QCLs [162] in the terahertz (THz), each featuring sixteen individual lasers pos-
sessing different optical axes, have already been demonstrated. In order to produce a
single output beam with different wavelengths sharing the same optical axis, a concentric
arrangement of ring QCLs is proposed and investigated. Such a concentric ring laser
array is depicted in Fig. 3.20. It is referred to as Matryoshka ring QCL array in depen-

Figure 3.20: Sketch of the Matryoshka ring QCL array consisting of six concentrically aligned ring QCLs.
This concept provides six different emission wavelengths confined to the same optical axis
which makes beam combining optics obsolete.

dence on the similarity to the traditional Russian nesting doll. This array consists of six
ring QCLs which can be equipped with different DFB grating periods featuring emission
at six independent wavelengths. In order to facilitate autonomous operation, each of the
lasers possesses its own extended electrical contact. Silicon nitride below the contact
stripes prevents shortcuts between different rings. The realization of this concept with
equal waveguide widths results in different resistances for the lasers depending on their
surface area. In order to provide identical lasing thresholds for all lasers, the waveguide
width has to be adapted accordingly. Far field simulations based on the method in sec-
tion 3.2 were carried out to investigate the beam performance. Figure 3.21 summarizes

61



Beam shaping Matryoshka ring lasers

the results. The outer diameters of the six rings are equally distributed between 250µm
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Figure 3.21: Simulated far fields of the Matryoshka ring QCL array from the innermost (a) to the
outermost (f) ring. Depending on the ring diameter the far fields exhibit a different fringe
separation but share the same optical axis. Furthermore, each ring is equipped with two π
phase shifts for the generation of a central intensity maximum. The location of the phase
shifts is varying from ring to ring. Incoherent combination of all far fields generates the
far field shown in (g). Near field objection functions of the entire array for the horizontal
and vertical polarization are provided in (h) and (i), respectively. (j) Power scaling of the
central peak intensity (P.I.) as a function of the number of emitting lasers starting with
the innermost laser.

and 550µm. The corresponding far fields, starting with the smallest ring, are provided
in Fig. 3.21 (a) - (f). Operating all rings at once provides an incoherent superposition
of all emission beams and creates the far field in Fig. 3.21 (g) . π shift ring QCLs
as described in section 3.4 were utilized in order to create central intensity maxima.
The location of the grating phase shift is different for each ring and illustrated in the
near field object functions given in Fig. 3.21 (h) and (i) for the horizontal and vertical
polarization component, respectively. Considering the linear polarization of the central
far field region, as described in section 3.4, each ring emits a beam with a differently
polarized central intensity lobe. The interference fringe separation of the beams depends
on the diameter of the ring. The greater the diameter the smaller the fringe separation.
Despite this fact, all rings exhibit the same optical axis and especially the central inten-
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sity lobes are perfectly overlapping. While for emission angles |α| > 0.5◦ the dissimilar
fringe separation creates a rather blurred intensity distribution, the central part of the
beam shows an excellent beam quality with a well defined intensity maximum. The
power scaling behavior of this central intensity peak is provided in Fig. 3.21 (j). The
relative intensity is plotted as a function of the number of operating rings, starting from
the center of the array. This demonstrates that pumping all six rings enables a 16-fold
enhancement of the central peak intensity compared to the far field of the innermost
ring. Since larger rings provide also more power this power scaling exhibits a non-linear
behavior.

3.7 Influence of whispering gallery modes

Sound waves are capable of propagating along a curved interface with a reduced at-
tenuation as discovered by Lord Rayleigh in the late 19th century [163]. More precisely,
the intensity of a sound wave clinging to a circular wall decays with the inverse of the
distance instead of the inverse square as in air. Hence, whisper between opposite sides
of the St. Paul’s Cathedral are better heard along the inner wall than along the direct
path. This principle can also be applied to light waves [164, 165, 166].

3.7.1 Circular cavities

Light propagation along the inner perimeter of a circular cavity can be supported when
the refractive index neff of the cavity is larger than the refractive index ns of the surround-
ing medium. This condition enables total internal reflection and facilitates controlled
light propagation. According to Snell’s law, total internal reflection, as shown in Fig.
3.22, appears for

ns

neff

αi > θc

R

Figure 3.22: Total internal reflection in a circular cavity promoting whispering galley modes (WGMs).

αi > θc = arcsin

(
ns
neff

)
(3.7.1)

with the incidence angle αi and the critical angle of total internal reflection θc. Lasing
modes in such a resonator must fulfill the phase-matching round-trip condition. One
round-trip length corresponds to an integer number m of wavelengths. The following

63



Beam shaping Influence of whispering gallery modes

resonance condition

m
λ

neff

= 2πR (3.7.2)

with the radius R can be obtained. Similar as for straight laser ridges in Eq. (2.3.36),
the FSR for circular cavities reads

FSR = |∆λ| = λ2

2πRng + λ
. (3.7.3)

Compared to straight cavities in Fig. 2.11, whispering gallery modes (WGMs) of cir-
cular resonators do not exhibit a symmetric profile along the radial direction with re-
spect to the waveguide center. Figure 3.23 provides an overview of the eigenmodes of a
semiconductor ring waveguide. The electromagnetic eigenvalue problem is solved with
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Figure 3.23: COMSOL simulation of WGMs for different order numbers l. (a) and (b) provide two
dimensional mode distributions of the electric field and the intensity, respectively. (c) and
(d) indicate the corresponding cross sections. The curvature of the waveguide introduces
an asymmetry in the mode distribution.

the COMSOL Multiphysics® software [167] by implementing the finite-element-method.
Each mode can be characterized by the order numbers m and l, determining the number
of lobes in the tangential and radial direction, respectively. Fig. 3.23 (a) provides the
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out-of-plane electric field vector (Ey) for the three lowest radial order modes (l = 1, 2, 3).
In Fig. 3.23 (b) the same (m, l) combinations are shown for the intensity of the cor-
responding modes. In order to investigate the spatial mode profiles, line scans of the
electric field and the intensity are provided in Fig. 3.23 (c) and (d), respectively. Evi-
dently, all modes are not symmetric in the radial direction with respect to the center of
the waveguide and the fundamental l = 1 mode is pushed towards the outer wall of the
ring resonator. [44]

For an analytical solution the wave equation from Eq. (2.3.9) can be written in a one-
dimensional scalar form in cylindrical coordinates as follows

(
∂2

∂r2
+

1

r

∂

∂r
+

1

r2

∂2

∂φ2
+

∂2

∂y2
+ k2

)
Ey = 0 (3.7.4)

with the azimuthal angle φ and the radial coordinate r. Utilization of the separation
ansatz

Ey(r, φ, y) = Er
y(r)e

±imφeikyy (3.7.5)

yields the radial wave equation
(
∂2

∂r2
+

1

r

∂

∂r
− m2

r2
+ q2

)
Er
y(r) = 0 (3.7.6)

with q2 = k2 − k2
y. Solutions of Eq. (3.7.6) are provided by Bessel functions Jm(qr)

of the first kind for the interior of the waveguide with q ∈ R. Outside the waveguide
q ∈ I and the corresponding solutions are given by modified Bessel functions Km(qr)
of the second kind [168, 169]. An alternative approach describes the transformation of
the coordinate system resulting in a straight waveguide [170, 171]. Such a conformal
transformation defines

u = Rout ln

(
r

Rout

)
(3.7.7)

v = Routφ (3.7.8)

with the outer radius Rout. The circular waveguide in (r, φ)-space corresponds to a
straight one in (u, v)-space. The electric field Ey(r, φ, y) is equivalent to F (u, v, y). This
modifies the wave equation to

(
∂2

∂u2
+

∂2

∂v2
+ q2e2u/Rout

)
F (u, v) = 0 (3.7.9)

where u depicts the lateral and v the propagation direction. Hence, the field can be
written as F (u, v) = F1(u) ·F2(v) with F2(v) = eikvv. In “radial” u-direction the wave
equation reduces to

(
∂2

∂u2
+ q2e2u/Rout − k2

v

)
F1(u) = 0. (3.7.10)

In Eq. (3.7.10) the term q2e2u/Rout takes the form of a potential in (u, v)-space when
comparing this formula to the Schrödinger equation of quantum mechanics. It implies
that for circular waveguides the refractive index increases exponentially with radial dis-
tance. Equation (3.7.10) can be solved using the WKB method [172] or the transfer
matrix approach [173]. Especially for large radii the exponential refractive index gra-
dient can be approximated as a linear function. In turn, this facilitates an analytical
solution based on a linear combination of the Airy functions Ai(Z) and Bi(Z) with
Z = −(c+ d ·u− k2

v)/d
2/3 ≈ −q2e2u/Rout + k2

v and c and d being constants [174, 175].
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3.7.2 Influence on the emission beam

The asymmetric mode profile of WGMs shown in Fig. 3.23 can have an effect on the
outcoupled light. In turn, this effect can be exploited to gain information about the
WGMs propagating inside the cavity. In the following the influence of WGMs on the
far field of ring QCLs is investigated by means of a modified second order DFB grating.
Therefore, the first and second order WGMs in ring QCLs are calculated using the
conformal transformation method in combination with a linear approximation of the
refractive index as described in section 3.7.1. Mode intensities along the radial coordinate
for the first (solid) and second (dashed) order WGM are depicted in Fig. 3.24. The

Figure 3.24: Calculated lateral mode distribution for the first (solid) and second (dashed) order radial
modes in a ring QCL.
Reprinted with permission from [88]

modified DFB grating is based on a dual grating configuration featuring two continuous
π phase shifts. Abrupt grating π shifts were discussed in section 3.4. They flip the phase
by 180◦ and create central intensity lobes in the far field of ring QCLs. Continuous π
phase shifts are based on the same phase-flipping mechanism but are spread over a large
area along the perimeter of the ring. They are realized by means of a dual grating
structure as shown in Fig. 3.25 (a). It shows a ring QCL with a dual grating featuring
two continuous π shifts. The cutout on the right illustrates the location of the WGM
inside the waveguide. There, the inner part of the grating is defined to be π shifted
and the outer part is unshifted. On the other side of the ring the situation is reverse.
Furthermore, along the azimuthal angle α the dual grating exhibits a continuous ratio
Rcont between π- and unshifted grating parts. In Fig. 3.25 (b) a SEM image of the
dual grating with a balanced ratio is depicted. A descriptive comparison between a
conventional (S), an abrupt π shift (A) and a continuous π shift (C) grating along the
azimuthal coordinate α is provided in Fig. 3.26 (a). Without loss of generality the blue
slits are assumed to be unshifted and the red slits are π shifted. A conventional second
order DFB grating features a waveguide mode which has the same phase in every slit.
Abrupt π shifts flip the phase for one half of the ring resonator. Consequently, left and
right part of the ring in Fig. 3.12, corresponding to the upper and lower part of the
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Figure 3.25: (a) Sketch of a ring QCL with a continuous π phase shift in the DFB grating. The latter
enables investigations of the WGM (red) inside the laser cavity. (b) SEM image of the dual
grating forming the continuous phase shift.
Reprinted with permission from [176]

grating in Fig. 3.26 (a), exhibit a phase difference of π. However, a distinct phase can
be assigned to each azimuthal location α on the ring. In the case of the dual continuous
π shift grating, this is not the case anymore. In fact, the phase for each α is a linear
superposition of π- and unshifted grating components. The corresponding electric field
vectors emitted by these grating components exhibit an antiparallel orientation as stated
in section 3.4. When these antiparallel field vectors are emitted from opposing sides of
the ring laser they interfere destructively in the far field. However, if they are emitted by
neighboring slits from the same grating region, they annihilate each other already in the
near field. This explains the dark spots in the near field at the location of abrupt grating
π shifts. For a continuous π shift it is obvious that a complete annihilation of light occurs
only for certain Rcont values at specific angles α. In order to identify these parameters a
consideration of the WGM inside the waveguide is required. Figure 3.26 (b) illustrates
the electric field of the WGM below the dual DFB grating. It is assumed that each
grating slit couples out solely that part of the WGM which is located directly below this
slit. Due to the asymmetry of WGMs, a balanced grating ratio Rcont = 0.5 shows no
complete light annihilation but a domination of the outer mode part. Maximum light
annihilation occurs when Rcont coincides with the center of mass (COM) of the WGM.
The latter is defined as the radial distance at which the red and blue areas are equal.
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Figure 3.26: (a) Comparison between conventional (S), abrupt π phase shift (A) and continuous π phase
shift (C) DFB gratings with the corresponding mode distribution indicated by the colored
slits. (b) Working principle of the dual grating. Inner and outer part of the dual grating
are phase shifted. Each part couples out this section of the WGM which is located directly
below the respective grating element. As a result of the π phase shift, outcoupled light
from the inner and outer part of the grating interferes destructively. Due to the asymmetry
of the WGM a balanced grating with equal size for the outer and inner grating part does
not result in total light annihilation but leads to a domination of the outer grating part.
Based on this effect the dual grating is designed to enable a quantitative analysis of the
location and shape of the WGM.
Reprinted with permission from [176]

From
∫ COM

Wi

Ez(r)dr
!

=

∫ Wo

COM

Ez(r)dr (3.7.11)

it is clear that the WGM profile Ez(r) determines the COM of the WGM. The locations
of maximum light annihilation are depicted in Fig. 3.27 (a) by the black filled circles.
Compared to abrupt π phase shifts with the strongest light annihilation at α = 90◦ and
α = 270◦, they are shifted along the perimeter of the ring by a specific value ∆α. These
modifications of the near field intensity pattern induce a rotational shift of the entire
emission pattern. Since the locations of strongest light emission remain at α = 0◦ and
α = 180◦, the total far field rotation is not equal to ∆α. A precise identification of the
far field rotation necessitates a rigorous analysis of the spatially dependent near field
amplitude. The latter depends on the WGM profile and the local grating ratio Rcont. It
amounts to

ENF(α) = AB(α)
√
αBsurf(α)− AR(α)

√
αRsurf(α) (3.7.12)

with the blue and red areas of the WGM denoted by AB(α) and AR(α), respectively.
The variables αBsurf(α) and αRsurf(α) determine the surface losses of the corresponding
grating components. In Fig. 3.27 the electric near field amplitude from Eq. (3.7.12)
is shown. In a first approximation the surface losses could be approximated as equal
and constant. However, it is found that aspect ratio dependent etching (ARDE) of
small slits must be taken into account. It results in an α-dependency of the surface
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Figure 3.27: (a) Sketch of the dual DFB grating with the unshifted (blue) and π shifted (red) grating
parts. (b) Slit width and surface losses as a function of the grating etch depth. (c)
Calculated near field amplitudes for a continuous phase shift (black solid, Con.) grating
and the corresponding horizontal (magenta dashed, Hor.) and vertical (green dashed, Ver.)
polarization components. The hypothetical near field amplitude of a reference continuous
phase shift with a centered and symmetric WGM is given by the black dashed line (Ref.).
This illustrates that the asymmetry of the WGM induces a deviation from the linear to a
curved behavior of the near field amplitude. For comparison the corresponding amplitude
of an abrupt phase shift is given by the blue dotted line (Abr.). Measured near fields of an
abrupt (d) and a continuous (e) π phase shift ring QCL confirm the theoretical near field
amplitudes.
Reprinted with permission from [176]

losses. Figure 3.27 (b) demonstrates that in the given range from 0.5µm - 1.4µm the
surface losses increase linearly with the etch depth. In addition the radial slit width
depends linearly on the etch depth as well. Assuming constant total losses αtot along
the ring implies a linear dependency of the optical output power P = αsurf/αtot on the
surface losses. Thus, the electric near field amplitude correlates with the square root of
the corresponding surface losses and amounts to the expression in Eq. (3.7.12) which
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is represented in Fig. 3.27 (c) by the black solid line. Near field amplitudes for the
horizontal and vertical polarization components amount to ENF cos(α) and ENF sin(α),
respectively. In addition Fig. 3.27 (a) features theoretical near field amplitudes of an
abrupt π shift represented by the blue dotted line. It possesses abrupt transitions from
±1 to ∓1 at the phase shifts. This is also evident in the experimentally determined near
fields of abrupt and continuous π shifts in Fig. 3.27 (d) and (e), respectively. Abrupt
π phase shift ring QCLs exhibit clear grating phase shifts indicated by dark areas in
the near field. In contrast, continuous π phase shifts feature a fade-out of the intensity.
The curved shape of ENF(α) is directly caused by the asymmetry of the WGM. On
the one hand it is modified by the α-dependent surface losses originating from aspect
ratio dependent etching. On the other hand the flat parts at 0◦ ± 19◦ and 180◦ ± 19◦

occur due to shifted onsets of the dual grating region which can be attributed to the
disappearance of the small slits in these areas during fabrication. Hence, the surface
losses for the unshifted blue slits are composed of the following components

αBsurf(α) = αBsurf,0 ·





0, if −β < α < +β
α−β
γ−β , if +β < α < +γ

1, if +γ < α < −γ
α+β
γ+β

, if −γ < α < −β.

(3.7.13)

In a similar fashion the surface losses of the π shifted red slits amount to

αRsurf(α) = αRsurf,0 ·





0, if 180◦ − β < α < 180◦ + β
α−β
γ−β , if 180◦ + β < α < 180◦ + γ

1, if 180◦ + γ < α < 180◦ − γ
α+β
γ+β

, if 180◦ − γ < α < 180◦ − β.

(3.7.14)

The angles β and γ mark the transitions to the dual grating region and the onset of the
influence of ARDE, respectively. For the used ring QCL these values are β = 19.0◦ and
γ = 49.7◦. Applying Eq. (3.7.13) and (3.7.14) to Eq. (3.7.12) provides the α-dependent
near field amplitude. The corresponding WGM areas AB(α) and AR(α) are numerically
extracted from the shape of the WGM and the α-dependent locations of the blue and red
grating slits. The calculated near field amplitude shows certain similarities to chirped
gratings [130]. For the latter a slow variation of the grating periodicity in straight DFB
lasers shifts the near field intensity towards the center of the device. This directs more
light into one of the two far field lobes and creates an off-center single lobe emission
beam. In contrast, the presented dual grating approach is not based on an alteration
of the grating period but facilitates a continuous variation of the ratio between π and
unshifted grating elements. As demonstrated in the corresponding far field patterns,
this approach provides a central intensity maximum in terms of a local decrease of the
near field amplitude in combination with π phase shifts at the locations of strongest light
annihilation. For a straight second order chirped DFB laser a reversal of the grating
chirp shifts the intensity into the other of the two far field lobes [130]. In the case of
dual grating ring QCLs, inverting the grating geometry changes the rotation direction
of the far field.

Such a rotated far field is shown in Fig. 3.28 (a). The central intensity maximum is
part of the symmetric pattern with a counter clockwise rotated symmetry axis. This
rotation originates from the dual grating and is not due to a rotation of the entire
chip as demonstrated by the inset showing an abrupt π shift laser on the same chip.
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Figure 3.28: (a) Measured far field of a continuous phase shift ring QCL with a central intensity maxi-
mum. The locations of strongest light annihilation are circularly shifted compared to the
abrupt phase shift shown in the inset. (b) The single mode spectrum verifies the forma-
tion of the far field due to one mode only. (c) Simulated far field based on the near field
amplitude provided in Fig. 3.27 (c).
Reprinted with permission from [176]

Furthermore, the single mode spectrum in Fig. 3.28 (b) indicates that the displayed
emission beam is produced by solely one mode in the waveguide. A comparison of the
polarization purity P = 10 log

(
p‖/p⊥

)
in both far fields yields values of Pc = 1.67 dB and

Pa = −0.97 dB for the continuous and abrupt π shift, respectively. That is, the entire
far field of the former emits more light polarized parallel to the polarization p‖ of the
central lobe. The rotated symmetry axis originates from the shifted near field pattern
caused by the asymmetry of the WGM. Equation (3.7.12) defines the near field object
function. The corresponding far field is calculated based on the two dimensional Fourier
transform from section 3.2 and shown in Fig. 3.28 (c). Experimental and simulated far
fields for the horizontal and vertical polarization components are provided in Fig. 3.29.
An overall good agreement between simulation and experiment is found. In order to
quantitatively determine the rotation of the experimental far field a reference far field
was utilized. The near field amplitude of this reference far field is provided in Fig. 3.27
(a) by the black dashed line. It represents the values of ENF(α) for the same dual DFB
structure but with a centered and symmetric mode profile. In this case the points of
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Figure 3.29: Horizontally (left column) and vertically (right column) polarized far field components of
the calculated (top row) and measured (bottom row) emission beams in Fig. 3.28. The
good agreement for both components supports the implemented theoretical approach to
describe continuous phase shift lasers.

strongest light annihilation are congruent with the dark spots at the abrupt π shifts. The
only difference is the dual grating structure producing a fade-out of the intensity towards
the points of strongest light annihilation instead of an abrupt intensity drop. Hence,
this calculated reference far field can be used to obtain the rotation of the experimental
beam pattern. The former is rotated around the center point of the far field while for
each rotation angle the two dimensional correlation coefficient with the experimental far
field is calculated. This function is illustrated in Fig. 3.30 (a) by the solid curve. The
angle at the maximum of this correlation coefficient indicates the rotation of the entire
beam. For the laser beam shown in Fig. 3.28 (a) the red sinusoidal fit yields a rotation
of the experimental far field of 13.9◦. By using the same method but calculating the
correlation coefficient between the reference and the theoretical far field in Fig. 3.28
(c), the rotation of the latter can be evaluated. It amounts to 15.0◦ which suggests
an error between experimental and simulated far field of 1.1◦. In the same manner a
total number of 7 lasers were investigated. The corresponding grating parameters are
displayed in Tab. 3.1. Rotation angles of the corresponding experimental and theoretical
far fields are depicted in Fig. 3.30 (b). A linear relation between the far field tilt and
the parameter

δ = COM−GSC (3.7.15)

is evident. It describes the spatial distance between the COM of the WGM and the
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Figure 3.30: (a) Correlation function between the measured and the revolving reference far field. The
latter is calculated based on the amplitude function given by the black dashed curve in Fig.
3.27 (c). The sinusoidal fit determines the rotation of the far field. (b) Far field rotation of
the calculated (magenta circles) and experimentally obtained (blue crosses) laser beams as
a function of the parameter δ denoting the spatial distance between center of mass (COM)
of the WGM and the grating slit center (GSC) according to Fig. 3.26 (a).
Reprinted with permission from [176]

Laser Wi Wo Gw GSC COM δ

1 189 201 4.4 194.90 195.46 0.56

2 189 201 5.2 194.68 195.49 0.81

3 189 202 5.6 195.22 196.20 0.98

4 189 202 5.6 195.09 196.11 1.02

5 189 202 5.7 194.95 196.01 1.06

6 189 203 5.4 195.23 196.34 1.11

7 189 203 5.6 194.63 195.88 1.25

Table 3.1: Geometrical laser parameters in µm as described in Fig. 3.26. Inner and outer waveguide
radii are given by Wi and Wo, respectively. The grating width is Gw and δ is defined as the
spatial distance between the COM of the WGM and the GSC.
Reprinted with permission from [176]

grating slit center (GSC) as indicated in Fig. 3.26 (a). Hence, the location of the WGM
relative to the grating determines the far field tilt. A linear fit yields an inverse slope of
(67± 5) nm/◦ for the experimental and (62± 4)nm/◦ for the theoretical dataset.

In the course of laser beam characterization, several far fields showed a clockwise rota-
tion. An example is provided in Fig. 3.31. At first glance, this behavior is counterin-
tuitive since most of the light seems to originate from the locations of strongest light
annihilation as illustrated in Fig. 3.26 (a). Verification of the laser spectrum in Fig. 3.31
(b) provides a suitable explanation. It consists of two distinct peaks at 1150/cm and
1180/cm. Polarization dependent spectra were recorded in order to connect the dual
mode emission spectrum with the clockwise rotation of the far field. As demonstrated
in section 3.2 the emitted polarization of a ring QCL is tangential. Figure 3.31 (c) de-
notes the height of both spectral peaks for different orientations of an external wire grid
polarizer placed between laser and spectrometer. In combination with the assumption
of tangential polarization, the peak height for each orientation of the polarizer can be
related to the emitted near field intensity for a specific location on the ring. Thus, the
emission characteristics can be extracted for both modes separately. It is found that

73



Beam shaping Influence of whispering gallery modes

00.20.40.60.81

Radius (a.u.) E
le
ct
ri
c
fi
el
d
(a
.u
.)

1st

2nd

1130 1160 1190

0

0.5

1

Wavenumbers (1/cm)

In
te
n
si
ty

(n
or
m
.)

−4 −2 0 2 4
−4
−2
0

2

4

Azi. angle (◦)

P
ol
.
an

gl
e
(◦
)

(c)

(b)(a)

1st

2nd

1st

2ndα

Figure 3.31: (a) Measured far field of a continuous π phase shift ring QCL exhibiting a counterintuitive
clockwise rotation of the far field. (b) Spectral investigations demonstrate two emission
modes roughly 30 /cm apart. (c) Polarization dependent spectra indicate that the mode at
1150 /cm produces a counterclockwise far field rotation while the second mode at 1180 /cm
leads to the clockwise rotation. Hence, the spectral peaks at 1150 /cm and 1180 /cm can
be attributed to the first and second order radial WGMs.
Reprinted with permission from [176]

the mode at 1150/cm features a counter clockwise rotated emission beam as previously
discussed. However, the mode at 1180/cm clearly possesses a far field with a clockwise
rotation. This suggests that the latter is generated by a second order radial WGM as
depicted in the inset of Fig. 3.31 (c). The key point is the change of the polarity of
the electric field along the radial coordinate for the second order WGM. When the grat-
ing ratio Rcont coincides with the zero crossing of the electric field of the second order
WGM, the grating π shift cancels out the inverse polarities and facilitates constructive
interference and maximum light emission at α ≈ 123.5◦ indicated by the black dashed
line in Fig. 3.31 (c). At around α ≈ 45◦ the far field emitted by the second order WGM
shows the lowest intensity. There, the electric field can be divided into three sections.
The first section in radial direction has a positive electric field and the corresponding
grating is unshifted. In the second section the grating is π shifted and the electric field is
still positive. The third section features a negative electric field with a π shifted grating.
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Hence, only the first and the third section are in phase and around α ≈ 45◦ their areas
equal the area of the second section which provides maximum light attenuation. In con-
trast, the brightest areas of the first order WGM are located at α ≈ 10.1◦ as indicated
by the orange dashed line. The measured far field in Fig. 3.31 (a) is a superposition of
the first and second order far fields. [176]

The presented dual DFB grating approach incorporating continuous π phase shifts fa-
cilitates a connection between the WGM inside the waveguide and the emission beam
of the ring laser. This technique is not limited to quantum cascade lasers but can be
applied to all vertically emitting grating coupled high-index lasers. It is found that the
rotation angle of the emitted far field describes the location of the WGM relative to the
DFB grating and the rotation direction depicts the order of the WGM.

3.8 Linearly polarized far field

Previous sections predominantly deal with DFB grating modifications and the ac-
companying beam transformations. In section 3.1 the ability of ring QCLs to provide
surface and substrate emission is discussed. The corresponding emission beams do not
show any significant difference, i.e. the beam emitted through the substrate is basically
identical with the surface beam. The results presented in sections 3.3 to 3.7 are valid
for both emission directions. However, most of them depict the surface beam. In the
following sections 3.8 to 3.10 the substrate beam is investigated. Several modifications of
the substrate enable selective and systematic variations of the emission beam. In order
to influence the light emitted towards the substrate, designed structures are deposited
or etched into the bottom side of the laser chip.

As discussed in section 3.2 and 3.3, the natural polarization state in ring QCLs is tan-
gential. Due to their rotational symmetry the contribution from the horizontal and
vertical polarization component is identical. For π phase shifts it was found that the
polarization component perpendicular to the polarization of the central lobe is slightly
stronger for the entire emission beam. Nevertheless, all ring QCLs investigated in the
previous sections exhibit significant light emission for all polarization components. Sev-
eral applications, however, demand a linearly polarized beam with solely one distinct
polarization direction. Due to the intersubband selection rule, discussed in section 2.2.3,
edge emitting QCLs possess an inherent linear polarization but suffer from a rather large
beam divergence as illustrated in Fig. 3.9 (b). In contrast, ring QCLs exhibit a colli-
mated far field but contain all polarization components. A metallic on-chip wire grid
polarizer, fabricated directly on the substrate of the QCL chip as sketched in Fig. 3.32
(a), can be utilized in order to create a linearly polarized and at the same time strongly
collimated laser beam. The metallic wires are defined by electron beam lithography and
are oriented along the horizontal x-direction. They consist of a 120 nm thick gold layer
on top of a 15 nm thick titanium adhesion layer and have a width of 500 nm with a period
of 1µm resulting in a duty cycle of 50%. In this configuration the on-chip polarizer is
transparent for light with the electric field vector oriented along the vertical y-direction
and absorbs horizontally polarized light. The laser on the upper side of the semicon-
ductor chip incorporates two π phase shifts in the DFB grating. This creates a linearly
polarized central lobe in the far field. The on-chip polarizer extends this polarization
characteristic to the entire beam by filtering out the horizontal component. In order to
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(a) (b)

Figure 3.32: (a) Sketch of the on-chip polarizer. The inset shows the corresponding SEM image. (b)
Obtained far field consisting mainly of the vertical polarization component.
Reprinted with permission from [149]

provide an adequate overlap between the emission beam and the on-chip polarizer, the
latter is located on the substrate side utilizing a SEM and the corresponding coordinates
of the ring laser on the surface side with respect to an edge of the chip. The resulting
emission beam is provided in Fig. 3.32 (b). It depicts the far field interference fringes
predominantly formed by the vertical polarization components emitted from the left and
right side of the ring. An evaluation of the conducted efficiency study is described in
Tab. 3.2. The corresponding far fields are indicated in Fig. 3.33. The upper row shows

Peak intensity

Substrate No polarizer Horizontal polarization Vertical polarization

Blank 100% 53% 64%

On-chip polarizer 60% 2% 47%

Total intensity

Substrate No polarizer Horizontal polarization Vertical polarization

Blank 100% 48% 33%

On-chip polarizer 28% 2% 21%

Table 3.2: Polarization dependent peak and total intensities of the substrate emitted light for a ring
QCL with a blank substrate and a substrate with an on-chip wire grid polarizer.

the substrate emitted far fields of a π shift ring QCL with a blank substrate. These
far fields are measured without (left) and with an external wire grid polarizer trans-
mitting the horizontal (center) and vertical (right) polarization component. They are
equivalent to the far fields in Fig. 3.14. With the on-chip polarizer directly fabricated
on the bottom side of the very same device, the respective far fields in the lower row
were obtained. Each far field is normalized to 1 for the sake of clarity. On the bottom
right of each far field the orientation of the on-chip wire grid polarizer is shown. The
white arrows indicate the polarization component transmitted by the external polarizer.
In correspondence with Tab. 3.2 the peak and total intensity of the far field measured
without external and on-chip polarizer is set to 100%. Prior to the fabrication of the
on-chip polarizer the peak and total intensity of the respective polarization components
amount to 53% and 48% for the horizontal polarization and to 64% and 33% for the
vertical polarization. The different behavior for both components can be attributed to
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Figure 3.33: Measured far fields of a π shift ring QCL before (top row) and after (bottom row) fabrication
of the on-chip polarizer. The white arrows denote the polarization components transmitted
through an external polarizer placed in front of the MCT detector.

the fact that the entire far field exhibits more horizontal polarization whereas the cen-
tral peak shows an excess of vertical polarization. Similar results were obtained for the
same laser with an on-chip polarizer fabricated onto the substrate. In order to compare
the efficiency of external and on-chip polarizer the percentages of the transmitted light
intensity for the vertically polarized blank substrate and for the unpolarized on-chip
polarizer have to be considered. For the peak intensity these values read 64% and 60%,
respectively. The same values for the entire far field are 33% and 28%, respectively.
According to these numbers the on-chip polarizer shows almost the same performance
as the external wire grid polarizer for both the central peak as well as the entire laser
beam. Thus, this on-chip polarizer facilitates a replacement of bulky external polarizers,
resulting in a drastic size reduction of potential sensing setups. [149]

3.9 On-chip light collimation

Plenty of applications in optics require as much light as possible in the center of
the laser beam with a preferably small beam divergence. Instead of gold wires for
polarizing purposes, other structures can be fabricated on or into the substrate side of
the chip in order to modify the emission beam of ring QCLs. The latter impress with
their collimated beam profile. However, due to their circular emitting area, interference
between opposing sides of the ring create interference fringes in the far field. A significant
amount of power is directed into interference fringes emitted under larger angles. In order
to reduce these off-axis components of the light beam, a narrower envelope function
is beneficial. According to section 3.2 this can be realized by increasing the width of
waveguide. However, this will not only increase the total power consumption but also the
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threshold current. Therefore, other approaches for a further collimation of the emission
beam of ring QCLs are desirable.

3.9.1 Focusing metasubstrate

In the following the design and realization of a flat dielectric on-chip lens is presented.
It is based on sub-wavelength holes etched directly into the substrate forming a gradient
refractive index metamaterial for the collimation of light. Since this metamaterial is
directly fabricated into the substrate, it is referred to as metasubstrate. The latter is
implemented for conventional and π phase shift ring QCLs. Figure 3.34 (a) depicts
a sketch of the surface (left) and substrate (right) side of the laser chip. The former
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Figure 3.34: (a) Sketch of the ring laser (left) on the surface of the chip and the metasubstrate (right)
fabricated directly below the laser on the other side of the semiconductor chip. (b) Working
principle of the metasubstrate. The compensation of the longer optical path lengths of rays
emitted under larger angles α flattens the wavefront and makes the entire metasubstrate
the emitting area.
Reprinted with permission from [150, 177]

exemplary shows a π shift ring QCL and the gradient index metasubstrate is located
directly below this laser on the other side of the chip. The working principle of this
collimation element is illustrated in Fig. 3.34 (b). It shows a sketch of the cross section
of the laser substrate. Its location is indicated by the black line in the inset which shows
a sketch of the bottom view of the laser chip. From the ring waveguide on the surface
side on the right the emitted light forms a spherical wavefront indicated by the blue
dashed arcs. Two exemplary light rays emitted under angles α and α = 0◦ are sketched,
whereby the former perceives a longer optical path. The fundamental concept of the
metasubstrate is that light rays emitted under different angles cover the same optical
path in the substrate and metasubstrate combined. Thus, path differences within the
substrate are compensated in the metasubstrate. This flattens the wavefront and makes
the area of the metasubstrate the emitting area of the beam. From this point onwards,
spherical wavefronts emerge according to the Huygens-Fresnel principle. Due to the
increased emitting area the laser beam exhibits a smaller divergence of the far field’s
envelope compared to the initial beam of the laser. From geometrical considerations it is
clear that identical optical path lengths, which provide the flattening of the wavefront,
require

n0 (dsub + dmet)
!

= s(α)n0 +m(α)n(r) (3.9.1)
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with the refractive index n0 = 3.06 of the InP substrate [178], the substrate thickness dsub

and the thickness of the metasubstrate dmet. The parameters s(α) andm(α) are the angle
dependent path lengths in the substrate and metasubstrate, respectively. The desired
function of the refractive index is given by n(r). Based on geometric and trigonometric
basic knowledge in combination with Snell’s law s(α) and m(α) can be rewritten such
that Eq. (3.9.1) yields

n0 (dsub + dmet)
!

= n0

√
d2

sub + r2 + arcsin

(
n0r

n(r)
√
d2

sub + r2

)
n(r). (3.9.2)

This is a non-trivial equation with a numerical solution only. Nonetheless, for small
metasubstrate thicknesses dmet � dsub and small angles α, the light path within the
metamaterial can be approximated by m(α) ≈ dmet. This simplifies Eq. (3.9.2) and
provides the following expression for the required refractive index

n(r) = n0

(
1 +

dsub

dmet

−
√
d2

sub + r2

dmet

)
(3.9.3)

as a function of the radial coordinate r = r′−r0 with r0 being the radius of the waveguide
center as shown in Fig. 3.34 (a). Equation (3.9.3) demonstrates that the only variable
parameter is the thickness dmet of the metasubstrate. The latter is defined by the etch
depth of the holes. For a specific etch depth the refractive index gradient is immutable.
Figure 3.35 presents the refractive index gradient from Eq. (3.9.3) for different etch
depths ranging from 1µm to 6µm. It is striking that the etch depth determines the
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Figure 3.35: Refractive index gradient for different etch depths from 1µm to 6µm. A deeper etch depth
provides a larger metasubstrate area which in turn is capable of collecting and collimating
more light. The size of the metasubstrate is mainly limited by total internal reflection at
the semiconductor-air interface.
Reprinted with permission from [150]

radial width and therefore the size of the metasubstrate. Since refractive indices below 1
are not feasible, the width of the metasubstrate for each etch depth is given by the radial
distance w between the points where r(−w/2) = r(+w/2) = 1. As a consequence the
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etch depth directly correlates with the size of the metasubstrate and therefore also with
the total amount of collected and collimated light. Thus, a larger etch depth increases
the efficiency of the metasubstrate. However, the enlargement of the metasubstrate
encounters a fundamental limit when α is larger than the critical angle of total internal
reflection θc. The inherent dependency of the refractive index gradient n(r) on the etch
depth dmet also implies that the final etch depth has to be well-known prior to the
design and fabrication of the metasubstrate. The here presented metamaterials for both
conventional and π shift ring QCLs possess a nominal etch depth of 4.2µm. It is reduced
for hole diameters less than 1.5µm due to aspect ratio dependent etching (ARDE), which
results in an increase of the local refractive index. In order to compensate for this effect,
the respective holes of the metamaterial are designed to be larger and fit the required
local refractive index. With a constant hole period ph = 1.8µm the hole diameter dh(r)
obeys

n0 (ph − dh(r)) + dh(r) = phn(r). (3.9.4)

The hole diameter corrected for ARDE is obtained by equalizing Eq. (3.9.3) and (3.9.4)
and using the variable etch depth

dmet = u+ vdh (3.9.5)

with the ARDE parameters u = −0.79µm and v = 3.08 obtained by focused ion beam
milling and subsequent inspection of the vertical cross sections of the metasubstrate of
a test sample. This ARDE study is summarized in the inset of 3.36. The derivation
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Figure 3.36: Required (black solid) and experimentally obtained (red dashed) refractive index gradient.
In order to compensate for isotropic etching of the thin walls at the outer regions of the
metasubstrate a compensation function is applied as indicated by the blue dotted curve.
The inset describes the ARDE which was taken into account in this study.
Reprinted with permission from [177]

mentioned above leads to a quadratic equation and yields the following solutions for the
ARDE corrected hole diameter

dh(r)
± =

1

2(v − n0v)

{
−u+ n0u+ phv ±

√
(u− n0u− phv)2 + ...

...+ 4(v − n0v)

[
phu+

(
1−

√
d2

sub + r2

dsub

)
phdsubn0

]}
(3.9.6)

80



Beam shaping On-chip light collimation

whereof only one solution is physically meaningful. Application of Eq. (3.9.6) facilitates
to create a detailed map of the metasubstrate allowing to assign well-defined hole di-
ameters to specific locations on the substrate interface. Theoretical and experimentally
realized refractive index gradients are presented in the main part of Fig. 3.36. The black
solid curve depicts the required refractive index gradient calculated by Eq. (3.9.3) in
combination with the ARDE correction. It was found that the thin walls between the
large holes at the borders of the metasubstrate suffer from isotropic etching. Thus, these
thin walls are etched faster than expected from theory, which reduces the local refractive
index. An empirical correction function fc(r) = 1.2 · 10−7

· r4 µm−4 was defined so as to
compensate for this effect. Due to the quartic dependence on r this correction functions
shows little effect in the center of the metasubstrate but significantly increases the local
refractive index for larger values of r. The blue dotted curve in Fig. 3.36 represents
the modified refractive index n(r) + fc(r). From the experimentally determined refrac-
tive index gradient, given by the red dashed curve, it is evident that the application of
the correction function represents a valid approach. In order to obtain the refractive
index gradient for the real structure, the hole diameters were measured using a SEM.
For small values of r, i.e. 170µm < r′ < 220µm, the theoretical, modified theoretical
and experimental refractive index gradients overlap. However, for larger r values the
expected local reduction of the real refractive index is evident by the discrepancy be-
tween the blue dotted and red dashed curve. A correct estimation of fc(r) verified by the
congruence of the black solid and red dashed curve, i.e. the conformity between theory
and experiment. SEM images of this metasubstrate are depicted in Fig. 3.37. The

20 m

10 m

Figure 3.37: SEM image of the metasubstrate. The yellow shaded area indicates the location of the
ring waveguide on the other side of the chip. The inset provides a three dimensional view
of the metasubstrate.
Reprinted with permission from [177]

main figure shows a top view of a section of the metasubstrate. In the center the yellow
shaded area indicates the location of the ring waveguide on the other side of the chip.
Hole sizes increase from 250 nm in the center of the metamaterial to 1.4µm in the outer
region, i.e. the refractive index decreases. A total width of w ≈ 80− 90µm is obtained.
The inset provides a view under an angle of 45◦ in order to visualize the etch depth of
the holes. As mentioned above, the goal of the application of this metasubstrate is to
collimate the beam and increase the local intensity in the center of the beam. However,
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this implicates that the total emitted output power is unchanged and solely the light
distribution is affected. Figure 3.38 verifies that the metasubstrate does not influence
the overall performance of the ring laser. Exemplary the LI curves of a conventional
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Figure 3.38: LI and spectra (inset) of the ring laser before and after fabrication of the metasubstrate.
The latter does neither influence the overall output power nor the spectral performance of
the ring QCL.
Reprinted with permission from [177]

ring QCL are shown, which were recorded before and after the fabrication of the meta-
substrate. They show the same threshold current, slope efficiency and output power.
Furthermore, the laser mode is unaltered and emits around 1137 /cm as indicated in the
inset of Fig. 3.38. The unaltered behavior of the laser ensures that the following changes
in the beam profile are generated by the metasubstrate only. [150, 177]

3.9.2 Intensity enhancement

The compensation of the optical path lengths and the consequential increase of the emit-
ting area induces a decrease of the envelope function of the emission beam. Conservation
of energy dictates that light is not lost but simply shifted within the far field. Quanti-
fying the collimation effect demands the consideration of the respective emitting area.
Figures 3.39 (a) and (b) describe the near field object functions for both polarization
components of a π shift ring QCL without and with the metasubstrate, respectively.
The former represents the ring waveguide whereas the latter depicts the size of the en-
tire metasubstrate which is assumed to be the emitting area. These object functions
were utilized to calculated the theoretical far field patterns based on a two dimensional
Fourier transform as described in section 3.2. In order to meet the criteria of energy
conservation, the overall emitted light intensity is kept constant within the critical angle
αc = arctan(w/dsub) of the metasubstrate. That is the maximum angle under which the
light is influenced by the metamaterial. One dimensional cross sections of the far field
patterns recorded before and after the fabrication of the metasubstrate are provided in
Fig. 3.39 (c) by the red and blue curve, respectively. The corresponding two dimen-
sional emission beams are shown in the insets on the right. From the cross section plots
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Figure 3.39: Near field object functions of both polarization components for (a) a π phase shift ring
QCL and (b) the monolithic light collimating metasubstrate. (c) Calculated far fields of
a π shift ring QCL without (red) and with a light collimating metasubstrate on the back
side of the chip. The insets indicate the two dimensional far fields.
Reprinted with permission from [150]

a peak intensity increase to a value of 724% is obtained. This is also reflected in the two
dimensional far fields sharing the same color scale bar. Thus, the metasubstrate device
exhibits a brighter beam. Identical calculations were performed for conventional ring
QCL as well. In contrast to the π shift laser a central intensity minimum is existent
as indicated in Fig. 3.40. Theoretical (blue dashed) and experimental far fields before
(black dashed) and after (red solid) metasubstrate fabrication are displayed in Fig. 3.40
(a). The initial far field recorded with the unpatterned substrate is normalized to one.
With reference to the latter the metasubstrate far field exhibits a peak value of 617%.
The maximum theoretical value amounts to 683%. Although the envelope functions are
identical, this value is lower than the respective theoretical peak intensity of 724% of the
π shift laser. This is due to the fact that the π shift laser possesses its intensity maxi-
mum in the center of the beam and therefore the peak value coincides with the peak of
the envelope function. For the conventional ring laser the height of the central intensity
lobes is limited by the envelope function, which at these angles is lower than at the center
of the beam. Experimental and theoretical far fields show an overall good agreement.
However, the theoretical peak intensity is not fully reached for the innermost intensity
ring. In contrast, the intensity of the subsequent rings is higher in the experimental far
field. Three possible explanations can be considered. (i) The far fields were recorded
using an MCT detector with a size of 1 mm × 1 mm on a two dimensional translational
stage. Hence, the relatively large detector area allows interference from light rays emit-
ted under slightly different angles. This results in a blurring effect. (ii) The theoretical
approach presented in Fig. 3.34 (b) is based on a point source. However, the real laser
possesses a waveguide width of 10µm. Thus, light rays emitted under the same angle
but from different locations in the waveguide exhibit a slightly different refractive in-
dex in the metasubstrate. As a consequence, these rays are not deflected accordingly
which broadens the intensity distribution. (iii) Finally, processing imperfections of the
metasubstrate can lead to similar alterations of the beam. In order to eliminate the
possibility that the additional treatment of the substrate during metasubstrate fabrica-
tion has any effect on the beam quality, far fields of a neighboring reference device were
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Figure 3.40: (a) Measured far field cross sections of a ring QCL before (black dashed) and after (red
solid) metasubstrate fabrication. A peak intensity increase to 673% is observed. This is
close to the theoretical maximum given by the blue dotted curve. (b) Measured far fields of
a reference device with no metasubstrate. (c) Normalized far fields shown in (a) illustrating
the light collecting principle of the metasubstrate.
Reprinted with permission from [177]

recorded. As shown in Fig. 3.40 (b), no significant change is evident. According to the
theoretical approach describing the metasubstrate, the working principle is based on a
shift of the emitted light intensity from larger far field angles to the center of the beam
and thus narrowing the envelope function. Figure 3.40 (c) can be considered as a visual
aid for this effect. It shows both experimental far fields from Fig. 3.40 (a) normalized to
unity. It is apparent that the initial beam of the unpatterned device exhibits interference
fringes at least up to far field angles of ±18◦. In contrast, the metasubstrate far field
has only 2 − 3 interference fringes within ±5◦ and negligible light intensity for larger
angles. This verifies that the metasubstrate collects the light emitted under relatively
large angles and shifts its intensity towards the center of the beam. At first glance the
rather large intensity increase in Fig. 3.40 (a) is unproportional to the small height of
the interference fringes at larger far field angles. However, it must be considered that the
larger the far field angle the greater the two dimensional interference ring. Hence, these
interference rings contain more intensity than inferred from the one dimensional cross
section. Two dimensional experimental emission beams of a conventional (left column)
and a π shift ring QCL (right column) measured before (top row) and after (bottom row)
metasubstrate fabrication are depicted in Fig. 3.41. The color scale bar is normalized
with respect to the corresponding peak values of the metasubstrate far fields. Hence, the
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Figure 3.41: Two dimensional beam patterns before (top row) and after (bottom row) metasubstrate
fabrication of a conventional (left column) and a π shift (right column) ring QCL. The far
fields recorded with the metasubstrate are scaled to unity and the corresponding far fields
prior to the metasubstrate fabrication share the same color bar in order to visualize the
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Reprinted with permission from [150]

direct effect of the metasubstrate on the two dimensional emission beams is emphasized.
[150, 177]

In comparison to similar approaches for light collimation this approach exhibits major
advantages. Plasmonic antenna arrays [179] have proven to be versatile optical tools for
reshaping the wavefront. They facilitate arbitrary light deflection [180] and polarization
selection as well as collimation of light [118] and the possibility to shift the wavefront
in order to obtain beams carrying an orbital angular momentum [181]. However, the
demonstrated plasmonic metasurfaces operate with a rather low efficiency of around 1%
[182]. In contrast dielectric metamaterials affect all of the light propagating through
them and in the here presented approach efficiencies close to unity are achieved. In a
different approach a nanopore array [183] is fabricated directly into the substrate side
of a vertically emitting straight DFB QCL. This method also increases the emitting
area of the laser. However, scattering processes inside the nanopore layer destroys the
coherence of the beam. As a consequence the far field pattern shows no interference
fringes. Furthermore, scattering losses reduce the theoretically achievable peak intensity.
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3.10 Orbital angular momentum emitter

Building on the concept in section 3.9 various beam modifications can be imple-
mented. In this section a metasubstrate imparting an orbital angular momentum (OAM)
to the emission beam is introduced. The first experimental demonstration that light can
possess and transfer angular momentum dates back to 1936 and was conducted by Beth
[184]. In this experiment circularly polarized light induced a rotation of a quartz wave
plate. Unlike for solid bodies the angular momentum of light is not only described by
an orbital part but also includes a spin angular momentum (SAM). As evident from the
following discussion the latter is associated with the polarization of the beam whereas
OAM beams exhibit a helical wavefront. They are promising tools utilized in various
fields including micromanipulation of microscopic particles [185], telecommunications
with data rates already reaching 2.5 Tbits/s [186] and sensing of chiral molecules [187].

3.10.1 Separation of the angular momentum of light

The main task for the analysis of the OAM is the separation of the total angular mo-
mentum J into the SAM part S and OAM part L. Therefore, the continuity equa-
tion of the linear momentum P has to be considered. It reads ∂

∂t
ρPk + ∂

∂xi
jPik = qPk

using the notation in components. From the definition of the Lorentz force in com-
bination with Maxwell’s equations it is possible to identify qPk = −ρEk − εklmjlBm as
the source density, ρPk = µ0

c2
Sk = ε0εklmElBm as the linear momentum density and

jPik = ε0(1
2
E2δij −EiEk) + 1

µ0
(1

2
B2δik −BiBk) as the momentum flux density. According

to conventional notation δij and εklm are the Kronecker delta and the Levi-Civita opera-
tor, respectively. Furthermore, Sk describes the k-th component of the Poynting vector.
According to the vectorial definition of the angular momentum J = r×P, the angular
momentum density, the angular momentum flux density and the corresponding source
density read

ρJk = εklmxlρ
P
m (3.10.1)

jJik = εijlxjj
P
lk (3.10.2)

qJk = εklmxlq
P
m. (3.10.3)

Thus, it is possible to write the continuity equation for the angular momentum by using
the quantities from the linear momentum

εijkxj

(
∂

∂t
ρPk +

∂

∂xl
jPkl − qPk

)
= 0, (3.10.4)

which means that the continuity equation for the angular momentum is always fulfilled if
the corresponding equation for the linear momentum is fulfilled. In free space the source
density vanishes and qJk = 0, which leaves the terms for the angular momentum density
and the angular momentum flux density in the continuity equation. Due to the existence
of SAM in light beams a clear separation of the total angular momentum J = L + S
into orbital and spin parts is not straightforward. However, it was shown [188] that by
using the angular momentum flux density

jJil = εijkxj

[
1

2
δkl

(
ε0E

2 +
1

µ0

B2

)
− ε0EkEl −

1

µ0

BkBl

]
(3.10.5)

this goal can be achieved. The angular momentum flux describes the “amount” of
angular momentum crossing a surface per unit time. In the paraxial approximation
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with the axis of the beam in z-direction [189] the angular momentum flux density is
given by

jJ33 = y

(
ε0ExEz +

1

µ0

BxBz

)
− x

(
ε0EyEz +

1

µ0

ByBz

)
. (3.10.6)

The total angular momentum flux Mzz =
∫∫

jJ33dxdy through the plane perpendicular
to the z-direction is obtained by integration over the entire plane. This task is simplified
by using the complex field amplitudes

Ei = <
[
εie
−iωt] (3.10.7)

Bi = <
[
βie
−iωt] (3.10.8)

in combination with the corresponding Maxwell equations

εj =
−c2

iω
εjkl

∂

∂xk
βl (3.10.9)

βj =
1

iω
εjkl

∂

∂xk
εl. (3.10.10)

The latter formulas enable the elimination of the z-components of the electric and mag-
netic field in the equation for the angular momentum flux density in Eq. (3.10.6) which
results in

jJ33 =
c2ε0

2ω
<
[

1

i

(
yεx

∂

∂x
β∗y − yεx

∂

∂y
β∗x + yβ∗x

∂

∂x
εy − yβ∗x

∂

∂y
εx − ...

...− xεy
∂

∂x
β∗y + xεy

∂

∂y
β∗x − xβ∗y

∂

∂x
εy + xβ∗y

∂

∂y
εx

)]
. (3.10.11)

Terms including electric and magnetic field of the same component can be combined
according to the product rule for derivatives. It is straightforward to calculate the
integral for the total angular momentum flux using integration by parts. Two types
of expressions occur in Eq. (3.10.11). Terms with equal components are integrated as
follows

∫∫
−x2

∂

∂x2

(A1A2) dx1dx2 =

∫ {
[−x2A1A2]+∞−∞ +

∫
A1A2dx2

}
dx1

=

∫∫
A1A2dx1dx2 (3.10.12)

and all other terms obey

∫∫
x2A1

∂

∂x1

A2dx1dx2 =

∫ {
[x2A1A2]+∞−∞ +

∫
x2A2

∂

∂x1

A1dx1

}
dx2

= −
∫∫

x2A2
∂

∂x1

A1dx1dx2 (3.10.13)

with the parameters x1/2 = x, y and A1/2 = εx, εy, β
∗
x, β

∗
y . Using these integral equalities

it is possible to rewrite all expressions of
∫∫

jJ33dxdy. Terms with equal components
assume the shape of the integral after integration by parts while all other terms are ex-
pressed by a combination of the respective integral before and after integration by parts,
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i.e. only half of each term is integrated by parts and the other half is unchanged. Appli-
cation of this simple trick enables the angular momentum flux to assume the following
shape

Mzz =
c2ε0

2ω
<
{

1

i

∫∫ [
εxβ

∗
x + εyβ

∗
y +

1

2
εx

(
y
∂

∂x
− x ∂

∂y

)
β∗y + ...

...+
1

2
β∗x

(
y
∂

∂x
− x ∂

∂y

)
εy +

1

2
εy

(
x
∂

∂y
− y ∂

∂x

)
β∗x + ...

...+
1

2
β∗y

(
x
∂

∂y
− y ∂

∂x

)
εx

]
dxdy

}
. (3.10.14)

Equation (3.10.14) clearly provides the opportunity to switch to polar coordinates and
apply ∂

∂ϕ
= x ∂

∂y
− y ∂

∂x
. Finally, the angular momentum flux yields

Mzz =
c2ε0

4ω
<
{

1

i

∫∫ [
εy

∂

∂ϕ
β∗x + β∗y

∂

∂ϕ
εx − εx

∂

∂ϕ
β∗y − β∗x

∂

∂ϕ
εy

]
ρdρdϕ

}

︸ ︷︷ ︸
OAM

+...

...+
c2ε0

2ω
<
{

1

i

∫∫ [
εxβ

∗
x + εyβ

∗
y

]
ρdρdϕ

}

︸ ︷︷ ︸
SAM

. (3.10.15)

From Eq. (3.10.15) the separation into SAM and OAM is evident. The second term
describes the polarization characteristics and is therefore associated with the SAM. An
explicit dependency on the azimuthal coordinate ϕ suggests that the first term represents
the OAM. This separation gets even clearer by applying transformations which should
only influence the SAM or OAM. A birefringent optical element possesses different re-
fractive indices ns and nf for the two orthogonal polarization states and induces the
transformations εx/y → εx/ye

inf/skL and β∗x/y → β∗x/ye
ins/fkL on the electric and magnetic

field, respectively. Substitution of these transformations in Eq. (3.10.15) reveals that
it solely influences the SAM. On the other hand, an optical element introducing an az-
imuthal phase change is characterized by the transformation εx/y/β

∗
x/y → εx/y/β

∗
x/ye

imϕ.
The explicit behavior on the azimuthal coordinate ϕ demonstrates that such a trans-
formation only has an effect on the OAM. Thus, the total angular momentum flux is
built up of independent spin and orbital components which suggests that the conducted
separation is justified. [188, 190, 191]

Strictly speaking, this analysis for the calculation of Mzz is only valid in the parax-
ial approximation which allows to write the propagation constant from the Helmholtz
equation (Eq. (2.3.9)) in a simplified way. Series expansion of kz yields

kz =
√
k2 − k2

x − k2
y ≈ k − k2

x + k2
y

2k
(3.10.16)

which connotes a small inclination angle between kz and the optical axis. A solution of
the Helmholtz equation can be expected from the ansatz

Ψ(r) = u(r)eikz. (3.10.17)

Substitution into the Helmholtz equation in combination with the derivation rule (fg)′′ =
f ′′g + 2f ′g′ + fg′′ produces

eikz
(
∂2

∂x2
u(r) +

∂2

∂y2
u(r) +

∂2

∂z2
u(r) + 2ik

∂

∂z
u(r)− u(r)k2 + u(r)k2

)
= 0. (3.10.18)
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If the function u(r) is slowly varying, the second derivative in z can be neglected which
represents the paraxial approximation. The resulting wave equation is given by

∂2

∂x2
u(r) +

∂2

∂y2
u(r) +

∂2

∂z2
u(r) + 2ikeikz

∂

∂z
u(r) = 0. (3.10.19)

A complete set of solutions to Eq. (3.10.19) is given by the Hermite-Gaussian beams
uHG
n (x, z). They feature rectangular symmetry and are therefore not capable of carrying

OAM. Passing on to cylindrical coordinates the wave equation reads
(

1

ρ

∂

∂ρ
+

∂2

∂ρ2

1

ρ2

∂2

∂ϕ2
+ 2ik

∂

∂z

)
u(r) = 0 (3.10.20)

and the set of solutions is given by the rotationally symmetric Laguerre-Gaussian beams

uLG
mp(ρ, ϕ, z) ∼ L|m|p eimϕ. (3.10.21)

The latter consist of concentric intensity rings. Their number is determined by the
mode index p. The other mode index m describes the helical wavefront of the beam
[192]. Hence, the azimuthal phase structure of the beam is defined by the term eimϕ

which provides the beam with an OAM. It is found that all beams with a phase factor
of eimϕ have a well-defined OAM. Bessel beams represent a complete set of solutions to
the wave equation. They belong to the category of diffraction-free beams [193] and their
radial, azimuthal and axial components can be separated as follows

uB
m(ρ, ϕ, z) = Jm (κρ) eimϕei(kz−k)z (3.10.22)

with κ =
√
k2
x + k2

y. Due to the appearance of eimϕ, Bessel beams can also carry OAM.
Furthermore, these beams can be used to extend the property of well-defined OAM
to the non-paraxial case. By reason of their completeness it is possible to expand the
Laguerre-Gaussian beams using Bessel beams

uLG
mp(ρ, ϕ, z) =

∫ ∞

0

dmp(κ)Jm(κρ)eimϕe−iκ
2z/2kdκ (3.10.23)

with the mode function dmp(κ) [189]. The non-paraxial version of this beam is simply
given by inserting the exact value for kz. The resulting beam formula reads

ûLG
mp(ρ, ϕ, z) =

∫ k

0

dmp(κ)Jm(κρ)eimϕei
√
k2−κ2zdκ. (3.10.24)

In contrast to the paraxial approximation the integral in the non-paraxial beam covers
only values of κ between zero and k. Using this notation the non-paraxial beam still
possesses the azimuthal term eimϕ. Therefore, a separation into SAM and OAM is
justified and the beam can carry well-defined OAM. Comparison of the orbital angular
momentum flux and the energy flux reveals that their ratio amounts to m/ω. Since each
photon can be associated with the energy ~ω this implies that every single photon in a
beam with a helical wavefront carries OAM. Integration of the azimuthal phase along
the azimuthal direction indicates that the mode number

m =
1

2π

∮
∇S · dl (3.10.25)

can be associated with the topological charge. In Eq. (3.10.25) dl is the line element of
the integral and S = mϕ is the azimuthal phase. The topological charge describes the
number of phase discontinuities along the azimuthal integration path. [188, 191]
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3.10.2 Generation of helical wavefronts

Compared to SAM with only two orthogonal polarization states, OAM basically exhibits
an unlimited number of orthogonal states, i.e. the topological charge m can assume every
integer number in the orbital term eimϕ. This represents major advantages for encoding
information via OAM rather than SAM. However, these advantages come along with the
necessity to generate and measure the various OAM states. Detection of OAM states
is versatile. Two popular examples are the observation of rotating particles [194] and
counting the number of spiral interference fringes [195]. The former is based on the fact
that SAM induces a rotation of a microscopic particle around its own axis while OAM
forces the particle on a trajectory around the central axis of the beam. The latter ap-
proach describes the interference of a plane wave reference beam with the OAM beam.
Fringes occur in the interference pattern due to differences in the relative phase between
both beams. The number of fringes corresponds to the topological charge m [196]. Two
of the most common techniques for the generation of OAM beams are spiral phase plates
[197] with a varying optical thickness along ϕ and pitchfork holograms [198] resembling
diffraction gratings. In dependence on spiral phase plates it was demonstrated that plas-
monic metasurfaces [199] are capable of generating OAM beams. On-chip generation of
OAM laser beams in the near-infrared was realized by implementing spiral phase plates
[200] and off-resonance gratings [201]. In this section on-chip generation of MIR light
beams emitted from ring QCLs is demonstrated.

The employed approach utilizes the ring QCL on the surface side of the chip which emits
light towards the substrate. The latter is modified in the form of an OAM metasub-
strate which in turn manipulates the emitted light and creates an OAM beam. This
principle is similar to the light collecting metasubstrate in section 3.9. The main dif-
ference is that the OAM metasubstrate does not exhibit a refractive index gradient in
radial but in azimuthal direction. Essentially, it is a combination of spiral phase plate
and metamaterial created by means of etching sub-wavelength holes into the structure.
A sketch of the surface and substrate side of this device is provided in Fig. 3.42. As

Increasing
refractive index

Figure 3.42: Sketch of a ring QCL (left) equipped with an OAM metasubstrate (right). Differently sized
holes are etched into the substrate and create a circular refractive index gradient.
Reprinted with permission from [150]

the hole size of the OAM metasubstrate decreases with the azimuthal coordinate, the
refractive index is increasing which forms a linear refractive index gradient. The main
advantage with respect to conventional spiral phase plates is that no gray scale lithog-
raphy is necessary and only a single exposure is required. Therefore, the here presented
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OAM metasubstrate is reproducible and robust in the face of varying processing pa-
rameters, e.g. exposure and developing time. Figures 3.43 (a) - (c) indicate fabricated
OAM metasubstrates with topological charges of m = +1,−1, and +2. Without loss
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Figure 3.43: SEM images of OAM metasubstrates for the generation of beams with topological charges
of m = +1 (a), m = −1 (b) and m = +2 (c). (d) Magnified SEM image showing the
structure and geometry of the etched holes. (e) Required (dashed) and realized (solid)
refractive index gradients of the metasubstrates in (a) - (c).

of generality positive topological charges correspond to a counter clockwise increase of
the refractive index. A key condition is the step height of the discontinuity of the OAM
metasubstrate. It is defined by the etch depth and has to amount to λ/(n0 − 1). The
number of discontinuities is determined by the topological charge |m|. In the case of a
reduced or increased step height, fractional OAM beams are created. In Fig. 3.43 (d) a
closeup view of the metasubstrate is shown, enabling a thorough evaluation of the hole
design. For each of the given metasubstrates the refractive index gradient was measured
according to the technique in section 3.9 which also includes ARDE. The experimental
results along with the ideal gradient as a function of the azimuthal coordinate are indi-
cated in Fig. 3.43 (e). An overall good agreement between the fabricated metamaterial
and the ideal structure can be observed. In combination with an accurate etch depth,
which was found to be dmet = 4.32µm = 1.014 ·λ/(n0 − 1), as shown in Fig. A.2 (b),
with a mean emission wavelength of λ = 8.77µm and the refractive index n0 = 3.06 of
InP [178], this represents a feasible approach for creating OAM beams. In appendix A.4
detailed SEM images of the etched holes at different locations of an m = +1 metasub-
strate are provided.

Depending on the existence and topological charge of the OAM the light beam alters
its shape. Laguerre-Gaussian beams feature a central intensity minimum for |m| = 1.
Increasing the topological charge also enlarges the area of this central dark spot in the
beam [191, 200]. In the following the behavior of ring QCL beams under the influence
of OAM is investigated. The metasubstrate in Fig. 3.43 (a) with a topological charge
of m = +1 is fabricated below a ring QCL. Far fields for the surface and substrate
emission before and after fabrication of the metamaterial are presented in Fig. 3.44.
Prior to the fabrication of the OAM metamaterial the substrate of the chip is blank.
Therefore, surface and substrate emission show identical interference patterns with a
central intensity minimum in the far field. Application of the OAM metasubstrate does
not influence the surface emission. However, a radical change in the substrate emis-
sion is observed. The central minimum is exchanged by a central intensity peak and
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Figure 3.44: Experimentally measured surface (left column) and substrate (right column) far fields of
a ring QCL before (top row) and after (bottom row) the fabrication of the OAM meta-
substrate. The surface emission exhibits no significant change. In contrast, the substrate
emission shows a metasubstrate induced transformation from a central intensity minimum
to a central maximum.

the subsequent interference fringes are located at emission angles which correspond to
minima of the surface far field, i.e. minima and maxima are exchanged similar to the
far field in Fig. 3.15. Furthermore, rotational symmetry is maintained and stable single
mode emission around 1131 /cm is guaranteed for all four emission beams. Throughout
this dissertation several approaches and techniques have been demonstrated to create
central lobe emission beams. Abrupt and continuous π phase shifts were used to switch
phase and polarization vectors. These approaches induced dark parts in the far fields.
Off-centered DFB gratings were successfully implemented in order to generate rotation-
ally symmetric far field pattern. This is explained by a time depending behavior of the
mode inside the waveguide. Only this time depending analysis is capable to produce the
rotationally symmetric central lobed far field. The latter is quite similar to the OAM
far field in Fig. 3.44. However, it can be explained without a time depending behavior
of the mode. Figure 3.45 provides an illustrative exemplification of the formation of
the far field. The curved waveguide with the grating is displayed in a straight fash-
ion along the azimuthal coordinate α. The left sketch represents the emission through
a blank substrate resulting in horizontal wavefronts. Blue and red wavefronts exhibit
a phase difference of π. Due to the curvature of the waveguide opposing sides of the
ring (e.g. at 90◦ and 270◦) emit antiparallel polarization vectors. In the far field these
will interfere destructively and create the central intensity minimum. Due to the re-
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Conventional ring QCL OAM ring QCL

α

D

S
H
G

0◦ 90◦ 180◦ 270◦ 360◦ 0◦ 90◦ 180◦ 270◦ 360◦

Figure 3.45: Wavefront analysis in which the colored arrows denote the emitted polarization vectors.
The conventional ring QCL exhibits flat wavefronts which result in destructive interference
and a central intensity minimum. The OAM metasubstrate introduces an inclination of the
wavefront resulting in constructive interference and a central intensity maximum. Detector
(D), substrate (S), heterostructure (H) and grating (G) are labeled accordingly.

fractive index gradient the laser containing the OAM metasubstrate produces oblique
wavefronts. A proper etch depth in combination with an accurate refractive index pro-
file ensures a precise alignment of opposing polarization vectors. Light emitted from
the ring location α = 90◦ escapes the chip half of the light’s oscillation period faster
than light at α = 270◦. Thus, photons from α = 90◦ will interfere with photons at
270◦ of the preceding wavefront. Since these photons are phase shifted by a value of
π their polarization vectors assume a parallel orientation which results in constructive
interference and a central intensity maximum in the far field. As evident from Fig. 3.45
this approach is valid for the entire ring and constructive interference is ensured between
all locations on the ring with an azimuthal distance of ∆α = 180◦. Hence, a central
intensity maximum in the far field is an unambiguous representation of a ring QCL beam
carrying OAM. A summary of the effect of all OAM metasubstrates in Fig. 3.43 (a) -
(c) with topological charges m = +1,−1, and +2 on the emission beam is provided in
Fig. 3.46. The substrate emitted far fields with a topological charge of m = ±1 exhibit
a central intensity maximum as previously discussed. The respective surface emission
shows the conventional interference pattern with a central minimum. For the m = +2
metasubstrate the far field possesses in turn a central intensity minimum. An |m| = 2
OAM metasubstrate contains two discontinuities and hence features a steeper refractive
index gradient. Consequently, the emitted wavefronts are more sloped. In accordance
with the sketch in Fig. 3.45, light emitted at α = 90◦ in the red wavefront interferes
with light emitted at α = 270◦ in the preceding red wavefront with a phase difference
of 2π. Hence, the polarization vectors show an antiparallel orientation and the far field
possesses a central intensity minimum. This matter of fact implies that from this sim-
ple analysis of the far field beams with m = 0 and |m| = 2 show central intensity minima.

The descriptive explanation of the far field behavior under influence of the OAM meta-
substrate provided in Fig. 3.45 enables a qualitative understanding of the mechanism
behind the formation of the far field. In addition, a quantitative theoretical investi-
gation based on two different approaches was utilized to simulate the OAM emission
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m = +1

m = −1

m = +2
Substrate emission

(OAM)
Surface emission

1 mm

Figure 3.46: Surface and substrate emission of three ring QCLs equipped with OAM metasubstrates
generating topological charges of m = +1,−1,+2. SEM images of the corresponding
metasubstrates are provided in the right image taken under a viewing angle of 45◦. OAM
metasubstrates with |m| = 1 generate central intensity maxima whereas |m| = 2 metasub-
strates create central minima. This can be explained by the doubled angle of inclination
of the wavefront which provides destructive interference for |m| = 2.

beams. The first approach is based on a numerical model featuring 128 azimuthally ori-
ented independent dipoles [115]. The second approach is based on a vectorial ray-based
diffraction integral [202]. A comparison of the simulated far fields for |m| = 0, 1, 2 is
provided in Fig. 3.47. Both models deliver similar results for all investigated m-values.
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Figure 3.47: Far field patterns for |m| = 0, 1, 2 calculated with a dipole model (a) and ray-based diffrac-
tion integrals (b).
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Topological charges of m = 0 and |m| = 2 feature a far field with an intensity minimum
whereas topological charges of |m| = 1 result in a central intensity maximum. Based on
the second theoretical approach using vectorial diffraction integrals, ring QCL emission
beams with topological charges of |m| = 0 and |m| = 1 are compared with Gaussian
beams with |m| = 1 in Fig. 3.48. Corresponding far fields are provided in Fig. 3.48 (a).
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Figure 3.48: (a) Far field patterns of a Gaussian beam, a conventional ring QCL beam and a ring QCL
beam carrying an OAM of |m| = 1. (b) Phase structure of all three beams. Ring QCLs
exhibit a phase difference of π between adjacent interference fringes. The OAM phase
structure of a ring laser beam is a superposition of the conventional phase and the OAM
spiral phase pattern. (c) Iso-phase lines of the corresponding beams.

The Gaussian beam shows the characteristic donut shape while the ring laser far fields
exhibit concentric intensity rings with a central minimum and maximum for the con-
ventional and OAM carrying beam, respectively. Figure 3.48 (b) illustrates the phase
of each beam. The OAM carrying Gaussian beam is characterized by a spiral phase
pattern whereas for the conventional ring laser a phase difference of π between adjacent
interference fringes is observed. At the same time the phase along one interference fringe
ring is constant. Ring QCLs carrying OAM possess a phase pattern which is a super-
position of the conventional and the spiral phase pattern as shown in the right graph
of Fig. 3.48 (b). This superposition is also evident in the iso-phase lines shown in Fig.
3.48 (c). These lines indicate the locations of a phase value of zero.
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CHAPTER 4

PHOTONIC SENSING

Prior to the first demonstration of QCLs in 1994 [48] mostly lead salt lasers [203] were
utilized for spectroscopic applications in the MIR. Especially the successful realization of
room temperature CW QCLs in 2002 [204] paved the way for the widespread use of QCLs
in high-resolution spectroscopy and chemical sensing applications [205]. The versatility
of QCLs allows implementation in different setups as well as combination with various
spectroscopic techniques. Figure 4.1 gives an overview of several spectroscopic tech-
niques utilizing QCLs. Chirped laser dispersion spectroscopy [211] is used to measure

(a) (b) (c)

(d) (e)

Figure 4.1: Overview of spectroscopic techniques utilizing QCLs. (a) Chirped laser dispersion spec-
troscopy. (b) Cavity ring-down spectroscopy. (c) Quartz-enhanced photo-acoustic spec-
troscopy. (d) Photothermal deflectometry. (e) Frequency comb spectroscopy.
Reprinted with permission from [206, 207, 208, 209, 210]

the dispersion instead of the absorption of substances in the MIR. In cavity ring-down
spectroscopy [207] the light emitted from a QCL is bounced back and forth between two
high reflecting mirrors while the decay time yields information about the analyte between
both mirrors. Transformation of optical into acoustic information is achieved in quartz-
enhanced photo-acoustic spectroscopy [208]. Medical applications could benefit from
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QCLs implemented in a photothermal deflectometry [209] setup. Eventually, quantum
cascade frequency combs [210] have been realized and implemented for chemical sensing.

In this chapter the suitability of ring QCLs for spectroscopic sensing applications is
demonstrated. Due to their small footprint and vertically emitting nature they are
ideal light sources for integration into compact hollow waveguides for gas sensing as
shown in section 4.1. Utilization of CW ring QCLs at cryogenic temperatures facilitates
a heterodyne detection scheme and provides insights into the thermal and electronic
characteristics of these lasers. Preliminary results are provided in section 4.2. In the final
section 4.3 of this chapter a unique on-chip sensor system based on bi-functional surface
emitting and detecting quantum cascade structures for remote sensing is demonstrated.

4.1 Substrate-integrated hollow waveguides

Chemical species in the gas phase are typically analyzed by laser spectroscopy in an
open-path measurement or by using a closed gas cell. Conventional cells suffer from
several disadvantages including a relatively large size accompanied by a huge gas vol-
ume. Furthermore, the limited robustness and portability as well as the requirement
for optical alignment especially for multi-pass gas cells restricts the possible fields of
application. A novel and innovative concept for miniaturized sensing systems is the
substrate-integrated hollow waveguide (iHWG) [212]. It represents a combination of
optical waveguide and gas cell with a significantly smaller gas volume than conventional
cells. This allows for fast sample transition times, i.e. a fast gas exchange. In addition,
a higher volumetric optical efficiency than in long-path or multi-pass gas cells can be
achieved. These excellent characteristics facilitate application of iHWGs in compact
and efficient sensing tools for environmental monitoring [213, 214], process analytics
[215, 216] and medical applications such as breath diagnostics [217, 218]. Due to their
vertically emitting nature and collimated rotationally symmetric beam, ring QCLs are
ideal light sources to be used in combination with iHWGs. In this study a prototype
sensor based on direct absorption spectroscopy is demonstrated. It comprises a dual-
color ring QCL and a compact iHWG. A photograph of the respective sensing setup is
provided in Fig. 4.2. The light emitted from the ring laser on the left is collimated
by a ZnSe lens for optimum coupling to the iHWG. The latter is fabricated from brass
and has a total optical path length of 15 cm. The rectangular cross section of the op-
tical channel occupies an area of 2.0 mm2 resulting in a total gas volume of 300 mm3

excluding the gas transfer lines. Copper and gold layers are deposited on the polished
inner walls of the iHWG for high reflectivity and efficient waveguiding. Front and back
end of the cell are sealed with BaF2 windows. Subsequent to traversing the iHWG, the
light is detected by a liquid nitrogen cooled MCT detector. The latter contains a 4 mm2

large detector element which is directly attached to the iHWG. Due to the non-imaging
nature of the iHWG, the exiting light exhibits a rather broad divergence angle which
reduces the collected light with an increasing distance between MCT and iHWG. The
utilized ring QCL features a continuous π phase shift grating as described in section
3.7. Depending on the driving current the laser provides single or dual mode emission
as depicted in Fig. 4.3 (a). In dependence on the analysis carried out in section 3.7
these modes can be associated with the first and second order radial WGMs. There-
fore, their spectral lines are well-separated which enables simultaneous detection of two
different analytes, namely furan and 2-methoxyethanol vapor. In Fig. 4.3 (b) the light-
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Ring QCL Lens iHWG MCT

Figure 4.2: Experimental setup including a ring QCL and an iHWG. The light emitted from the ring
QCL is coupled to the iHWG via a ZnSe lens. An MCT detector is placed at the other side
of the iHWG.
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Figure 4.3: (a) Spectra of the dual color ring QCL recorded at 5.5 kA/cm2 (black) and 10.0 kA/cm2

(red). The single mode emission at lower driving currents gives way to the dual color
emission at higher driving currents. (b) LIV curve of the laser device. The black and red
dots mark the operation points at which the spectra in (a) were taken.
Reprinted with permission from [219]

current-voltage (LIV) characteristics of the laser is shown. Between lasing threshold at
4 kA/cm2 and 7 kA/cm2 the LI shows a rather linear behavior. In this region the laser
exhibits single mode emission at 1144 /cm. At 7 kA/cm2 a sharp kink in the LI marks
the onset of the second order radial WGM. For the rest of the shown LI the laser is
in the dual mode regime, simultaneously emitting at 1144 /cm and 1170 /cm. Black
and red dots indicate the operation point of the recorded spectra in Fig. 4.3 (a) at
5.5 kA/cm2 and 10 kA/cm2, respectively. The dual color emission is given in Fig. 4.4
together with the absorption spectra of furan and 2-methoxyethanol. Furan exhibits a
higher absorption at 1170 /cm than at 1144 /cm whereas 2-methoxyethanol shows the
reverse behavior with a stronger absorption at 1144 /cm. Several mixtures of furan and
2-methoxyethanol were investigated at the two different driving currents indicated in
Fig. 4.3 (b). The results are provided in Fig. 4.5. It shows the measured signal of the
ring QCL - iHWG system for a changing furan concentration in 2-methoxyethanol. Fig-
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Figure 4.4: Spectrum of the dual color ring QCL on top of the absorption spectra of 2-methoxyethanol
and furan showing higher absorption at 1144 /cm and 1170 /cm, respectively.
Reprinted with permission from [219]

(a)

(b)

Figure 4.5: Measured detector signal for different mixing ratios between 2-methoxyethanol and fu-
ran recorded with single mode emission at 5.5 kA/cm2 (a) and dual mode emission at
10.0 kA/cm2 (b). Due to the inverse behavior of the two substances at both emission
wavelengths, an increasing and decreasing detector signal is obtained for rising furan con-
centrations in (a) and (b), respectively.
Reprinted with permission from [219]

ures 4.5 (a) and (b) depict the detector signal for laser driving currents of 5.5 kA/cm2

and 10 kA/cm2, respectively. At the former operation point only the spectral line at
1144 /cm is active where 2-methoxyethanol shows a stronger absorption than furan.
Hence, an increase of the furan concentration which corresponds to a decrease of the
2-methoxyethanol concentration enhances the detector signal. The experimental data
shows a good agreement with the exponential fit according to Beer-Lambert’s law. For
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the operation point at 10 kA/cm2 both spectral lines are active. Since the maximum
absorption of furan is stronger in this wavelength range than for 2-methoxyethanol, it
will dominate the absorption behavior of the mixture. Thus, for increasing furan con-
centrations the detector signal is decreasing. Experiment and theoretical prediction of
the Beer-Lambert law exhibit a good agreement. In conclusion, depending on the laser
driving current a change in the two component mixture induces an increase or decrease
of the detector signal. Hence, the two vapor phase analytes were successfully detected
and quantified. This study represents a proof-of-principle for combining ring QCLs and
iHWG. As evident from the experimental setup shown in Fig. 4.2 the system is rather
large and does not exploit the entire miniaturization potential, yet. Ongoing investiga-
tions focus on a direct integration of laser and detector on the iHWG. Such a compact,
robust and versatile sensor could be used in various fields and even enable completely
novel applications requiring small and lightweight sensor systems. [219]

4.2 Heterodyne phase-sensitive detection

Utilization of single mode CW QCLs enables efficient tunable laser spectroscopy.
The latter is characterized by a systematic variation of the injected laser current. The
operation speed for such a current modulation is fundamentally limited by the picosec-
ond intersubband carrier lifetimes which theoretically allow modulation bandwidths up
to the THz regime [220]. A modulation of the laser driving current induces a change in
the refractive index and therefore shifts the emission wavelength of the laser. Two main
effects contribute to this effect. Joule heating as well as a strong light-carrier interaction
due to increased carrier densities influence the refractive index of the active region. They
are associated with thermal and electronic tuning, respectively. Since the former is a
rather slow process it dominates in the low frequency domain where the temperature is
capable of following the modulation current. In the high frequency domain the current
modulation is too fast for the temperature and only the electronic condition inside the
active region contributes to the change of the refractive index. Hence, electronic tuning
dominates at high modulation frequencies.

A current modulation can be quantitatively described by

IL(t) = I0 + ∆I cos (2πfM t) (4.2.1)

with the modulation frequency fM , the DC current I0 and the current modulation am-
plitude ∆I. Assuming a non-zero slope-efficiency such a current modulation induces
also a modulation of the emitted power

PL(t) = P0 + ∆P cos (2πfM t− ΦIM) (4.2.2)

with the average power P0, the power amplitude ∆P and the intensity modulation (IM)
phase shift ΦIM between modulated current and modulated power. Due to the varying
refractive index Eq. (4.2.1) is accompanied by the following modulation of the emitted
frequency

fL(t) = f0 + ∆f cos (2πfM t− ΦIM + Θ) (4.2.3)

with the center frequency f0, the frequency amplitude ∆f and the phase shift Θ between
IM and frequency modulation (FM). A systematic variation of the emission frequency
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is equivalent to a beat note signal originating from several emitters with distinct fre-
quencies given by f0± fM . This results in the formation of sidebands around the center
frequency. Utilization of such a light source for the detection of chemical species with
sharp absorption features introduces favorable properties. In the vicinity of a molecular
absorption line the real part of the refractive index assumes the slope shown in Fig. 4.6
(a) [221]. Its mathematical representation is given by
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Figure 4.6: (a) Refractive index in the vicinity of a molecular absorption line. (b) Emission spectrum
of a current-modulated laser with the central laser frequency f0 and two distinct sidebands.
Reprinted with permission from [222]

n(f) = n0 + xs
f0 − f

(f0 − f)2 + (FWHM/2)2
(4.2.4)

with the center frequency f0 of the molecular transition and the variable xs describing the
spectral line. Precise spectral alignment of the central laser frequency and its sidebands,
as shown in Fig. 4.6 (b), facilitates the determination of the refractive index shape. A
matching of the location of the sidebands for a maximum refractive index difference is
possible via tuning of the modulation frequency. While propagating through the medium
the different emission lines experience different refractive indices and therefore travel at
different speeds. In turn, this corresponds to a change in the relative phase between
the emission lines. In the low concentration approximation this beat note phase can be
written as [222]

Θ =
f0L

2c
[n(f0 + fM)− n(f0 − fM)] (4.2.5)

with the light-analyte interaction path length L. Hence, the measurement of the beat
note phase enables a quantitative determination of the species concentration. This
sensing technique is referred to as heterodyne phase-sensitive detection (HPSD) and
measures the refractive index of the analyte which is in contrast to conventional sens-
ing methods based on absorption according to the Beer-Lambert law [223, 224, 225].
[222, 226]
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Furthermore, probing the IM and FM properties of a laser provides detailed information
about its thermal and electronic characteristics. With this goal in mind a current mod-
ulated ring QCL was operated in CW mode at liquid nitrogen temperatures. A 10 cm
long gas cell filled with 0.4% of CH4 in N2 was utilized for the following experiments.
Figure 4.7 shows the amplitude (a) and the FM-IM phase (b) recorded with an MCT
detector for a modulation frequency of fM = 100 MHz and a DC current of I0 = 200 mA.
The signal from the MCT was fed into a mixer and down-mixed to 100 kHz. The lat-
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Figure 4.7: Obtained amplitude (a) and FM-IM phase (b) of an exemplary measurement with a mod-
ulation frequency of 100 MHz and a DC current of 200 mA. Experimental data (orange)
and fit (blue) are in good agreement. Two distinct absorption features at 1322.08 /cm and
1322.15 /cm are observed. For the following analysis, summarized in Fig. 4.8, only the first
feature at 1322.08 /cm was considered.

ter was then detected via a lock-in amplifier. Two absorption features of the gas are
evident in Fig. 4.7. Only the larger feature at 1322.08 /cm was fitted and used for the
following analysis. Several modulation frequencies from 1− 150 MHz were implemented
for different operation points (DC currents) of the laser. The latter required an adjust-
ment of the operation temperature in order to spectrally compensate the temperature
effect of the DC current. Details are provided in Tab. 4.1. Figure 4.8 provides the ra-

DC current 65 mA 101 mA 150 mA 200 mA

Temperature 118 K 110 K 100 K 88 K

Table 4.1: Laser submount temperatures at different DC currents were utilized in order to compensate
for the spectral shift introduced by thermal effects of the DC current.

tio ∆f/m = ∆f/(∆P/P0) (a) between absolute frequency modulation and normalized
intensity modulation as well as the FM-IM phase shift Θ (b) for all DC currents and
modulations frequencies. Between 150 MHz and 30 MHz no significant change is evident.
However, below 20 MHz the rise in the FM-IM ratio in combination with the changes
of the phase implies the onset of thermal tuning in the ring QCL. The here presented
measurements represent a feasibility study and form the basis for ongoing investigations
of the tuning characteristics of ring QCLs. Especially potential differences in the tuning
behavior between straight ridge-type QCLs and circular ring QCLs are subject of current
research studies. [222, 226]
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Figure 4.8: FM-IM index ratio (a) and FM-IM phase shift (b) as a function of the modulation frequency
fM for different DC currents ranging from 65 mA to 200 mA. The FM-IM index ratio shows
a steady scaling with the DC current. Both, index ratio and phase, exhibit an increase for
modulation frequencies below 20 MHz which indicates the onset of thermal tuning in ring
QCLs.

4.3 Remote sensing

Several spectroscopic sensing techniques utilizing QCLs have been introduced in Fig.
4.1. The latter impressively demonstrates the versatility of QCLs. However, most spec-
troscopic applications are based on the same fundamental sensing setup. It consists of
a light source, a light-analyte interaction region and a separate external detector. In
this section an innovative concept is introduced combining light source and detector
on a single chip. Wavelength-matching between the monolithic laser and detector is
achieved by implementing bi-functional quantum cascade heterostructures [227]. Sens-
ing systems based completely on quantum cascade technology [228] have already been
demonstrated. However, in such sensor system laser and detector components originate
from dissimilar growths and are placed on different chips which does not fully exploit
the potential of quantum cascade systems. The first quantum cascade on-chip sensor
for liquids was published by Schwarz et al. in 2014 [229]. Based on this heterostructure
surface emitting and detecting gas sensors [230] have been developed in the course of this
dissertation. The design and realization as well as proof-of-principle gas sensing mea-
surements are provided in section 4.3.3. Building on this approach an innovative sensor
concept is introduced in section 4.3.4. It features two commutable surface emitting and
detecting ring quantum cascade laser/detector structures for efficient sensing of chemi-
cal substances [231]. Both rings can be alternately operated as laser and detector which
not only facilitates compact chemical sensors but also enables a versatile and efficient
implementation in various spectroscopic sensing applications. In the following sections
4.3.1 and 4.3.2 introductions of QCDs and bi-functional heterostructures are provided.

4.3.1 Quantum cascade detectors

Imaging and sensing applications are the major forces behind the advancement of in-
frared detector technology. Especially quantum cascade detectors (QCDs) have recently
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emerged from unexplored intersubband devices to sophisticated infrared detectors used
in complex systems for imaging [232] and spectroscopic sensing [228]. They emerged
from quantum well infrared photodetectors (QWIPs) and consist of a semiconductor
heterostructure enabling tailorable absorption characteristics similar to QCLs. In con-
trast to photoconductive QWIPs, QCDs do not require an external bias voltage which
reduces the dark current. QWIPs were first demonstrated in 1987 by Levine [57]. They
consist of a series of quantum wells as shown in Fig. 4.9 (a). In the bound-to-quasibound

(a) (b)

Figure 4.9: Working principle of QWIPs (a) and QCDs (b). In a QWIP electrons in a quantum well are
excited to an upper quasi bound level by incoming radiation. This upper level is resonant
with the conduction band edge which facilitates coupling to the continuum and efficient car-
rier extraction by the applied voltage. A QCD operates without external bias and therefore
exhibits no dark current. An electron is excited from level A1 to A2 by an incoming photon
before it cascades from quantum well B to H where it enters the first quantum well A′1 of
the next active region of the QCD.
Reprinted with permission from [59, 233]

scheme each quantum well possesses two energy levels. The detection energy is given
by the energetic separation of these two levels. Incoming radiation lifts electrons from
the lower energy level to the upper level which is in resonance with the barrier edge
for efficient electronic extraction. This concept for infrared detectors enabled a myriad
of applications [59, 233]. In principle, photovoltaic QWIPs [234, 235] can be operated
without external bias and exhibit superior noise properties with no dark current and
enable higher photon fluxes than photoconductive QWIPs. This is enabled by the built-
in inversion asymmetry which plays the role of an internal field. The latter defines the
predominant direction of the electron motion. For symmetric photoconductive QWIPs
this task is undertaken by the applied electric field.

In 2002 Hofstetter et al. demonstrated that a quantum cascade laser heterostructure is
capable of detecting light when unbiased [236]. This discovery paved the way for the first
designed QCD in 2004 [237]. Nowadays, QCDs are deployed for applications in the MIR
[60], near-infrared [238] and THz [239] spectral region. The schematic in Fig. 4.9 (b)
depicts the heterostructure and energy levels with the respective wavefunctions of a QCD
period. The optical transition occurs in the thick doped quantum well from level A1 to
A2. Subsequently, the electrons follow the undoped extraction cascade from quantum
well B to H. This implementation introduces an asymmetry to the heterostructure which
induces a predominant direction for the motion of the photoexcited electrons resulting
in a net photocurrent. Since no external field is necessary to obtain this electronic flow,
no dark current noise is present. Similar as in QCLs, the thickness of the quantum wells
as well as their material composition determine the energetic levels and therefore the
wavelength at which the QCD is sensitive. A figure of merit for QCDs is the responsivity
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R. It is defined as the ratio

R =
Is
Ps

=
eηgp
hν

=
λeηgp
hc

(4.3.1)

between generated output current Is and incoming radiation power Ps. In this notation
e is the electronic charge, η is the absorption efficiency and

gp =
pe
Nppc

(4.3.2)

is the detector gain with the extraction probability pe, the capture probability pc and
the number of periods Np. For QCDs a common assumption is pc = 1. According to Eq.
(4.3.2) the detector gain is inversely proportional to the number of periods which is in
contrast to the behavior of the lasing gain in QCLs as discussed in section 2.2.6. Since one
absorbed photon only carries an electron from one period to the next, a total number of
Np photons is necessary to enable a single electron to traverse the entire heterostructure
and contribute to the measurable detector current. Based on Eq. (4.3.2) as few periods
as possible seem to be desirable for QCDs. However, increasing Np delivers a higher
device resistance which is beneficial for the detectivity

D∗ =
Rmax

In

√
A∆fQCD (4.3.3)

due to a lower Johnson noise. In Eq. (4.3.3) the maximum responsivity is denoted
by Rmax, the noise current is given by In, the detector area is A and the measurement
bandwidth is identified by ∆fQCD. Above the background limited infrared performance
temperature the detectivity can be expressed as

D∗J = Rmax

√
AR0

4kbT
(4.3.4)

with the differential devices resistance R0.

The intersubband selection rule discussed in section 2.2.3 holds not only for QCLs but for
QCDs as well. Hence, normal incident light cannot be detected efficiently [240]. Thus,
coupling strategies like the 45◦ mesa, the Brewster angle configuration [241] or grating
couplers [242] have to be exploited. In recent years advanced approaches including the
application of photonic crystals [243], metamaterials [244] and plasmonic lenses [245] as
well as scattering induced coupling [246] of normal incident light to the QCDs active
region have been demonstrated. [61, 62, 241, 247]

4.3.2 Introduction to bi-functional heterostructures

Realization of efficient ultra-compact optical sensors requires the implementation of emit-
ter and detector on a single chip. Although wafer bonding techniques [248, 249] represent
a valid approach, a more elegant solution is the creation of a bi-functional semiconductor
chip which enables wavelength-matched emission and detection from monolithically in-
tegrated lasers and detectors. Such concepts were already realized decades ago for band
gap devices [250]. However, it was only recently that a successful implementation was
realized for quantum cascade structures [227]. When biased they provide laser emission
whereas the unbiased device is a detector. The main obstacle in designing a bi-functional
quantum cascade device is the wavelength mismatch between laser and detector mode.
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Since in unbiased detector operation the optical transition occurs between the upper
laser level and an extraction level instead of the energetically elevated lower laser level,
this results in a blue shift of the detector spectrum. A reduction of the coupling between
lower laser level and extraction levels through thicker barriers as well as an additional
narrow well between injector and active well can compensate this energy shift. A red
shift of the optical transition is observed when the narrow well level is strongly coupled to
the upper laser level, as is the case in the detector mode. In the lasing configuration this
narrow well level shifts to higher energies which reduces the coupling and consequently
results in an effective red shift of the detector transition. Fine tuning of the width of
the narrow well allows for a matching of laser and detector spectrum for specified oper-
ation temperatures. Figure 4.10 (a) indicates the wavelength overlap between laser and
detector at room temperature. Combination of bi-functional laser/detector devices with

(a) (b)

Figure 4.10: (a) Laser (brown solid) and detector (blue dashed) spectra as well as spontaneous emis-
sion (green dotted) of a bi-functional quantum cascade device with a designed wavelength
overlap. (b) On-chip sensor for liquids consisting of a monolithic quantum cascade laser
and detector. The insets depict a SEM image of the sensor and a schematic of its working
principle.
Reprinted with permission from [229, 251]

a waveguiding structure on a single chip as illustrated in Fig. 4.10 (b) facilitates the
realization of lab-on-a-chip sensors for the analysis of liquid species [229, 252].

4.3.3 Surface active transceiver

As a result of the limited size of typical semiconductor chips, the sensing approach pre-
sented in section 4.3.2 is not feasible for gaseous analytes which usually require larger
light-analyte-interaction paths on the order of centimeters or meters. Although photonic
on-chip gas sensing [253] is possible, it requires complex chip designs in combination with
precise control of the light on the chip. Hence, such approaches are not accessible for
quantum cascade material systems, yet. An alternative approach for “quasi” on-chip
gas sensing is to outsource the analyte-interaction zone from the chip while keeping the
monolithic laser and detector. Following this approach vertically emitting and detect-
ing devices provide several advantages over facet emitters, e.g. the possibility for two
dimensional integration. In this section the first prototype of a surface active on-chip
gas sensor based on bi-functional quantum cascade heterostructures is demonstrated. A
SEM image of this surface transceiving device is depicted in Fig. 4.11 (a). It consists
of a ring QCL surrounding a circular detector element. The ring laser facilitates light
outcoupling via a second order DFB grating shown in Fig. 4.11 (b). The detector cen-
tered within the ring laser is capable of normal incident light absorption via a metal
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Figure 4.11: SEM images of the surface active transceiver. The ring QCL provides light emission via
the second order DFB grating and the centered disk QCD facilitates detection of vertically
incident light via the metal hole grating.

hole grating presented in Fig. 4.11 (c). Its period is 2µm and the diameter of each
hole amounts to roughly 1µm, resulting in a duty-cycle of 50%. In addition to optical
coupling, the metal hole grating also serves as part of the detector’s extended top con-
tact marked by TCD in Fig. 4.11 (a). Its bottom contact is labeled BCD. The laser
top contact is given by TCL and its bottom contact is formed by the InP substrate.
This configuration ensures potential stability for the detector. Prior to a simultaneous
operation of laser and detector, both devices were characterized separately. The cor-
responding measurement setups are depicted in Fig. 4.12 (a). For characterization of
the ring laser the semiconductor chip is placed in front of a ZnSe lens which couples
the emitted light to an FTIR spectrometer. Spectral information as well as power char-
acteristic of the laser are obtained by focusing the light onto a calibrated deuterated
triglycine sulfate (DTGS) detector inside the spectrometer. Characterization of the de-
tector requires the utilization of a rotating chopper and the integrated broadband globar
source of the FTIR. Laser and detector spectra recorded at 80 K are provided in Fig.
4.12 (b) and demonstrate the spectral overlap around 6.5µm. While the laser produces
single mode emission at 1514 /cm, the detector features a rather broad absorption spec-
trum with measurable sensitivity from 1350 /cm to 1700 /cm with a peak responsivity
of 2.4 mA/W at 1566 /cm measured at 80 K. The on-chip sensing scheme is sketched in
Fig. 4.13 (a). In Fig. 4.13 (b) the power characteristics of the ring QCL are investigated
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(a) (b)

Figure 4.12: (a) Setup utilized for the characterization of the surface active transceiver. (b) Spectra
of the ring laser (blue dotted) and disk detector (brown solid) recorded at 80 K with a
wavelength overlap at 6.5µm.
Reprinted with permission from [230]

by means of the external DTGS detector associated with the blue dotted curve and the
on-chip detector represented by the brown solid line. Light emitted from the sensor chip

(a) (b)

Figure 4.13: (a) Sensing setup. Light emitted from the ring laser is collimated by a lens and propagates
through the gas cell before it is back-reflected by the flat gold mirror and takes the initial
path back to the sensor chip where it is detected by the disk detector. (b) LI curves
recorded with an external DTGS detector (blue dotted) and the on-chip detector (brown
solid). In order to verify that the measured signal originates from the back-reflected light,
the mirror was covered with a low reflecting shield. The corresponding LI curve is given
by the black solid line and shows a negligible detector signal.
Reprinted with permission from [230]

is collimated by a ZnSe lens with a focal distance of f = 50.8 mm. Subsequently, the
light is modulated by a rotating chopper which is required in order to filter the crosstalk
between laser and detector. Back-reflection from the flat gold mirror forces the laser
beam to reversely propagate on its initial path back through the chopper and the lens
before it impinges on the sensor chip. The recorded LI of the laser exhibits a threshold
current density of 3 kA/cm2 which is perceived in both detection schemes. Furthermore,
the power behavior of the laser for all applied currents is successfully identified by the
on-chip detector demonstrating a good agreement with the DTGS measurement. In
order to eliminate the possibility of electrical contributions (crosstalk) to the detector
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signal the LI was recorded with an absorbing shield blocking the mirror and therefore
preventing back-reflection of light to the sensor chip. The respective detector signal as a
function of the applied current recorded in this configuration is given by the black solid
curve in Fig. 4.13 (b) and exposes a negligible signal. In addition to residual electrical
crosstalk, the remaining signal can arise due to reflections from the gas cell. Hence,
the previously obtained detector signal associated with the brown curve in Fig. 4.13
(b) can be mainly attributed to an optical signal from the back-reflected light which
verifies the working principle of this sensor. Proof-of-concept gas measurements were
conducted using this on-chip laser/detector system. Therefore, a gas cell with a length
of 10 cm was placed between mirror and chopper as indicated in Fig. 4.13 (a). Isobu-
tane/nitrogen and propane/nitrogen mixtures were investigated. Absorbance spectra
of these two alkanes, taken from the Pacific Northwest National Laboratory (PNNL)
database [254], are provided in Fig. 4.14 (a). Nitrogen is assumed not to show any

(a) (b)

(c) (d)

Figure 4.14: (a) Absorption spectra of isobutane and propane. The inset shows a magnified section
of the spectra around the laser emission wavelength given by the black dashed vertical
line. (b) and (c) provide LI curves recorded for different gas concentrations of propane and
isobutane, respectively. A higher gas concentration decreases the detector signal along the
entire range of the LI curve. (d) Measured detector signal (data points) and exponential
fits (solid lines) for both gases as a function of the concentration. Since propane exhibits
a higher absorbance at the laser emission wavelength the detector signal shows a stronger
decline with increasing gas concentration.
Reprinted with permission from [230]

absorption in this wavelength range. At the emission wavelength of the laser, indicated
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by the vertical dashed line in the inset of Fig. 4.14 (a), propane exhibits a stronger
absorption than isobutane. The experimental procedure for the analysis of both gases
stipulates the recording of the entire LI from 0 A to 0.8 A for different gas concentrations.
The laser is operated in pulsed mode with a pulse length of 100 ns and a repetition rate
of 20 kHz at 80 K. Within the cell the gases are kept at room temperature and ambient
pressure. A constant flow rate of 3 L/min was ensured. Results of these measurements
are presented in Fig. 4.14 (b) and (c) for propane and isobutane, respectively. Increasing
the gas concentration induces a decline of the measured on-chip detector signal at every
operation point above the lasing threshold. In order to quantify the experimental results
symbolized by the “+” signs, linear fits for currents between 0.44 A and 0.8 A for every
recorded LI are obtained. The fit values at 0.8 A were utilized to express the detector
signal as a function of the gas concentration as shown in Fig. 4.14 (d). Experimental
data and exponential fits according to the Beer-Lambert law are in agreement within
the specified errors of the experiment. Since propane exhibits a stronger absorption at
the laser emission wavelength, the measured detector signal shows a faster decline with
increasing gas concentration than for isobutane. [230]

The performance of the here presented on-chip sensor strongly depends on the light
pattern incident on the chip after reflection from the flat gold mirror. However, this
information is not readily obtained since placing a camera or detector element between
semiconductor chip and lens to capture the light reflected from the mirror would block
the initial laser beam. Therefore, the setup shown in Fig. 4.13 (a) was mirrored along
the mirror plane, as shown in Fig. 4.15, in order to replicate the beam in a non-reflecting
fashion, which allows to obtain the intensity distribution with a bolometer camera. The

(a) (b) (c)

Laser/Detector Lens Mirror Lens Bolometer

Sensing

Beam pattern

Figure 4.15: Sensing setup compared with the mirrored setup for the investigation of the beam pattern
incident on the sensor chip. The mirror in the sensing setup is replaced by a second lens
which projects the beam pattern on the bolometer camera. (a), (b) and (c) denote the
planes at which the intensity patterns in Fig. 4.16 were recorded.

mirror was removed from the original setup and replaced by a second lens which is
identical to the first one. The second lens collimates the parallel beam and creates
a beam pattern onto the bolometer camera which is in good approximation identical
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to the beam incident on the sensor chip in the original setup. Figure 4.16 depicts
the beam patterns recorded at different locations in the setup. Without any optical

(a) (b) (c)

Figure 4.16: Beam patterns recorded at the planes specified in Fig. 4.15. (a) The light distribution
is recorded without any optical elements and consists of concentric intensity rings. The
large intensity ring at around ±4◦ is caused by reflections at the cryostat window. (b)
Laser beam in the mirror plane forming a ring shaped intensity pattern. (c) Beam pattern
focused on the bolometer camera. The ring shaped intensity distribution represents the
laser beam incident on the sensor chip in the sensing setup. The intensity ring possesses a
diameter of roughly the diameter of the ring QCL. Consequently, most of the emitted light
is not incident on the centered disk detector.
Reprinted with permission from [230]

components, directly after the semiconductor chip (a), the beam consists of concentric
intensity rings as discussed in section 3.2. The large ring-shaped intensity accumulation
at ±4◦ originates from reflections at the cryostat window. In the mirror plane (b) the
beam features a ring intensity pattern with a diameter of roughly 2 mm and stray light
in its center. Figure 4.16 (c) shows the beam profile recorded after the second lens at
a distance equal to the distance between sensor chip and first lens. Hence, this beam
pattern describes the intensity distribution incident on the detector when utilizing the
sensing setup in Fig. 4.13 (a). Again the beam mainly consists of a ring shaped intensity
pattern with a diameter of 8− 12 pixels of the bolometer camera. Considering the pixel
pitch of 52µm this results in a diameter of 416− 624µm which roughly corresponds to
the 400µm diameter of the ring QCL. Consequently, most of the emitted light is not
incident on the centered detector element. Mainly, the central peak of the intensity
distribution, originating from parasitic reflections, contributes to the measured detector
signal. Optimization of the detector geometry is capable of significantly improving the
sensor performance. [230]

4.3.4 Commutable laser/detector sensor

As described in the introduction of this chapter, conventional sensing setups consist of a
light source, a light-analyte-interaction region and a separate external detector. In this
configuration QCLs find plenty of applications and are implemented in combination with
various spectroscopic techniques. The gas sensor prototype presented in section 4.3.3
marks the first step towards compact integrated sensor systems with a revolutionary op-
eration principle. Integration of laser and detector elements on a single chip facilitates a
significant miniaturization of optical sensors and enables unprecedented applications in
environmental monitoring as well as medical and biochemical applications. In this final
section a highly integrated surface active sensor is demonstrated. Based on the sensor
concept introduced in the previous section it provides an improved detector geometry
which is matched to the emission beam pattern. Therefore, the laser-detector coupling is
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drastically enhanced which not only results in room temperature operation but also fa-
cilitates precise gas sensing measurements with detection limits in the parts-per-million
(ppm) range.

A sketch of this sensor is provided in Fig. 4.17. Two concentric ring structures featuring

10µm

Inner ring
Laser/Detector

Outer ring
Laser/Detector

BC

TC

BC

TC

Isolation

Figure 4.17: Sketch of the commutable on-chip sensor consisting of two concentrically aligned ring struc-
tures with a second order DFB grating for light emission and detection. The inset shows
a SEM image of both ring waveguides with their DFB gratings.
Reprinted with permission from [231]

second order DFB gratings are monolithically integrated on a single chip. The grating
enables not only vertical light emission but also detection of normal incident light. The
diameters of the inner and outer ring are 330µm and 400µm, respectively. Each ring
possesses own top (TC) and bottom (BC) contacts to filter the electrical crosstalk. This
is crucial in order to enable alternating operation of both rings in the lasing and detection
mode, i.e. both rings can be used as laser and detector. Figure A.4 in appendix A.6
depicts a SEM image of the entire device. A closeup SEM image of the ring waveguides
and the DFB gratings is provided in the inset of Fig. 4.17. The spectral performance of
inner and outer ring at room temperature is indicated in the lower and upper panel in
Fig. 4.18, respectively. Both rings show single mode lasing around 1484 /cm. In contrast,
their broadband absorption feature in the detector mode covers the wavelength range
from 1200 /cm to 1700 /cm with a room temperature peak responsivity of 1.2 mA/W
at 1481 /cm. This precise spectral overlap facilitates efficient optical coupling between
laser and detector. The capability to switch between lasing and detection mode renders
the differentiation between laser and detector needless and creates a sensor system with
commutable laser/detector elements. The basis for this permutability is the second
order DFB grating. As discussed in section 2.3.2 and 3.1.1 it provides optical feedback
to the laser and enables vertical light outcoupling. Normal incident light is refracted
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Figure 4.18: Laser and detector spectra of the commutable sensor system. The upper panel shows the
performance of the outer ring operated as a detector (red) and a laser (blue). Similarly,
the lower panel indicates the detector (black) and laser (orange) performance of the inner
ring. Due to the utilization of bi-functional quantum cascade heterostructures a perfect
wavelength overlap is achieved.
Reprinted with permission from [231]

by the grating and coupled to the quantum cascade active zone. As DFB gratings are
rather unconventional coupling tools for QCDs a thorough investigation of the spectrum
as well as performance simulations were conducted. Figure 4.19 shows the absorption
spectra of a facet illuminated ridge detector and a normal incidence DFB ring detector,
both fabricated from the same wafer. While the main absorption peak around 1500 /cm
exhibits an identical shape, the other spectral regions present a reduced responsivity of
the DFB detector. The origin of this matter of fact lies in the DFB grating itself. The
measurement of the presented detector spectra in Fig. 4.19 were conducted according to
the setup in Fig. 4.12 (a). Light emitted from a globar is collected by a lens with a focal
length of 38 mm and focused on the ring detector. Considering the globar beam diameter
of 32 mm prior to propagation through the lens, results in a maximum incidence angle
of αm = ±23◦, i.e. light rays under all angles between −23◦ and +23◦ with respect to
the surface normal are incident on the detector. According to the grating equation

sin (α) =
λα
Λ
− n (4.3.5)

with the grating period Λ and the refractive index n, different wavelengths λα are ef-
ficiently coupled under different angles. Therefore, the value of αm determines the
maximum and minimum wavelengths coupled by the grating. They are given by

λα+
m

= λ0 + Λ · sin (+αm) ≈ 7.5629µm (4.3.6)

λα−m = λ0 + Λ · sin (−αm) ≈ 5.9141µm (4.3.7)

with the vacuum wavelength λ0. Conversion into wavenumbers yields

να+
m

= 1322/cm (4.3.8)

να−m = 1691/cm. (4.3.9)
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Figure 4.19: Comparison between a conventional ridge detector (green) and a DFB ring detector (red)
fabricated from the same semiconductor material. While the main peak shows a good
agreement, the ring detector exhibits a reduced detector signal for smaller and larger
wavenumbers. This effect can be attributed to the coupling characteristics of the DFB
grating. The area between the vertical black dashed lines indicates the wavelength region
at which the DFB grating is capable of coupling light incident under αm = ±23◦ to the
active region.
Reprinted with permission from [231]

These values are indicated in Fig. 4.19 by the vertical dashed lines. Within these lines
the grating facilitates efficient coupling and therefore shows a good agreement with the
ridge detector. For higher and lower wavenumbers the grating equation is not fulfilled
which results in a reduction of the detector signal. Residual sensitivity of the detector
outside the dashed lines can be attributed to scattering effects at the grating. From
DFB lasers it is known that the properties of the grating can strongly influence the laser
performance. In order to theoretically investigate a similar behavior of DFB QCDs,
COMSOL® [167] simulations with varying grating parameters were conducted. Figure
4.20 (a) illustrates the magnitude of the electric field aligned in vertical direction inside
the heterostructure for normal incident light with a wavelength corresponding to the
laser emission wavelength. Based on this simulation the grating efficiency in detector
operation was calculated for various sets of grating parameters with varying grating
depth and duty-cycle. The results of this investigation are presented in the upper panel
of Fig. 4.20 (b). The respective theoretical laser characterization in the lower panel is
obtained using rigorous Floquet-Bloch theory based on coupled wave theory [89]. Sur-
prisingly, detector and laser performance exhibit a similar dependence on the grating
parameters. This facilitates the selection of a suitable combination of grating parameters
which allows to simultaneously reach maximum performance for the laser and detector
operation. The chosen combination for the here presented sensor is a grating depth of
1µm and a duty-cycle of 65%.

The commutable laser/detector system is implemented in the setup illustrated in Fig.
4.21. It is quite similar to the setup described in Fig. 4.13 (a) with the main exception
being the utilization of a room temperature stage instead of a cryostat for the sensor
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Figure 4.20: (a) COMSOL simulation of the DFB detector. Field distribution of Ey for normal incident
light with a wavelength corresponding to the laser emission wavelength. (b) Grating study.
Detector (top) and laser (bottom) performance calculated for different grating parameters.
The presented sensor was fabricated with a grating duty-cycle of 65% and a grating depth
of 1.0µm which enables maximum performance in the detector as well as the laser mode.
Reprinted with permission from [231]

Gas cell

Flat Au mirror

Chopper

Lens

Sensor

Figure 4.21: Sketch of the sensing setup. Light emitted from one of the rings is collimated by the lens
and is guided through the chopper and the gas cell before it is back-reflected by a flat gold
mirror. The laser beam propagates on its initial path back to the sensor chip where it is
detected by the other ring.
Reprinted with permission from [231]

mounting. Light is emitted from one of the two rings, propagates through the lens, the
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chopper and the gas cell before it is back-reflected by the flat gold mirror following its
initial path back to the sensor chip. There it is detected by the other ring. Its signal is
pre-amplified with a conversion factor of 1 V/200 nA prior to quantitative analysis using
a lock-in amplifier triggered by the chopper spinning at 300 Hz. The commutability of
the two rings facilitates two operation modes. In the first operation mode (i) the inner
ring assumes the role of the detector while the outer ring acts as the laser. In the second
operation mode (ii) laser and detector exchange their roles. Prior to the sensing experi-
ments both operation modes were characterized and compared to an external detection
scheme. These results are shown in the LI curves in Fig. 4.22. Solid lines depict the LI
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Figure 4.22: LI curves measured with an external (dotted) and the on-chip (solid) detection scheme.

The on-chip sensor can be operated in two inverse modes: (i) Inner ring as detector and
outer ring as laser. (ii) Outer ring as detector and inner ring as laser. Both operation
modes show a good agreement with the external detection scheme utilizing a calibrated
DTGS detector.
Reprinted with permission from [231]

measured with the on-chip detection scheme while the dashed lines are recorded with an
external DTGS detector. Blue and orange curves represent laser operation of the outer
and inner ring, respectively. A good agreement between on-chip and external detection
scheme is found. Minor discrepancies can originate from unbalanced on-chip coupling
efficiencies. The different threshold currents are attributed to the differently sized rings.
Variations in the DFB grating period will only have a weak and negligible effect on
the broad detector spectra. Figure 4.19 as well as Eq. (4.3.5) indicate that the grat-
ing period merely influences the lower and upper wavelength limits for efficient grating
coupling. However, the peak of the absorption spectrum is mainly determined by the
quantum cascade heterostructure and shows no significant dependence on the grating.
The situation is entirely different for the DFB laser. Due to its narrowband emission,
a variation of the grating period selects a different mode which significantly changes
the emission spectrum. The presented sensor features two ring structures with different
grating periods resulting in single mode emission at 1484.3 /cm and 1483.3 /cm for the
outer and inner ring, respectively. Simultaneously, the two different grating periods do
not alter the absorption spectra significantly as evident from Fig. 4.18. A closeup of
the recorded laser spectra is depicted in Fig. 4.23 together with the absorption spectra
of isobutene and isobutane which were utilized for the proof-of-principle experiments.
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The latter are taken from the PNNL database [254]. At the laser emission wavelengths
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Figure 4.23: Laser spectra of both rings on top of the absorbance spectra of isobutene and isobutane
according to the PNNL database [254]. Different DFB grating periods induce a relative
shift of the emission wavelength between both lasers. At the emission wavelength of the
outer ring both gases show a similar absorbance behavior. In contrast, at the emission
wavelength of the inner ring isobutane exhibits a stronger absorption.
Reprinted with permission from [231]

both analytes exhibit similar absolute absorbance values. However, isobutane possesses
a quadratic-like increase of the absorbance towards smaller wavenumbers whereas the
absorbance of isobutene is characterized by a linear behavior. The goal of the following
study is to positively distinguish these two substances using the commutable on-chip
sensor. The latter was operated in both on-chip modes and the respective lasers were
driven by 100 ns pulses with a repetition rate of 40 kHz. During each pulse the laser line
shifts around 1.4 /cm. Gas flow through the cell was set to 1 L/min. A total of 120 dat-
apoints were measured for each considered gas concentration in nitrogen with a lock-in
time constant of 0.5 s. In Fig. 4.24 (a) and (b) the normalized transmittance versus gas
concentration is plotted for isobutene and isobutane, respectively. Within the detectable
concentration range from 0−16% an excellent agreement between the experimental data,
given by the points and error bars, and the theoretical prediction of the Beer-Lambert
law, associated with the solid lines, is evident. In order to enable comparability to the
PNNL database spectra, absorbance values from this analysis are calculated for 1 ppm-m
and specified in the top right corner of each graph. For the isobutene study absorbances
of 4.75 · 10−5 and 5.07 · 10−5 for the first and second operation mode could be extracted,
respectively. Accordingly, the isobutane study revealed absorbance values of 4.78 · 10−5

and 5.49 · 10−5. It is striking that in the first operation mode with the outer ring as the
laser, both gases exhibit a very similar absorption which agrees with the PNNL database
in Fig. 4.22. Switching to the second operation mode with the inner ring as the laser
introduces a significantly higher absorption for isobutane which concurs with the PNNL
spectra as well. Extracted 3σ limits of detection (LOD) for both gases analyzed with
both operation modes are provided in Tab. 4.2 together with the respective maximum
detector voltage. Due to the higher output power of the outer laser a lower LOD is
expected for the first operation mode. Although, this applies for the isobutane measure-
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Figure 4.24: Transmittance as a function of the gas concentration for isobutene (a) and isobutane (b).
Experimental data is given by the data points and corresponding error bars. Fitting curves
based on the Beer-Lambert law are provided by the solid lines. Absorbance fit parameters
are indicated in the top right corner of each graph. In addition to a good agreement with
the Beer-Lambert law over a wide concentration range, these experimental absorbance
values are consistent with the PNNL database.
Reprinted with permission from [231]

ment, the isobutene study exhibits an opposite behavior. From Tab. 4.2 it is evident
that this is caused by a rather low detector voltage which is attributed to a suboptimal
alignment of the components in the sensing setup. However, a 3σ LOD of below 400 ppm
is achieved for the isobutane study. These values are obtained with a total light-analyte
interaction path length of 20 cm without temperature stabilization of the sensor. These
results demonstrate the capability of the sensor to distinguish and positively quantify
two gases with similar absorption characteristics. In order to investigate the long-term
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Limit of detection

Laser Isobutane Isobutene

Outer ring 397 ppm 1458 ppm

Inner ring 1015 ppm 1093 ppm

Peak detector voltage

Laser Isobutane Isobutene

Outer ring 7.405 mV 2.387 mV

Inner ring 4.012 mV 3.738 mV

Table 4.2: Limit of detection and corresponding peak detector voltage achieved in both sensor configu-
rations for both gases.

stability of this sensor a one hour measurement with pure nitrogen flowing through the
gas cell was taken and an Allan variance analysis [255] was conducted and the resulting
Allan plot is provided in Fig. 4.25. It clearly demonstrates the good stability of the
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Figure 4.25: Allan variance plot based on a long term measurement with pure nitrogen flowing through
the gas cell. An optimum averaging time for the sensor of 300 s is found.
Reprinted with permission from [231]

sensor with a domination of white noise and an optimum operation point at an averaging
time around 300 s. All measurements presented in this section were obtained with an
averaging time of 60 s. [231]

The demonstrated monolithic laser/detector system represents a compact and efficient
highly integrated remote sensor for MIR applications. Surface emission and detection
enables gas sensing and facilitates potential two dimensional array integration as sug-
gested in Fig. A.7 in appendix A.6. In particular, the distinction between laser and
detector becomes obsolete providing versatile commutable sensor systems. The latter
are ideal candidates for spectroscopic applications requiring ultra-compact and efficient
sensors.
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CHAPTER 5

CONCLUSION

Within the framework of this dissertation beam modifications of ring QCLs were de-
signed, realized and successfully implemented. They provide enhanced light outcoupling
as well as a deeper understanding of the corresponding mechanisms. Integrated phase
shifts in the DFB grating facilitate constructive interference of light emitted from op-
posing sides of the ring which consequently produces central lobed emission beams. In
addition, these phase shifts were used to characterize the WGMs traveling inside the
waveguide by means of a novel dual DFB grating. A simple analysis of the emitted
far field provides detailed information about the location as well as the radial order of
the WGM. Monolithic metamaterials, referred to as metasubstrates, are fabricated
directly into the back side of the semiconductor chip. They consist of differently sized
sub-wavelength holes and form a refractive index gradient. This facilitates collimated
laser beams as well as the creation of twisted wavefronts carrying OAM.

The second part of this dissertation is dedicated to spectroscopic sensing applications
and demonstrates the usability of ring QCLs in such setups. Combination of substrate
integrated iHWGs with ring QCLs lay the groundwork for compact gas sensors requir-
ing small sample volumes. Heterodyne phase-sensitive detection techniques were
effectively implemented with CW ring QCLs and revealed the onset of thermal tuning
in these lasers. Finally, a surface active transceiver based on bi-functional quantum
cascade heterostructures featuring a ring laser and a disk detector is presented. The
knowledge acquired from the implementation of this prototype forms the basis of the in-
novative on-chip sensor consisting of two commutable ring-shaped laser/detector
units. These type of sensors could pave the way for ultra-compact sensor systems.

5.1 Outlook

Based on the topics presented in this dissertation, several prospective ideas in the
field of beam modifications and sensing applications could be pursued.

Collimated OAM emission beam
On-chip metasubstrates were utilized for the collimation of ring QCL emission beams
in section 3.9 as well as for the generation of OAM beams in section 3.10. The former
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creates a radial refractive index gradient while the latter requires a gradient in the azi-
muthal direction. Combining both approaches would facilitate collimated OAM beams
generated with a single monolithic metamaterial. Such a two dimensional refractive
index gradient requires larger etch depths and thus novel processing techniques have to be
developed. An alternative approach would be the utilization of plasmonic metasurfaces
which provide a higher design freedom.

Bi-functional Matryoshka array
A commutable on-chip sensor with two concentric ring quantum cascade laser/detectors
is demonstrated in section 4.3.4. This sensor is a tiny spectroscopy system with laser and
detector integrated on the same chip. Due to different DFB grating periods it features
emission and detection of two different wavelengths. An extension of this concept to
multiple concentric ring structures as described in section 3.6 would significantly enhance
the performance and versatility of the sensor. One of these concentric rings could be
used as a laser while all the others assume the role of the detector. This procedure
would increase the detection efficiency and provide as many wavelengths as ring lasers.
The major obstacle is the electrical contacting of the devices as well as their electrical
isolation to suppress crosstalk. Flip-chip bonding techniques in combination with etching
of deep trenches between the ring lasers represent possible solutions.

Self-mixing
The working principle of the commutable on-chip sensor is based on the detection of back-
reflected light. One ring is operated as a laser while the other ring detects the incoming
radiation. From Fig. 4.16 (c) it can be assumed that the back-reflected light illuminates
a rather broad area on the sensor chip. Thus, only a finite portion of the back-reflected
laser light can be measured with the detector ring. Most likely, MIR radiation is also
incident on the lasing ring itself. Consequently this light is coupled into the waveguide
by the DFB grating where it alters the optical and electrical characteristics of the laser.
This effect is referred to as self-mixing and was already demonstrated for facet emitting
QCLs [256]. A combination of the sensing scheme presented in section 4.3.4 with the
self-mixing effect would provide a more efficient use of the back-reflected light and create
a high-sensitivity sensor. In addition to the detector signal, perturbations in the laser
voltage could provide information about the attenuation of the laser beam.

On-chip sensor with phase-sensitive detection
As discussed in section 4.3.4 the commutable on-chip sensor is based on molecular ab-
sorption of light described by the Beer-Lambert law. One of the main limitations of this
sensor concept is caused by electrical crosstalk which significantly increases the noise
level of the detector. One approach to weaken this effect could be the application of
heterodyne phase-sensitive detection techniques, as described in section 4.2, which ex-
hibit a high immunity to power fluctuations [211]. Such a concept would require CW
laser operation with a current modulation as well as phase-sensitive detection using the
on-chip detector.
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APPENDIX

A.1 Growth sheets

Throughout this dissertation two different semiconductor heterostructures were used.
For the sensing experiments the bi-functional quantum cascade heterostructure C0120
was implemented. For all other experiments in this dissertation the P51 heterostructure
came into operation. In the following growth sheets for both heterostructures are pro-
vided. The first column shows the doping type, the second column specifies the material
of the layer, the third column determines the actual doping value and the forth column
indicates the thickness of each layer.

Type Material Doping Thickness

n++ InGaAs 1 · 1020 cm−3 10 nm

n InGaAs 8 · 1018 cm−3 350 nm

n InGa0.5xAl0.5(1−x)As grading V 2 · 1017 cm−3 25 nm

n InAlAs 2 · 1017 cm−3 800 nm

n InAlAs 1 · 1017 cm−3 1200 nm

n InGa0.5xAl0.5(1−x)As grading IV 1 · 1017 cm−3 25 nm

n InGaAs 5 · 1016 cm−3 400 nm

n InGa0.5xAl0.5(1−x)As grading VI 1.5 · 1017 cm−3 26.0 nm

n InGa0.5xAl0.5(1−x)As grading II 2 · 1017 cm−3 13.4 nm
Repeat 35×

undoped Active region 62.1 nm

n InGa0.5xAl0.5(1−x)As grading III 5 · 1017 cm−3 49.8 nm

n InGaAs 5 · 1016 cm−3 550 nm

n InGa0.5xAl0.5(1−x)As grading I 1 · 1017 cm−3 25 nm

n InP substrate 1 · 1017 cm−3 ∼ 350µm

Table A.1: C0120 growth sheet.
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The total thickness of the C0120 structure amounts to 6.1033µm on top of a low doped
InP substrate with a thickness of approximately 350µm. The active region consists of an
alternating sequence of AlInAs and GaInAs layers. The corresponding thicknesses in Å
from top to bottom are 31/22/28/21/44/18/17/56/24/48/26/43/26/37/18/35/19/34/
20/32/22, with the bold values corresponding to the GaInAs layers.

Type Material Doping Thickness

n++ InGaAs 1 · 1020 cm−3 10 nm

n InGaAs 8 · 1018 cm−3 350 nm

n InGa0.5xAl0.5(1−x)As grading V 2 · 1017 cm−3 25 nm

n InAlAs 2 · 1017 cm−3 800 nm

n InAlAs 1 · 1017 cm−3 1500 nm

n InGa0.5xAl0.5(1−x)As grading IV 1 · 1017 cm−3 25 nm

n InGaAs 5 · 1016 cm−3 300 nm

n InGa0.5xAl0.5(1−x)As grading VI 1 · 1017 cm−3 13.9 nm

n InGa0.5xAl0.5(1−x)As grading II 2 · 1017 cm−3 32.2 nm
Repeat 35×

undoped Active region 27.5 nm

n InGa0.5xAl0.5(1−x)As grading III 1 · 1017 cm−3 13.7 nm

n InGaAs 5 · 1016 cm−3 500 nm

n InGa0.5xAl0.5(1−x)As grading I 1 · 1017 cm−3 25 nm

n InP substrate 1− 4 · 1017 cm−3 ∼ 350µm

Table A.2: P51 growth sheet.

The total thickness of the P51 structure amounts to 5.6521µm on top of a low doped
InP substrate with a thickness of approximately 350µm. The active region consists of
an alternating sequence of AlInAs and GaInAs layers. The corresponding thicknesses
in Å from top to bottom are 44/18/9/57/11/54/12/45/25, with the bold values corre-
sponding to the GaInAs layers.

A.2 Cleanroom fabrication

In the following the detailed processing parameters for the fabrication of Ring-QCLs
are given in chronological order. In addition, the manufacturing processes of the on-chip
polarizer and the metasubstrates are presented.

Definition of the surface DFB grating with EBL

� Spin coating with PMMA resist AR-P679.04 for 35 s at 2000 rpm and subsequent
baking for 5 min at 170 ◦C.

� EBL exposure with a dose of ∼ 80µCb/cm2 and an acceleration voltage of 10 kV.
This results in an emission current of 160 pA. The aperture is 30µm and the write
field is 500× 500µm.
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� Developing with AR600-56 developer for 30 − 40 s and subsequent rinsing with
isopropanol.

Evaporation of the grating

� Evaporation of a 15 nm Ti adhesion layer followed by a 50 nm Au layer below a
100 nm Ni layer. The Ni layer exhibits a rather high rigidity which facilitates the
utilization of this metal mask for the etching of the grating and the waveguide.
Typical evaporation rates are 30 pm/s for Ti and 30− 100 pm/s for Au and Ni.

� Lift-Off in N-Methyl-2-pyrrolidone for 1 h at 120 ◦C and subsequent cleaning with
isopropanol.

Etching of the grating

� Preconditioning of the chamber without sample but with carrier for 60 min with
the process parameters given below.

� Grating depth of 1.2−1.7µm etched by RIE with a silicon carrier utilizing gas flows
of 5 sccm for SiCl4 and 40 sccm for Ar. The working pressure is 2.67 · 10−3 mbar.
The RF power is 200 W and the process temperature is 250 ◦C. Typical etch rates
range from 80− 120 nm/min.

Definition of hard mask for the protection of the grating slits

� Deposition of 1.0−1.2µm SiN with PECVD utilizing gas flows of 700 sccm for 2 %
SiH4/N2 and 18 sccm for NH3. The working pressure is 1.33 mbar. The RF power
is 9 W and the process temperature is 300 ◦C. Typical deposition rates range from
8− 10 nm/min.

� Optical lithography with AZ5214 (1:0) photoresist, spin coated with 4000 rpm for
35 s and subsequent baking for 60 s at 100 ◦C. Exposure of the ring waveguides for
4 s and developing in AZ351B (1:4) for 8− 11 s with subsequent neutralization in
water.

� SiN hard mask etching with RIE utilizing a gas flow of 40 sccm for SF6 and a
quartz carrier. The working pressure is 2 · 10−2 mbar. The RF power is 60 W and
the process temperature is 30 ◦C. The process is finished after the SiN around the
ring waveguides is etched away. Typical etch rates range from 120− 180 nm/min.

� Removal of excess photoresist via plasma oxidation for 10 min at 1 mbar and a
power of 300 W followed by a acetone bath for 1−10 min at 100 ◦C and subsequent
cleaning with isopropanol.

Etching of the ring waveguide

� Preconditioning of the chamber without sample but with carrier for 60 min with
the process parameters given below.

� Waveguide depth of 6−9µm etched by RIE with a silicon carrier utilizing gas flows
of 5 sccm for SiCl4 and 40 sccm for Ar. The working pressure is 2.67 · 10−3 mbar.
The RF power is 200 W and the process temperature is 250 ◦C. Typical etch rates
range from 80− 120 nm/min.
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� Removal of excess SiN with RIE utilizing gas flows of 40 sccm for SF6 and a quartz
carrier. The working pressure is 2− 6 · 10−2 mbar. The RF power is 60 W and the
process temperature is 30 ◦C. Typical etch rates range from 120− 200 nm/min.

Electrical isolation

� Deposition of 250 − 320 nm SiN with PECVD utilizing gas flows of 700 sccm for
2 % SiH4/N2 and 18 sccm for NH3. The working pressure is 1.33 mbar. The RF
power is 9 W and the process temperature is 300 ◦C. Typical deposition rates range
from 8− 10 nm/min.

� Optical lithography with ma-P1275 (1:0) photoresist, spin coated with 9000 rpm for
35 s and subsequent baking for 5 min at 100 ◦C. Exposure of the isolation pattern for
8.5−9 s and developing in maD331 (1:0) for 25−40 s with subsequent neutralization
in water.

� Opening of the isolation on top of the grating by RIE etching with a quartz carrier
utilizing a gas flow of 40 sccm for SF6 and a quartz carrier. The working pressure
is 2.67 · 10−3 mbar. The RF power is 60 W and the process temperature is 30 ◦C.
Typical etch rates range from 120− 180 nm/min.

� Removal of excess photoresist via plasma oxidation for 10 min at 1 mbar and a
power of 300 W followed by a acetone bath for 1−10 min at 100 ◦C and subsequent
cleaning with isopropanol.

Extended electrical contact

� Optical lithography with an adhesion layer of HMDS, spin coated with 4000 rpm
for 35 s and subsequent baking for 10− 13 s at 100 ◦C. Thereafter, spin coating of
ma-P1275 photoresist with 8000 rpm for 35 s and subsequent baking for 5 min at
100 ◦C. Exposure of the contact pattern for 10 − 13 s and developing in maD331
(1:0) for 30− 55 s with subsequent neutralization in water.

� Cleaning of the sample surface using the N2 plasma in the sputter machine for
3× 30 s at 25 W.

� Sputtering of the extended contact layer with an adhesion layer of Ti for 2×30 s at
50 W and a gold layer for 20×30 s at 25 W. Typical deposition rates are 10 nm/min
for Ti and 33 nm/min for Au. The working pressure is set to 8 · 10−3 mbar. The
following lift-off process in acetone for 2 h at 80 ◦C with subsequent cleaning in
isopropanol electrically separates the rings and removes the excess gold from the
grating in order to ensure surface light emission.

Fabrication of the on-chip wire grid polarizer

� Spin coating with PMMA resist AR-P679.04 for 35 s at 2000 rpm and subsequent
baking for 5 min at 170 ◦C.

� EBL exposure with a dose of ∼ 80 − 90µCb/cm2 and an acceleration voltage of
10 kV. This results in an emission current of 160 pA. The aperture is 30µm and
the write field is 500× 500µm.
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� Developing with AR600-56 developer for 45 − 50 s and subsequent rinsing with
isopropanol.

� Evaporation of a 15 nm Ti adhesion layer followed by a 120 − 150 nm Au layer.
Typical evaporation rates are 30 pm/s for Ti and 30− 100 pm/s for Au.

� Lift-Off in N-Methyl-2-pyrrolidone for 1 h at 120 ◦C and subsequent cleaning with
isopropanol.

Fabrication of the collimating and OAM metasubstrates

� Deposition of 430 − 450 nm SiN with PECVD utilizing gas flows of 700 sccm for
2 % SiH4/N2 and 18 sccm for NH3. The working pressure is 1.33 mbar. The RF
power is 9 W and the process temperature is 300 ◦C. Typical deposition rates range
from 8− 10 nm/min.

� Spin coating with PMMA resist AR-P679.04 for 35 s at 2000 rpm and subsequent
baking for 5 min at 170 ◦C.

� EBL exposure with a dose of ∼ 90µCb/cm2 and an acceleration voltage of 10 kV.
This results in an emission current of 160 pA. The aperture is 30µm and the write
field is 500× 500µm.

� Developing with AR600-56 developer for 60 s and subsequent rinsing with iso-
propanol.

� Etching of holes in SiN hard mask with RIE utilizing a gas flow of 40 sccm for
SF6 and a quartz carrier. The working pressure is 2 · 10−2 mbar. The RF power is
60 W and the process temperature is 30 ◦C. Typical etch rates range from 120 −
180 nm/min.

� Removal of excess photoresist via plasma oxidation for 5 min at 1 mbar and a
power of 300 W followed by a acetone bath for 1−10 min at 100 ◦C and subsequent
cleaning with isopropanol.

� Preconditioning of the chamber without sample but with carrier for 60 min with
the process parameters given below.

� Etch depth of the holes of 3.8µm etched by RIE with a silicon carrier utiliz-
ing gas flows of 5 sccm for SiCl4 and 40 sccm for Ar. The working pressure is
2.67 · 10−3 mbar. The RF power is 200 W and the process temperature is 250 ◦C.
Typical etch rates range from 80− 120 nm/min.

129



Appendix Dual grating exploration

A.3 Dual grating exploration

Figure A.1 (a) and (b) depict cuts through a ring QCL waveguide with a dual second
order DFB grating. These cuts were realized by means of a focused ion beam. In Fig.

(a) (b)

2 µm

2 µm

Figure A.1: SEM image of a cut through a dual grating ring QCL.

A.1 (b) the differently shaded area at the “facet” of the waveguide indicates the active
region of the QCL.

A.4 OAM metasubstrate

Refractive index profiles of the OAM metasubstrates are provided in Fig. 3.43
(e). These were obtained by a thorough investigation of the hole size using a SEM.
In addition, ARDE was taken into account according to Fig. 3.36. Exemplary SEM
images of an m = +1 metasubstrate are shown in Fig. A.2. In Fig. A.2 (a) the entire
metasubstrate is displayed and the locations of the magnified images shown in Fig. A.2
(b) - (i) are indicated.

A.5 Sensing with ring QCLs and iHWGs

Ring QCLs in combination with iHWGs were demonstrated in section 4.1. In Novem-
ber 2016 the paper describing this prototype sensor setup made it on the cover of Analyst.
The cover image is provided in Fig. A.3.

A.6 Remote gas sensor

In section 4.3.4 a novel sensing concept with laser and detector integrated on the same
chip was demonstrated. Figure A.4 provides a SEM images of this on-chip sensor and
also illustrates how this sensor is electrically contacted. Four bonding wires are con-
nected with the top and bottom contact of each ring in order to ensure potential stability.
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Figure A.2: SEM images of an OAM metasubstrate. In (a) the locations of the images (b) - (i) are
displayed.

The research provided in section 4.3.4 was published in ACS Photonics. The correspond-
ing graphical TOC entry is shown in Fig. A.5. Light emitted from one of the rings is
attenuated by the molecules before it is back-reflected by the mirror, again attenuated
and then detected on the sensor chip by the other ring. In this sketch the molecules are
not to scale.

A sketch of the gas sensing setup is provided in Fig. 4.21. A photograph of the actual
sensing setup is given in Fig. A.6. The latter demonstrates the compactness of the entire
setup including light source, lens, chopper, gas cell and mirror. In the background the
gas mixing system is visible.

The concluding words in section 4.3.4 describe the possibility of two dimensional array
integration of these ultra-compact on-chip sensors. Figure A.7 shows a SEM image of
such an array. By applying different DFB grating periods to the ring lasers a multi-color
on-chip sensor is viable.
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 Boris Mizaikoff   et al.  
 Advanced gas sensors based on substrate-integrated hollow waveguides 
and dual-color ring quantum cascade lasers 
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Figure A.3: Analyst cover showing a ring QCL in combination with an iHWG.
Reprinted with permission from [219]

Figure A.4: SEM image of the commutable on-chip sensor with two concentric ring structures.
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Laser & Detector

Mirror

Figure A.5: Graphical TOC entry of the ACS Photonics Publication.
Reprinted with permission from [231]

Gas mixing system

Mirror Gas cell Chopper Lens Sensor

Figure A.6: Photograph of the remote sensing setup.

Figure A.7: SEM image of an array with several commutable on-chip sensors.

133



134



BIBLIOGRAPHY
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[8] W. Demtröder. Molekülphysik: Theoretische Grundlagen und experimentelle Me-
thoden. Oldenbourg Wissenschaftsverlag GmbH (2013). Cited on pages 3 and 5.

[9] L. S. Rothman, I. E. Gordon, Y. Babikov, A. Barbe, D. C. Benner, P. F.
Bernath, et al. The HITRAN2012 molecular spectroscopic database. Journal
of Quantitative Spectroscopy and Radiative Transfer, 130:4–50 (2013). doi:
10.1016/j.jqsrt.2013.07.002. Cited on page 3.
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NOMENCLATURE

α Spatial coordinate along the ring
αc Critical angle of metasubstrate
αi Incidence angle of incoming wave
αm Mirror losses
αo Incidence angle of outgoing wave
αt Grating slit tilt
αw Waveguide losses
αtot Total losses
β Propagation constant
∆f Frequency amplitude
∆fQCD Bandwidth
∆I Current modulation amplitude
∆N Population inversion
∆P Modulation power amplitude
δ Normalized frequency parameter
ε Permittivity
ε0 Vacuum permittivity
εr Relative permittivity
η Absorption efficiency
ηee Extraction efficiency
ηiqe Internal quantum efficiency
γ Complex propagation constant
~ Reduced Planck’s constant
κ Coupling constant
Λ Grating period
λ Wavelength
λB Bragg wavelength
A Vector potential
E Electric field vector
G Reciprocal lattice vector
H Magnetic field
J Angular momentum
K Grating vector
k Wavevector
L Orbital angular momentum
p Momentum
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Nomenclature

q Photon wavevector
S Spin angular momentum
F2D Two dimensional Fourier transform
µ Permeability
µ0 Vacuum permeability
µr Relative permeability
Ω Tunneling rate
ω Angular frequency
ωc Center frequency
Φ Phase shift
Ψ Wavefunction
ρ Propagation constant of right traveling wave
ρk Density
Σ Confinement factor
σ Conductivity
τij Relaxation time
Θ Phase shift
θ Incidence angle
θc Critical angle for total internal reflection
ϕ Spatial coordinate along the ring
ϕn Atomic wavefunction
% Propagation constant of left traveling wave
ζ Gain-coupling ratio
Aij Einstein coefficient for spontaneous transitions
ANF Near field amplitude
Bij Einstein coefficient for induced transitions
c Speed of light
D∗ Detectivity
dh Hole diameter
dmet Thickness of metasubstrate
dsub Substrate thickness
Dij Transfer matrix at interface
E Energy
e Elementary charge
EM
n Morse energy levels

EB Binding energy
En Quantized energy levels
ENF Electric near field amplitude
EqF Quasi-Fermi level
f(E) Fermi function
f(x, y) Field distribution
f0 Center frequency
Fj Transfer matrix in uniform region
fL Modulated laser frequency
fA,Bl Envelope function
fM Modulation frequency
Fph Photon flux
g Gain
gp Detector gain
Gw Grating width
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Nomenclature

gth Threshold gain
H Hamiltonian
h Planck’s constant
I Intensity
I0 DC current
IL Modulated laser current
In Noise current
IFF Far field intensity
j Current density
jik Flux density
jth Threshold current density
kB Boltzmann constant
L Cavity length
m Topological charge
mDFB Grating order number
mdiff Diffraction order
Mzz Total angular momentum flux
N Number of atoms
n Refractive index
Ni Population density
nI Imaginary part of refractive index
Np Number of active region periods
nR Real part of refractive index
neff Effective refractive index
Ninj Injector sheet density
o(x′, y′) Object function
P0 Average power
pc Capture efficiency
pe Extraction efficiency
ph Hole period
PL Modulated laser power
Pint Internal laser power
Pout Optical output power
qk Source density
R Responsivity
r Distance
r0 Equilibrium distance
Ri Reflectivity
Rcont Grating ratio
Rinj Electron injection rate
Rab
ij Absorption rate

Rin
ij Induced transition rate

Rsp
ij Spontaneous transition rate

st Slit with of tilted grating
T Temperature
t Time
Ti Total transfer matrix
u(ν) Spectral energy density
uk(r) Bloch wavefunction
Um Chebyshev polynomial
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Nomenclature

V Potential
V M(r) Morse potential
Wi Inner waveguide radius
Wo Outer waveguide radius
Wi→f Transition probability
wqw Quantum well width
ARDE Aspect ratio dependent etching
BC Bottom contact
COM Center of mass
CW Continuous wave
DFB Distributed feedback
DTGS Deuterated triglycine sulfate
EBL Electron beam lithography
FM Frequency modulation
FSR Free spectral range
FTIR Fourier Transform Infrared
FWHM Full width at half maximum
HMDS Hexamethyldisilazane
HPSD Heterodyne phase-sensitive detection
iHWG Substrate-integrated hollow waveguide
IM Intensity modulation
LCAO Linear combination of atomic orbitals
LI Light-current
LOD Limit of detection
MBE Molecular beam epitaxy
MCT Mercury-cadmium-telluride
MIR Mid-infrared
MOCVD Metalorganic chemical vapor deposition
NIR Near-infrared
OAM Orbital angular momentum
PECVD Plasma-enhanced chemical vapor deposition
PMMA Polymethylmethacrylate
PNNL Pacific Northwest National Laboratory
ppm Parts-per-million
QCD Quantum cascade detector
QCL Quantum cascade laser
QWIP Quantum well infrared photodetector
RIE Reactive ion etching
SAM Spin angular momentum
SEM Scanning electron microscope
SiN Silicon nitride
TC Top contact
THz Terahertz
TM Transverse-magnetic
WGM Whispering gallery mode
WKB Wentzel-Kramers-Brillouin
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