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Kurzfassung

Das Ziel der vorliegenden Arbeit ist die Untersuchung von Kopplungseffekten bei Terahertz
Quantenkaskadenlasern (THz QCLs) mit unterschiedlichen Resonatorbauformen. Dieser wenig
benutzte Frequenzbereich befindet sich zwischen Mikrowellen und dem mittleren Infrarotbereich.
Halbleiterlaser sind die einzigen kompakten und koharenten Strahlungsquellen in diesem
spektralen Bereich und daher interessant fiir verschiedenste Anwendungen, wie zum Beispiel
das Erkennen von Tumoren in der Medizintechnik oder bei Ganzkorperscannern in der Sicher-
heitstechnik. Die QCLs werden durch Heterostrukturen des GaAs/AlGaAs Materialsystems
realisiert, das als aktives Verstdrkermedium dient. Mittels Molekularstrahlepitaxie (MBE)
wird diese aus 271 Kaskaden bestehende aktive Zone gewachsen. Die Laserniveaus entste-
hen durch quantenmechanisch gebundene Zusténde in dieser gewachsenen Nanostruktur, welche
es erméglichen, optische Uberginge zu definieren. Zwischen diesen eng benachbarten Energie
- Subbéndern ist es schwierig, eine Besetzungsinversion herzustellen, die fiir die optischen
Ubergiinge erforderlich ist. Dies wird durch ein resonantes Phononen Design erreicht, wobei
das untere Laserniveau durch longitudinale optische (LO) Phononen sehr rasch entleert wird.
Als Wellenleiter dienen zwei Metallschichten (DM) oberhalb und unterhalb des aktiven Materi-
als. Fiir die QCLs werden Fabry - Pérot- und Disk - Resonatoren verwendet.

Zuerst wurden einzelne QCL Disk - Resonatoren mit unterschiedlichen Radien hinsichtlich ihrer
Kennlinien charakterisiert und die aufgezeichneten Spektren mit den Simulationsergebnissen
verglichen. Die Messungen zeigten, dass die Disk - Resonatoren hauptséachlich im Einzelmoden-
betrieb THz - Strahlung emittieren und die spektralen Messergebnisse gut zu den simulierten
Figenfrequenzen passten.  Anschlielend wurden gekoppelte Disks mit unterschiedlichen
Radien und Absténden zwischen den Resonatoren untersucht. Es zeigte sich, dass die optimale
Zusammenstellung der Resonatorgrofien die Kopplung sehr stark beeinflusst und dadurch die
Moglichkeit besteht, die Emission des Kopplungspartners zu steuern.

Gekoppelte QCL Fabry - Pérot Resonatoren wurden ebenfalls hinsichtlich ihrer Kopplung bei

unterschiedlichen Léngen und Abstédnden untersucht.



Abstract

The objective of the presented thesis is to study coupling effects of terahertz quantum cas-
cade lasers (THz QCLs) with different resonators. This underused frequency region is situated
between the microwaves and the mid - infrared region of the electromagnetic spectrum. Semi-
conductor lasers are the only compact and coherent radiation sources in this spectral region
and therefore interesting for many applications, such as indication of tumors in the medicine
technology of body scanners in the field of security technology. The QCLs are realized through a
heterostructure of the GaAs/AlGaAs material system, which acts as active material. The active
region, consisting of 271 cascades, is grown by molecular beam epitaxy (MBE). Laser levels in
a QCL are formed by quantum mechanically bound states in the grown nanostructure, which
allows us to define optical transitions. Population inversion is very difficult to establish between
these closely adjacent energy subbands, which is necessary for optical transitions. The resonant
phonon design is used for the QCLs, where the lower laser level is depopulated very quickly by
longitudinal optical (LO) phonons. A double - metal (DM) waveguide, where the active medium
is arranged in between two metal layers, is used. Fabry - Pérot (ridge) and disk shape resonators
are used for the QCLs.

Single QCL disk resonators with different radii were characterized and the recorded spectra of
the devices were compared with the simulation results. The measurements showed that sin-
gle disk resonators emitting THz radiation mainly in single mode operation and the recorded
spectra fitted very well to the simulations of the Eigenfrequencies. Coupled disks with different
dimensions and gaps between the two disk resonators were investigated afterwards. The results
showed, that the right combination of resonator sizes had a strong influence of the coupling
between the two disks. Due to the coupling effect, it was possible to control the emission of one
disk with the other one. The coupling effects of coupled QCL ridge resonators with different

length and gap sizes were also analyzed.
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1. Introduction

Terahertz (THz) radiation is an electromagnetic radiation with a frequency between the mi-
crowave and the infrared region of the electromagnetic spectrum. The THz band does not have
a standard definition until now, but commonly used definitions are included in the spectral re-
gion between 100 GHz (0.1 THz) and 10 THz. It correlates to wavelengths from 3mm to 30 pm.
This part remains the least explored region of the electromagnetic spectrum due to technical
difficulties involved in building efficient, powerful and compact sources and detectors. The lack

of suitable technologies established the phrase ”THz gap” for this part of the spectrum.

Electronics Terahertz - Optics
gap
Frequency , 10°Hz 10" Hz 10" Hz 10'% Hz 10 Hz 10" Hz 10'%Hz 10'Hz

Radio ; Far- Mid-
Microwaves
Waves Infrared Infrared
L] T L} T Ll T
Wavelength 30 em 3em 3 mm 300 um 30 um 3 um 300 nm 30 nm

Figure 1.1.: The location of the THz region in the electromagnetic spectrum.

This THz gap is surrounded from two fundamentally different technologies. Reducing the size
of electronic components leads to higher operation frequencies and approaches the gap from the
electronics side. The other possibility to close the gap from the high frequency side is leading
photonic devices to lower frequencies. Therefore a huge effort over the last two decades was

necessary to expand the operation frequencies of electronic and photonic devices.



1.1. Applications

The THz spectral region has a lot of spectral features associated with fundamental physical
processes. This can be rotational transitions of molecules, large-amplitude vibrational motions of
organic compounds, lattice vibrations in solids and intraband transitions in semiconductors. THz

applications use these unique characteristics of different material responses to THz radiation.

Material Type Optical Property
liquid water | high absorption (a ~ 250cm ™! at 1 THz)
metal high reflectivity (>99.9% at 1 THz)
plastic low absorption (o < 0.5cm~! at 1 THz)

low refractive index (na 1.5)
semiconductor | low absorption (o < lem ™! at 1 THz)
high refractive index (n~ 3.4)

Table 1.1.: Optical properties of different materials in the THz band (taken from [1])

Condensed matter is grouped into the three types water, metal and dielectric, based on the op-
tical properties in the THz regime (see Table 1.1). These contrasts of THz properties are useful
for many imaging applications. Water is highly absorptive in the THz region and this sensitivity
is useful for medical applications, because in a biological system small changes in water content
could indicate crucial defects, such as basal cell carcinoma (a common form of skin cancer) and

other diseases [2] (Fig. 1.2).
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Figure 1.2.: Terahertz image of a freshly excised breast tissue. This figure shows two terahertz
images generated using the maximum of the reflected pulse E,,,, (left) and the ratio
between maximum and minimum of the reflected pulse E,,43/ Emin (middle). In the
Epar image the tumor with surrounding adipose tissue is shown. In Ea./Emin
only the tumor is visible and correlates well with the tumor shown in the histology
image (right) (taken from [2]).



An advantage of these THz rays is that THz photons only carry small energies (in the order
of meV) and are non-ionizing. Therefore these T-Rays (sometimes abbreviated analogous to
X-Rays) are not harmful to DNA compared to X-Rays and are suitable for medical applications.
Metals are highly reflective at THz frequencies, because of the high conductivity of the material,
and can be easily identified by their complete opacity with THz imaging. Also spectral signa-
tures of organic and biological molecules in the THz region are associated with intermolecular
interactions and vibrational motions and these molecular dynamics are capable to analyze with

THz spectroscopy|1].

Front view Top view

Transceiver
array

Transceiver
array

Figure 1.3.: Schematic diagram of a passenger imaging system (taken from [1]).

These concepts are applied to security applications to identify weapons, explosives and illegal
drugs hidden behind typical wrapping and packaging materials (see Fig. 1.3 and Fig. 1.4).

Nonpolar and nonmetallic materials, for example dielectrics such as paper, plastic, clothes,
wood and ceramics, are transparent or low absorptive to THz radiation compared to optical

wavelengths.

Figure 1.4.: Transmission images of a pellet containing 26-vol % of the high explosive pentaery-
thritol tetranitrate (PETN) taken at (a) 3.05 THz and (b) 3.24 THz (taken from

[3])-



1.2. THz Generation and Detection

Technological advances in electronics and optics result in different types of THz sources and

detectors.

Terahertz Sources:

One way of generating THz radiation is to take advantage of a nonlinear medium in which in-
cident electromagnetic waves undergo a nonlinear frequency conversion.

Optical rectification is a second order nonlinear optical process. A THz photon at a specific
frequency w is created by interaction of two optical photons at frequencies wl and w2 with a
nonlinear crystal that w = wl - w2. For an incoming femtosecond laser pulse with a broad
spectrum a broadband THz pulse is generated through this process in the nonlinear crystal,
whose shape is similar to the optical pulse envelope of the incoming femtosecond pulse.
Another method to produce THz radiation is difference frequency generation (DFG), which is
also a second order nonlinear optical process. Two slightly detuned lasers are mixed in a non-
linear crystal where the difference frequency is in the THz range [4]. The significant difference
to optical rectification is that DFG produces continuous wave (CW) THz radiation.

THz generation is also possible based on microwave technology. Incoming microwaves are con-
verted into their harmonic waves making use of diodes with a strongly nonlinear I-V character-

istic and generates CW THz radiation by frequency multiplication [1].

Accelerating charges and time-varying currents are also possible to radiate electromagnetic
waves. THz radiation can be generated with a biased photoconductive (PC) antenna, which
consists of two metal electrodes on a semiconductor substrate, excited by laser beams. The
principle of this generation technique is that an optical beam, illuminating the gap between
the electrodes of the PC antenna, generates photocarriers. A static bias field on the electrodes
accelerates the free carriers and this photocurrent varies in time to the corresponding incident
laser beam intensity. With this technique it is possible to generate broadband THz pulses from
femtosecond laser pulses or mixing two laser beams with different frequencies forming an optical

beat generating CW THz radiation at the beat frequency [1].

Far-IR gas lasers, typically pumped by a CO2 laser, utilize molecular rotation energy levels
whose transition frequencies fall into the THz region [5]. The achievable output power with this

gas lasers is in the order of hundreds of milliwatts at room temperature, but the whole system



is very huge and emitted only on a small number of discrete frequencies.

A quantum cascade laser (QCL) is a semiconductor heterostructure laser which generates CW
THz radiation (described in Chapter 2.2). It is one of the best sources in the THz spectral
region in terms of output power, linewidth and the possibility for integration due to the fact

that it is a semiconductor source.

Terahertz Sensors:

THz detection schemes are classified as either coherent or incoherent detection techniques. The
difference between this two methods is that coherent detection measures the amplitude and
phase of the field, whereas incoherent detection only the intensity.

Coherent detection techniques are closely associated with the generation techniques. They share
underlying mechanisms and key components, for example optical techniques as described above
use the same light source for generation and detection.

Free space electro-optic (EO) sampling measures the actual electric field in the time domain of
broadband THz pulses to make use of the Pockels effect. An incoming THz radiation induces
birefringence, which is proportional to the incoming field, in a nonlinear optical crystal. A weak
optical probe pulse measuring the field induced birefringence as a function of the relative time
delay between the THz and the probe pulse.

With a PC antenna it is also possible to measure broadband THz pulses in the time domain.
Photocarriers injected from an optical probe pulse induces a current in the photoconductive
gap of the antenna dependent on the THz field amplitude. It is possible to reconstruct the
pulseshape in the time domain of the incoming THz pulse by measuring the photocurrent while
varying the time delay between the THz pulse and the optical probe pulse.

Incoherent detectors are thermal sensors such as bolometers, Golay cells and pyroelectric de-
vices. The common feature of all these thermal detectors is a radiation absorber attached to a
heatsink which measures the temperature increase. The advantage of these sensors is the broad
measurement range of incoming radiation, but the detection response is relatively slow com-
pared with typical light sensors because the radiation absorber must reach thermal equilibrium

for temperature measurement [1].



1.3. Laser fundamentals

A laser (light amplification by stimulated emission of radiation) is a device that generates or am-
plifies coherent radiation. They come in a great variety of forms using different laser materials,
atomic systems for the active medium and different kind of pumping or excitation techniques.
With the possibilities of variation, lasers can amplify radiation at wavelengths ranging from the
far infrared region up through the visible region of the electromagnetic spectrum and extended

to the ultraviolet and even X-ray region [6].

The essential elements of every laser device are:

e a laser medium consisting of an appropriate collection of atoms, molecules, ions or a

semiconductor crystal

e a pumping process to excite these atoms or molecules in the laser medium into a higher

quantum mechanical energy level and create population inversion

e suitable optical feedback elements that allow a beam of radiation to either pass once

through the medium or bounce back and forth repeatedly through the laser medium

The possible interaction of light with matter is described with a simple two level model. Figure

1.5 shows the distinction of three different cases for this interaction.

hv =E, - E,

Es &

N

hv
hv hv hv

hi

(a) (b) (c)

Figure 1.5.: Schematic illustration of the three light matter interactions in the active medium:
(a) absorption, (b) stimulated emission, (¢) spontaneous emission

An incoming photon with the energy hv = F5 — E is absorbed and elevates an electron to the



higher energy state Eo (Fig. 1.5(a)). Another possibility is the spontaneous transition from
an excited electron in the upper energy state F5 to the lower state E; emitting a photon with
the energy hv (Fig. 1.5(c)). This process is called spontaneous emission of a photon, which
propagation direction and phase is purely random.

An incoming photon can also trigger the electron transition from E3 to Ej. The excited elec-
tron in the upper state is stimulated by an incident photon to relax to the lower state and
emits another photon, which yields to a stimulated emission of a photon with hv (Fig. 1.5(b)).
This newly created photon has the same propagation direction, polarization, phase and spectral
characteristics of the incoming photon. Stimulated emission is the fundamental process for am-

plification of light in a laser [6].

The probabilities for absorption and stimulated emission are equal. Population inversion is nec-
essary to achieve light amplification by stimulated emission in the active laser medium. In this
condition the upper laser level Fo must be higher populated compared to the lower level Ej.
The population inversion can be obtained by pumping the active medium with light (optically
pumping) or electrically like in semiconductor heterostructure lasers or QCLs.

Due to the same probabilities for absorption and stimulated emission, population inversion in
a two level system is impossible and only equal occupation states of the levels can be achieved
by strong pumping. For that reason the active medium of a laser consists of a material system
with at least three discrete energy states. A detailed description of the active medium in a THz

QCL is given in Chapter 2.2.3.



2. Theoretical background

2.1. Semiconductor heterostructures

A semiconductor heterostructure consists of at least two dissimilar semiconductor materials. For
the realization of such semiconductor heterostructures, abrupt material changes on the atomic
scale are necessary. An atomically sharp interface results in a discontinuity in the energy bands
of the two involved materials, which is required to engineer quantized transitions within the
valence or the conduction band. Epitaxial crystal growth techniques, molecular beam epitaxy
(MBE) (described in Chapter 4.1) for example, provide this atomic layer thicknesses control of
the layer. The underlying physics of semiconductor heterostructures is matching of the lattice
constant of the appropriate materials. Huge lattice mismatch causes dislocations and stress
at the interface and results in electrical defects. The lattice constants and energy gaps E, of

commonly used semiconductors are shown in Figure 2.1.
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Figure 2.1.: Lattice constants and energy gap E, for common semiconductors (taken from [7]).

A good combination for heterostructures are two materials of similar lattice constants and

different energy gaps such as GaAs/AlGaAs. An advantage is also the availability of GaAs



substrates with high quality.

In addition to the different energy gaps of the materials, also the electron affinities of the
semiconductors differs, which leads to different combinations of the valence and conduction band
alignment at the interfaces. Due to their band alignment, heterostructures can be classified into

three groups (Fig. 2.2).
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Figure 2.2.: Energy band diagram of a Type-I (left), Type-II (middle) and Type-III (right)
heterostructure.

In a Type-I or straddling heterostructure one material has a lower conduction band energy E¢
and a higher valence band energy Ey compared to the other junction material. Therefore, it
must have a smaller energy gap E, and the electrons and holes are confined in the same layer.
In a Type-II or staggered heterostructure, the location of lower E- and higher Ey are displaced.
Electrons collected at lower E¢ and holes collected at higher Ey are confined in different layers.
Type-IIT or broken gap heterostructure is a special case of Type-II, where E¢ of one material

of the junction is lower than Ey of the other junction material [7].

2.1.1. Material system GaAs/AlGaAs

Optoelectronic devices often use semiconductor compounds from elements of the third group
(In, Ga, Al) and the fifth group (As, Sb, P) of the periodic table with direct bandgaps. As
we have seen in Figure 2.1, the GaAs/AlAs system exhibits a really unique situation. The
lattice constants of these two materials have almost identical values and differ only by 0.14%,
independent of the aluminum content, which makes the system inherently lattice-matched. For
Al;Gay—;As (0 < x < 1) layers grown on GaAs the dielectric function and the optical gaps
depend on the composition of aluminum content parameter x [8].

Al,Gai—As allows us to engineer the bandgap E, of the bandstructure with the aluminum

content x. Together with the lattice-matched GaAs it is possible to create semiconductor



heterostructures of Type-I (see Fig. 2.2). Only for concentrations below approximately 45%

(x=0.45), Al,Gaj_,As remains as a direct semiconductor like GaAs, otherwise it becomes in-

direct like AlAs. The basic parameters of both materials are shown in Table 2.1.

GaAs AlAs Al,Gaj_,As
crystal structure zinc blende | zinc blende zinc blende
a [A] 5.6533 5.6611 5.6533 + 0.0078x)
E, [eV] at 300K, z < 0.45 1.424 2.17 1.424 4 1.247x
E, [eV] at 300K, 0.45 <z <1 1.424 2.17 1.9 4+ 0.125x + 0.13422
mp/mo 0.063 0.19 0.063 + 0.083x
my,, /mo 0.51 0.76 0.51 + 0.25x
my, /mo 0.082 0.15 0.082 + 0.068x

Table 2.1.: Properties of GaAs, AlAs and Al;Ga;_,As (taken from [9])

GaAs and Al,Gai_,As crystallizes in a zinc blende structure, where the two types of atoms

form two interpenetrating face-centered cubic lattices. In Figure 2.3 the zinc blende structure

and the band diagram of GaAs is illustrated.

Zincblende
(GaAs, GaP, etc.)

Tetrahedron

Figure 2.3.: Crystallographic structure of GaAs (taken from [7]) and band structure

(taken from [10]).
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2.1.2. Electronic states

The electronic wave functions of a superlattice can be calculated over the envelope-function
approach in the effective mass approximation [11]. The total wave function v;(r) is the product
of the lattice-periodic Bloch function wu,(r) of band v and an envelope function f;(r), which is

slowly varying over one lattice period.

Yi(r) = fi(r)u(r) (2.1)

In this equation, 7 is the quantum number of the particular state. The envelope function f;(r)
depends on the shape of the superlattice structure potential and other external potentials such
as electric and magnetic fields. A Schrodinger equation for the envelope function f;(r) can be
derived with the assumption, that the lattice-periodic function is the same for all constituent

materials.

h2
2m*

V2 fi(r) + V(r) fir) = Eifi(r) (2.2)

V(r) is the potential, E; the energy and m* the effective mass of electrons. With z denoted as

the growth direction,

Fuk, () = ;Zeﬂﬂ'mom) (2.3)

separates the motion of electrons perpendicular to z. A is the sample area and k; denotes
the two dimensional vector (k,,k,). This separation reduces to a one-dimensional Schrédinger

equation

B h? d%p,(2)
2m*  dz?

+V(2)en(2) = Engn(2) , (2.4)

which must be solved in each layer (A, B, ...) of the heterostructure. The solutions have to be

connected with the matching conditions at each interface zy:

0" (20) = " (20) (2.5)
A B
o) = 5 (a0) (2.6

The second condition ensures conservation of the probability current. Due to this, the envelope

11



function has a kink at each interface when the effective mass is discontinuous. The Schrédinger

equation then reads

th[ 1 d

C2dz m*(2) dz

2 dz @"(z)]‘%‘/(z)wn(z)zzlﬂzwn(z). (2.7)

The solution leads to energy Eigenvalues of the form

h2k2

En(kl) = En + ﬁ ;

(2.8)

where the subband energies F, are the quantized energy states in z-direction depend on the
shape of V(z). Electrons carrying an electric charge and therefore influence the shape of the
conduction band. To consider this effect in the calculation, the poison equation has to be self
consistently solved with the Schrodinger equation.

|5 0)] == (29
where €(z) is the permitivity, ¢(z) the electrostatic potential and p(z) the space charge. The

conduction band profile E.(z) is then calculated as

E.(z) = Eq(z) —e®(z) , (2.10)

where E(z) is the calculated conduction band without the influence of electric charges.

2.2. Quantum Cascade Laser

A quantum cascade laser (QCL) is a semiconductor heterostructure laser where periodically
alternating layers of dissimilar semiconductor materials are forming a superlattice. The first
working QCL was demonstrated in 1994 by Faist et al. [12], emitting in the mid infrared at
a wavelength of 4 um or 75 THz, respectively. The big advantage of the quantum cascade
lasers is the ability of designing the properties of the laser. The active region parameters, e.g.
the transition energies or the matrix elements, can be designed by bandstructure engineering.
These properties are adjusted by varying the individual barriers and wells in the active region.
The advantage in ”designing” the laser was only possible by solving the problems on growing
of the active region. It is necessary to control the thickness of the individual barrier and wells
on a monolayer scale and establish comparable growth quality of layer thickness and interface

between layers during the entire process. The design of a THz QQCLs will be described in Chapter

12



4.2.

The basic operation of a QCL relies on the two essential processes intersubband transitions and
cascading. In contrast to conventional diode semiconductor lasers, where the recombination
of electron and hole pairs is radiative, an intersubband transition involves only one type of
carriers within the conduction or the valence band. Therefore the intersubband process is called

a unipolar process [1].

optical
transition electron scattered
into ground state

. - 2 - Qo \

Energy

I S @ S [ N— \

one cascade segment of a QCL \

Growth direction

Y

Figure 2.4.: Schematic of one cascade in a QCL.

In the superlattice structure an electron undergoes an intersubband transition in one period and
the same electron is injected into the next period and subject to another intersubband transi-
tion, a schematic is shown in Figure 2.4. The term ”cascading” reflects the repetitive nature
of the multiple intersubband transitions until the electron reaches the end of the superlattice.
The advantage of the cascading process is that multiple photons can be generated by a single
electron [1].

Quantum cascade lasers have become an important source of coherent radiation in the mid
infrared spectral region. They are able to operate in continuous wave (cw) mode with output

powers up to several watts even at room temperature and above [13] [14].
For development of THz QCL are two difficulties to overcome. The first problem is that the

energy of a 1 THz photon (4.1 meV) is so low that thermal excitations can disturb very eas-

ily the electron configuration, e.g. the population inversion which is necessary for lasing in a

13



QCL. The output power of the QCL falls of quickly as the temperature increases because the
upper state lifetime is drastically reduced. Second, it is difficult to confine laser modes with the
long wavelength of THz radiation in a small volume. Stimulated emission efficiency is propor-

tional to the light intensity in the gain medium and therefore mode confinement is important [1].

The first THz QCL, emitting at 4.4 THz, was demonstrated by Kéhler et al. [15] in 2002. As
described above temperature performance is still an issue, THz QCL working up to 186 K in

pulsed mode [16] and 225 K with an assisted magnetic field [17] was reported.

2.2.1. Radiative transitions

The optical gain in QCLs is provided by stimulated emission of photons from electron transitions
between subbands in the heterostructure. In this section, the main steps for the derivation of
stimulated and spontaneous emission rates are described [18]. The transition between two

conduction subbands occurs at a probability rate, given by Fermi’s golden rule:

27 .
Wisg =7 (finqo] H'|i,mg o) 0(Ef — E; + hwy) (2.11)
where
H=-"14.p (2.12)
m

is the interaction Hamiltonian. The initial |f, ng ) and final states |i,mq ) are product states
of the conduction band envelope function eigenstates ¢ and f and the photon eigenstates with n
and m photons in each mode. The photon wavevector ¢ at a frequency w, and the polarization

state o describes the photon eigenstates. m*

is the effective mass and A the Lorentz-gauge
vector potential for a harmonic interaction in the equation for the Hamiltonian. Vector A can

be written in term of the raising and lowering operators aZ,g and ag:

[ h i g
A= meqp(aq,oe”r —|—a:57ae JaTy (2.13)

where € is the permittivity, V' the cavity volume and é,, is the polarization vector. We can
adopt the electric dipole convention e/9” = 1 for THz radiation (A > 10 ym) and 7 in the order
of the quantum well. The envelope wave functions vary spatially only in the growth z-direction.

The scalar product of the momentum operator p in equation (2.12) can be reduced to

éqo P = (Eqo - €2) Pz - (2.14)
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This product is only different from zero, if the polarization vector é,, has a component in z-
direction. It implies, that intersubband transitions are only allowed along the z-direction (TM

polarized). Using the commutation relation for the unperturbed Hamiltonian Hy

J 2
= |H, = 2.15
h[ 0,2] m* ( )
the matrix element follows as
-\ (2 *Ef_Ei ? o\ 12 x \2 2
[{flpz i) 7= | m"———) [{fl2]0) | = (m"wg)” |zi¢]" - (2.16)

Inserting the matrix element into (2.11) give the following spontaneous and stimulated transition

rates:
2
W§pont _ €7quAg'A2 . 25E_E, A ,
if iV |€q.0 - 2I7|2if |76 (Ep — Ei + huwg) (2.17)
Wz‘?lm - eV : ‘éq,a : ﬁ‘zlzif‘% (Ef — Ei + FMQ) Mo -

Contrary to the spontaneous emission, the stimulated emission is dependent on the incident

light field by the number of photons in mode m, ;.

2.2.2. Nonradiative scattering

The design of energy levels and wavefunctions allows scattering rates to be engineered to provide
a population inversion. Therefore, understanding the scattering mechanism is essential for the
design of a QCL. Longitudinal optical (LO) phonon scattering is the dominant mechanism for
an electron in the upper subband to relax, if the subband spacing is larger than the LO-phonon
energy Ero. It can be used as a very efficient depopulation mechanism for the lower lasing
level, if the spacing of the involved energy levels is designed accurately. If the energies of the
lasing subbands are separated less than Fro, other dominant scattering mechanisms contributes
to the nonradiative relaxation. These are a combination of electron - electron (e-e) scattering,
electron - impurity scattering and LO phonon scattering of the high energy tail of the subband
electron distribution. Also other scattering processes exist, such as acoustic phonon scattering
or interface roughness scattering, but they are often considered to be less important. In this
section, a description of the LO phonon scattering mechanism is presented, because the H256

samples used for this thesis based on LO phonon depopulation for the lower lasing level.
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Longitudinal optical (LO) phonon scattering

The formalism used below to describe the electron LO phonon scattering is taken from Smet [19].
If the energy difference between the subbands is larger than the LO phonon energy Ero (36.25
meV for GaAs at the I'-point), LO phonon scattering is the dominant intersubband scattering
mechanism. The scattering rate for an electron initially in state |¢) with the energy E; to the

final state | f) with £y through an interaction potential H’ is evaluated using Fermi’s golden rule

2 .
Wiy == | (fLH'1i) | 6(Ey = By + hwso) (2.18)

The electron-phonon interaction Hamiltonian has the form

H' = Z [a(q) (ejq'rbq + e*jq"”bgﬂ : (2.19)

q
where a(q) is the electron-phonon interaction and b, and bI, are the creation and annihilation
operators for a phonon in mode ¢q. The Frohlich interaction a(q) represents the strength of the

scattering and is given by

hw 62 1 1
2 LO
. i 2.20
‘ (q) | 9 2 < dc) ’ ( )

with the high frequency permittivity e, the static permittivity 4. and the LO phonon energy
hwro. The factor 1/¢? suppresses scattering rates for large in-plane momentum differences.
The highest scattering rate occurs, when the subbands are exactly separated by the LO phonon

energy. Evaluation of the matrix element yields to a phonon emission rate of

_mpclwro (11
Wlf T 8rh2 <5c>o 5dc> (nwLo + 1))
27 —qlz—72/|
< [ o [ax [ o @000 (221)

where n,, , represented the Bose-Einstein statistic. The integral represents the spatial depen-
dence of the envelope function for the scattering process. If the subband energy difference is in
the order of the LO phonon energy, calculations reveals scattering times in the sub-picoseconds

range.
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2.2.3. THz QCL active region designs

In THz QCLs the energy of the lasing transition is below the LO-phonon energy of the bulk
material. The challenge is to obtain a population inversion between such closely spaced sub-
bands by means of bandstructure engineering. Therefore other designs of the active region are

necessary compared to mid-infrared QCLs.

Chirped superlattice design

The first published THz QCL by Ké&hler et al. [15] in 2002 was based on the chirped superlattice
(CSL) design. The chirped superlattice active region is based on coupling of several quantum
wells together to create minibands of states, when an appropriate electric field is applied (Fig.
2.5). Radiative transition takes place from the lowest state of the upper miniband 2’ to the top
state of the lower miniband ’1’. A population inversion is established through the favored scat-
tering of electrons between the tightly coupled states within the miniband. Therefore electrons
tend to relax to the bottom of the minibands leaving the lower radiation states relatively empty.
Due to the relatively small width of the minibands of about 15 - 20 meV, LO-phonons are not
directly involved in the depopulation process, only thermally activated LO-phonon scattering is

possible.

. Chirped superlattice

2

1 M d

e . lﬁmm
inj—> (|

Module — —
~105 nm

Figure 2.5.: Chirped superlattice design (taken from [20]).
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Bound to continuum design

In the bound to continuum (BTC) design, the lower radiative state and the miniband based
depopulation remains the same compared to the chirped superlattice design. An additional sub-
band forming the upper laser state is introduced in the minigap. This upper state is essentially
made to be a bound defect state in the minigap, with the effect, that the radiative transition
is more diagonal in space (Fig. 2.6). The oscillator strength of the transition drops slightly
compared to the CSL design, but the upper state lifetime increases as non-radiative scattering
is reduced. The injector states couple more strongly with the upper state then with the lower

miniband, resulting in a more selective injection process [20].

. Bound to continuum

Module )
~110 nm

Figure 2.6.: Bound to continuum design (taken from [20]).

LO phonon design

Another major THz active region design is the resonant phonon (RP) scheme based on LO
phonon depopulation for the lower laser state. It was first presented by Williams et al. [21] in
2003.

In the most common mid-infrared QCLs, collector and injector states are designed to be below
the lower radiative state '1’ by approximately Ero = 36 meV. Due to this energy difference
scatter the electrons in the lower laser state very quickly into the injector states by emitting

an LO-phonon. Because of the close subband energy spacing in THz QCLs, it was difficult to
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use LO-phonon scattering to depopulate the lower radiation state without also populating the
upper state. The key development of the RP design was bringing the lower radiative state '1’
into tunneling resonance with the excited state in the adjacent wells. Through this resonance
the wavefunction is spread over several quantum wells, maintains a strong spatial overlap with
the injector states and experiences subpicosecond LO-phonon scattering. The upper state '2’
remains localized and has very little overlap with the injector states. This suppresses scattering

and preserves lifetime in the upper state 2 of several picoseconds (Fig. 2.7) [20].

[

- Resonant-phonon
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~33 nm

Figure 2.7.: LO phonon design (taken from [20]).
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2.2.4. Sample H256

[
[
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Olo cC o
3 2% B
/\” Q9 g
L / Q\
6* - — = A y BT - .__5anti-
\ﬁ'—m:rossed
b E 3

7.8kVicm )

Figure 2.8.: Sample H256: Conduction band diagram of the layer sequence at an electric field of
7.8kV/cm with the moduli squared of the envelope function. The thickness of the
barriers and wells are (starting at the injection barrier) 32/97/57/84/31/70/43/163
(in A ), barriers indicated in bold font. The calculations are performed with respect
to the X-ray diffraction analysis, +1.0 % over-grown and an Al fraction of 15.6%.
The 163 A thick LO phonon relaxation well is doped with a concentration of 3.5 -
10 em=3.

The active region of the H256 sample used in this diploma thesis is based on a LO phonon
design. Figure 2.8 illustrates the one dimensional Schrodinger solver simulation results of the
active medium for an electric field of 7.8 kV /cm. The simulated conduction band diagram shows
the lower lasing states 4 and 5, which are anti-crossed. This means, that the energy difference
AFEs54 becomes a minimum and the matrix element a maximum at this bias field. The upper
lasing states are 6 and 7. The design enhances the lifetime of this upper laser levels by expanding
the wavefunctions over several wells to bring the lower radiative state to tunneling resonance
with the adjacent injector state. To ensure efficient depopulation of the lower laser states 4 and
5, the energy difference between them and the upper laser states of the next cascade 1, 2 and 3
must be in the order of the LO phonon energy. Strong spatial overlap of the lower lasing level
with the next injector state provides a fast depopulation, while the upper level does not overlap
and therefore has long lifetimes. Lasing transition occurs vertical within one well between the
states 7 and 5, because the matrix element Zv5 is large at the designed field compared to the
other matrix element Zg5. The subband 3 is expected to play a minor role for the transport since
it is bypassed by the LO phonon scattering mechanism. The calculation yields to a radiative

transition of 2.18 THz for this LO phonon design.
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2.3. Terahertz waveguide concepts

Quantum cascade lasers were first realized only in the mid-infrared range based on dielectric
waveguides [12]. Dielectric waveguides provide mode confinement and overlap with the active re-
gion using the refractive index difference between a high index layer sandwiched between lower
index cladding layers. The propagation characteristics of such dielectric waveguides are only
preserved, if the layer thicknesses scale linearly with the effective wavelength of the radiation in
those media.

For longer radiation wavelength, two problems occur to maintain this resonator concept. Due
to the small refractive index contrast, the cladding layers thicknesses has to be in the order of
the wavelength which leads to long growth times by MBE. The second problem is the increase
in loss due to the free carrier absorption. The QCLs are electrically pumped and require highly
doped layers for electrical contact. This is important, because any leakage of the radiation field
into these highly doped layers increases the waveguide loss. The free carrier absorption scales

with A2, therefore the overlap with the highly doped contact layers has to be minimized.

To prevent these disadvantages, plasmon enhanced waveguides were developed for longer wave-
length mid-infrared lasers [22][23]. By including a doped plasma layer, which plasma frequency
approaches the laser frequency, the refractive index drops to due to anomalous dispersion.
Through this doped layer between the top metal contact and the cladding layer, the required
thickness of the cladding layer was reduced to realistic growth capabilities of the MBE process.
A further development was the surface plasmon waveguide, which top metal contact is directly
deposited on the active region. The advantage of this scheme was the drastically reduced layer
thickness and the higher confinement factor. In the double-sided surface plasmon waveguide a
heavily doped layer was included between the active region and the bottom substrate instead
of the bottom cladding layer. This design of double - sided surface plasmon was taken one step
further by making a double - metal waveguide for QCLs with higher wavelength [24].

In this work only double metal waveguides are used and therefore only this waveguide is de-

scribed in Chapter 2.3.2.
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2.3.1. Surface plasmons

Semi-insulating (SI) surface plasmon and the double-metal (DM) waveguide are the only com-
monly used waveguide concepts for THz QCLs. Both waveguides are based on surface plasmons.
Surface plasmons are waves propagating along the surface of a conductor. Free electrons in the
conductor interact with the light waves and confine the wave on the surface. The interaction
consists of collectively oscillating of the free electrons in resonance with the light wave (Fig.
2.9(a)). These interdependency between the surface charge density and the electromagnetic
field results in the momentum hkgp of the surface plasmon mode greater than that of a free
space photon of the same frequency hkg. Maxwell’s equation solved with the appropriate bound-
ary conditions leads to the frequency dependent surface plasmon wave-vector kgp, which is also

known as dispersion relation (Fig. 2.9(c)).
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Figure 2.9.: Surface plasmon between a metal and a dielectric material.(a) Surface charge re-
quires an electric field normal to the surface and a transverse magnetic (TM )field
character. (b) Evanescent field in the perpendicular direction reflecting the bound,
non-radiative nature of the surface plasmon and prevents power from propagating
away from the surface. d; and d,, are the decay lengths of the related materials. (c)
Dispersion curve for a surface plasmon mode always lying beyond the light line and
shows the momentum mismatch problem that must be overcome to couple light and
surface plasmon modes (taken from [25]).

Surface plasmons are possible at a metal - dielectric interface, if the frequency dependent per-
mittivity of the metal ¢, and the dielectric material ¢; have opposite signs. This condition is

fulfilled for metals where €, is negative and complex. In contrast to the propagating nature of
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surface plasmons along the surface the field perpendicular decays exponentially with distance
from the surface. The perpendicular field is evanescent preventing power propagating away
from the surface (Fig. 2.9(b)). A surface plasmon mode propagating on a metal surface will be
attenuated due to losses from absorption in the metal. This depends on the dielectric function
of the metal at the oscillation frequency of the surface plasmon.

Seeking the imaginary part k%p of the complex surface plasmon wavevector kg, = kigp + ik%p

from the surface plasmon dispersion equation leads to the propagation length dgp

3

1 c / 3 7 \2

Ssp =5 = — <€m,+ €d> ) (2.23)
2kgp w €,€d €m

where €, and €/ are the real and imaginary parts of the dielectric function €, = €, + i€, of

the metal used for the surface plasmon propagation [25].

2.3.2. Double - metal waveguide

The two main building blocks of a laser are the active region and the optical cavity. Light is
amplified in the active region by stimulated emission of intersubband transitions and the cavity
has to confine the light. The optical cavity consists of the waveguide confining the light in the
active medium and the positive feedback and outcoupling due to resonator. In this section the
double - metal waveguide is described and resonator concepts are presented in the following
chapters.

The first employment of a double - metal waveguide for QCLs was demonstrated in 2002 by
Unterrainer et al. [26] operating in the mid-infrared range. This waveguide consists of the ac-
tive medium sandwiched between two metal layers (Fig. 2.10(a)). These metal top and bottom
layers act as waveguide and also as electrical contacts. At the interface between the metal and
the semiconductor a surface plasmon can develop confining the mode between the metal layers

(Fig. 2.10(b)).

This kind of waveguide provides a confinement factor I' near unity, which is defined as

factive ER(E X

fTesonatOT

F:

: (2.24)

where F is the electric- and H the magnetic field component of the light. The confinement

factor I' indicates the spatial overlap of the optical mode with the active medium in order to be
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Figure 2.10.: Double - metal waveguide (a) Schematic diagram (b) two-dimensional mode inten-
sity patter (taken from [20])

amplified. If the wave reproduces itself after one round trip in the cavity, which means that the
gain and the losses of the waveguide a,, and the mirror «,, are balanced, the threshold condition
for lasing is satisfied [20].

Tgin = am + ay (2.25)

For double - metal waveguides, the mirror losses a,, are negligible for long resonators compared
to the waveguide losses «,,. The waveguide loss coefficient «,, accounts for scattering and
absorption inside the waveguide.

Double-metal waveguides tend to have better performances at higher temperatures, but lower
output power and poor beam output patterns compared to semi-insulating surface plasmon
waveguides. The reflectivity of the facet in double-metal waveguides is calculated by impedance
mismatch of the subwavelength mode at the waveguide facet with free space propagation modes.

Zw_Za 2
R (Z - > (2.26)

Zy and Z, are the impedances of the waveguide and the free space (Z, = 377Q2). Depending on
the waveguide dimensions relative to the wavelength, double-metal waveguides exhibit enhanced
facet reflectivities up to R = 0.9. Due to these relatively small mirror losses smaller threshold
current densities Jy, and higher operating temperatures are reached. The strong mode confine-
ment in double - metal waveguides enables vertical and lateral dimensions to be smaller than
the wavelength. This reduces the total thermal dissipation and required cooling power for THz

QCLs, which enables improved continuous wave (cw) operation [27][28].
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For laser frequencies above 3 THz the choice of the waveguide depends on the intended use. At
lower frequencies, the performance of SI surface plasmon waveguides breaks down dramatically

and double-metal waveguides are the only realistic choice [29].

2.3.3. Ridge resonators

The simplest type of an optical resonator is a Fabry Pérot cavity (Fig. 2.11). It consists of two,
plane parallel mirrors where at least one of the two has to be semi-transparent to couple the

light out of the resonator. The reflectivity can be calculated over

R= <"T - "0) : (2.27)

Ny + No

where n, is the refractive index of the semiconductor material and ng is the refractive index of
the surrounding medium. The reflectivity originates from the difference of the refractive index
of the semiconductor and air.

Standing waves forms inside the optical resonator, if they follow the condition

2L

m = ,
Aetf

(2.28)

where A\ ¢y is the effective wavelength in the gain medium, L the resonator length and m € N.

Aefy can be calculated to
Ao

Neff’

Aeff = (2.29)

with the vacuum wavelength Ao and the effective refractive index n.;y. Multiple wavelengths

are possible to exist in the cavity with a frequency mode spacing of

Co

Af = . 2.30
/ 2neprL ( )

The material constants for GaAs and air achieve a reflectivity of about 30% at the facet. To-

gether with the cavity length L the optical mirror loss can be shown to be
— L n(RriR) (2.31)
Ay = o7, n 14v9). .

Light is confined in the lateral direction by total internal reflection by removing all of the

surrounding material.
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Figure 2.11.: Schematic diagram of a ridge resonator. The two parallel mirrors in the longitudi-
nal direction form the Fabry Pérot resonator.

2.3.4. Disk resonators

Another attractive resonator type for QCLs operating in the THz frequency region is a cylindrical
shaped resonator (Fig. 2.12). The first double-metal microdisk THz QCLs were demonstrated

by Fasching et. al [30] in 2005, operating in the frequency region between 3.0 and 3.7 THz.

Figure 2.12.: Schematic diagram of a disk resonator.

In cylindrical shaped resonators two different mode types are supported to maintain optical



feedback for stimulated emission. The first mode type is called radial mode with the wave
motion along the radial direction. Whispering-gallery modes (WGMs) are the second mode
type where the light is confined by the total internal reflection at the outer perimeter of the gain
medium due to the impedance mismatch between the waveguide and surrounding air.

The field distribution can be calculated by solving the Helmholtz equation
(V2 4+ 0%k E(r,w) =0, (2.32)

where n is the refractive index, ko = & the wavevector in vacuum and E(r, w) the electric field
vector as a function of the spatial coordinate r and the frequency w. If we neglect the in-plane
component of the TM polarized electric field, which means that the electric field vector is only

considered in the growth direction, the equation can be simplified to
(V2 +n2k3] B.(r,w) =0 . (2.33)

This equation transformed into cylindrical coordinates (r, ¢, z) results in

—

E.(r,¢,2) = R(r)®(p)e 7% | (2.34)

where £ is the propagation constant in z-direction. Due to the double metal waveguide, where
the active medium is between metallic contacts, ideal metallic boundary conditions are assumed.
The compact design with a small height of the resonator compared to the wavelength taken into
count, that only the lowest order mode in vertical direction is sustained. This simplification

leads to the electric field component

27meffr

E.(r,¢) = AmJm( )™, (2.35)

)\n,m

where A,, is a normalization constant, .J,, are the Bessel functions of the first kind with m € Z

and A, ,, is the resonance wavelength.

27 Rn,
= ThefS (2.36)

An,m
Tn,m

The resonance wavelength contains the disk radius R and x;,,,, which is the nth zero of the
Bessel function J,,,. The possible modes in such a disk resonator are characterized by the radial

mode number n and the azimuthal mode number m. m > n are ideal WGMs located close
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to the outer rim of the gain medium and n > m are ideal radial modes located close to the
center of the gain medium. Each mode with (n, m) has 2m intensity maxima in azimuthal and

n maxima in radial direction.

Disk resonators have smaller mirror losses than Fabry Pérot resonators and can be neglected
compared to the double - metal waveguide losses. Due to the total internal reflection in disk
resonators, the mode confinement is higher compared to Fabry Perot resonators. The radiation

from a QCL disk can clearly be attributed to the more favorable whispering gallery modes [31].
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Figure 2.13.: 2D COMSOL Multiphysics simulations of whispering gallery modes of a disk res-
onator. (a) Radius of the disk R = 50pm with effective refractive index n.s¢r = 3.6
surrounded with air (nefy = 1). Whispering gallery modes with mode (n,m) are
illustrated in: (6,1) in (b) and (c); (4,2) in (d) and (e).
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3. Coupling of lasers

Coherent coupling between two QCL cavities is based on an enhancement of the optical output
power under conservation of the inherent properties of a single QCL device. Due to the coupling,
a gain in wavelength selectivity and mode stabilization is achievable. Applications like beam
steering and far field shaping can also be realized by utilizing the effect of coupled QCL cavities.
In principle are two different approaches possible of coupling between laser cavities. Evanescent
field coupling describes the interaction of the cavities via a narrow coupling gap. Another pos-
sible method is direct coupling, where the devices touching each other and the modes are forced
to couple. The present Chapter will give a discussion of evanescent field coupling which was

realized in this thesis.
Evanescent field coupling

The formalism used below to describe the coupling coefficient of two semiconductor ridge lasers
is taken from Agrawal [32]. Figure 3.1 shows two independently driven Fabry Pérot resonators,
which are optically coupled through their mutual feedback. The static and dynamic character-
istics of the coupled cavities are governed by a set of rate equations obtained after generalizing

the correspondent single cavity equations.

I

|

AIR GAP

Figure 3.1.: Schematic illustration of coupled cavity semiconductor laser provided by an air gap
of width d (taken from [32]).
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Assuming single longitudinal mode operation and neglect spatial variations in the plane wave

approximation, the optical field in each cavity is written as

@ (201) = %[Ej(t)e*iwt + B (1) “!sin(k;z), (3.1)

where j equals 1 or 2 corresponding to the cavity, w is the laser frequency, k; = nw/c, c is
the vacuum velocity of light and 7; is the effective refractive index experienced by the laser
mode. The (complex) field amplitude E; and the carries density n; in each cavity satisfy the

rate equations

dE; i 1 ,
de = (- Q) E; + 5(Gj =) (L = iR)E; + ;i Esj, (3.2)
Tgj
2
dnj _ L (ni GilE[C (3.3)
dt 4V T; hw ' '

In this equations, ; = mjmc(7;L;) is the cavity resonance frequency with the integer m;, G;
= I'jvyjg; is the stimulated emission rate and -; = vy,  is the photon decay rate. Further, v,;
= ¢/ng; is the group velocity calculated from the group index 7;, g; is the local gain and «; =
of' + ozé-"t includes the mirror loss o and the internal loss aé-"t. The antiguiding parameter R

is defined as

(3.4)

where An = An/ +iAn" is the refractive index change due to injected carriers. In the carrier
density equation 3.3 is I; the device current, V; the active volume, ¢ the magnitude of the
electronic charge and 7; the total recombination time dependent of the carrier density. The

dimensionless coupling coefficient x; can be calculated as

1 te
- e 3.5
i 205 L; <rc> ’ (3:5)

where t. and r. are the complex transmission and reflection coefficients of the coupling element.
The complex parameter t./r, = Te? shows that T and the phase 6 vary significantly with the
air gap width d. Therefore, the phase 6 plays a major role in mode selection in a coupled cavity

ridge laser.
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Another possible configuration is based on evanescent field coupling between the high-Q whisper-
ing gallery modes of individual microdisk cavities [33]. Sufficiently large separation between the
individual resonators is assumed that the resonators are weakly coupled. With the tight-binding
approximation, the Eigenmode E(r,t) of the coupled resonator optical waveguide (CROW) is
a linear combination of the high-Q modes Eq(r) of the individual resonators along a straight

line parallel to e, (Fig. 3.2).

: R :
Dy ny i :
s ; unit cell

microdisk

€.

Figure 3.2.: Coupled resonator optical waveguide due to coupling between individual microdisks,
with the size of a unit cell R and e, as direction for periodicity (taken from [33]).

The Eigenmode for the center of the nth resonator z = nR is written as

Ex(r,t) = Epexp(iwgt) Z exp(—inKR) x Eq(r — nRe,), (3.6)

which satisfies the Bloch theorem and FEq(r) is assumed to be nondegenerated. Consequently
the wave vector K is limited to the first Brillouin zone —n/R < K < 7/R. Ek(r,t) satisfies the
Maxwell equations and leads to
wi

V x (V X EK) = E(T’) C_2 EK, (37)
where €(r) is the dielectric constant of the coupled system and wg the Eigenfrequency of the
waveguide mode. Eq(r) also satisfies Eq.(3.7) with the dielectric constant of a single resonator
eo(r) and the single resonator mode frequency (2 instead of wg. After substituting the above
equations, the dispersion relation for the waveguide Ex(r,t) is

1+ > exp(—inKR)B,

2 =02 n70 3.8
YK 1+ Aa+ Y exp(—inKR)ay,’ (38)

n#0

where a,, 8, and A« are defined as
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ap = /d3r6(r)EQ(r) - Eq(r —nRe.), n #0, (3.9)
Bn = /dgreo(r —nRe,)Eq(r) - Eq(r — nRe,), n # 0, (3.10)

Aa = /d3r[e(7’) —eo(r)|Ea(r) - Eq(r). (3.11)

For a sufficiently weak coupling between the resonators only the nearest neighbor coupling is
considered, i.e. o, = 0 and B, = 0if n # 1,—1. Symmetry considerations requires that a; =

a_y and 1 = 1. Assuming that «y, 1 and A« are small, Eq. (3.8) simplifies to

A
wrg =9 [1 - 70[ + k1 cos(KR)| , (3.12)

where we define the coupling factor x, as
k1=p01—a1 = /d3r [eo(r — Re,) — e(r — Re,)] x Eq(r) - Eq(r — Re,). (3.13)

This dispersion relation defines a photonic band by the coupling of the high-QQ modes in the

individual resonators.
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4. Sample fabrication and measurement setup

4.1. Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a technique to grow doped and undoped semiconductor
materials and thin films down to monolayer size on a suitable substrate. Epitaxial techniques
allow more flexibility in the growth and placement of semiconducting layers compared to other
techniques such as bulk crystal growth, ion implantation and diffusion. The substrate acts as a
template and has usually the same crystal structure and lattice constant between atoms, which
are necessary for high quality crystalline grown layers. The quality of MBE grown epitaxial
layers is much higher than that of the substrate. As a result crystal defects in the substrate can
propagate into an epitaxial layer, therefore active layers of a device are grown after growth of a

suitable thick "buffer” layer that filters out those defects [34].

RHEED ¢lectron gun

H-0 coolmg shroud Substrate shutter

— Source shutters

As source Substrate

—~Bayard Alpert gauge

Plasma source

s P \
or i~ Substrate
RF source manipulator
(7a source ______;-/- Cryo shroud
Mg source
—

RHEED screen

Figure 4.1.: Schematic illustration of the essential parts of a MBE growth system [35].

The essential elements of a molecular beam epitaxy system are illustrated in Figure 4.1. Each
MBE arrangement may be splitted into three zones where different physical phenomena take

place. In the first zone the molecular beams are generated under ultrahigh vacuum (UHV)
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conditions. Next is the second zone where the beams from different material sources intersect
each other. In this area the vaporized elements mix together creating a very special gas phase
contacting the substrate. The third zone of the MBE physical system is that area where the
crystallization processes on the substrate takes place.

The composition of the grown epilayer and its doping level depend on the relative arrival rates
of the constituent material elements and dopants, which in turn is dependent on the evaporation
rates of the different material sources. To start and stop the deposition and doping the beam
fluxes are interrupted by simple mechanical shutters in front of the material beam sources. This
mechanism allows abrupt changes in composition and doping on an atomic scale. A typically
growth rate of 1 pm/h, which corresponds to 1 monolayer/s, is low enough for surface migration
and leads to a very smooth surface of the growing film on the substrate.

The unique advantage of MBE, because it is realized in an ultrahigh vacuum environment, is the
capability to monitor the growth process during operation with surface diagnostic methods in
the chamber such as Reflection High-Energy Electron Diffraction (RHEED) or Auger Electron
Spectroscopy (AES) [36].

A schematic picture of an active region grown with MBE is shown in Figure 4.2. The sub-
strate of the sample is a semi insulating (SI) GaAs wafer with a thickness of approximately 650
pm. As described above to smoothen the surface and reduce crystal defects in the sample a 300
nm thick GaAs buffer layer is deposited followed by a 150 nm Algs55Gag.45As etch stop layer,
which is required for the double - metal processing of the waveguide (see Chapter 4.2). After
a doped nt GaAs contact layer, 271 cascades of GaAs and Alg 15Gag gsAs are grown and build
the active region. The structure is finished on top again with a doped n*™ GaAs contact layer
and an n™ InGaAs layer with 50%In. This InGaAs layer allows higher doping than GaAs and
acts as an ohmic contact.

X-ray diffraction is used to control the quality of the grown samples related to real thickness,
uniformity of the cascades and aluminum content of layers. The growth sheet for the H256

material system, which was used for the coupled QCL samples, can be found in Appendix A.
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Figure 4.2.: Molecular beam epitaxy fabricated active zone of a QCL.

4.2. Double - metal processing

In this section the main double - metal processing steps realized in the cleanroom are listed. A
more detailed description is given in the Appendix at the end of this diploma thesis (cleanroom
recipe). In Figure 4.3, a schematic overview of these processing steps is shown. The process
steps for disks and ridges are identically, only different masks for lithography are used.

The wafer grown with MBE is cleaved into approximately 1 c¢m? pieces and nt doped GaAs
samples, which act as a receptor substrate, are cleaved slightly larger (Fig. 4.3(a)). Both sam-
ples are covered with a layer (= 1 um) of gold by a sputter process (Fig. 4.3(b)). Afterwards
an Au-Au thermocompression bonding is performed in a commercial wafer bonder of type EVG
501. Therefore the MBE grown sample is flipped upside down onto the n* doped carrier sample
and the stacked samples are bonded under heat and high pressure (Fig. 4.3(c)). In the next
step the GaAs device substrate is lapped (mechanical polishing process) to a thickness of 50 um.
The remaining substrate is removed by a selective etching process with NH4OH:H50, stopping
at the AlGaAs etch stop layer (Fig. 4.3(d)). The etch-stop layer is removed separately by 38%
HF to expose the active region (Fig. 4.3(e)).

The structure of the Fabry-Pérot and disk resonators are defined by photolithography and a
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following image reversal step (Fig. 4.3(f)). A gold layer is deposited on the top of the sample
and after the lift-off process the top contact of the QCL structure remains (Fig. 4.3(g)). Finally,
the resonators are formed by reactive ion etching (RIE), where the Au top contact acts as an
etch mask. The RIE process removes the active material unless the bottom Au-layer is reached

(Fig. 4.3(h)).

QCLs formed by a RIE process provide good results on steep sidewalls and surface roughnesses
below 1 pm (Fig. 4.4). The processed samples are cleaved into appropriate pieces and soldered
with indium on a piece of copper. This copper plate acts as a heatsink and as a carrier for
the electrical connections. Therefore a contact pad is also glued onto this copper plate and

connected via bonded gold wires to the QCL devices.
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Figure 4.3.: Double - metal processing of laser ridges and disks.
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Figure 4.4.: SEM Pictures of processed double - metal ridges and disks.

4.3. Measurement setup

To perform the measurements two different setups have been used. One setup was used for the
integral measurements at very low temperatures, which included current versus voltage (I-V)
and current versus light (L-I) measurements for single (Chapter 4.3.3) and also coupled QCLs
(2D-measurements) (Chapter 4.3.4). The second setup was used for spectral measurements for
single and coupled QCLs (Chapter 4.3.5). In the following sections of this chapter these two

setups and their major components are described.

4.3.1. Ge - Detector

To maximize the detectivity and quantum efficiency of extrinsic photoconductors, the doping
level should be as high as possible, because the wavelength spectral cutoff is a function of the
impurity doping density. The p-doped germanium detector (Ge - detector) is a photoconductive
detector with a spectral range from approximately 1.8 THz to 9 THz. Photoconductive means

the conductivity change caused by radiation exposure of the detector material. Ga doped ger-
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manium - photoconductors are the best low background photon detectors for the wavelength
range from 40 to 120 pum [37] with typical values of quantum efficiency from 10 to 20 %. The
limit of useful doping which is possible in conventional extrinsic detectors is set by the onset of
impurity banding. This occurs at sufficiently high doping levels and the wavefunctions of neigh-
boring impurities overlap, their energy level is broadened to a band. The impurity banding
effect limits the detector resistance and the photoconductive gain. To overcome these negative
effects, blocked impurity band (BIB) devices were proposed [38].

BIB devices made from gallium doped germanium are sensitive to wavelength range located

between 50 and 220 pym [39]. Figure 4.5 shows a BIB detector structure.
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Figure 4.5.: Blocked impurity band detector (BIB): (a) cross section, (b) electric field, and (c)
energy band diagram of the positively biased detector (taken from [38]).

The active layer is sandwiched between a degenerated substrate electrode and an undoped
blocking layer. The photoexcitation of electrons takes place between the donor impurity and the

conduction band. In the absence of an applied bias voltage, the charge neutrality requires equal
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concentration of ionized donors. Negative charges are fixed at the acceptor sites and the ionized
donors (DT charges) are mobile and can propagate through the active region via hopping between
occupied (D) and vacant (D*) neighboring sites. An electric field through a positive bias drives
DT charges towards the substrate, while the undoped blocking layer prevents the injection of
new DT charges. A depletion region, with a field dependent width of DT charges is created.
This ionized - impurity depletion region is the active part of the detector. Photoionization of
a neutral impurity in the depletion region generates a hole and an ionized impurity, which are
swept in opposite directions by the electric field. Dark current from impurity band conduction

is not present due to the blocking layer.

4.3.2. Fourier transform infrared spectrometer

A major task on spectroscopy is to characterize the spectrum of a light source. The instrument
used to obtain the spectrum of the QCLs was a Bruker Vertex 80 fourier transform infrared
spectrometer (FTIR). In principle FTIR spectroscopy is based on a Michelson interferometer
(Fig. 4.6). Light from a source is split into two beams by a beamsplitter. In the two beam
paths, one beam is reflected on a fixed and the other one on a movable mirror which introduces
a time delay. The reflected beams interfere at the beam splitter and build the output signal on
the detector. Measurements of the output signal taken on many discrete positions of the moving
mirror build an interferogram, which shows the detected light over the mirror position. The
spectrum can be reconstructed with fourier transformation of the recorded interferogram.

In this work the FTIR is used for the spectral measurements and has a maximum resolution of
0.075 em ™!, which corresponds to 2.25 GHz. The beamsplitter in the Bruker FTIR is made of

mylar.

For measurements, the internal DTGS (Deuterated Triglycine Sulfate) detector of the spec-
trometer was used. The room temperature operated DTGS-detector is a pyroelectric detector.
Pyroelectricity is the spontaneous electric polarization in the material to temperature changes.
A pyroelectric crystal between two electrodes is treated to absorb the incident THz radiation,
if the electrode is transparent in the desired spectral region. Heat generated by this incident
radiation raises the temperature of the crystal and induces a reduction of the spontaneous po-
larization and the surface charge simultaneously. Compared to other pyroelectric detectors,

DTGS-detectors have a relatively high sensitivity at THz frequencies [1].

41



I movable mirror

light source /

[ —— mmp- | | fxed

mirror
beam splitter / '

detector

Figure 4.6.: Principle of a Fourier Transform Infrared Spectrometer based on Michelson
Interferometer.

4.3.3. Integral THz - emission measurement setup 1D

The integral measurements for characterization of a QCL by the current versus voltage (I-V) or

light versus current (L-I) plots were realized with the following setup (Fig. 4.7).
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Figure 4.7.: Schematic of the setup for I-V measurements in liquid helium.

The QCL is mounted inside a pipe probe, which is inserted directly into a dewar filled with
liquid helium (He). Due to the direct contact of the QCL and the liquid He, measurements at

very low and stable temperatures at 4.2 K can be performed. The QCL sample is mounted on
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one end of a lightpipe in the pipe probe, which guides the emitted radiation to the Ge-detector
placed on the other side. The detector is biased with 2V DC from one channel of the Keithley
2612 source meter, which also records the current through the detector on the same channel.
In channel two the voltage is ramped for the QCL and measures simultaneously the current
through the device. The current dependent on the bias voltage of one QCL (I-V plot) and the
received light on the detector ( direct proportional to the measured current ) through the sample

current (L-I plot) is analyzed with a Keithley software and the described measurement setup.

4.3.4. Integral THz - emission measurement setup 2D

For the coupled integral THz - emission measurement basically the same setup is used as de-
scribed above. The only difference is a second source meter, which is necessary to separately
supply with voltage and measure the current from each of the two coupled QCLs (Fig. 4.8).
One Keithley 2612 source bias the detector with 2V DC and measure the current dependent on
the impinging THz radiation on the Ge-detector. Each channel of the second Keithley provides
the bias voltage and current measurements to one segment of the coupled QCL. This setup was
used to analyze the behavior of coupled QCL disk and ridge resonators. All components are
also connected via a GPIB bus to a PC. The software, which recorded the measurement values,

was programmed in Labview during this diploma thesis.
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Figure 4.8.: Schematic of the setup for THz-emission measurements of coupled QCLs at liquid
helium.
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4.3.5. Spectral measurement setup

To analyze the spectral characteristics of single and coupled QCL devices, the illustrated setup in
Figure 4.9 was used. The measurements are performed at cryogenic temperatures and controlled
over a temperature controller connected to the cryostat. This is a chamber, which is evacuated to
approximately 2 x 1075 mbar during the measurement. The coldfinger of the cryostat, which is a
liquid helium cooled copper plate, acts as a mounting device for the samples. The temperature is
adjustable over the helium flux of the coldfinger. To couple out the emitted light of the cryostat
a copolymer polymethylpentene (TPX) window is used. This polymer material is transparent
for THz frequencies as well as in the visible and the absorption coefficient is less than 0.5 cm™*
at 1 THz. Its THz refractive index is 1.457 [1].

The outcoupled emission is collected by an off-axis parabolic mirror and enters the Fourier-
transform spectrometer. The colinear beam is guided through the FTIR and focused on the
internal DTGS-detector. Due to the strong water absorption of terahertz radiation the FTIR
is purged with dry air during the measurements. The source meter delivers the bias voltage for

single and coupled QCLs. For these measurements the delivered Bruker Vertex 80 software was

used to record the spectra of the samples.
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Figure 4.9.: Schematic of the setup for spectral measurements with the Fourier-transform
spectrometer.
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5. Experimental results

The current versus voltage (I-V), light versus current (L-I) characteristics and the field dependent
spectra were recorded in continuous-wave mode operation. I-V and L-I measurements were
performed with the setup described in Chapter 4.3.3 at liquid helium temperature of 4.2 K. The
spectra of the different devices were recorded at a temperature of 7.5 K with the measurement
setup shown in Chapter 4.3.5. The measurement for coupled disks and coupled ridges was
recorded in continuous-wave (cw) mode operation at liquid helium temperature of 4.2 K with

the setup described in Chapter 4.3.4.

5.1. Single disks

The electrical characterization of a single disk with a radius of R = 44 pum is shown in Figure
5.1. The measurement was performed with a continuously ramped bias voltage from 0 V to
20 V. Lasing of this single disk starts at a threshold current density Jy, of 181 A/cm? with an
applied voltage of 12.5 V (7.8 kV/cm). As the light intensity starts rising at Jy,, the I-V shows
a typical photon kink. At this point the photon assisted tunneling starts which increases the
current. The region of negative differential resistance (NDR) is reached at a voltage of 13.17 V
corresponding to an electric field of 8.23 kV /cm. Before the curve enters the NDR region, the
maximum current density Jy,q. of 220.2 A/cm? is transported through the device.

The estimated laser emission at 7.8 kV/cm from the bandstructure calculations (Fig. 2.8) is in
good agreement with the measured device. Above 8.23 kV /cm either injection or extraction for

depopulation breaks down and causes a misalignment of the bandstructure.

The threshold current density J;; does not show a significant deviation for disks with other
dimensions (Table 5.1). The slight difference in the order of a few A/cm? results probably in
consequence of the processing imperfections and the wire bonding process of the samples. For a
couple of samples occurs a problem during the bonding process of the gold wire on the top gold

contact. If the bonder settings are not perfectly chosen, the top gold layer near the bonding
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wire is sometimes slightly removed. Another problem was to bond exactly central on top of the
disk on such small devices.

The maximum current density Jy,q. for all other measured disk radii is in the order of 240 -
270 A/cm? and significantly higher, compared to the disk with a radius of 44 ym. The lasing
domain, which is between the photon kink at the threshold current density Jy, and the kink
before the NDR regime, increases with bigger disk radii. Measurements show the longest lasing

domain for disks with R = 60 um and the smallest for R = 44 pm.
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Figure 5.1.: Sample H256, single disk with radius R = 44 um. I-V and L-I characteristics
recorded in continuous mode. The threshold current density is 181 A/cm? at 12.5

V.
R [um] | Ji, [A/em?] (Bias [V]) | Jmae [A/em?] (Bias [V]) | f near Jye: [THz] | Modes
44 181.6 (12.5) 220.2 (13.17) 2.34 1
48.5 179.7 (12.07) 242.2 (13) 2.11 1
19 178 (12.06) 236.9 (12.86) 2.0 1
52.5 181.6 (12.1) 262.3 (13.2) 2.26 1
53.5 179.1 (12.08) 241 (13) 2.22 1
56 183.1 (12.05) 959.6 (13.3) 2.4 1
57 180 (12.07) 253 (13.23) 2.36 1
59.5 185 (12.16) 247 (13.28) 2.25; 2.2 2
60 185.2 (12.1) 262 (13.16) 2.24 1

Table 5.1.: Characteristics for all measured single disks.
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Figure 5.2 shows the spectra at different bias points in the lasing domain for a disk with radius
R = 44 pm. With this disk radius, the device has only one lasing mode for all bias points. This
is also the case for the majority of all other measured devices with different disk radii. The
spectra for R = 51.5 pm, R = 56 um and R = 57 pm shows lasing starting in single-mode (SM),

which jumps to another single-mode for higher bias voltages (see Fig. 5.3).
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Figure 5.2.: Recorded spectra of a disk with radius R = 44 um. The lasing frequency is constant
at 2.34 THz with different bias voltages in the lasing domain.

Also multi-mode (MM) lasing occurs at a disk radius of R = 48 ym and R = 59.5 pm. In this
case lasing starts single-mode for a small bias in the lasing domain and splits to multi-modes

with increasing bias voltages (see Fig. 5.4).
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Figure 5.3.: Recorded spectra of a disk with radius R = 51.5 ym. The lasing frequency jumps
from 1.98 THz to 2.3 THz for increasing the bias voltages in the lasing domain.
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Figure 5.4.: Spectra of a disk with radius R = 59.5 um, which starts lasing single-mode at 2.25
THz and splits to multi-mode lasing also at 2.19 THz inside the lasing domain.
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Figure 5.5.: Simulated whispering gallery mode (mode number m = 5) of a disk with radius R =

44 pm (effective refractive index n sy = 3.6) surrounded with air. The corresponding
frequency for this configuration is 2.27 THz.

To compare the measurement, all different used disk sizes were simulated with Comsol. Figure
5.5 shows the spatial field distribution of the z-component of the electric field from a disk with
R = 44 pm. The comparison of the measured disks with the simulated ones are shown in Figure
5.6. Only the whispering gallery modes were used from the simulation (effective refractive index
neff = 3.6) with the mode number m and the corresponding Eigenfrequency. The measured
lasing frequencies fitted very well to the simulation values. The small deviations are probably
from the disk sizes of the measured samples. Through small lateral under etching of the disk
sidewalls during the processing, the disk sizes are little smaller compared to the size on the
lithography mask. This fact would shift the measured points in Figure 5.6 slightly to the left,

which yields to a better fitting of the simulated curve.
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Figure 5.6.: Measured versus simulated emission frequency dependent on different disk radius.
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5.2. Coupled QCL disk resonators

Coupled QCL disk measurements were performed to scale the influence of two independently
biased disks located close to each other. For these measurements, each of the two disks was
biased with a continuous ramped voltage from 0 V to 16 V with a step size of 0.1 V, and the
emitted radiation was recorded over the photo current from the biased detector. The 2D-plots
were created in such a way, that the disk with Ry (vertical axis) was continuously biased from
0 V to 16 V and afterwards increased the bias voltage with the step size of 0.1 V of the disk
Ry (horizontal axis) and ramped again R; on the new bias voltage. To compare the results of
the independently biased coupled QCL disks, also I-V and L-I measurements from each of the
two disks were performed. Two different configurations were measured for the coupled QCL
disk resonators with a gap of 4 um and 6 um and the disk radii were varied 47 pum, 50 pum,
52 pm and 54 pum. Fasching et al. [40] made similar measurements of coupled QCL disks with
symmetric radii sizes, but these also called photonic molecules (PMs) were measured in pulsed
mode operation with 100 ns short pulses and a duty cycle of 50 %. The difference to continuous
mode operation, as used in this thesis, is that the measured values are integrated over several

pulses and these mean values were recorded.

Coupled disks: R; = 50 ym, Ro = 50 pum, gap: 4 um

Figure 5.7 shows the result of two coupled disks with radius R; = 50 pum and Ry = 50 pm with
a distance between the disks of 4 um. Disk R starts to lase at a threshold current density Jy,
= 184 A/em? (12.6 V) and has the maximum current Jy,q. = 206 A/cm? at a bias voltage of
13.1 V, when the second disk Rs has no bias voltage. The second disk R, starts lasing at Jy, =
186 A/cm? (12.7 V) and has Jyee = 209 A/em? at a bias voltage of 13.2 V with the first disk
Ry without bias. Both QCL disks lase independently, i.e. when the second disk is not pumped.
If both disks are supplied with different bias voltages, there is a ”crosstalk” between disk R;
and Rs. Disk R; stops lasing, when the bias voltage of disk Ry is between 6.3 V and 9 V. The
same situation appears for disk Rs with R; is between 3 V and 7.9 V. The maximum emission
of both disks appears at the intersection of the bias voltages at 13.1 V with the corresponding
current densities J = 240 A/em? in disk Ry and J = 250 A/cm? in disk Ry. Near this crossing
point, the threshold current densities J;, decreases in the order of 20 A /em? for both disks.

Martl et. al [41] shows the spectral gain and losses through modulation experiments of the H256

material system, which is the same as used in this thesis. In Figure 5.8 this gain/loss curve is
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Figure 5.7.: Coupled disks with a gap of 4 um between the disks and Ry = 50 um and Rs = 50
Hm.

compared with the output power of disk R; at 13.1 V and different bias voltages of disk Rs.
This explains the on-off lasing behavior of disk R; dependent on different bias voltages of Rs.
Both disks lase independently, when the second disk is not pumped. But if the second disk is
biased between 5 V and 10 V, the disk acts as a tunable absorber because of the alignment of
intersubband levels with loss for disk R; and has the possibility to suppress lasing due to the
increase in losses for the coupled system. In this region affects the coupling awfully well to disk
Ry, because the single peak gain of R; is not enough to compensate the increased losses. The
coupling in this configuration with both disk radii of 50 ym and a gap of 4 um is strong enough
to switch lasing on-off in each of the disks with the other one. This unique possibility to control

the gain and loss of each disk cavity externally, allows the controlling of the lasing emission.
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Figure 5.8.: Gain curve of H256 material system [41] compared with the optical output power
of disk R; and Rs at 13.1 V and different bias voltages of the other disk.

Coupled disks: R; = 52 um, Ry = 52 pum, gap: 4 um

The measurement of a sample with a gap of 4 um and equal disk radii of the two disks with
Ry = Ry = 52 pm is shown in Figure 5.9. Both disks do not lase independently and only emit
THz radiation at the intersection of both lasing domains, where both cavities provide gain. The
corresponding current densities in the maximum of the emitted radiation on the Ge - detector
are for disk Ry at 13.1 V (Jee = 223 A/em?) and for disk Ry at 13 V (Jpae = 213 A/em?).
The threshold current densities Jy, for both disks decrease by about 8 A/ em? near the NDR
regime inside the lasing domain. This is a consequence of the strong intercavity coupling and

results in the triangular shaped emission pattern in the 2D plot.
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Figure 5.9.: Coupled disks with a gap of 4 um between the disks and Ry = 52 um and Rs = 52
um.

Coupled disks: R; = 50 ym, Ry = 47 pm, gap: 4 um

The independent recorded I-V and L-I measurements of this configuration are shown in Figure
5.10. The lasing domain of disk R; starts from 12.3 V (Jy, = 176 A/cm?) and ends before the
I-V turns into the NDR regime at 13 V with a current density Jye: = 221 A/em?. The -V
for the second disk Ry has the same shape, but with different threshold (.J;; = 182 A/cm?) and
maximum current density Jy.. = 233 A/cm? is transported through the device. The emitted
optical power of disk Rs is much higher compared to disk R;. An explanation for this difference
might be, that the possible mode for this cavity fits better to the gain maximum and therefore
reaching a higher output power. Moreover this effect might be enhanced due to a non linearity
behavior of the Ge - detector. Due to these different power levels of both disks, the 2D coupling
plot is asymmetric.

The 2D plot of the described independent lasing QCLs is shown in Figure 5.11. This configu-
ration shows a similar behavior which is seen for the disks with equal radii Ry = Ry = 50 um
and the same gap size. With different dimensions for the cavities, one disk cannot completely

switch off the second disk, but an influence is noticeable on the dynamic range. First of all, the

54



T T T T T y T T T T 30

—|-VR1=50um
154 ——1-VR2=47um
——L-1R1=50um
L-1R2 =47 ym -
s 20 9
% 10 g
E -
3 — 8
5 PrEs
§ 5 | 105
0 T = T T T T 0

T T — 1 L — T T
0 50 100 150 200 250 300
Current density [A/cm?]

Figure 5.10.: Independent recorded I - V and L - I from the disk R; = 50 um and Ry = 47 ym
with a gap of 4 um between the disks.

emitted optical power of the disks, which is equivalent to the Ge - detector current, is different

in one order of magnitude.

The region of influence is pretty much the same between 5 V and 10 V for both disks as for
the Ry = Re = 50 wm sample. The disk R; shows a pretty constant radiation at a bias voltage
between 12.4 V and 13.4 V with a lower emitted output power compared to disk Ry. The lasing
domain of disk Rs is slightly broader and with a higher emitted output power. The possible
influence from one disk to the lasing domain of the other disk affects in a slight increase of the
threshold current J;;, and a narrower domain width between 5 V and 10 V. As noticed before,
the influence at different disk sizes is not enough to completely discard the radiation of the

second disk, but strong enough to affect the characteristic in the high loss region.
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Figure 5.11.: Coupled disks with a gap of 4 um between the disks and R; = 50 um and Ry =
47 pm.

Coupled disks: R; = 52 uym, Ry = 52 pum, gap: 6 um

The coupled disk with Ry = Re = 52 um and a gap of 6 um between the disks shows the
same coupling behavior (Fig. 5.12) compared to the disks with the same dimensions and a 4
um gap (Fig. 5.9). Independent lasing is not possible which indicates the strongest coupling
with the triangular shaped emission pattern also in the case of a 6 um gap and same disk sizes.
Compared with the smaller gap of 4 um, the coupling influence is weaker, because the combined
lasing domain is broader and therefore lasing occurs for smaller bias voltages. This means, that
the single peak gain of one cavity is larger for smaller bias voltages than the loss of the coupled
system.

This configuration only emits THz radiation at the intersection of the lasing domains from both
disks. The corresponding values at the maximum, before the NDR region starts, are at a bias
voltage of 13 V with the maximum current densities through the devices Jyq, = 235 A/ em? for
both disks. The lowest threshold current density combinations are Jy;, = 188 A/cm? (12.8 V)
for Ry and Jy, = 180 A/em? (12.8 V) for Ry and decreases for both disks of about 7 A/cm?

near the NDR region inside the lasing domain. Compared to the sample with the 4 ym gap,
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the recorded current in the Ge - detector equivalent to the emitted output power is by a factor

2 higher.
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Figure 5.12.: Coupled disks with a gap of 6 um between the disks and Ry = Rs = 52 um.

Coupled disks: R; = 52 ym, Ro = 54 um, gap: 6 um

Different disk sizes with a gap of 6 um allow the disks to lase independently. This requires,
that the loss of the coupled system is not enough to prevent one disk of emitting THz radiation,
even if the second disk is in the high loss region. The influence of the bias voltages from one
disk to the lasing behavior is shown in Figure 5.13.

Disk R has a threshold current density Jy;, of 184.6 A /cm? (12.2 V) and a maximum density of
Jmaz = 252 A/em? (13.1 V) before the NDR regime starts, if the second disk is unbiased. Com-
pared to the same disk size with a 4 pym gap, the threshold is equal, but the maximum current
through the device is higher and differs of 17 A/em?. The corresponding current densities for
the second disk Ry in the coupled system are Jy, = 183.4 A/em? (12.2 V) and Jyu, = 244.4
A/em? (13 V). The 2D plot shows only a slight influence to the emission of one disk, when the
second disk is in the loss regime between 5 V and 10 V. The asymmetric plot has the maximum

optical power at the intersection region of both lasing domains at 13 V.
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Figure 5.13.: Coupled disks with a gap of 6 um between the disks and Ry = 52 pum and Ry =
54 pm.

The measurements reveal, that strong optical intercavity coupling for small gap sizes (4 pm and
6 wm) depends on the disk sizes. For asymmetric configurations of the cavities, the disks of
the coupled system lase independently and show only a slight influence in the high loss regions.
A mode-mismatch of the different disk sizes leads to the weaker influence and less coupling of
the disks. A symmetric coupled system with equal disk sizes has a stronger coupling behavior,
which depends on the cavity dimension. The possibility to externally control the lasing emission
over the bias voltage from the second disk in continuous mode operation shows only the sample

with a gap of 4 um and Ry = Ry = 50 um.
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5.3. Coupled QCL ridge resonators

A second type of DM QCL resonators was built to analyze the coupling in DM waveguides.
For this measurements, ridges with the two lengths (1 mm and 2.5 mm) and width (50 pm for
all ridges), but with different gap sizes were processed. The width for the QCLS was chosen
relatively narrow to ensure cw operation mode for the measurements. Different gap sizes were
selected between 3 pm and 20 pm. For the small gaps lasing were expected only if both ridges
were pumped, and for the huge gaps (20 pum) independent lasing was assumed. Switching be-
havior for radiation was predicted in between. The 2.5 mm long ridges were measured to reveal

the effect of the longer absorption length for the coupled cavities.

Coupled ridges CR3-L-1: [; = Ly = L =1 mm, gap: 3 um
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Figure 5.14.: CR3 - L - 1 SV: Coupled ridges with a gap of 3 um between the two ridges of L;
= Ly = L = 1 mm and scanning in vertical (SV) direction.

Figure 5.14 shows the measurement of coupled ridges (CR) with a length of L = 1 mm and a gap
between the facets of 3 um (Coupled ridges CR3 - L - 1). This plot was created by continuously
ramping the bias voltage in ridge L; and increasing the bias by a step size afterwards, from

now on described as SV (scanning vertical). The maximum of the lasing emission of L; is not
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constant and has different maxima at the Ge - detector, when the bias voltage is increased on
the other ridge Ls. This behavior was reproducible also when the bias voltage was ramped

manually, which excludes a failure in the Labview measurement program.

Voltage [V]

Figure 5.15.: All Ge - detector current values from CR3 - L - 1 in Figure 5.14

The plot in Figure 5.15 shows all the recorded Ge - detector current values from CR3 - L - 1
SV. There are mainly three different maximum current values before the bias voltage in the
second ridge reaches the lasing domain. Spectral measurements of each ridge, with the second
ridge unbiased, were recorded to analyze the reason for this deviation (Fig. 5.16). Between the
measurements, the bias voltage is decreased to zero to obtain the same preconditions as for the
measurements in the 2D plot. Lasing emission occurs at the bias voltage of 12.7 V, which is
the maximum of the lasing domain before the NDR region starts, only in a single mode. The
corresponding current density through the device is similar for all recorded spectra in the order
of 255 A/em?. The measurement shows either a single mode at 2.16 THz or another one at 2.12
THz with a higher amplitude. The calculation of the mode spacing for a 1 mm ridge length with
equation 2.30 from Chapter 2.3.3 results a mode spacing of 40 GHz with an effective refractive
index of n.yry = 3.6, which is the same compared to the spectral measurement.

The explanation for the different current values of the Ge - detector may depend on the spectral
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response of the detector. Another possibility is also the fitting of the mode with the gain curve
of the active material. Therefore it is possible, that one mode creates a higher detector current

compared to the other possible mode at a different frequency.
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Figure 5.16.: Recorded spectra of one ridge from the configuration CR3 - L - 1.

The appearance of the two single modes is statistically arbitrary (Fig. 5.16). Each of the
frequency dependent mode is possible near the gain maximum within the gain curve of the
material system and only one mode appears, which is due "random” gain competition. The
corresponding second ridge of the coupled configuration shows the same spectral behavior. It
emits only single mode THz radiation at 2.12 THz or 2.16 THz with a bias voltage of 12.7 V
and a current density of 255 A/cm? through the device. The statistical behavior, which of the
two mode appears, is again completely arbitrary.

The dotted maxima of the Ge - detector current appears mainly in the scanning direction,
because only in this direction is the ridge supplied from 0 V to 16 V for each bias voltage step of
the second ridge. To compare both ridges of the coupled configuration, the measurements were
also performed for the second ridge Ls with a horizontally scanning (HS) direction to create the
2D plot (Fig. 5.17). Both ridges lase independently and show a weak dependency before the
intersection of the lasing domains from L; and Ly. Near this point at a bias voltage of 12 V is a

maximum of the emitted radiation for each ridge in scanning direction. When ridge L1 and Lo
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are in the lasing region at the crossing of both domains, the consequence of coupling is obvious.
Some kind of mode competition between the two ridge resonators leads to a lower radiation of
both QCL ridges compared to the emission of only one ridge. These effects are also evident in
the NDR regions of the 2D plots, where lasing emission is still observed through forming electric

field domains.
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Figure 5.17.: CR3 - L - 1 SH: Coupled ridges with a gap of 3 um between the two ridges of L,
= Ly = L = 1 mm and scanning in horizontal (SH) direction.

To confirm the assumption of coupling, two completely independent located ridges with L, =
Ly = L = 2.5 mm on a sample were recorded (Fig. 5.18). The plot shows both ridges lasing
independently and a maximum of radiated transmission when both ridges are in the lasing
domain before the NDR region.

Figure 5.19 shows the recorded spectra of L1 = Lo = L = 1 mm and a gap of 3 um, when ridge
L1 is biased constantly with a voltage of 12.7 V and Lo is supplied with different voltages. It
occurs only a single mode at a frequency of 2.16 THz until ridge Lo reaches its lasing domain. A
voltage of 12.5 V at Ly splits this mode into two close adjacent modes with frequencies of 2.16
THz and 2.166 THz. In the maximum of the domain from Lo at 12.7 V appears two modes at
a frequency of 2 THz and 2.166 THz.
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Figure 5.18.: 2D plot of completely uncoupled ridges with a ridge length of L1 = Lo = L = 2.5
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Figure 5.19.: Spectra CR3 - L - 1. Ridge L is biased constantly with 12.7 V and recorded the
spectra at different bias voltages of Lo.
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Coupled ridges CR6 - L - 1: L; = Lo
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The SV (a) and SH (b) 2D plots of the coupled ridges with the dimensions L; = Ly = 1 mm and
a gap of 6 um between are shown in Figure 5.20. The plots have a similar behavior compared
to the case of CR3 - L - 1. Both ridges lase independently with a weak dependency before the

intersection of the lasing domains. The maxima of the emitted radiation are again before the
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Figure 5.20.: Coupled ridges CR6.

second ridge reaches its maximum.

Spectral measurements of the ridge L1 shows two or three modes at 2.125 THz, 2.139 THz and
2.16 THz with a bias voltage of 13 V and the second ridge unbiased. Lo has only one mode with
a frequency of 2.09 THz at 13 V. It seems, that the gap size between the two ridges also affects

the mode appearance of possible modes. Table 5.2 shows the threshold and maximum current

densities of Ly and Lo for an unbiased second ridge.
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Ridge | L [mm] | Gap size [um] | Ji, [A/em?] (Bias [V]) | Jmae [A/cm?] (Bias [V])
I 1 6 188 (12) 264 (12.9)
Lo 1 6 188 (12) 267 (13)

Table 5.2.: Coupled ridges CR6
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Coupled ridges CR10- L - 1: I; = Ly = 1 mm, gap: 10 um
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Figure 5.21.: Coupled ridges CR10.
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Figure 5.21 shows the SV (a) and SH (b) recorded plots of coupled ridges with L; = Ly = 1

mm and a gap of 10 um. The measurements reveal independent lasing of both ridges. The

maximum emitted THz radiation occurs on the Ge - detector, when both ridges are in their

lasing domains. There is still a coupling effect, due to the fact that the emission maximum is

not at the crossing points at 13 V of the bias voltages from L; and Ly. The maxima appears

slightly before and after this specific point.

The spectral behavior of ridge L1 and Lo shows more possible modes with the increased gap size

of 10 wm. The ridge Ly has two or three possible modes with different combinations located at

different frequencies of 2 THz, 2.09 THz, 2.13 THz and 2.16 THz. At the second ridge Lo ap-

pears always two modes at 12.3 THz and 12.7 THz for the emitted radiation. The characteristic

current densities through both devices are shown in Table 5.3.

Ridge | L [mm] | Gap size [um] | Jy, [A/em?] (Bias [V]) | Jmaz [A/cm?] (Bias [V])
I 1 10 188 (11.93) 272 (12.97)
Lo 1 10 189.6 (11.95) 271 (12.84)

Table 5.3.: Coupled ridges CR10
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Coupled ridges CR20 - L - 1: L; = Ly = 1 mm, gap: 20 um
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Figure 5.22.: Coupled ridges CR20.

The SV (a) and SH (b) measurements of coupled ridges in Figure 5.22 show independent lasing
emission of both ridges and a maxima at the intersection of both lasing domains. At this crossing
point of the bias voltages at about 13 V, the maximum emission has no triangular shape for both
ridges pumped above threshold as expected for completely uncoupled ridges in Figure 5.18. The
region shows a minimum of radiation at the exact intersection point and no clearly shift of the
threshold currents Jy, to lower bias voltages. This indicates also a weak but present coupling
effect even with a 20 um gap between the facets of the QCL ridges, that was not expected for
such "huge” gap sizes. The corresponding characteristic current densities through both devices

are shown in Table 5.4

Ridge | L [mm] | Gap size [um] | Jy, [A/em?] (Bias [V]) | Jmae [A/cm?] (Bias [V])
Ly 1 20 191.6 (12.23) 265.2 (13)
Lo 1 20 185.2 (12.06) 969.6 (13.07)

Table 5.4.: Coupled ridges CR20

66



14

Bias voltage L1 [V]

o N M OO OO

0 2 4 6 8
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gap and the high resolution measurement near the crossing of the lasing thresholds (b).

threshold of the ridge L increases before the second ridge Ly reaches its threshold. The shift
to higher voltages near the crossing of the lasing domains appears for all different gap sizes.
This is exact the opposite behavior of the expected coupling influence, where the threshold

should decrease if the second ridge provide no losses to the coupled system. Table 5.5 shows the

characteristic current densities for all measured 1mm long QCL ridges.

Ridge | L [mm] | Gap size [um] | Ji [A/em?] (Bias [V]) | Jmaz [A/cm?] (Bias [V])
I 1 3 188.7 (12) 258 (12.85)
Ls 1 3 1883 (12) 957.1 (12.85)
L 1 6 188 (12) 264 (12.9)
Lo 1 6 188 (12) 267 (13)
Ly 1 10 188 (11.93) 272 (12.97)
Ly 1 10 189.6 (11.95) 271 (12.84)
Ly 1 20 191.6 (12.23) 265.2 (13)
Lo 1 20 185.2 (12.06) 269.6 (13.07)

Table 5.5.: Summarized current densities for the coupled configuration with different gap sizes.
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Coupled ridges CR - L - 2.5: I; = Ly, = 2.5 mm, gap: 3, 6, 10, 20 um

To analyze the affects of coupling for longer QCL ridge resonators, also ridges with a length of
Ly = Ly = 2.5 mm were measured. Figure 5.24 shows the corresponding plots for different gap
sizes. Longer ridges illustrate in principle the same behavior as described for the 1 mm long
resonators. The maximum of emission for both ridges is slightly before the intersection of the
maximum in the lasing domains of Ly and Lo. Also for the case of a 20 um gap and 2.5 mm long
ridges a weak coupling is still present. The current density characteristics for this configuration

are shown in Table 5.6.

Ridge | L [mm] | Gap size [um] | Jy, [A/em?] (Bias [V]) | Jmaz [A/cm?] (Bias [V])

I 2.5 3 186.4 (12.43) 949.6 (13.47)
Ly 2.5 3 184 (12.4) 240 (13.43)
I 2.5 6 186.4 (12.1) 288 (13.3)

Lo 2.5 6 188 (12.3) 277.6 (13.35)
L 2.5 10 188 (12.36) 260 (13.4)

Ly 2.5 10 196 (12.46) 279.2 (13.6)
Ly 2.5 20 184 (12.2) 279 (13.48)
L 25 20 180 (12.3) 277.6 (13.6)

Table 5.6.: Current densities for different coupling configurations of L1 = Lo = 2.5 mm long
ridges and different gap sizes.
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Current change in the 2nd ridge due to lasing:

The recorded data from the 2D measurements were analyzed for current changes in one ridge,
when the second is biased. This behavior is shown in Figure 5.25 for the coupled configuration

with a gap of 3 ym and L; = Ls = 1 mm.
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Figure 5.25.: Coupled ridges CR3.

Figure 5.25 (a) shows the I - V and L - I of one ridge and the second ridge without bias voltage.
When the current density reaches Jy, and the ridge starts lasing, a negative current is induced in
the second ridge which has approximately the same order of magnitude as the detector current.
For a small bias voltage of 0.5 V of the second ridge, the current is positive and has a quadratic
shape (Fig. 5.25 (b)). The current change in the second ridge indicates exactly the threshold

current and this configuration is possible to act as a detector for small gap sizes.

The current change is also depicted for gaps of 6 um (Fig. 5.26) and 10 um (Fig. 5.27)
between the ridges. There is only a small negative current recognizable at the end of the lasing
domain near the NDR region, without a bias voltage in the second ridge. For a small bias voltage
of 0.5 V, the measurements of the current show nearly the same behavior as for the small gap
of 3 um. The current in the second ridge is positive and higher compared to the Ge - detector

current (Fig. 5.26(b), Fig. 5.27(b)).

70



Applied voltage [V]

Applied voltage [V]

N
N
1

RGN
o N
L L

—1-V
—L-I
—— Current 2nd ridge

50 150 200 250

Current density [A/lcm?]

100

(a) CR6-L-1; 0 V bias voltage

F2x10°
@)
c

F1x10°3
2
>

Lo

300

Applied voltage [V]

=
o N A
L L L

—ilv
—L-I
—— Current 2nd ridge

4x10°

F2x10°

[v]uauny

50 200 250

Current density [A/cm?]

100 150

(b) CR6-L-1; 0.5 V bias voltage

Figure 5.26.: Coupled ridges CR6.

—iv
—L-I
—— Current 2nd ridge

3x10°

F2x10®

[v] 1Jeuno

F1x10°

50 150 200 250

Current density [A/lcm?]

100

(a) CR10-L-1; 0 V bias voltage

300

Applied voltage [V]

300

144

-
N
L

=y T T T T
—L-I
—— Current 2nd ridge

H6x10°

F3x10°

[v] 1ueund

50 200 250

Current density [A/cm?]

100 150

(b) CR10-L-1; 0.5 V bias voltage

Figure 5.27.: Coupled ridges CR10.

300

The implemented measurements show, that this configuration with two QCL ridges with the

same length of L1 = Lo = 1 mm and a small gap size is possible for one ridge to act as a detector

for the second ridge. This current influence reveals the possibility for detector integration on

chip and simplifies the measurements due to generation and detection on chip.
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6. Summary and outlook

Quantum cascade lasers are promising sources for applications in the THz spectral region. The
advantages of this semiconductor lasers are a designable emission frequency, a reasonable out-
put power and the possibility for integration compared to other sources. Therefore, QCLs are
interesting coherent sources of THz radiation for further biology, security and material science
applications. Unfortunately, no room temperature operation is reached until now, which is the
big disadvantage of the devices.

In this thesis the successful design, fabrication and characterization of terahertz quantum cas-
cade lasers has been demonstrated. The design of the terahertz lasers is based on vertical
intersubband transitions in a GaAs/AlGaAs heterostructure grown by molecular beam epitaxy
(MBE). Resonant longitudinal optical (LO) phonon scattering is used to depopulate the lower
lasing level ensuring population inversion. The H256 material system was an existing active re-
gion design with a calculated emission frequency of 2.18 THz. A double-metal (DM) waveguide
is used for the modal confinement of the disk and ridge resonators.

The characterization of the single disk QCLs at liquid helium temperatures (4.2 K) shows
mainly single mode operation from 2 THz to 2.4 THz dependent on the resonator size. The
measurements fitted exactly to the simulations of the whispering gallery mode Eigenfrequencies
(nefy = 3.6) for the different resonators. Continuous mode measurement of coupled disk systems
with different radii and gaps of 4 ym and 6 ym between the disks shows similar results compared
to the pulsed mode measurements [40]. The possibility to externally control the lasing emission
due to the strong intercavity coupling was demonstrated. This coupling depends not only on
the gap sizes, also the symmetric or asymmetric sizes of the coupled cavities has an influence.
Continuous mode measurements of coupled ridges with symmetric dimensions and different gaps
(3 pm, 6 pum, 10 pm, 20 pm) show also effects of intercavity coupling. Against expectations the
ridge resonators has less influence to the intercavity coupling, related to the THz radiation be-
havior, compared to the disk cavities. It was demonstrated that the frequency mode occurrence,
which one wins the gain competition in a ridge resonator, is completely arbitrary for the H256

material system.
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The second ridge of a coupled system has indeed measurable current changes dependent on the
gap size, when the other ridge is pumped over threshold. This influence enables the possibility
to integrate the detector directly on chip.

Removing the bottom gold contact in the gap between the coupled resonators is an idea for
future investigations. The performed measurements lead to the assumption, that the layer has
an influence of the intercavity coupling between the resonators. Also arrays of several disk or

ridge resonators combined to a photonic molecule (PM) are interesting for further investigations.
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A. H256 growth sheet

Layer (Substrate — Surface) | X (%) | Thickness (nm) | Doping (Si)
SI GaAs Substrate 650 £+ 20um
GaAs 300
AlGaAs 55 150
Si: GaAs 100 5 el8
Loop 271
GaAs 9.7
AlGaAs 15 3.2
GaAs 16.3 3.5 elb
AlGaAs 15 4.3
GaAs 7.0
AlGaAs 15 3.1
GaAs 8.4
AlGaAs 15 5.7
Endloop
GaAs 9.7
AlGaAs 15 3.2
GaAs 16.3 3.5 elb
AlGaAs 15 4.3
AlGaAs 7.0
Si:GaAs 60.0 5 el8
Si:InGaAs - 50%In 5.0 2 el9

Table A.1.: Growth sheet of the H256 material.
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B. Double - metal processing - cleanroom

recipe

The heterostructure wafer with the grown active medium and the n* receptor wafer are covered
with photoresist to protect from dust, then the active medium samples (1 cm x 1 cm) and the

nt carrier samples (1.1 cm x 1.1 cm) are cleaved.

Bottom contact metallization and wafer bonding:

Remove protective photoresist and cleaning Aceton / Isopropanol
Sputter bottom contact Ti/Au 10nm / 1pm
Wafer bonder EVG 501 330 °C / 2000N / 30min

Removing device substrate:

Lap the device ~ H0um remains
Remove remaining substrate NH4OH:H504 1 : 20; etch rate &~ 4 pm/min
Remove Al 55Gag.45As etch stop layer  HFE (38%)

Lithography steps for defining cavities:

Spin photoresist AZ5214 5000 rpm / 35 s
Hotplate 100 °C / 60 s
Boarder exposure 15s

Developer AZ351 1:5 40 s

Structure exposure 1.5s

Hotplate 120 °C / 60 s
Flood exposure 15 s
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Developer AZ351 1:5 15s

Top contact metallization:

Sputter top contact Ti/Au 10nm / 500nm

Lift-off Aceton / Isopropanol

Cavity forming by reactive ion etching (RIE):

Running-in 70min; SiCly :7 sccm / Ng :17 scem,
(with Si carrier in chamber) RF: 50 W, ICP: 20 W

Structure ecthing A 60min; SiCly :7 sccm / Ny :17 scem,
(etch rate: &~ 300-400nm/min) RF: 50 W, ICP: 20 W
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