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Zusammenfassung (German)

Das Hauptziel dieser Arbeit ist es, die Transporteigenschaften von Terahertz- (THz) und Mitt-Infrarot-
Quantenkaskadenlasern (QCLs) theoretisch zu untersuchen, sowie selbstkonsistent neue Effekte fiir
eine préazisere Beschreibung experimenteller QCLs zu modellieren und zu implementieren. Seit den
1980er Jahren werden Ensemble Monte-Carlo (EMC) Methoden zur Simulation verschiedener Halbleiter-
Nanostrukturen eingesetzt, von Festkorpern iiber Potentialtpfe zu Quantendrdhten hin reichend. Ins-
besondere bei THz-QCLs konnen die relevanten physikalischen Effekte von quantenmechanischem Tun-
neln und Kohérenz bis hin zur Streuung aufgrund von Unreinheiten oder Gitterschwingungen reichen.
All diese Effekte miissen untersucht und geméfl ihrer Relevanz fiir eine korrekte Modellierung in EMC
beriicksichtigt werden. Streuung kann in diesen Bauelementen von verschiedenen Mechanismen stam-
men, die einen Elektronenfluss von einem Anfangs- in einen Endzustand bewirken. Deswegen diskutieren
wir die wichtigsten Streueffekte, angefangen von ihrer physikalischen Beschreibung, d.h. dem Stérungs-
Hamiltonian, bis hin zur Streurate. Der Monte-Carlo-Algorithmus wird auch kurz beschrieben, sodass
die numerische Implementierung neuer Effekte spéter auf einem soliden Fundament vorgenommen werden
kann. Obwohl EMC schon vor Beginn dieser Arbeit fiir Trégertransport-Simulationen sowohl in Nanos-
trukturen als auch in QCLs eingesetzt wurde, gibt es immer noch viel in Bezug auf Naherungen und die
Miteinbeziehung vollstandig quantenmechanischer Effekte zu tun. Unser Ansatz ist dreidimensional, d.h.,
wir implementieren auch selbstkonsistent den Impuls der Elektronen. Der theoretische Rahmen unserer
Monte-Carlo-Methode ist die semiklassische Boltzmanngleichung, die statistisch gelést wird, wobei die
Streuraten in der Boltzmanngleichung durch Fermis goldene Regel einfliefien.

Innerhalb dieser Arbeit wurde der EMC-Code um Legierungsstreuung als zusétzlichen Streuprozess
erweitert, zudem wurde die energetische Verbreiterung der Quantenzustinde implementiert. Weiterhin
wurde eine Anpassung an das InGaAs-Materialsystem vorgenommen.

Um unsere Naherungen und unseren Ansatz fiir THz QCLs zu verifizieren, vergleichen wir zuerst
EMC mit einem voll quantenmechanischen Simulationstool, welches unabhéngig von Tillman Kubis aus
der Gruppe um Professor Vogl entwickelt wurde. Wir sehen, dass EMC die voll quantenmechanischen
Resultate im technisch relevanten, also im Lasing-Regime, gut reproduzieren kann. Zusétzlich iden-
tifizieren wir Grenzen von EMC, und zwar bei niedrigen Spannungen sowie fiir Kaskadenstrukturen,

welche schwach gebundene Zustédnde enthalten. THz-QCLs operieren weder bei sehr niedrigen Spannun-
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gen, wo die Quantenzustinde energetisch angeglichen sind, noch werden schwach gebundene Zustédnde
zum Lasern benotigt. Somit konnen wir bestéatigen, dass EMC eine zuverlissige Methode fiir ihre Model-
lierung darstellt, und wir sparen dadurch groffe Mengen an Simulationszeit fiir ihre Untersuchung. Dies
wird beim systematischen Design und der Simulation von 24 THz QCLs zur Bestimmung ihrer temper-
aturabhéngigen Leistung in der Region von 1-5 THz deutlich. Es stellt sich heraus, dass fiir QCLs mit
vertikalem Ubergang die besten Ergebnisse bei ca. 3 THz erzielt werden. Die Griinde dafiir sind zum
einen die durch die parasitische Injektion limitierte Leistung bei niedrigeren Frequenzen, zum anderen
die durch die Phononenemission limitierte Leistung bei hohen Frequenzen. Zusétzlich sehen wir, dass di-
agonale Lasingiibergénge die temperaturabhéngige Leistung nur oberhalb von 3.5 THz verbessern. Alle
Ergebnisse beziiglich der temperaturabhéngigen Leistung von THz QCLs erkléren ihr experimentelles
Verhalten sehr gut und konnen einen Einblick gewdhren was ihre limitierenden Faktoren sind.

EMC wurde auch fiir die Simulation von mitt-infraroten QCLs erweitert, mit experimentellem Feed-
back von Simeon Katz (Gruppe um Prof. Amann). Die Relevanz von Streumechanismen wurde fiir einen
QCL, der bei 8pm emittiert, untersucht. Wir konnten die Wichtigkeit der Streuung an Phononen, Gren-
zschichtrauheit und Unreinheiten nachweisen, wie in der Literatur erwdhnt. Die Grenzschichtrauheit
wurde flir diese Bauelemente aus Lumineszenzmessungen berechnet, und die extrahierten Parameter
wurden dann fiir die EMC Simulation verwendet. Zudem haben wir die zunehmende Bedeutung des
Einflusses von Photonenstreuung fiir QCLs mit hohem Wirkungsgrad gezeigt. Diese weisen eine erhéhte
» Wall-plug“-Effizienz auf, emittieren also in einigen Fillen mehr Licht als Warme. Wir haben herausge-
funden, dass die Emission und Absorption von Photonen nicht nur Séttigung des optischen Gewinns verur-
sacht, sondern auch direkt einen Strom durch Photon-Elektron-Streuprozesse verursacht. Dieser Kanal
ist dominant bei hohen ,, Wall-plug“-Effizienzen, deswegen sollte Elektronen-Photonen-Streuung fiir das
Sattigungsverhalten der Gewinn-Spektren und die Berechnung der Ausgangsleistung, aber auch fiir die
korrekten Strom-Spannungskurven beriicksichtigt werden. Wir identifizieren zudem einen hochenergetis-
chen Ausliufer der Verteilungsfunktionen in mitt-infraroten QCLs, der das Resultat nicht-strahlender
Ubergéinge vom oberen zum unteren Laserniveau ist. Dies kann eine Quelle von Leckstromen in hohere
Leitungsband-Minima sein. Diese Arbeit mdchte die vielseitige Einsetzbarkeit von EMC fiir die Model-
lierung und Simulation von QCLs aufzeigen, was durch den Vergleich mit anderen Simulationstools sowie

die Modellierung von experimentellen THz- und Mitt-infrarot-Strukturen erreicht wird.
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The main objective of this thesis is to theoretically investigate the transport properties of terahertz (THz)
and mid-infrared quantum cascade lasers (QCLs) as well as to self-consistently model and implement new
effects for a more accurate description of experimental QCLs. Since the 1980s, ensemble Monte-Carlo
(EMC) methods have been used for the simulation of various semiconductor nanostructures, ranging
from bulk materials to quantum wells and wires. Especially for THz QCLs the relevant effects can
range from quantum mechanical tunneling and coherence to scattering due to device imperfections or
lattice vibrations. All of these effects need to be investigated and included based on their relevance in
EMC for the correct modeling of the structures. Scattering in these devices can happen due to different
mechanisms which produce an electron flow from an initial state to a final state. Therefore we review the
most relevant scattering types starting from their physical description, i.e., perturbation Hamiltonian,
and arrive at the actual rate. The Monte-Carlo algorithm is also briefly discussed so that the numerical
implementation of new effects can be later faithfully implemented. Although EMC has been used for
carrier transport simulations in nanodevices as well as QCLs before the beginning of this work, there is
still much to be done in terms of approximations and inclusion of fully-quantum mechanical effects. Our
approach is three dimensional, i.e., we also self-consistently implement the momentum of the electrons.
The theoretical framework of our Monte-Carlo method is the semiclassical Boltzmann equation, which is
statistically solved and the scattering rates enter the Boltzmann equation by Fermi’s golden rule.

Within this work, the EMC approach has been extended by including alloy scattering among the
scattering processes, additionally energetic broadening of the quantum states has been implemented.
Furthermore, an adaptation to the InGaAs material system has been performed.

For the validation of our approximations and approach on THz QCLs, we first compare EMC to a fully
quantum mechanical simulation tool developed independently by Tillmann Kubis from the Vogl group.
We find that EMC can well reproduce fully quantum mechanical results in the technically relevant, i.e.,
lasing regime. Furthermore we identify limits of EMC, namely in the low bias range of the devices as
well as for cascade structures that contain weakly bound states. THz QCLs are neither operating at very
low biases where the states are aligned, nor use weakly bound states for lasing. Thus we can affirm that
EMC is a valuable method for their modeling and we thereby save large amounts of simulation time for

their investigation. This will be shown since we systematically design and simulate 24 THz QCLs for
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the investigation of their temperature performance in the 1-5 THz range. It turns out that for vertical
transition QCLs the best performing devices are around 3 THz. This is due to parasitic injection limited
performance on the lower frequency side as well as phonon emission limited performance on the high
frequency side. Furthermore we find that diagonal lasing transitions help the temperature performance
of QCLs only above about 3.5 THz. All the temperature results on THz QCLs explain their experimental
behavior very well and can give an insight into their limiting factors.

EMC was also extended for the simulation of mid-infrared QCLs, with the experimental feedback
of Simeon Katz from the Amann group. The relevance of scattering mechanisms was investigated for a
QCL emitting at 8 um. We have confirmed the importance of phonon, interface roughness and impurity
scattering as widely recognized by literature. The interface roughness was calculated for these devices
from luminescence measurements and we used the roughness parameters in EMC correspondingly. Fur-
thermore, we have shown the increasing importance of the influence of photon scattering processes for
high-efficiency QCLs. They have increased wall-plug efficiencies, i.e. emitting more light than heat in
some cases. We have found that stimulated emission and absorption of photons does not only induce
gain saturation in these devices, but also directly induces a current due to the photon-electron scattering
process. This current channel is dominant at high wall-plug efficiencies, thus electron-photon scattering
should be included for the saturation of the gain spectra, calculation of output power, however also for
the correct current-voltage curves. We also identify a high energy tail of the distribution function in
mid-infrared QCLs which is the result of non radiative transitions from the upper to the lower laser level.
This can be a source of leakage channels into higher valleys. The results of this thesis aim to show the
versatile nature of EMC for QCL modeling and simulation, by comparison to other simulation tools as

well as the simulation of various experimental structures.



Chapter 1

Introduction

Lasers in everyday life are established optoelectronic devices. Applications include communication de-
vices, optical recording, laser printing and supermarket scanners as well as fundamental science, spec-
troscopy and medicine. III-V semiconductor lasers, lead-salt laser diodes (PbS, PbTe, PbSe), vertical
cavity surface emitting lasers (VCSELSs), difference-frequency generation of coherent light with a nonlin-
ear crystal (GaAs, GaSe, GaP, ZnTe, CdTe), free electron lasers and quantum cascade lasers (QCLs) are
only some of the many approaches possible to produce coherent light.

Up to the invention of the quantum cascade laser in Bell Labs [1], semiconductor lasers in the mid-
infrared were mainly built from diodes that emit light by the recombination of an electron-hole pair in
a quantum well. For the design of such devices, band gap engineering is used with compound semicon-
ductors, to assess different wavelengths. In spite of these techniques, the efficiency of the mid-infrared
devices is still limited due to material and growth constraints. For the generation of mid-infrared light,
the bandgap of the materials simply becomes highly temperature dependent and defects (such as traps
in the bandgap) and processing also provide difficulties.

Quantum cascade lasers (QCLs) offer an advantage in the variety of wavelengths that can be designed
by using the same material system. A quantum cascade laser is a periodic superlattice, where in each
period ideally one photon is emitted by a lasing transition between quantized states in the conduction
band, and the electron is injected into the next period. They are unipolar devices, i.e., they use only the
conduction band for the generation of light through a cascaded approach. Instead of band-gap engineering,
the design of conduction band states is performed by choice of the device layer thicknesses. This approach
circumvents the so called “bandgap-slavery” [2] and offers the advantage of designing efficient coherent
emitters from 4 to 12 ym in the mid-infrared (MIR) and from 60 to 200 gm in the far-infrared or terahertz
regime. Since their first demonstration in 1994 [1], MIR QCLs have shown rapid development. The first
room-temperature QCL was demonstrated in 1996 [3], the first continuous wave operation at room-
temperature was reported in 2002 [4], the continuous wave output power exceeded 1.6 W in 2008 [5], and

in 2010, QCLs emitting more light than heat were demonstrated [6, 7]. Today’s mid-infrared QCLs are
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efficient devices and suitable for a wide variety of applications, ranging from spectroscopy to free-space
communications and the detection of small molecule gases (CO, COy, CHy). Mid-infrared QCLs already
operate at room temperature. The first THz QCL was demonstrated in 2002 [8], however, QCLs in the
THz regime (60 pm-200 um) are still limited to cryogenic temperatures. These structures can offer 100
miliwatt-level output powers at cryogenic temperatures. In the THz region the only practical coherent
sources are THz QCLs and lasers that use frequency difference generation as well as free-electron lasers
[9]. No major alternative for lasing is offered making the effort of THz QCL design and investigation
worthwile. The thesis presents modeling of THz and MIR QCLs with the ensemble Monte-Carlo method,
focusing on the theory needed for investigating and clarifying the microscopic processes, and presenting

an analysis of various experimental designs.

For the theoretical modeling and analysis of quantum cascade lasers, various tools with different
degrees of complexity have been developed, all of them having advantages and drawbacks. We mention
these below and the interested reader can refer to our bibliography for further details and a deeper
understanding of the methods. One of the simplest approaches for laser analysis are rate-equation based
models [10]. They are a semiclassical approach and do not take into account the in-plane kinetic energy
of carriers, i.e., they are one-dimensional models. The advantage of a rate-equation QCL solver lies in
its numerical simplicity, since it can offer results within a few minutes, making it suitable for systematic
QCL design and qualitative analysis. A rate-equation based model is also very useful for QCLs that
have many energetic states in a miniband like, such as bound to continuum (BTC) QCLs. An ensemble
Monte-Carlo (EMC) approach would need large simulation times for these devices, while a rate-equation
based calculation can give fast results. EMC methods, for QCLs with a moderate number of states, have
their advantage in keeping the numerical effort manageable and allowing for the exact and self-consistent
inclusion of semiclassical scattering mechanisms. For example carrier-carrier interactions [11, 12, 13] can
be included as a two-body process while a full kinetic energy distribution of the electrons is considered.
The typical run-time for such a simulation is about one hour on an Intel Xeon E5420 server core, however
it can go up to 1-2 days for structures that have many energetic states. Theoretical limitations of EMC
are the neglected quantum mechanical effects like quantum correlation of electrons [14, 15] and the
approximation of an infinitely small linewidth of the electronic states (by Fermi’s golden rule), as well
as scattering through intermediate states, i.e., non-diagonal scattering. The most general description of
electron transport is a fully quantum mechanical simulation tool, based on the non-equilibrium Green’s
functions (NEGF) method, which includes all the effects lacking in EMC. The drawback of NEGF lies
in its elevated numerical complexity and the neglect of carrier-carrier interactions as a two body process,
which cannot be included due to its numerical complexity. For THz QCLs two main NEGF approaches
were developed over the years. The first approach neglects the in-plane kinetic energy dependence of
carriers and assumes a typical kinetic energy [16, 17, 18] and periodic boundary conditions. The second

NEGF approach uses a full spatial implementation of the QCL structure and energetic states, however
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it can only simulate limited QCL period amounts (typically 1-2) due to its numerical complexity. This
approach can use only a) quasi-periodic boundary conditions by assuming unbiased QCL periods as leads
[19, 20], or b) open boundary conditions. We have also performed simulations with the second NEGF
approach, and the typical run-time until convergence ranges from 1-2 days to several weeks on the LRZ
Linux cluster even for relatively simple QCL structures. Furthermore, density matrix methods have been
developed [21], which use a kinetic energy balance model to find a typical kinetic energy, for being able
to neglect the in-plane distribution. Having said the above, one can conceive, that there is no perfect
tool or approach for the simulation of QCLs. All methods have advantages and drawbacks and one has
to find a compromise between accuracy and numerics, which together with the uncertainty in material
and growth parameters makes the modeling of QCLs a challenging task.

The scopes of this thesis are

1. implementing different mechanisms for the electronic transport and closely comparing to experiment
and to other theoretical methods like-NEGF [14],

2. comparative analysis of THz QCLs to asses the optimum parameters for temperature performance
and understand the limitations [22],

3. adapting our method for the InGaAs material system and for mid-infrared QCLs by deriving the
alloy scattering rate, non-parabolicity and using the recently included carrier-photon interaction in EMC
[23].

The main results in this thesis are mentioned below.

e The theory needed for the semiclassical EMC simulation of quantum cascade lasers is reviewed and

derivations are shown for the scattering rates, non-parabolicity and material gain.

e Based on comparisons between EMC and NEGF methods for THz QCLs and Stark ladders, we
find good agreement of the two theories in the technically relevant regimes. This validates our
semiclassical EMC approach for THz cascade devices. For the very low bias region and for the case
of tunneling through continuum states, EMC can underestimate currents since coherent tunneling

and level-broadening are neglected. However, these effects are not relevant in the lasing regime of

QClLs.

e The relation between frequency and maximum operating temperature of vertical lasing-transition
THz QCLs is demonstrated. We identify parasitic injection into the lower laser level and thermally
excited scattering from the upper to the lower laser level as the main effects limiting the temperature
performance of the devices. Furthermore, we analyze why structures that lase at about 3 THz are

the best-performing ones.

e We investigate and understand the role of diagonal lasing transitions for state-of the art THz

QCLs in the context of temperature performance. It is found that above about 3.5 THz diagonal
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transitions lead to an improvement, while below vertical transitions are the optimum for higher

operating temperatures.

e The influence of different scattering mechanisms on the transport and optical properties of mid-
infrared InGaAs-based QCLs is investigated. It is found that the dominant scattering mechanism
is electron LO-phonon scattering in these devices. Furthermore, interface roughness and alloy
scattering can moderately influence device currents, so they should be included in the transport

calculations for these devices.

e We discuss the influence of the electron-photon interaction on the current and output power of
highly efficient QCLs. The stimulated photon processes are found to contribute significantly to the
device currents, showing that electron-photon scattering interactions are non-negligible in high wall-
plug efficiency structures. Furthermore, a high-energy tail of the distribution function is identified

at about the lasing transition energy, which can be a source of leakage to other valleys.

e Quantum corrections in the Monte-Carlo method are derived by including the broadening of the
quantized states. We replace Fermi’s golden rule by a generalization derived from the density
matrix formalism and a possible implementation into EMC is discussed. We find a good modeling
of currents in the coherent regime, i.e., at low biases. The numerical complexity of our EMC

approach remains the same, even though this quantum correction is now included.

The thesis is organized as follows:

In Chapter 2, we present the basic theoretical framework for the semiclassical EMC method. The
Boltzmann equation is presented, the Schrodinger-Poisson solver is discussed, the non-parabolicity is
considered for our QCL systems, for both the growth and in-plane directions. Fermi’s golden rule is
derived and understood by the use of perturbation theory. All the scattering mechanisms like scattering
with phonons, electrons, impurities, roughness and alloy disorder are derived from scratch as well as the
spectral gain. Furthermore, the relevant steps in the Monte-Carlo algorithm are briefly discussed.

In Chapter 3 we compare EMC as a semiclassical and NEGF as a fully quantum mechanical approach
for the calculation of device currents of Stark ladders and QCLs with THz transitions. First, we present
our comparative analysis on Stark ladders as the most elementary cascade devices. Then we also compare
the two methods for experimental QCL designs with different doping and frequency, and we show results
for the spectral gain.

After we have justified the use of the EMC method for the simulation of THz QCLs by comparing to
NEGF, we investigate the temperature performance of state of the art THz QCLs in Chapter 4. We start
by presenting a new set of QCL designs, which has been done in collaboration with Mikhail Belkin’s group.
Next we unfold the effects that favor QCL temperature performance at around 3 THz for vertical lasing
transitions. We also discuss the effects of lasing transition diagonality on the temperature performance

and validate our results against interface roughness, which is a vaguely known parameter.
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Chapter 5 is concerned with the simulation of InGaAs-based mid-infrared QCLs. We discuss the
relevance of the various scattering mechanisms. Furthermore, we present the robustness of our EMC tool
in reproducing the experimental measurements for various QCLs, and show the importance of stimulated
photon processes for the electron transport. The high kinetic energy tail of the electron distribution
function in these structures is discussed.

In the last chapter we derive an alternative to Fermi’s golden rule for taking into account the lifetime
broadening of the quantum states. We show its implementation for LO-phonons and photon scattering.
The complete implementation in the EMC code, shows a correct modeling of the current in the coherent

regime, i.e., low biases. The current in the incoherent regime remains is proven to be semiclassical.
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Chapter 2

Ensemble Monte-Carlo methods for

heterostructures

Self-consistent Monte-Carlo transport simulations are well established tools for the modeling and opti-
mization of QCL devices [11]-[14],[24]-[32]. They are based on the solution of the semi-classical Boltzmann

equation which is defined in its general form as

df(R(ItK,t) _ 8f(R5tK’t) n RVRf(R, K,t) " KVKf(R,K,t). (2'0.1)

In the ensemble Monte-Carlo method, the above equation is solved for the distribution function by
means of a statistical average over many electrons. Here ¢ is the time variable, R is the position and K
is the wavevector of the electron. An overdot denotes a derivative with respect to t. EMC provides a
straightforward extraction of various physical observables, by solving the above equation. For example
distribution functions, current, parasitic current channels, injection efficiencies, gain spectra, electron
temperatures and output power [33] can be calculated by solving the above equation.

In Eq. (2.0.1), the last two terms represent the change of f with respect to position and wavevector.
The derivative with respect to the spatial coordinate R can be neglected, since we consider a separable
electron probability. This is defined by having wavefunctions in the z (or confined)-direction and distri-
bution functions in the planar direction. In this way every electronic state m has a wavefunction .,
and a distribution function f,,, and f,, depends only on ¢t and K. The change of f with respect to the
wavevector K is not 0; however, since we have a constant electric field in the confinement direction (z)

and no electric and magnetic fields E and B in other directions, we use the equation

hk = —eg[E + v, x B] (2.0.2)

to find k = 0. Here, v, is the electron velocity and eg the electron charge. Since the wavefunctions do

17
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not change in time, k. = 0 and the term proportional to K = [ k k. } in Eq. (2.0.1) can be neglected.

If the above approximations are applied, we arrive at the equation [30]

dfnk s s
=220 Wisomcfme = Wi fd - (2.0.3)

mk’/ s

Here, W7, .. is the scattering rate between the initial state n with wavevector k and final state m
with wavevecor k', while the index s represents the scattering type. The scattering rates are calculated
by Fermi’s golden rule and enter the above equation. For solving the above equation, many steps are
performed. First of all, a basis is defined using the wavefunctions calculated by the Schrédinger solver,
second all the scattering rates are calculated in this basis, furthermore an algorithm is used for the solution
of Eq. (2.0.3). The theory for performing these steps is found in this chapter and we now summarize its

main sections.

First we discuss the calculation of the basis of electronic states. This is performed by solving the
coupled Schrédinger and Poisson equations over five biased QCL periods, using periodic boundary condi-
tions. The Poisson equation can be straightforwardly solved after finding the charge distribution from the
wavefunctions and assuming charge neutrality with periodic boundary conditions. The implementation
of the Schrédinger solver by means of transfer matrices and the shooting method will be discussed in

detail.

For specific QCLs, the parabolic dispersion relation between kinetic energy and in-plane momentum
offers a crude approximation only, since the dispersion of the high-energy electrons is non-parabolic. For
a more accurate relation, we consider the non-parabolic case by taking the energy dependent effective

mass approach. This will be presented in Section 2.2 for both the confined and in-plane direction.

Fermi’s golden rule, which is the basic expression relating the scattering rate, perturbation poten-
tial and electron states is discussed in Section2.3. The scattering mechanisms considered here are
electron-phonon, electron-electron, electron-interface roughness, electron-impurity, electron-alloy disor-
der and electron-photon scattering. Examples will be given for their derivation, with the exception of

photon scattering, which will be discussed in Section 6.3.

The optical properties of QCLs are quantified by the material gain which is derived in Section 2.4,

based on a Lorentzian level-broadening [12].

In Section 2.5, we discuss the main steps of the Monte-Carlo algorithm, the random choice of scattering,

initial and final states as well as the Pauli exclusion principle.

Since the implementation and improvement of today’s EMC code was performed over several years,
our results contain different effects and approximations. These are summarized in the last section in
a table, which lists the approximations and effects used for the results in the different chapters of this

thesis.
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2.1 Schrodinger solver

All our theoretical investigations are based on the electronic wavefunctions in the calculated heterostruc-
ture. For calculating the wavefunctions, we need to solve the Schrédinger and Poisson (SP) equations
iteratively. The Poisson equation accounts for space charge effects and just leads to a modified potential
profile of QCLs, since they are doped structures. Basically the doping and the electrons in the structure
produce a potential V,(z), which needs to be added to the conduction band profile to account for the

band bending. The Poisson equation is defined as [27]

9 £(2)0Vp(2)

_ 2
~ 9, 92 =eo |N(z) — ;nZD,nwn<Z) ,

where ¢(z) is the dielectric constant in the active region, e is the electron charge, N(z) is the donor
concentration in the structure, nap , is the sheet doping density and ,, is the wavefunction of the nth
state. The Poisson equation is solved on the same discretized grid where the wavefunctions are defined
and models the space-charge effects in our QCLs.

The iteration of the SP solver starts with the solution of the Schrédinger equation, then an occupation
is assumed by either solving the Boltzmann equation or by assuming a thermal electron distribution. The
former is the exact approach, however the latter is the numerically efficient approach, typically used for
the design of experimental structures. After the level occupations are known, we calculate the charge
distributions and solve the Poisson equation to get the new potential. In the following we restrict ourselves

to the discussion of the Schrédinger solver.

2.1.1 Matching conditions for the effective mass equation

In a biased periodic multi-quantum well structure, the Schrédinger equation needs to be solved. The
obtained eigenstates form the basis for the carrier transport calculations with EMC. In our program the
transfer matrix method is used, which is applied to a discretized potential profile grid. Step potentials
approximate the biased conduction band profile as shown in Fig.2.1.1. This is practical to use, since the
band bending can be well approximated. Also the interface of a barrier /well does not require additional
points, and a uniform grid can be implemented.

The solution of the Schrodinger equation is known for the constant potential-region between two grid
points. However, we need to match all the solutions between the steps that approximate the potential

profile. This is done by first extending the Schrédinger equation to the effective mass equation

S () + V() = Ea(z) (2.1.1)

to account for the change of the effective mass m? and keep the Hamilton operator Hermitian. In the case

of a heterojunction from two kinds of materials, the effective mass has only two values corresponding to
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Figure 2.1.1: Approximation of potential profile by step-functions.

the well and barrier materials. The wavefunction of the electron must be continuous through the material
interfaces at z;, ¥~ (z;) = ¥ (z;) = ¥(z;). The matching condition for the derivative of the wavefunction

is calculated by integrating Eq. (2.1.1) over the infinitely small interval [z; — ¢, z; + ¢] as

) zjtt
e o T [ [ -vipwenz=o (212

The rhs. term of Eq. (2.1.2) is 0 in the limit of ¢ — 0, because the potential and the wave function are
all finite variables, thus an integration over an infinitely small interval gives 0. Taking the same limit for

the lhs. of Eq. (2.1.2), we get the matching conditions

P (2) =¥ (2)),
1 o1

m* (z;)

0.0 (). (2.1.3)

The values of m* (z;) and m? (z;) are the effective mass of the electron in the left and right step-function.
The above conditions can be used for matching two step-potentials in a single material as well as across

a barrier /well interface.

2.1.2 Transfer matrix method

The transfer matrix method (TMM) uses the effective mass equation (2.1.1) to find the wavefunctions
and energy levels for an arbitrary potential profile. One of the advantages of the TMM lies in the precise
consideration of the boundary between well and barrier. In Fig.2.1.1 we see the approximation of a

potential-profile by step functions. The solution of the effective mass equation (2.1.1) for the flat part of
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Figure 2.1.2: Conduction band profile, classification of states

the jth step function can be written as

P(z) = Cj_lefikzﬂ'*l(zfzj’l) + Dj_leiszfl(zfzj’l), zj_1 < z < zj, (2.1.4)

where we set V() = Vj_1 and m}(z) =m} _ inEq.(2.1.1), and k., _

i1 , is given by the parabolic dispersion

relation

\/2mzj71(EZ - Vj_l)
ke, | = - . (2.1.5)

In our Schrédinger solver, the transfer matrix method is applied over five stacks of QCL periods
biased with a predefined electric field as shown in Fig. 2.1.2. At the right boundary, the wavefunctions are
considered to be 0, since an infinitely large potential is assumed. In the forbidden zone the wavefunctions
should be 0 since they are below the conduction band. An energy interval defined equal to the voltage
drop of one QCL period is sketched by the curly bracket. In this region the TMM is applied, with the so-
called shooting method. The solver scans through the energy interval and calculates the transfer matrix
at each energy point. At the left boundary of the simulated QCL periods, we look for the minima of

the wavefunction coefficients ‘C‘ N‘ and ‘f) N' with the interval-division method, since states should decay
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in the unbound region. The solutions of the effective mass equation (2.1.1) will be the states with the
highest lifetime, i.e. the most bound states. These states are marked by the “Relevant wavefunctions”
area in Fig. 2.1.2 and are the so-called quasi-bound states. In the gray-shaded area above the conduction
band profile the wavefunctions are highly unbound. The highly unbound, or continuum states lack a
correct inclusion in EMC, as will be discussed in Section 3.1, however they seem not relevant for the

carrier transport in QCLs.

The lifetime of the energy levels that are calculated by the shooting method and the above bound-
ary conditions is now mathematically discussed. For the intervals where k., | in Eq.(2.1.5) becomes

imaginary, we define k., , =ix., , and write Eq. (2.1.4) in terms of exponentials
’l/)(Z) = Ckflenzjfl(zizjfl) + Djfleinzjfl(zizjfl), Zj—1 <z < Zj. (216)

For real k,, the wavefunctions above the conduction band or in the wells are written in terms of sine/cosine

functions
¢(Z) = Cj,1 COS [kzjfl(z — ijl)] — Dj,1 sin [kzjfl(z — Zj*l):l y Zj—1 < 2 < zj, (217)

by redefining the constants C;_; and D;_;. Both Egs.(2.1.6) and (2.1.7) contain only real variables,
thus they can be straightforwardly implemented in our numerical solver. We have four transfer matrices
for calculating the wavefunctions. These mainly depend on the two grid-points, i.e., whether the energy

E, is above or underneath the conduction band profile. The four cases are:

1. Both grid points (j — 1) and j give an imaginary wavevector according to Eq. (2.1.5). In this case
the wavefunctions are matched based on Eq.(2.1.3), by using Eq. (2.1.6). The transfer matrix can be

written as
Kz, 1Az Kz, Az
c | 1|11 e " Cim1 (2.1.8)
] 9 _ Fzj 1Mz, Kzj_ 1Az I e AT TIRYA ) ’ o
D] 1 1 kzjm’z‘j71€ kzjm;j71 D]—l

2. The wavevector is imaginary at (j — 1) and real at j, which corresponds to exponential and

sinusoidal wavefunctions at (j — 1) and j respectively. In this case the transfer matrix

Kz A,

A —hz;

. j—1 j—1 .
CJ = K em* K ‘ m’ Cj_l (219)
i kz~,1Az i-1lE _Nz~,1Az ’
D, b M T g D,
J kzjmzj71 kzjmzj71 i

is found by matching Eq. (2.1.7) with Eq. (2.1.6) at the jth grid point

3. The wavevector is real for the (j — 1)th and imaginary for the jth grid point. In this case the
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transfer matrix is calculated as

oF 1 1 cos (k.. A, —sin (k.. A, .
j :% kzjflmz.( N ) ke me, (k-1 82) a (2.1.10)
Dj 1 -1 WSID (kzj,lAz) ﬁcos (kzj-,lAz) Dj_1

4. The wavenumber is real for the (j — 1)th and jth grid points. The transfer matrix in this case is

C; cos (kzjflAz) —sin (kzj,l Az) Cj1
= kzjilm; . kzjilm; (2111)
D; o sin (e, AL) 2 cos (,, Az) Dj
jtzj—1 25 z5 1
Here k.,_,, mf;jfl and k., mf;j are the wavevector and effective mass at the points z;_; and z; and

A, = zj — zj_ is the discretization step of the grid points. For the complete wavefunction at the given
energy I, the C; and D; coefficients must be stored. The above four cases cover all the type of matching
conditions: decaying wavefunction at energies below the conduction band, wavefunction that enters the
barrier from the well, wavefunction that exits the barrier and enters the well, wavefunction that is in the
well and behaves sinusoidal. The boundary conditions are defined on an integer grid {1, N}, where each
point represents 1 A. At the right boundary, as shown in Fig.2.1.2, we have a very large confinement
potential, thus the initial condition for the right propagating wave is C; = 0 and for the left propagating
wave D = 1. We note that the individual wavefunctions are normalized at the end. Based on the transfer
matrices from Egs. (2.1.8), (2.1.9), (2.1.10) and (2.1.11) the wavefunction can be found for a given energy
FE.. However, only a finite set of states can be considered for calculations, due to numerical reasons.
Thus we need to find the set of wavefunctions that contributes most to the transport of electrons. This
is done based on the lifetime of the states. After predefining a number of states ng, the first n, states

with the highest lifetime are considered, in the energy interval marked in Fig. 2.1.2 by the curly bracket.

The lifetimes based on the transfer matrix theory are now derived, starting from the time-dependent

Schrodinger equation
ihow = (E;, — 0.5 ~ (E], — 0.5:0P)(E, — E;, + 0.5I7)0g, ¥ (E),). (2.1.12)

Here, the solution of the time-independent Schrédinger equation is assumed to be Hi = Elie) = (E", —
0.5:I'*P)1)p, and it is substituted into the time-dependent Schrodinger equation. The values E], and I'$P
are the real and imaginary parts of the eigenenergy FE., which is allowed to be complex for the general
case of quasi-bound states. We want to minimize the change of 1) with respect to time, so that stationary
wavefunctions can be used. This is performed by minimizing the Taylor expansion around the real-
solution £, of the above equation, i.e., find £, = E},. The full solution for the state m contains the
imaginary coefficient I';?, which corresponds to the lifetime of the state m before it escapes from the

quantum wells. Here v is defined by Eq. (2.1.4) for z = 2z;_1 = zx. A minimization function h can be
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defined from the rhs. of Eq. (2.1.12) as
B(E=) = 050 (B (B2 — B;)° +0.25 (0307 (2.1.13)

and the minimization problem

E’ € n%m [h(E>)] (2.1.14)

must be solved. The wavefunctions with the highest lifetimes (lowest I'?) fulfill the condition d:1) = 0
best if we minimize h. Substituting Eq.(2.1.4) for ¢ in Eq.(2.1.13) and assuming that the wave only
propagates from the right to the left, the term proportional to Cy can be dropped and

h(E.) = laEZDN(EZ) ’ [(Ez — E")%40.25 (I3P)?] (2.1.15)

The boundary conditions assume sinusoidal functions at the lhs. of the device thus we can use the
transformation

~ _CN+iDN

Dy 5 (2.1.16)

to find

COn(E.)? + D (E2)? ~ h(Ez) = { [05.Cn (B} + 108, Dn (B} [ (Bx — B},)* 4025 (T30)°]

(2.1.17)
The above equation proves that the wavefunction coefficients behave as a second-order function with
a minimum around 0.25 (Ff};)Q. Thus the numerical calculation of the minimization problem, i.e.,
Eq. (2.1.14), is performed directly by minimizing the coefficients C(E.)? + Dy (E,)?. For this case,
the energetic solutions for the local minima give the energy of the states approximately. To find the
lifetime of the electron corresponding to the state E], before leaking out, we calculate the tunneling rate

I _ | 8h(Ep)

h —_— m. (2.1.18)

To summarize, the Schrodinger solver performs the following steps for the shooting method:
1. Scans through the energy interval given by the bias drop over one QCL period.

2. Calculates for every energy E. the wavefunction, using the transfer matrix Egs. (2.1.8), (2.1.9),

(2.1.10) and (2.1.11).

3. Uses the minimization condition of Eq. (2.1.14) and directly minimizes the coefficients Oy (E.)? +

Dy (E.)? to find the wavefunctions.

4. Sorts the wavefunctions after relevance, using the highest lifetimes based on Eq. (2.1.18).
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Figure 2.1.3: (a) h, (b) dg_h and (c) lifetime as a function of the energy E, for the case of a quantum well with 30 A
barrier.

2.1.3 Example: quasi bound states for a leaky quantum well

In this section we give an example for solving the Schrédinger equation based on the transfer matrix

method. We want to find the quasi bound states for the potential

0, z=0

0, 0<z<2n
V(z) = . (2.1.19)
VO > 0, 21 <2< 29

0, Z > 29

The transfer matrices for the well, the barrier and the leakage region are defined by Egs. (2.1.8),
(2.1.9), (2.1.10) and (2.1.11). For the boundary conditions we assume Cy = 0 and Dy = 1, since there is
no outgoing wave at z = 0, due to the infinite potential barrier. After multiplying the transfer matrices

and applying the boundary conditions, we get

C sin(k,,, z1) cosh [kz, (z2 — z1)] + cos(k.,, z1) sinh [k, (z2 — 21)]
. (2.1.20)

Dy — cos(ks, 21) cosh [k, (20 — 21)] — sin(k., 21) sinh [k, (22 — 21)] £
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Figure 2.1.4: Lifetime as a function of barrier width and example states.
where

h(E.) = |Cy|* + |Dy|? (2.1.21)

and k,, and k., are a function of the energy F. as given by Eq. (2.1.5).

We now take the example of a GaAs/Aly15GagssAs quantum well with uniform effective mass of
m? = 0.067, barrier width of 3nm, well width of 20nm and a conduction band offset V5 = 135meV.
In Fig.2.1.3(a) h(E,) is shown. According to Eq.(2.1.14), the minima of this function give the energy
levels of the quantum well as solutions of the Schrédinger equation. The derivative of h(E,) is shown
in Fig.2.1.3 (b), which has its zeros at the extrema of h. Our Schrédinger solver takes the zeros with
positive slopes, marked by the straight lines in Fig.2.1.3 (b) at these extrema, to find the minima of h
corresponding to the energy levels. To classify the states with respect to their lifetime, the reciprocal of
Eq. (2.1.18) is shown in Fig.2.1.3(c) on a log-scale. The maximum values of the three peaks represent
the lifetime of the three energy states. We can see that the higher the energy, the lower the lifetime
of the states, which is not necessarily true for the case of multi-quantum well structures. There the
wavefunction localization also plays a role since states can be limited by only a few or several barriers,

thus having decreased or increased lifetimes correspondingly. For the case of our quantum well a lower
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lifetime means that tunneling out of the well to the region z > z; occurs faster.

In Fig. 2.1.4 (a) we show the lifetime of the states as a function of barrier thickness. The linear increase
on the logarithmic scale of Fig.2.1.4 (a) corresponds to an exponential dependence of lifetime on barrier
width. For small barrier thicknesses the picosecond order of lifetime is comparable to scattering times of
electrons with phonons, roughness, electrons or impurities, thus tunneling can be as important as those
effects. However, for a QCL structure, the leakage regions are avoided to suppress tunneling of electrons
into the continuum. The low energy states in QCLs have lifetimes on the order of 100 picoseconds at
least. The evolution of tunneling rates also highly depends on the QCL structure. In Fig.2.1.4 (b) and
(¢) we show the solutions of the Schrédinger equation as found by the transfer matrix method. The
leakage of the lowest state into the region z > 23nm (leakage region) is negligible. State 2 has already
a slight change in the leakage region, while state 3 is highly delocalized. Comparing Fig. 2.1.4 (b) with
Fig.2.1.4 (c) we see a stronger localization of the states as the barrier thickness is increased from 3nm to

5 nm.

2.2 Non-parabolicity

The parabolic dispersion relation between electron kinetic energy and wavenumber given by Eq. (2.1.5)
usually breaks down for states lying high above the conduction band of the heterostructure. This is the
case for mid-infrared QCLs, where lasing transitions are on the order of 100 meV, while the bandgap is
small due to the high indium content. In this case, the correct energy-momentum relations are given by
k - p methods, or an attempt to correct the parabolic dispersions by higher order terms can be performed.
The non-parabolic corrections have to be implemented for the low-bandgap materials such as InGaAs.
Our theory is inspired from the early work performed by Ekenberg [34] for implementing non-parabolicity
by the energy dependent effective mass approach. In the following we will discuss non-parabolicity for the
confined direction, for radiative and for non-radiative scattering rates. The derivations use the definition

of kinetic energy expanded to second order [34]

h? 2 2 2 h? ? 4 4 4
E(K) = 5 (k2 + k. +k2) — (2m*) a(ky +k,y + k2)
AN
- (2 ) (2a + B) (K2k; + k22 + kok2) . (2.2.1)
m

Here « is the non-parabolicity parameter defined as (E, + A,,/3) 7!, where E, and Ay, are the energy
gap and the difference between light hole and splitoff-hole energies respectively. The parameter 8 comes
from a 14-band k.p model, and was determined in GaAs to be approximately equal to «, while in InGaAs

the relation 2ae + 8 = 1.7a was found experimentally [35].



Chapter 2. Ensemble Monte-Carlo methods for heterostructures 28

2.2.1 Non-parabolicity in growth direction

In the growth direction the states are confined, and the effective mass equation (2.1.1) should be solved
for finding the energy levels. The implementation of non-parabolicity assumes the effective mass m*(2)
to be energy dependent. We start our derivation from Eq. (2.2.1). By neglecting the momentum in the

direction (k;,k,), we obtain for the kinetic energy

) h2 2 ﬁ2
Ehin — _ (2 ) ak? + 5 k2. (2.2.2)
m m

z z

Solving for k2, we get the new dispersion relation

K2, = ;’;; <1 /1 4aE§m(kz)> . (2.2.3)

Since for k. = 0 we expect E¥"(k,) = 0, the first solution is dropped and the above equation can be

. — _ kin
m? (Bbin) = e L7 V1~ dobz (2.2.4)

z 2a Bk ’

written as

where m?} (Efm) is the energy dependent effective mass. We note that Eq. (2.2.1) is for the kinetic energy
E% of the system. Thus, the kinetic energy in the confined direction is defined as the potential profile
subtracted from the energy of the state E¥™ = E,, — V(2). Performing a second order Taylor expansion

of the square root in Eq. (2.2.4) around 0 kinetic energy, we get
m} (E¥™) ~ m; (1 + aEF™). (2.2.5)

The above equation is the conventional non-parabolic expression which assumes a linear dependence of
the effective mass on energy [36, 37].

In the Schrédinger solver we implement non-parabolicity for two cases, preserving a continuous tran-
sition of the effective mass at E¥™ = 0. For EF" < 0 (for example in barriers) we use Eq.(2.2.4)
for the energy dependent effective mass to avoid m, < 0 in Eq.(2.2.5). For E¥" > (0 (wells or con-
tinuum) Eq. (2.2.5) is used for non-parabolicity. For the THz structures that are mainly based on
GaAs/Aly.15Gag g5 As, the non-parabolic corrections are negligible for the relevant levels, and have only
a slight influence on higher energy states. For InGaAs mid-infrared QCLs, however, the inclusion of

non-parabolicity for transport calculations is mandatory for consistent modeling [38].

2.2.2 In-plane non-parabolicity for non-radiative scattering

Additional non-parabolicity for the in-plane dynamics needs to be included for low wavelength mid-
infrared QCLs due to the high energetic spacing of the laser levels and the low bandgap of the material

system. We correct the scattering rates by assigning a different effective mass to each energy level and
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using parabolic dispersion relations within these levels. The scattering rates are multiplied by the effective
mass of the final level, instead of a uniform effective mass, as we will see in Sections2.3.4, 2.3.5, 2.3.6,
2.3.7 and 2.3.8. We now derive the in-plane effective mass mj corrected by non-parabolicity, starting
from the same equation as in the previous section. The term proportional to k% and k; is neglected in
Eq.(2.2.1) and we get

n Ik

R2 [k|* h2k2
2 z
e~ 20+ 5)

2m* 2m*’

R\’ K2
E(K) = ( ) ok + k2 + (2.2.6)

2m* 2m*
Here the first two terms were defined in the previous section as E¥™. In the last term, h?k2/2/m* can
be also approximated by E¥" and we get

7 |k?

E(K) ~ EF" + o

[1-(2a+ B)EF™]. (2.2.7)
The kinetic energy EX™ is defined in the z (confined) direction as E¥" = E, — V(z), where V(z) is
the potential profile of the structure and E,, is the energy level of the nth state. We multiply both the
numerator and denominator of Eq. (2.2.7) by 1+ (2« + ) [E,, — V(2)] and we get

ey — N il ok s B2IE. — V(AP) ~ n? |k|?
Ell(k) = B(K) - B} 2m||,n<z>{1 (20 + 8% [En - V(=)' } B () (2.2.8)
where
mya(2) = my [1+ 2a + 6) (Bn — V(2))] (2.2.9)

is the in-plane effective mass and E,U(k) is the in-plane kinetic energy. In Eq.(2.2.8), the term
(20 + B)2 [E, — V(2)]* was neglected, since (2o + f8) (E,, — V(2)) is already small as required by the
non-parabolic approximation. According to Eq. (2.2.9) the in-plane non-parabolicity for each state also
depends on z. For simplicity, we avoid the z-dependence in EMC and we calculate instead the ’average’

effective mass for each state

i = my [ {1+ 2o+ 8) By = VI () (2.2.10)

In this way, the conventional parabolic dispersions can be used in each level, with the non-parabolic
corrected parallel effective mass m|,,. Energy conservation has to be re-evaluated, in the case presented

above. In the Monte-Carlo solver the energy of an electron is written as

E,(k) = E, + Ell(k). (2.2.11)
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Energy conservation between an initial state n and final state m for elastic scattering is written as

R k* 2 k|
2m||)n 2m||,m

En — B + (£hw) = 0. (2.2.12)

For the case of stimulated (photon and phonon) processes, the energy hw should be added/subtracted
additionally in the above expression to account for emission/absorption respectively. We use Eq. (2.2.12)

to determine the final in-plane wavevector

2 m m
Dl (B — Bpy) + k| 2l (2.2.13)

K2 = Zlhm
Il h? m)|,n

The above relation is used for determining the final wavevector in case of non-parabolic scattering in the
EMC method. Additionally the non-radiative scattering rates are multiplied by the in-plane parabolic
effective mass of the final state m,| ,,, instead of the conventional in-plane effective mass. For the derivation

of the scattering rates and further details of including non-parabolicity see Section 2.3.

2.2.3 In-plane non-parabolicity for optical transitions

Electrons interacting with the optical field do not change their momentum and Eq. (2.2.1) can be used

in a more exact manner for deriving non-parabolicity. The kinetic energy for the initial state n, can be

written as
12 |k|2 B2 2
(k) = - _ B 4 4
En(l) = B(K) = By + V() 2m* (Qm*) a (kg + ky)
Y L
- <2m*> 2o+ Bkzky — = (2a+ ) (En —V(2)). (2.2.14)

For the final state m, we have the same in-plane momentum, thus

El(k)=EXK') - E, +V(z) = R (R 2a (ky + k)
m m 2m* 2m* x v

2
? ||

2m* Sy 20+ B) (Em = V(2)). (2.2.15)

2
( n ) (20 + B)k2K2 — h

The first three terms and the terms proportional to V(z) cancel out on the rhs. of Eqgs. (2.2.14) and

(2.2.15) when we invoke the energy conservation

Ep —E,+El () - Ell(k) £ hw =0 (2.2.16)
which simplifies to
h? [k|*
(Em — En) |1 = ———(20+ B)| £ hw =0. (2.2.17)
m
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For the implementation of lasing, only the difference of the kinetic energies in Eqgs. (2.2.14) and (2.2.15)
are used and we can keep Eq. (2.2.8) for the dispersion relation, with a spatially averaged effective mass.
The advantage of using the energy conservation of Eq. (2.2.17) for lasing, instead of Eq. (2.2.12) is that
we preserve k, which can overcome spurious absorptions in the gain spectra. For further details refer to

Section 6.3.

We observe that the spatial-dependence in the growth direction cancels out. However the transitions
are changed by the non-parabolic factor in Eq. (2.2.17). We recall that E, and F,, are the initial and
final states, calculated from the Schrédinger-Poisson solver and they are corrected by the perpendicular

non-parabolicity. Eq. (2.2.17) is a direct result of momentum and energy conservation.

2.3 Fermi’s golden rule

The theory needed for calculating the scattering rates, i.e., Fermi’s golden rule, as well as the scattering
rates themselves are derived in this section. We define a stationary system with its basis states, given
by the solution of the Schrédinger equation. Fermi’s golden rule assumes a small perturbation on this
system, given by the Hamiltonian, or perturbation potential H;,¢(t). We are interested in the effect of a
small perturbation on the dynamics of the system, described by the basis states. It turns out that there
will be a rate of electron flow between these basis states, which is given by the golden rule. We will take
two special cases for the perturbation potential H;,(t) which assume a static and a harmonic behavior.
Both of these will be considered, based on time-dependent perturbation theory. The evolution equation

for the state-coeflicient in the interaction picture is given by

. B (k)
Za] I o (D] > (2.3.1)

Here a,,(t) is the coefficient of the mth basis function, F,, and FE,, are the corresponding energy levels
for states m and n. Further details for finding the above equation can be found in the Appendix. We
assume that we are in the initial state n with 1 probability, i.e., aﬁo) =1, ag-(;)n = 0 and the final state
of the quantum system is |m >. In this case it is possible to integrate Eq. (2.3.1) to get the first order

perturbation of the coefficient

t
/ < | Hong ()| > 220020 )dT. (2.3.2)
0

:HN

The first order perturbation will give Fermi’s golden rule, depending on the perturbation type (harmonic-

sine or static-step function).
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2.3.1 The envelope wavefunction

For our theoretical modeling of the crystal structure of semiconductors we use an envelope function given

as

1
NIn»

where 1, (2) is the solution of the Schrodinger equation for the state n in growth direction. v, is calculated

U, (2,y,2) =< 2,y,2||n >= Y (z)e et Y, (2.3.3)

by the numerical solution of the Schrédinger equation as discussed in Section2.1. The above function
describes electrons as plane-waves in transverse direction, with the size of the device cross section in x
and y directions L, and L, and the area of the cross section A = L, L,. The electron behavior in the
confinement direction is given by the function ,, while in the planar directions it can have different
crystal momenta as given by p = hk. Scattering mechanisms for static and harmonic perturbations will

be calculated in the basis of the above envelope functions, thus we treat them in three dimensions.

2.3.2 Harmonic perturbation

If we know that the system changes harmonically in time Hj,;(t) = 2V cos(wt), the perturbation matrix

element has the form
< m|Hing (7)|n >= 2 cos(wr) < m|V|n >= 2V (E,,(K'), E,(k)) cos(wr). (2.3.4)

Here V represents the amplitude of the perturbation as a function of the initial and final state energies
E,,(K') and E,(k), where E, (k) = E,, 4+ h?k?/2m| ,,. The indices n and m represent the initial and final
state. It is assumed that the system is in its initial state n, and we want to find the probability that
the system will be in the mth state after some time 7. This is done by taking the absolute square of
the mth coefficient of the system ’ag)(t)r. Substituting Eq. (2.3.4) into Eq. (2.3.2) we get the first order

approximation for the mth coefficient

t
y /
a(l) (t) = _ZV<Em<k )’ En(k))/ (ei(w+wmn)T + eii(W7wmn)T> d’T =

" h
0
V(En(K), By (k) [e@tomn)t 1 emilw—wmn)t ]
- : —— - — , (2.3.5)

where

 En(K) - Ey(k)
W = (2.3.6)
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We now calculate the absolute-square of a%) (t), giving the probability for the final state

’aﬁ) (t)‘2 = |V(Em(k/h)27 En()I” {t2sinc2 (wi—i_;mn t) +

+t2sinc? <%t> + 212 cos(wt)sinc (er;mnt) sinc (Lu;)mnt)] , (2.3.7)
with sinc(z) = sin(z)/z. In the above equation, sinc(at) and sinc?(at) functions can be approximated by

0(a) functions since:

1. For large t, the sinc(at) and sinc?(at) function approach 0 everywhere except around a = 0.

o0 o0
2. The integrals ¢; - [ sinc(at)da and cp - [ sinc?(at)da give 1, where ¢; and ¢y are normalization

— 00 — 00
constants.

We assume that the frequency terms in Eq. (2.3.7) fulfill the conditions (w + wyy )t > 1 and

(W — Wmn )t > 1 after a large amount of time and we can approximate the sinc?(at) and sinc®(at) terms

of Eq.(2.3.7) as

+ Wmn 2mh
sinc? <”2”t> ~ %é(Em(k’) — En(K) + w) (2.3.8)
and
sinc <%t> ~ @5(%(1{’) — En(k) £ hw). (2.3.9)

Fermi’s golden rule, giving the transition rate, is found by using the approximations in Egs. (2.3.8) and
(2.3.9) and by neglecting the last term (interference term) of Eq. (2.3.7), yielding the transition rate

‘2N27T

Wkmk = % \a,ﬁ? (0] ~ IV (En(K), Ea(K))[20(En(K') = Ep (k) + hw). (2.3.10)

In Eq. (2.3.10), the 4+/w represents the emission and —7uw represents the absorption of energy.

2.3.3 Static perturbation

Static perturbation of the system assumes a constant behavior in time. We define the perturbing Hamil-

tonian of Eq. (2.3.2) as the step function

< m|Him (7)|n >= V(Eal), Eall)) 720 . (2.3.11)

0 T<0

With the above, we use Eq.(2.3.2) to find the time varying coefficient in the interaction picture. The

absolute square of the variable aﬁ})(t) gives the probability in time, that the electron is in the mth state

'2 _ |V(Em(k/)7En(k))|2 2- 2COS(wmnt) _ |V(Em(k/)7En(k))|2t281nc2 (w;m t) . (2312)

1
‘“gn) ®) h2 W2 12
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For large t the sinc?(at) function tends to a d(a) function, because:

1. For large t, the sinc? (at) function approaches 0 everywhere, except around a = 0.

o0
2. The integral ¢+ [ sinc®(at)da gives 1, where c is a constant.
— 00
By using the same arguments for the replacement of sinc-functions by d-functions as in Section 2.3.2, we

have

/ S0 CH) 4 (B () — Bl10) = 200t = sine? (“220) = 20505, () - Bu(l). (23,03

Using the approximation from Eq. (2.3.13) in Eq. (2.3.12), Fermi’s golden rule in case of static perturba-
tions is given by

Wi = 0V (En(K), B (k) P8(E () — En (k). (2.3.14)

2.3.4 LO polar phonon scattering

Longitudinal optical phonons are lattice vibrations produced by oscillating charges or atoms with different
proton numbers in polar (alloy) semiconductors. The strong oscillation of the dipole moments in the unit
cell of a crystal produce an electric field that scatters the carriers. The source of the vibrations is the
finite temperature of the lattice. We start by writing the oscillation of a two-body system, representing
the atoms that produce a single phonon. The equation of motion is derived from Newton’s law for an
ion-pair displacement u, by performing a first order Taylor expansion of the force F as

9%u  OF(0)

Here myyc = (mf1 + mgl)_1 is the reduced mass of the oscillating ions with mass m; and ms. From
the Lorentz force equation

F = qo [Ejat + v x B] (2.3.16)

we can write F(0) in Eq. (2.3.15), where the charge gy is written in terms of an effective charge, e.s

1 OF(0)
Mpyel  OU

times the electron charge as gy = e.rreg and we define as the imaginary unit, multiplied by
the transverse optical vibration frequency of the lattice iwro. We can write Eq. (2.3.15) by using these
notations as

3211 2 Eeff€o

“ = —wiou+
TO
ot? Mauel

Elast, (2.3.17)
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where E;,4; is the electric field produced by the longitudinal lattice vibrations. The electric displacement

current D is the sum of the polarization and the electric field Ejq¢
D= Er,ooElatt + Pion» (2318)

where €, o is the high frequency dielectric constant. The polarization is given by the oscillating dipoles
Pion = ecrfeoncensu described by Eq.(2.3.17), where nce;s denotes the number of ion pairs per unit
volume. Since phonons are lattice vibrations we can assume that the lattice displacement vector takes

the general form of

u = Ug cos(QR + wqt), (2.3.19)

where Q is the three dimensional wavevector of the phonon, R is its spatial position and wq its frequency.
It is assumed that the electric field, polarization and displacement current follow the oscillations of the

displacement vector. Hence, the derivative of the field and polarization can be defined as

VEiu: = E),,,Qsin(QR + wqt) (2.3.20)

and

VP, = PY Qsin(QR + wqt), (2.3.21)

which by using Eq. (2.3.18) implies that
VD = D(Qsin(QR + wqt). (2.3.22)
Writing Eq. (2.3.18) by using Egs. (2.3.20), (2.3.21) and (2.3.22) we get in terms of amplitudes
(Do — er00 Bl + PY,,)Q = 0. (2.3.23)

The above equation can be 0 in two cases:

1. Transverse vibrations Q_Luy, which imply VE;;; = 0 from Eq. (2.3.20) and Ej4;; = Ep = 0 in the

transverse direction.

2. Longitudinal vibrations Q || ur,, requiring that

Pion 7eeff60ncells

Ein =Ep = — = ur, (2.3.24)

Er,00 Er,00

since the displacement current D is 0. The 0 displacement current follows from VD = 0, D||Q =

In the above cases, the displacement vector u and the electric field E;,4;was decomposed into a longitudinal
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and a transverse part u = uy, + up and Ej,y = Ep + Ep. Using the argumentation (1) and (2) we can

write from Eq. (2.3.17) two equations of motion

82 ur

L = —whour (2.3.25)
for transverse optical (TO) phonons and
aQUL 2 egffegncells
=—|wpp+ ———— | ur 2.3.26
ot? To MpuclEr,co ( )

for longitudinal optical phonons (LO-phonons). The displacement current in the general case can be

written as the sum of the electric field and the polarization
D = e(wq)Eiatt = rocEtatt + Pion. (2.3.27)

For TO phonons we know that E;q;y = Er = 0 and P,,,, = D = 0. We note that the above expression
should give 0 for LO-phonons as well. The only way for this is e(wyo) = 0 since the electric field Ejq¢ # 0.
The frequency dependent dielectric constant is then obtained from Egs. (2.3.26), (2.3.17) and (2.3.27)

(eocess)?
Neells- 2.3.28
Morael (W%O — w2) cells ( )

e(w) =€ro0 +

We can write the squared effective charge eg frasa function of the dielectric constants at very small and

very high frequencies as

9 g(0) —e(o0) 4
€orr = Mpuel——— 5~ Wr0, 2.3.29
11 : ncellseg ( )

by using Eq. (2.3.28). Here £(0) = €, ¢ is the static dielectric constant of the system. Solving for e(w) =0
and using Eq. (2.3.29), we get for the LO-phonon frequency

WLO = WTO ;T’O . (2.3.30)

This frequency is the longitudinal solution of Eq.(2.3.17), i.e., the equation of the simple harmonic
oscillator, after assuming that the electric field only contributes to the longitudinal components of the
displacement vector u. From Egs. (2.3.24) and (2.3.29), the electric field for the LO-phonons can be

written as

Elatt = —WLO \/ncellsmnucl(g;,éo - E;é)u- (2331)

The amplitude of the displacement vector from Eq. (2.3.19) can be calculated by applying the quantization
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condition to the effective energy of the system as

27

wqQ 9
WQ 811 1 2 2
th = chncellsﬁ /mnucl (&) dt = ‘/cncells Emnucle (UO) . (2332)
0

We find the amplitude of the lattice displacements from the above equation as

[Uo| = \/ 2h (2.3.33)

chncells MpuclWLO

For the LO-phonon scattering rate, the perturbation potential is found by integrating the electric field
in Eq. (2.3.31), with the displacement vector definition from Eq. (2.3.19)

Vpert = _€O/Elatth = ZM(Q) [ei(QR—th) _ €_i(QR_°"Qt)} , (2334)

1 - — [2hwro
Q):@eo Erdo —€r 01/ T (2.3.35)

The displacement amplitude is parallel to the phonon wavevector (Ug||Q), thus we can write for

where

QUo/|Q|> = Uy/Q. The perturbation potential in Eq.(2.3.34) is used with the wavefunctions of

Eq. (2.3.3), to find the absolute square of the matrix element

5 R 2
|VnLn?Ph :’<m|Vpert|n> =

Ly Ly Ly
2 2 2

—uQ?| [

—
—

[ei(qzz—th)—i-i(q—k—i-k’)r _ o i@zz—wat)+i(—qj —k+k')r ¢n(z)¢;‘n(z)d3R =

L.L,
_Le Ly Lz
2 T3 2
Ly
2
= M(Q)* / sine(k], — ko + go)sinc(ky, — ky + g,)e" =770, ()¢, (2)dz—
_ Lz
2
L 2
2
— / sine(k,, — ko — qu)sinc(k], — ky — gy )e 9279y, (2)y7 (2)dz (2.3.36)
L,

2

The squared perturbation potential represents at this point both phonon emission and absorption. Since
q cannot be equal to k — k’ and k’ — k at the same time, and we neglect interferences, i.e., terms like
sinc(qy — kl, + kg )sinc(gy — ki + k..), we can separate the above matrix element to two different scattering

mechanisms, one for phonon emission and one for absorption. We can rewrite the two cases as

2

2
VR = 1 M(Q)25(k’kiq)‘ / im0ty () (2)dz| (2:3.37)
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where the “sinc” functions are approximated by § functions in Eq. (2.3.36). Performing a sum over the

phonon wavevector, and converting the sum into an integral by using > — 87r3 IS d3Q, we get the
Q

total scattering matrix element between the electron and phonon system

- 1y _wro 1
VLOPh|? > _ 2 (—1 _ _—1 /
(™ o= =) L k—K[*+q2

2 (-1 —1 thO :|:1 2 (z—2' * / r_
~dek—d) e [ [ o k,| ST U 5 () =

—1\ hwro
=6 (roe = 00) 4op, 1,

2

[ o=t ey, ()] da. =

J(k —K']). (2.3.38)

Here, the in-plane phonon wavenumber is ¢ = |k — k’| since we have used the momentum conservation in
Eq. (2.3.37). Furthermore, we have defined the quantity J, that is proportional to the electron-phonon

form factors. This quantity is numerically evaluated in EMC as

0= [ [ e I o (o (dzd (2:339)

for every initial state n and final state m. We now apply Fermi’s golden rule for harmonic perturbations
from Eq. (2.3.10), with the perturbation potential from Eq. (2.3.38) and sum over the final wavevectors
k’, to find the electron LO-phonon scattering rate

2m

2
c.a M|, mEWLO 1 1 _
Wit = — (NPh +oE 2) (ere0 —E€r0) /J(q)de. (2.3.40)

Here the sum was converted to an integral using

LLmHm 2 ’
> = yoTs / / dE,, (K') (2.3.41)

k’

and ¢ is defined as

m m 2 m
0(0) = [k —K|= | k2 <1 + m”) Qk\/m”’ k2 + ”;'2' (Ep — Ep F hwro) cos(0)+
ln (2.3.42)

(En - Em + h/-*)LO)-

In the above expression, the scattering angle between electron initial and final wavevectors is given by
6. The spatial integral terms in Eq. (2.3.39) are the so-called LO-phonon form factors, while the integral
over the angle in Eq.(2.3.40) is called the theta-integral. The theta integral is a common numerical
integral that has to be evaluated for most of the scattering rates. In EMC the rates are tabulated with
respect to n, m and k, where in each tabulation, the theta-integral is stored. Npj + 1 and Npy stand

for the number of LO-phonons emitted and absorbed which multiply the rates for phonon emission and
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absorption to account for scattering with all the phonons and

how —1
Npp, = [exp < k‘BLI? ) - 1} (2.3.43)

is given by the Bose-Einstein distribution. The 41 in the case of Npp + 1 , accounts for spontaneous

emission.

2.3.5 Impurity scattering

In doped semiconductors, the transport electrons interact with the donors through the conduction band
bending and through Coulomb forces. The doping is taken into account by the Poisson equation which
produces conduction band bending and thus can modify the alignment of the states. In the planar
direction, ionized donors can also contribute to the dynamics of electron transport. We implement the
impurity scattering in this section to account for the complete treatment of the donor-related effects in
EMC. The perturbation potential produced by a single ionized impurity at the position of z;y,, is given

by the Coulomb potential,
2
€0

Amen/ 12 + |2 — Zimp”

Our wavefunctions provided by the Schrédinger solver in Section 2.1 are extended in transverse direction

Vimp(r) =

pert

(2.3.44)

as shown in Eq. (2.3.3), giving the three dimensional wavefunctions of the system. We need to calculate
the matrix element in the basis of these functions for applying Fermi’s golden rule. For an initial state n

and a final state m we calculate the matrix element as

Vol = A~ / / V;:Zf@_iqrd%w;l (2) ¥ (2)dz, (2.3.45)

where q = k — k/. Switching to polar coordinates and integrating in the planar directions, we get

0o 2T

) 2 —igr cos(6)
yimp — 4;;1 / / / re d9dr*, () b (2)dz =

62 7 r T
=2 [ [T, G ()0 =

_ 6% /w:n (2) ’(/Jn (2) e“l‘z—zimv‘dz_ (2346)

Here we observe that the inner integral in Eq.(2.3.45) is the same as taking the Fourier transform of
Eq.(2.3.44). In the above equation, Jy(gr) stands for the Bessel function of the first kind. The relevant
part of the above equation is the end result giving the matrix element V,""P. The square of VP is

needed for calculating the scattering rate by the use of Fermi’s golden rule. For finding the interaction of
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the electron with the potential provided by all the impurities, we sum over the position of the impurities
Zimp

yimpstotal |2 _ 1 i ’ imp (2.3.47)
nm A\ 2¢q mn o

where the electron-impurity form factors between an initial state n and a final state m in the EMC solver

are defined as )
zmp_/[/w —q|z_z/|d2:| N(Z/)dZ/. (2.3.48)

The function N(z) is the volume density of the donors if z is in the doped region and 0 otherwise. In
Eq. (2.3.47), the summation over impurities was converted to an integral using the integral definition
> f(zi)Az = [ f(z)dz. Furthermore instead of A%, we have A in the denominator since the average
distance Az between two impurities is given by Az, = A"'N71(2). We now apply Fermi’s golden rule

for static perturbations from Eq. (2.3.14) to find the scattering rate

T 2
wnkmkfz%%(%) 128 (B (1) = En (1)) (2:3.49)

Finally to find the scattering rate from an initial state n and initial wavevector k to a final state m, we

need to sum Eq. (2.3.49) over k" and convert the sum to an integral using Eq. (2.3.41) to get

on 1 (e} h2 K[> 2 k[
Wotem = —— [ =2 ”np 1mp§ B, _
K h A (26) Z f ( 2mH m 2m||7n

27 i
M| m€o ol (q(0))
— . 92.3.
il / Ll as (2.3.50)

The effective masses my,, and my,, are for the initial and final state and they were introduced in
Section 2.2.2. The above scattering rate is used in EMC for impurity scattering, where ¢ is defined by
Eq. (2.3.42), with wro = 0.

2.3.6 Interface roughness scattering

The interface between two materials in a heterostructure is not flat. The layers penetrate into each other
forming islands with a mean height and a correlation length. The correlation length is related to the size
of the islands, and the mean height to their deviation from the flat interface. The treatment of interface
roughness is fully empirical [39, 40]. For deriving the interface roughness scattering rate, we start by
defining a position dependent deviation A(r) from the flat interface, where its autocorrelation function

is empirically defined as a Gaussian

<A(r)A(r+d)>:%/A()A( +d)dr = AZe 5 (2.3.51)
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Furthermore, we assume that we have the interface at z = z3. The perturbation potential is then the

change of the barriers and wells by the amount A(r) defined as

Vit — Vo [H (2 — 20) — H (2 — 20 — A(r))], (2.3.52)

pert

where 1} is the band offset and H(z) is the Heaviside function. Using Eq. (2.3.3), we calculate the matrix

element between an initial state n and a final state m as

Vit (20) = %1/111 (20) ¥y, (20) / A (r) exp (iqr) d°r. (2.3.53)

Here we have used, that 1, (z0) = ¥ (20 + A(r)). The total interface roughness squared matrix element

is given by
2
Vot = 3 o ) ¥ o [ [awacs erenen ) -

V
i ZWn 20) ¥ (20)]? A2//T€ §2+iadCos(0) gpqq —

_ 2”X° ABEATIIS [ re % tayad -

- ”VO an 20) 0 (20)2 A2AZe M0 (2.3.54)

The last term in the above equation is now used in Fermi’s golden rule for static perturbations, i.e.,

Eq. (2.3.14) for deriving the scattering rate

22V s R2K? Rk
Wotem = —— - an 20) V%, (20)° A2A2Ze“““ ( g4 R Pk (2.3.55)

2mym  2myp

Using Eq. (2.3.41), we get the scattering rate from an initial state nk to a final state m

2m

m m — L

Wason = "5t 3 b 20) o (20 V2222 [ e 4000 (2.3.56)
20

where ¢ is defined by Eq. (2.3.42), with w0 = 0.

2.3.7 Alloy scattering

In the case of ternary materials like InGaAs, InAlAs or AlGaAs, the lattice has not exactly a zinc-blende
shape. Electrons interacting with the lattice are propagating in a distorted potential, which we want
to include in this section. This is done by defining a ternary alloy system A,B;_,C, from the binary

materials AC' and BC, where x represents the concentration of material A on a scale from 0 to 1. The
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potential in case of an alloy material can be defined as [41]

# A atoms # B atoms
ur)= Y Uale—7)+ > Us(r—1), (2.3.57)

where Uy and Up are the potentials of the binary materials AC and BC' and 7 is the position of the
atomic sites. The above potential, u, is constructed as the sum of the potential of the two alloys [41]. We
divide u into two parts U; and Us. The first is the potential profile, where we define our basis solutions

[41]
# A atoms # B atoms

r)==x Z Upa(r —7)4+ (1 —2x) Z Up(r—1) (2.3.58)
T
and the second component is the perturbation potential which will give the alloy scattering
# A atoms # B atoms

Us(r)=(1-z) Y Ualr—7)+a Z Us(r — 7). (2.3.59)

We define the potential of a single atomic site as a §-function multiplied by a constant lattice volume

and the potential of materials AC' or BC
Uap(r—7)=0(r —Rap)QUas. (2.3.60)

Here Qo = a®/4 is the volume of the Wiegner-Seitz cell and a is the lattice constant. The choice of the

0-energy point is arbitrary, thus it is taken at
Ua+Ug =0. (2.3.61)
Substituting Eq. (2.3.60) into Eq. (2.3.59) we get for the difference-potential

Us(r) = Qo(1 — 2)Ua» d(r — Ra) + QoalUs > _(r — Rp). (2.3.62)
RA RB

Defining the conduction band offset as Vo = Uq = —Up, we get the alloy scattering potential defined as
[42]

Vers(r) = Qo Vo Z(l —2)d(r —Ra) — Zxé r—Rp)|. (2.3.63)

Ra

The above potential was found by replacing the “difference potential” in [41] with §-functions. We now
calculate the matrix element for the potential in Eq.(2.3.63), with the envelope functions Eq. (2.3.3)

where L, and L, are the planar dimensions of the alloy material, and v, ,,, is normalized to 1. The
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scattering matrix element is found to be [42]

Qo V¢
Ve 0Vo

nm = T T (1- x)zlﬂfn(ZA)wn(ZA)eiq”Ru - wa;(zB)wn(zB)equRg ) (2.3.64)
Ty Ra Rs

According to Fermi’s golden rule in Eq. (2.3.14), the absolute-square of the matrix element V,% must be
calculated. The lattice vectors of the disorder sites Ra and Rp are defined as random variables if we
model the alloys as a random material containing material A with z probability and material B with
1 — 2 probability. The number of A material sites is Na, the number of B material sites Ng and the

absolute square for the above matrix element in terms of Kronecker deltas is

QoVt ) Y
|v,fm|2=( 0 ) 3N 5 (2)en (2o () () R R (12925 5r 5, S bR R,
Ra RA/

R R/
+$226R7RBZ§R’,R31 — (1 — x)wZ(SR»RAZéRURB — .%'(1 — x)zéR,7RAZ§R,RB . (2.3.65)
Rp R/ Ra Rp Ra Rp

In random alloy scattering the lattice sites are uncorrelated. This means that the expectation value of

an atomic position can be written as

ER*ER = E|R|?, (2.3.66)
where
1 n
= -V R.. 2.3.67
n; (2:3.67)

The total number of lattice sites N fulfills the relations

N = Na + Ng = N,N,N.. (2.3.68)

Using the properties of uncorrelated random variables from Eq. (2.3.66) and the definition of the expec-

tation value of samples from Eq. (2.3.67), we can reduce the terms of Eq. (2.3.65) to find

Vit = 2(1 - z) (QV) 3 S () ()b (25 (2P BRI lNBzaR,RAaR,,RA

R R/ Ra

JF]VAZ(SR,RBCSR’,RB - 25R>RAZCSR’,RB — Z(SR/*RAzaR’RB] . (2.3.69)
Rp Ra Rgp Ra Rp

Here we used that Ny /N ~ x and Ng/N ~ 1—x [43]. Since in ITII-V semiconductors the lattice constants

have usually similar lengths, setting Ra = Rp yields a good approximation and we have for the number
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of random terms in the infinite limit

N1 —-2z)rr Y 0R,Rs + NZORR D ORRs — 2 Y OR,RAOR/ Rz — 2_ 2 OR,ROR/, R
Ra Rp RaRp RaARB

li =0R R
N N RR
(2.3.70)
Replacing the above expression in Eq. (2.3.69), we get the average scattering potential [42]
QOVO
Vam!*) ~ (1 — . m(2). 2.3.71
Vel e ™ 2 = DT 57 2 W o (2 (2.371)

We now recall Fermi’s golden rule for static perturbations, Eq. (2.3.14), and apply it to the scattering
potential from Eq. (2.3.71). The alloy scattering rate is then

Wtemle' = 2% Vi |26 (B (K') = En(K)) = C8 (En(K) — En(K)) (2.3.72)
where
C—2(1— )(LZO‘L/O / o ()2 [t ()| d. (2.3.73)
alloy

We integrate over the final k’ state, to get the scattering rate from nk to m [42], yielding

2k/ 2k
2m|| m 2m||7n
L L mH m h2k B
= // ( —En+t—2mn)dtd9—LLyhgc_
mnmth (1*@/ [ () [t (2) ] dz. (2.3.74)
alloy

The above scattering rate can be generalized for quantum cascade lasers to

Wosan = 1 | S0V = ()] 6 (2 [ 2) 0 (2:375)

Here we took all the variables into the integral, since they change with the different type of layers in
the heterostructure. In the current EMC implementation, we use Eq. (2.3.75) for calculating the alloy

scattering rate.

2.3.8 Electron-electron scattering

In addition to different scattering mechanisms related to the lattice or growth of the structures, electrons
also scatter with other electrons. Electron-electron scattering is the main mechanism responsible for
thermalization within the subbands. In the EMC simulation, e-e scattering is implemented as a two-
body process [44, 45]. An electron in an initial state |nk), i.e., subband n and in-plane wavevector k,

scatters to a final state |mk’), accompanied by a transition of a second electron from a state |ikg) to
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|7kG). We derive e-e scattering by defining the perturbation [46, 45, 47| given by the Coulomb potential

of an electron
2 efi(kor’quBr’)

Ve, = 5 (2)i(2). (2.3.76)

The perturbation potential in Eq. (2.3.76) is given by the wavefunction of Eq. (2.3.3) for the initial and fi-
nal state of the electron multiplied by the Coulomb potential. The perturbation potential from Eq. (2.3.76)

has to be taken in the basis of the other electron to find the matrix element

7z(kr+k0r —k'r—kgr’)
Vit = 72 / / / / N )%(zm—(z Wi ()65 ()drdr'dzde’ (2.3.77)

We use the substitutions d =r —1/, q = k — k’ and qo = ko — ko’ in Eq.(2.3.77) and calculate the

matrix element V¢ . as

nimj
s (ata0) 7iqd
_ % NG (S —ir’ (q+qo I —
Viaimj = 47r<€A2 / /wm Jn (2)5 (2")i (2 )/ dr’ / dddzdz
- ip . ,(q)/e*ir'(anqo)dr’ — ¢’ Frimj(q) (2.3.78)
2€A2q nwmj 25Aq nzm] b b
where F,im;(q) represents the e-e scattering form factor defined by

which is tabulated in our EMC tool and ¢ = |ko — k|. The square of the perturbation potential of

Eq. (2.3.78) is
v cdn?

2
nzm]| mé(k + ko — k/ — ké}) |Fni’mj (q)| s (2380)

where we kept the conservation of momentum in a d-function form. We now apply Fermi’s golden rule
for static perturbations from Eq. (2.3.14) and get the scattering rate

eroms
Whkmkixojky = mé(k +Xko — K —kp)3(Brot) | Fijmn (9)] (2.3.81)

where
R (k) R (k) n 1 (kp)* 12 (ko)”

Etot:
2mm  2myn 2my 2my|

+En—E,+E; — E,. (2.3.82)

We sum Eq. (2.3.81) over all the initial and final states of the second electron weighted by the distribution

function of the initial state [11],

Whkmkk, = Zf ko) Whkmk'iko ki, - (2.3.83)
i,5,ko
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Summing over the final wavevector kg of Eq. (2.3.83) and converting the sum to an integral, we get

6071'

Wnkmk/ 2he 2A2 2

Z fz kO Etot) |Fn1mj (Q)|2 . (2384)
A further simplification of the above scattering rate cannot be performed analytically in the case of
non-parabolic bands due to the different effective masses corresponding to the states m, n, j and 7 in
Eq. (2.3.82). Furthermore the consideration of screening and spin would further complicate the derivation

of the non-parabolic scattering rate. We will now discuss the case of e-e scattering for parabolic bands.

2.3.8.1 Scattering rate for parabolic band structure

Electron-electron scattering in case of parabolic bands assumes the same effective mass for each of the
states. The energy conservation requires E;,; = 0 where E;,; defined by Eq.(2.3.82) simplifies to its
parabolic case EY, given by
B = T [0 — 2 4 (k) — ko?| + By — B+ By — E 2.3.85
= g (0" 14 00" "] 4 B~ B 4 By~ B (2.3.85)
By using the substitutions g = kg — k and g’ = kg — k’and k+ko —k’ —k{ = 0 we can rewrite the above
equation as
ﬁ2

DyS __ o\ 2 2
Eiy = dmy, [g (8")" + 8o } (2.3.86)

where g§ = (Em — E, + Ej — E;)4m,|/h?. By writing the initial and final electron wavevectors in terms
of g and g’, we transform the energy conservation EY, = 0 to the energy conservation containing the
above substitutions E}; = 0.

We find the scattering rate of the first electron from its initial state n and wavevector k to the final

state m by summing Eq. (2.3.84) over k’ and converting the sum to an integral,

6 ™ 2
Wnkm = 2h€20A2 § fz kO tot) | nimj <Q)|
i,5,ko,k’

|Fnzm
87rh52 y Z fi(ko) / Sl S(EE,)dK (2.3.87)

1,5,k

By using Eq. (2.3.86) and g = ko — k, g’ = ki — k’ and k + ko — k/ — ki = 0 the substitutions —dkg =
dk’ = dg.,dg, /4 and g — g’ = 2q can be made, and we can we rewrite Eq. (2.3.87) as

_ |meJ D, o 60m|| /27T |meJ( )l
Wakm = 55— AW Z fi (ko) / (Em)dg TR Z fi (ko) et

1,5,k 1,5,k
(2.3.88)

1/2
{Qg —2g4/ g%+ g2 cos(0) + gg] . (2.3.89)

where

q=

l\D\'—‘
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The above scattering rate does not include screening of electrons and their exchange interaction. For

their modeling, Eq. (2.3.88) needs to be generalized [11] to

_ "M 2
Wokm = T > fi(ko) / |Mapimg ()] d6. (2.3.90)

i,5,ko

Different approaches with varying degrees of complexity exist to compute the transition matrix element
Myim; from the bare Coulomb matrix elements in Eq. (2.3.78). First, the screened Coulomb matrix

elements Vniiljl(q) are obtained from V77 ., (q¢) by applying a more or less sophisticated screening model.

In the random phase approximation (RPA), they are found by solving the equation system [48§]

Vi = Ve + > Ve Ve (2.3.91)

nimgj nimj aibj

Here, 114, (¢) is the polarizability tensor, given in the long wavelength limit (¢ — 0) by

N2D,a —N2D,b
= a 7& b7

oy = BB (2.3.92)
ﬂ.hzfa< )7 a="b.

Here nop o is the sheet doping density for the state a. For collisions of electrons with parallel spin,

interference occurs between V°5°

vimy and the ’exchange’ matrix element V%" [49]. Accounting for this

nijm

exchange effect, the magnitude squared of the transition matrix element M,,; is then given by [45, 49|

|Myim;i|” = UV,ff,,; ] |V7fz‘3;1 )ﬂ
ee,s ees 2
Vit (@) = Vi (@) (2.3.93)

where p, = p, = 1/2 are the probabilities for antiparallel and parallel spin collisions, respectively, and

1/2

1
=5 [292 +a2+29 (% +03)"? Cos(&)} : (2.3.94)

with g = |g|.
Commonly, simplified screening models are used to avoid the numerical load associated with solving

Eq.(2.3.91) [31, 50]. Furthermore, often the exchange effect is neglected when calculating M, inm; [49].

2.3.8.2 Non-parabolic band structure

Electron-electron interaction in EMC is implemented with the inclusion of non-parabolic bands. Its
inclusion is based on the work of Bonno and Thobel [47]. They derive non-parabolicity for the case
of two body processes, based on the non-parabolic density of states. Generally, the determination of

the electron final wavevector from the scattering rate Eq. (2.3.84) and energy conservation Eq. (2.3.82)
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is possible only numerically. If one assumes that the states have different effective masses, however a
constant effective mass within a subband, we can a derive an analytical solution. The derivation of e-e
scattering rates in this case requires several transformations and is quite lengthy, thus we restrict ourselves

to the discussion of the energy conservation, which requires that

Y = kly + kny,
2 4 2 L s L oo 2 .2
(0) = |75 (Bi+Ey— Ej — Ep) + —ki + k2| —a? =2, (2.3.95)
mwl\,j mxl\,m h? my|i m|,n

where ¢’ was defined in Section 2.3.8.1. We can observe, that by setting the effective masses equal, we get
back the parabolic case of Eq. (2.3.86). The new definition of energy conservation can be used to derive
the non-parabolic scattering rates using the same notations as in Section2.3.8.1. The determination of

the final wavevector g’ is based on

g g
g; = ?th + ?xhyv

/ e Yy
g =—22hy + 22h,, 2.3.96
Yy g g Yy ( )

where hy = hy(ks, ki), hy = hy(kn,k;) are functions of the initial wavevectors for the first and second

electron and were determined analytically.

2.4 Material gain

For analyzing the lasing performance, the material gain is an important quantity and will be derived in
this section. The gain spectrum of the simulated QCLs can be compared to luminescence measurements
and can give an estimate for the efficiency of the devices. QCLs are usually stacked structures, with layer
thicknesses in the few nm range where the alternating barriers and wells are grown. Since the wavelengths
are much smaller than the barrier and well thicknesses in our superlattice structures, a uniform dielectric
constant within the material can be assumed [51]. The QCL operates in TM mode [52]. For this case,

the effective dielectric constant €, in the gain medium is given by [51, 53]

1 /et tu/eu (2.4.1)
Em tb+tw . o

Here, the t; and t,, are the total thickness of the barriers and wells in one period, respectively. The g,
and ¢; stand for the dielectric constants in the wells and barriers. For our simulations, we have used the

effective values provided by the corresponding experimental groups.

For GaAs-based QCLs in this thesis we have used an effective refractive index ny = /g, = 3.8,
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measured from the mode spacing of the TM modes in the laser resonator [25, 54]. This value practically
does not change for the different THz QCL designs considered in this thesis, since they are all based on
metal-metal waveguides with a 10 pym thick active region. Furthermore, the refractive indices of GaAs
and Alg.15Gag.g5As have very similar values. The frequency dependence of the dielectric constants can
be interpolated by combining Egs. (2.3.28) and (2.3.29). Using the corresponding material parameters,
it is then found that the refractive indices for GaAs and Alg.15Gag.g5As differ only by 3-4% throughout
the THz regime.

Furthermore, in this thesis two types of mid-infrared InGaAs-based structures are investigated. For
the high power QCL [7], an effective refractive index value of ng = 3.24 has been used, which contains
the influence of both the active region and the InP claddings [55]. For the short-injector QCL emitting
at 8um [56], the same value has been taken [57].

The relations for the generalized optical power per unit volume in case of a gain medium [58] are

Py = (n"Wg,, —n"Wg, Yhwy, (2.4.2)

where W is the stimulated single-electron absorption rate from the initial state n to the final state m
and Wy, is the stimulated single-electron emission rate from the initial state n to the final state m. The
mode frequency is denoted by w; while n™ and n™ are the volume densities of the population in states
n and m. The volume densities generally are not in steady state, but change in time, as the gain gets

saturated. Fermi’s golden rule can be used to determine the absorption and emission rates [5§]

2

2 €o 1 /A
we, =—|—2A §(Em — En + hw
mn i mk o <p>nm ( + l)
2 | e E
Wiin = 5 | —-AG B) | 0(En — By — hey). (2.4.3)

Here Al is the vector potential of the optical field in the /th mode and (p), = is the momentum of the
electron. We can also see from Eq. (2.4.3), that the stimulated emission and absorption rates are equal.
Usually in a rectangular cavity we have multiple propagating modes, represented here by the modal index
[. We now proceed by deriving the spectral gain for a single mode and drop the mode index [. The wave
function of the electron for the total system in Eq.(2.3.3) is used here and the propagation direction is

assumed to be z. For finding the stimulated emission rate, we must first find the matrix element for the

momentum operator Py, = —ihV using Eq. (2.3.3) for the basis functions

5n1 My 5ny My 5nz SM hknz
(2.4.4)

<15>nm - 6711‘77711- (;ny,my (Snz,mz hkny

z
5nz,mz 5ny,mypnz,mz

Here, 0y, . is the Kronecker symbol and follows from the orthogonality of the wavefunctions, while n,,
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ny and n. are the initial state in the z, y and z directions, respectively. The rates from Eq. (2.4.3), i.e.,
the stimulated absorption and emission rates are equal for a single electron so it is enough to calculate

the stimulated emission rate, which is written as

2
2
we =21 (i) S On s [ASHEn, 6+ ARk, 8 + A% 12 8(Ep— Epthe). (2.4.5)

"
h \m?

Due to interaction with photons, the initial and final state of the electron is never the same, so we always

have the case of n, # m, and Eq. (2.4.5) simplifies to

2
. 2

e
0,2
2Pn. m.

"
z
We use Eq. (2.4.2) together with the above equation to determine the dissipated (or gained) power per

unit volume )

Py =2m(n"™ —n™)w ‘ € A%=
m

* anz sz
z

The time-averaged dissipated power per unit volume (effective power) in case of a monochromatic field

can be additionally determined with the expression [59]
Py =20 (—A%)?, (2.4.8)

which is a direct consequence of Maxwell’s equations. Here o is the conductivity of the medium. Usually
Eq. (2.4.8) is used to calculate the power dissipation of an electromagnetic wave in a passive medium. If
we have positive gain, then we have a negative conductivity, meaning that g(w) = —0Z, where Z is the

waveimpedance in the material. Now we can calculate the gain as

2

PV 1 (&
=57 = m_n")— : Zdny maOn, m,0(Em — En + hw). 2.4.9
96) = =5 gz = T =0 || DB Fhe) (249)
The oscillator strength
o 2 z 2
mn = s [P, m. (2.4.10)

can be used to simplify our formula and Eq. (2.4.9) is rewritten as

™

g(w) = (n™ — n")e2Zfﬁm5nI,mzcsny,myé(wmn —w). (2.4.11)

*
2m}

Because of dissipative processes, the stimulated-emission rate always has a finite linewidth, so the 6-

function is replaced by a Lorentzian-line [12]

S (Wmn — w) — plw) = x . (2.4.12)



o1 2.5. Monte-Carlo algorithm

The Lorentzian linewidth can be related to the spontaneous emission time, and to the dissipation times

of the initial and final states, as [52]

1 1 2

—_—. 2.4.13
Tn Tm Tdcphasing ( )

Here T,7! and T,,! are the out-scattering rates from the initial and final state, while Td;llohasing is the
broadening due to non-diagonal effects, that are neglected in EMC. We use in our framework the phe-
nomenology of the finite linewidth to calculate the gain and we also assume that n, = m,, n, = m,, i.e.,
momentum is conserved (neglecting the momentum of the photon). For this case, we get the material
gain

g(w) = %(nm —n"e2 Zp(w), (2.4.14)

"
2m}

which is also used in a slightly different form in our EMC method for calculating gain spectra. The peak

gain is
7(7)177, m n Z
9(Wn.m.) = (n™ —n")

2 = 2.4.15
mH,m 60 Aw ( )

We note, that in EMC, we use a generalized form of the scattering rates in Eq. (2.4.3) and sum over the
Lorentzians to account for several transitions contributing to the spectral gain. For further details of the

photon scattering rates in EMC, we refer to Section 6.3.

2.5 Monte-Carlo algorithm

The EMC algorithm provides the solution of the Boltzmann transport Eq. (2.0.3) by means of a statistical
average over carriers to find the distribution function. EMC can provide a straightforward modeling for

various mechanisms like
e scattering rate between levels
e phonon distribution
e current density
e parasitic current between levels
e clectroluminescence
e gain and gain bandwidth
e inversion
e injection efficiency

e output power
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electron temperature

e dwell time

e occupations

electron distribution

e influence of various scattering rates on all the above.

Our solver considers a predefined number of electrons (a standard of 10000), and calculates the path of
each electron through the device in time. The microscopic nature of this approach offers the straightfor-
ward extraction and implementation of new effects.

We now have all the ingredients to discuss the algorithm for solving the Boltzmann equation. The
EMC program is based on the basis functions in the pre-defined heterostructure, which are found by the
Schrédinger solver discussed in Section 2.1, coupled to a Poisson solver, to account for the redistribution
of charges given by the doping in the structure. For solving the Poisson equation, one must know the
occupations of the different levels, however at the first run this is not possible, thus we must assume
some occupations. If the band-bending is small, this assumption can be accurate enough, like in the
case of resonant phonon depopulation THz QCLs, or short injector mid-infrared structures. However,
for bound-to continuum QCLs shown in the next section, so called self-self consistent simulations should
be performed since the doping in these structures highly influences the tilt of the conduction band.
For bound-to continuum QCLs, after running EMC, the occupations are used in the Poisson solver to
calculate again the band bending. This is done until the conduction band profile does not change. Such
self-self consistent simulations are critical for finding the correct alignment of the states, since those are
influenced by the change of the conduction band profile which largely affects the whole dynamics in these
structures. For moderately doped structures, however, avoiding self-self consistent approaches can save a
lot of simulation time while results are still accurate enough. In this case we assume a Fermi distribution
[27] for the occupation of the states or sometimes we can even assume equal occupations for each state.
The use of a Fermi distribution is favorable for calculating thermally occupied subbands for QCLs with
low doping. We have also used equal occupations in the states, and especially in resonant phonon
depopulation structures, where the doping is very small, the band bending was described well-enough by
this approach.

The next step after finding the wavefunctions by the SP solver is to execute the EMC program. The
algorithm starts by importing the structural parameters like amount and position of the doping, barrier-
well interface coordinates, temperature, material types and their concentration in the wells and barriers
(for alloy scattering), band offset, dielectric constants and roughness parameters. These are all needed for
the evaluation of the scattering rates. Additionally, the wavefunctions and non-parabolic average in-plane

effective masses for the different levels, which are read in from the SP output files. The EMC program has
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electron-electron scattering
LO-phonon absorption
LO-phonon emission
spontaneous photon emission
alloy disorder
acoustic phonons
impurities
interface roughness
stimulated photon emission/absorption

O 00| | O U x| W| DN+

Table 2.1: Scattering rate indices in the code

also built-in material constants like the lattice constant, phonon energy, sound velocity, material density

and alloy scattering potential of the different materials (GaAs, SiGe, or InGaAs).

The calculation of the different form factors is the next step. All the scattering mechanisms have
form factor calculating routines which are needed for the evaluation of the scattering rates. The most
time consuming evaluation is the calculation of the electron-electron form factors, since there we have

to integrate over the wavefunctions of the initial and final state of the first and second electron. The

form factors are written in files for their later evaluation if needed or for a second run if we want to
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Figure 2.5.1: The schematic diagram of the Monte-Carlo algorithm
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see the results with different parameters that do not change the wavefunctions. The scattering rates
are calculated based on the form factors and stored. The tabulation is performed for each initial state,
initial wavevector and final state. Each scattering rate has an index in the EMC code shown in Table 2.1.
For stimulated photon processes we need only one index, since we can distinguish between emission and
absorption by comparing the energies of the initial and final states. If the initial level is higher in energy
than the final one we have emission, otherwise absorption. A three dimensional matrix is used to store
the scattering rates as a function of the initial and final state, and the scattering type of the transition.
The corresponding matrix element is incremented for each scattering event occurring. After convergence
this matrix will contain the count of the scattering events of a specific type, between two given levels

evaluated on a random basis.

Since we are interested in a steady state solution, the simulation time has to be chosen in such a
way that the carrier distributions do not change much towards the end of the simulation. Furthermore
the carrier distributions should be initialized in a manner which is not very improbable. Hence, the
carriers are initialized by assuming a Fermi distribution in the case of the first run. If self-self consistent

simulations are performed, the carrier distributions are read in from the previous run.

The Monte-Carlo algorithm has three basic loops. The external loop is for the predefined time step
which divides the simulation into time-subintervals. The second loop, which is inside the time loop is the
electron loop, which goes from the first to the last simulated electron out of the 10000 simulated electrons.
The innermost loop is the scattering and free-flight loop. These are illustrated in the schematic of the

EMC algorithm in Fig.2.5.1.

The program computes the solution as follows. After the initializations and calculations of the scat-
tering rates, the time-dependent simulation starts. In each time-interval we take the carriers sequentially
and each carrier undergoes a free flight and then scattering. The scattering type and final state of each
electron are chosen completely random, based on the tabulated scattering rates. After the choice of the
scattering type and final state, the scattering angle, i.e., the angle Zk,k’ is chosen again randomly, to
determine the complete final wavevector, k' of the electron. Once the wavevector is determined we apply
the Pauli exclusion principle, to check if the final state is available based on its occupation probability.
If the scattering mechanism is rejected, a new free flight is performed and we choose a new scattering
process as illustrated in Fig.2.5.1. We do this for every particle until we reach the last one. Then we are
in the outer loop again and we can average and statistically extract the current and carrier distribution.
The program does not stop when these have converged, it only stops when it has reached the end the of
the pre-defined simulation time. Hence, the simulation time must be long enough to reach a stationary
state. After the steady state solution has been reached we can postprocess our data and extract the

required observables like current, carrier distributions, gain etc.
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Figure 2.5.2: Scattering rate tabulation, for choosing the final state and scattering type.

2.5.1 Choice of the scattering mechanism and final state

The choice of scattering from the initial electron state to a final state as well as the type of scatter-
ing mechanism are randomly performed in EMC. The probability for scattering is calculated based on
the scattering rates in Sections2.3.4, 2.3.5, 2.3.6 and 2.3.8. We calculate scattering rates of the form
Wikm, where j is the scattering type index defined in Table 2.1, n the initial state, k the initial in-plane
wavevector and m the final state. These rates will define an interval in Fig.2.5.2 (b) which is propor-
tional to the probability of the scattering event. All the transition rates from the initial state nk are
stored and calculated based on the flowchart in Fig. 2.5.2 (a). The random choice of the scattering type is

based on the interval shown in Fig. 2.5.2 (b), which is generated by the flowchart that uses the expression

. m—1 9 . J .
s = 2 Wm, + 22 Wik, for every j and m. In EMC we also define a global maximum of
mi=1j,=1 j1=1

the scattering rates I'y 40 = H;%(XFZk  Which is needed for the random choice of scattering type and final
state. We observe that all the scattering in the device must be smaller then I',,4,. Furthermore, the

choice is performed as follows:

e We generate a random number 7 on the (0, 1) interval and from this a random scattering rate 71",z
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o Ifrl'ue < ng n then we look for the case Wikm < r['hae by incrementing m and 7 monotonically.
If we find the case when for a given j and m ngm < rI"yae, however either WL S D as OF

nkm

W1km+1 > rI'ae then the scattering type will be j and the final state will be m.

n

o Ifrl 00 > ng N then self scattering occurs, i.e., the electron keeps its initial state and momentum.

In summary the random variable rI';,,. either points into the interval shown in Fig.2.5.2 (b), hence we
know the scattering type and final state, or points outside this interval, and then self-scattering occurs,
i.e., the state and momentum of the electron does not change.

Even when the choice of the scattering type and final state was performed, self scattering can still
arise from rejection of a configuration involving an initial state and wavevector nk, a final state m and a
scattering mechanism. This can happen since there can be configurations when the transition of nk — m
is not allowed due to energy conservation, screening or Pauli’s exclusion principle. Energy cannot be
conserved for example in the case of LO-phonons when the level spacing is too small for a phonon

emission, or in the case of impurities when the initial state energy is lower than the final state energy etc.

2.5.2 Choice of the final angle after scattering

We have discussed the choice of the scattering mechanism and the final state based on their probabilities.
After scattering occurs from the initial state and wavevector nk to the final state m, we need to choose
the scattering angle of the electron. This is needed for finding its complete final wavevector. The electron
kinetic energy after scattering is already known due to energy conservation, thus by determining the
scattering angle its full wavevector can be computed. The scattering angle is chosen randomly, based
on the form-factors of the given scattering mechanism. We discuss the choice of the scattering angle
for LO-phonon scattering. For the other mechanisms the choice is done in a similar manner. Energy
conservation for each scattering mechanism, requires that Eq. (2.3.42) holds (for static perturbations, e.g.,
impurity, alloy, interface roughness scattering, wr,o = 0). Thus we can relate a randomly chosen angle
0 < 0, <27 to a momentum exchange of the amount ¢(6,.). If the g-dependent terms in the scattering
rates, for example J(q(6,)) in Eq. (2.3.39) are larger than r; x max {J(q)}, where 71 is a random number
between 0 and 1, then this randomly chosen scattering angle is accepted. Otherwise a new scattering
angle is generated and a new random number ;. After the scattering angle is calculated, we have the

complete information on the final state wavevector.

2.5.3 Pauli’s exclusion principle

Electrons that scatter go from an initial state n and wavevector k to a final state m. If the final state is
unoccupied, as in most of the cases with low carrier concentrations, the scattering can take place. For
higher carrier densities, however, there is a considerable probability that in the final state there is an

electron, meaning that the exclusion principle should be taken into account. If we denote the number of
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simulated electrons in EMC as Ny, then we can define an effective area Acfr = N, /nop where nop is the
sheet density, which is known from the amount of doping. The next step is to define a kinetic energy grid
with grid spacing Ak, and Ak,. Every cell can contain at most n. = A.ssAk,Ak,/47? electrons from
the total number of N,. After each scattering event, both k, and k, change for the scattered electron.
This means that if we define a 2D grid with Ak, and Ak, grid spacing, we can count the number of
electrons in each cell and subtract an electron from the cell corresponding to the initial state nk in the
grid and add this electron to the cell of the final state mk’ in the grid. Here, k is the wavevector before
scattering, and K’ is the final wavevector. However, there is a probability that the final cell is occupied,
especially if nap is high. The exclusion principle is implemented as follows. The variable that counts
the electrons over the kinetic grid discussed above is f§(ky, ky,n), where n represents the state of the
electron.

After a scattering mechanism is chosen and the corresponding final state and scattering angle is
determined, we must test if the final state is unoccupied. This is done by randomly generating a number
r between 0 and 1 and testing the inequality f§(k., k!, m)/n. < r. If it holds, the number of electrons is

x? Y

increased by one in the final state (fg(k%, k;,n) — f5(k., k,,m) + 1) and decreased by one in the initial

state (f$(ks,ky,n) — f5(ks,ky,n) —1). If the inequality does not hold, then it means that the state is

already occupied and we reject the transition to the final state m, and self-scattering occurs.

2.6 Electron-electron scattering and space-charge effects in quan-

tum cascade lasers

We present some examples for the use of the theory presented in Section 2.3.8, namely for the influence of
e-e scattering and space-charge effects on bound to continuum (BTC) and resonant-phonon depopulation
quantum cascade lasers. For the case of e-e scattering, screening as well as exchange effects will be
discussed. However, we first present some typical quantum cascade designs and briefly explain their

working principles.

2.6.1 Quantum cascade lasers

Quantum cascade lasers are typically built from the In,Ga;_,As/In,Al; _,As material system, mainly
for the mid-infrared, or GaAs/Al,Gaj_,As material system for the THz regime. They are composed of
a repeated sequence of alternating epitaxial layers grown by molecular beam epitaxy (MBE) or metal-
organic chemical vapor deposition (MOCVD). The alternating layer materials have different bandgaps,
thus they form quantum wells and barriers in the conduction band. The layer thicknesses and material
composition should be designed in such a way, at a so-called design bias, that population inversion occurs
between two levels which will be the upper and the lower laser level. We present two different design

approaches to reach population inversion in a quantum cascade laser:
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e Resonant phonon (RP) depopulation structures, see Fig. 2.5.3 (a). These QCLs are designed in such
a way, that they have an upper and lower laser level, marked by the bold solid lines, and one or
several upper and lower phonon levels which have a spacing of one LO-phonon energy (36 meV in
GaAs). In these structures, the lower laser level is aligned with the upper phonon level for a fast
extraction of the electrons by means of LO-phonon scattering to the lower phonon level and from
there electrons get re-injected into the upper laser level of the next period. In other words, the
lower laser level gets depopulated by LO-phonon scattering and inversion is achieved. An example

for a resonant phonon depopulation QCLs can be found in Fig.2.5.3 (a).

e Bound to continuum (BTC) transitions, in Fig.2.5.3(b). In these designs, the lasing transition
occurs from an upper laser level (bold solid line) to the miniband below. The miniband, or ’con-
tinuum’ is formed by many closely spaced energetic states. These structures have several quantum
wells in a period, since the miniband must be formed from many states. The lower laser level is
the highest state of the miniband in the energy period, which contains only a few electrons. This

level gets depleted due to the closely lying states in the miniband, which are strongly coupled. Te
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Figure 2.5.3: (a) Resonant phonon depopulation and (b) bound to continuum quantum cascade lasers.
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Figure 2.6.1: (a) Conduction band profile and squared wavefunctions, obtained for thermally occupied subbands (dashed
lines) and self-self consistent simulations (solid lines).The conduction band profile without space charge effects included is
also displayed as a reference (dotted line). (b) Simulated spectral gain versus frequency for the three cases of accounting
space charge effects, shown above.

and

depletion of the lower laser state leads to the filling of the upper laser state (lowest state in the
miniband) and in this way population inversion is reached between the upper laser level and the

lower laser level of the next miniband.

In the material systems of today’s QCLs, the main scattering mechanism that governs the dynamics and
performance of the structures is the electron-phonon scattering. The depletion of the lower laser level is
mainly governed by LO-phonon scattering. After the depletion of the lower laser level, electrons should
be efficiently carried into the upper laser level of the next period. This is done by the injector levels,
which are usually to some degree overlapped with the upper laser level for an efficient electron injection.
In this thesis we will mainly focus on bound to continuum and resonant phonon depopulation structures,

both in the THz and infrared regime.
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2.6.2 Space charge effects

We present simulations for a 3.5 THz BTC design [60] to demonstrate the importance of e-e interactions
and space-charge effects on the transport and material gain in such structures. In particular, the validity
of neglecting the exchange effect in Section2.3.8.1 and employing simplified screening models for the
evaluation of e-e scattering is investigated. Also the importance of self-self consistent simulations for
a proper inclusion of space charge effects is discussed. All scattering mechanisms are evaluated self-
consistently in our EMC simulation tool. Interface roughness (IR), however, whose parameters are
hard to measure and depend critically on the growth conditions, has to be described in terms of a
phenomenological model [12, 61]. We have used the typical values of A = 10 nm for the correlation length

and A = 0.12nm for the mean height of interface roughness in theses structures [12, 62].

In Fig.2.6.1, the simulated conduction band states as well as the spectral gain of the investigated
BTC QCL is shown for a lattice temperature 71, = 10K at the design bias of 2.5kV/cm, where the
maximum gain is obtained in the simulation. Solid lines indicate the fully self-self consistent result, i.e.,
Schrédinger-Poisson (SP) and EMC simulations are carried out iteratively until convergence is reached.
The dashed lines are results obtained by solving the SP system once in the beginning assuming a thermal
carrier distribution [27] and then performing a self-consistent EMC simulation, which is a quite common
approach [30, 31, 24, 63]. For comparison, also the conduction band profile and spectral gain is shown as
obtained with deactivated Poisson solver (dotted lines), i.e., when no band bending is taken into account
as a result of space charge effects. In all the three cases, carrier-carrier scattering is evaluated taking into
account the exchange interactions as well as screening considered in random phase approximation (RPA).
RPA is implemented by repeatedly solving Eq. (2.3.91) to account for changes in the carrier distribution
during the EMC simulation.

Based on the results shown in Fig.2.6.1 we affirm that the proper inclusion of space charge effects
largely affects the simulation outcome for the investigated BTC structure. A significant tilt of the
conduction band is observed when taking the Poisson equation into account for the modeling of space
charge effects (solid and dashed lines in Fig. 2.6.1 (a)), which change the subband eigenenergies and wave
functions. By comparing our results to experimental data we can confirm that only the simulation results
with space charge effects included are in line with experiment. The gain profile obtained without the
Poisson solver is exceedingly reduced and broadened, see Fig.2.6.1 (b) (dotted curve). The low peak gain
of around 9ecm ™~ at 4.2 THz contradicts the experimentally observed lasing of the QCL at 3.5 THz [60].
The large gain bandwidth also disagrees with electroluminescence measurements, that yield full width at
half maximum (FWHM) widths of clearly below 1 THz [60]. The inclusion of space charge effects results
a realistic gain profile which is centered around 3.5 THz and it is in good agreement with experiment.
The FWHM widths of 0.65 THz (solid curve) and 0.66 THz (dashed curve) agree qualitatively with the
linewidth extracted from electroluminescence measurements (0.85 THz at 10 K) [60]. Still, the two gain

profiles are different to some degree, having peak gain values of 24.2 cm™! for the self-self consistent and
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Figure 2.6.2: Simulated gain spectra vs frequency, obtained by fully taking into account (solid curves) and ignoring the
exchange effect (dotted curves), and by ignoring parallel (dashed curves) spin collisions. As a reference, the result obtained
without e-e scattering is also shown (dash-dotted curves). The simulation results are shown for a lattice temperature of (a)
10K and (b) 90K.

21.2cm ™! for the self-consistent approach. This gives an insight into the importance of self-self consistent
EMC simulations for terahertz BTC designs, where space charge effects tend to play a pronounced role

in contrast to equivalent RP structures.

2.6.3 Exchange effect

There are two standard approaches to account for e-e scattering without considering the actual spin
dependence. The first method tends to overestimate the exchange effect by completely neglecting the
parallel spin collisions [44, 49], implying p, = 1/2, p, = 0 in Eq. (2.3.93). The second approach ignores
the spin dependence of electrons. In this way two electrons colliding with parallel and antiparallel spin
are treated in the same way [49], which corresponds to p, = 1, p, = 0 in Eq. (2.3.93). In RP structures,
where a moderate amount of doping is used, at elevated temperatures the carrier transport is dominated
by LO-phonon scattering and the contribution of the exchange effect is usually negligible. In BTC
designs, however, where minibands are formed by closely spaced energy levels, e-e scattering plays a more
pronounced role [12].

Fig.2.6.2 contains the self-self consistent gain spectra at 71, = 10K and 71, = 90K, with the self-
consistent inclusion of screening, i.e., taking into account screening in the RPA. Results are shown for
Pa = Pp = 1/2 (solid curve), p, = 1, p, = 0 (dotted curve), p, = 1/2, p, = 0 (dashed curve), and
Pa = pp = 0 (dash-dotted curve). The dash-dotted curves yield very narrow gain spikes around 2.8 and
3.6 THz, largely deviating from the experimental electroluminescence measurements [60]. This is a direct
proof of the importance of e-e scattering for such QCLs. As discussed in Section 2.6.2, for 71, = 10 K the
full simulation with the included exchange effect yields a realistic gain profile, as shown by the solid curve
in Fig.2.6.2 (a). Ignoring the exchange effect (dotted curve) leads to an overestimation of e-e scattering,

resulting in a peak gain reduction by 8%, and an increase of the full width at half maximum (FWHM)
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gain bandwidth by 11%. Completely neglecting parallel spin collisions (dashed curve), however, leads to
a gain bandwidth reduction of 24%, and an increase of the peak gain by 15%. For a lattice temperature
T1, = 90K, Fig. 2.6.2 (b) shows the reduction and broadening of the gain due to the increase of temperature
which is in good agreement with experiment [60, 12]; also for this temperature, ignoring the parallel spin

collisions or exchange effect has the same effects on the simulated gain profile as for the case of 11, = 10 K.

In Fig.2.6.3, the electron temperatures and the relative occupations of the different states within
the miniband are shown at 71, = 10K (compare Fig.2.6.1 (a)). We perform a least square fit of the
electron distribution functions provided by EMC to a Maxwellian to find the electron temperatures.
While the occupations of the different subbands slightly depend on the implementation of the exchange
effect, the electron temperatures show a stronger dependence. For example, the extracted temperature
for the 8th level (at 39.3meV) varies from 121.6 K to 146.7 K, depending on the implementation of
the spin dependence. The pronounced dependence of the spectral gain and electron temperature on
the implementation, and the reduced sensitivity of the occupations, becomes clear by looking at the
average dwell time of an electron in a given subband, which is the inverse of the out-scattering rate from
this subband. In Fig.2.6.4, the dwell time is shown for the eight energy levels, characterized by their
eigenenergies. For the case when scattering is low, the dwell time is high, corresponding to the case
when parallel spin collisions are ignored in the simulation (dashed curve). This is consistent with the
increased peak-gain and reduced linewidth values of the corresponding gain profile in Fig. 2.6.2 (a), which
are closely related to the out-scattering rate [12]. The electron dwell time, on the other hand, increases
by a similar factor for all the subbands which explains the relative insensitivity of subband occupations

to the chosen implementation of Eq. (2.3.93).
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Figure 2.6.3: (a) Subband occupations and (b) subband temperatures extracted from our EMC simulations, by fully taking
into account (x-marks, solid curves) and ignoring the exchange effect (plus signs, dotted curves), and by ignoring parallel
spin collisions (circles, dashed curves). The lines are guide to the eye.
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Figure 2.6.4: Electron dwell times, simulated by our EMC method, by fully taking into account (x-marks, solid curves) and
ignoring the exchange effect (plus signs, dotted curves), and by ignoring parallel spin collisions (circles, dashed curves). The
lines are guide to the eye.

2.6.4 Screening

Screening is commonly taken into account using simplified models rather than solving Eq. (2.3.91) directly,
since the computational effort involved in the RPA is increased. For instance, we can account for screening
by defining a wavenumber ¢s in Eq. (2.3.78), i.e., replacing the pre-factor €2/ (2eq) by €3/ [2e (¢ + gs)]-
In single subband models, the screening wavenumber ¢5 is obtained from Eq. (2.3.91) by assuming that
screening is caused only by a single subband, e.g., the ground state [31, 50]. For RP structures, the
modified single subband model [50] for screening of e-e interactions has been shown to yield improved

results, with
eo my

G = 50— Zfz =0), (2.6.1)

where ¢ sums over the subbands in one period.

In Fig.2.6.5, the intrasubband Coulomb matrix elements V117 (Fig.2.6.5(a)) and Viaio
(Fig.2.6.5 (b)), as well as the intersubband element Vi35 (Fig.2.6.5(c)) are shown as a function of
the wavenumber ¢q. Here, 1 and 2 denote the upper laser level at 22.2 meV and the level directly above at
23.4meV, see Fig.2.6.1 (a). Displayed are the screened matrix elements based on the RPA (solid lines)
and the simplified model according to Eq. (2.6.1) with ¢s = 0.0237nm™! (dashed lines), as well as the bare
matrix elements defined in Eq. (2.3.78) (dotted lines). In the simplified screening model the intersubband
elements approach zero for small wavenumbers, as shown in Fig. 2.6.5 (c), in contrast to the exact imple-
mentation of the RPA. A more accurate result is obtained by taking the simplified screening model only
for the intrasubband matrix elements, and by treating intersubband scattering without screening [64].

The self-self consistently calculated gain spectra at 7T, = 10K and 71, = 90 K are shown in Fig. 2.6.6.

Here, the exchange effect is included, but different screening models are used, in contrast to Fig.2.6.2.
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Figure 2.6.5: Coulomb matrix elements, as obtained with different types of screening models for the structure shown in

Fig.2.6.1(a). (a) Vi111; (b) Vi2i2; (¢) Viies.

The exact evaluation of the RPA (solid curves), which we consider as the reference curve, agrees well with

experiment, as shown in Section 2.6.2. We find an overestimation of the screening of the intersubband

elements by applying the simplified screening

model to all matrix elements, as shown in Fig. 2.6.5 (¢), and

thus a resulting underestimation of scattering. The resulting spectral gain profile at 10 K (dashed curve
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Figure 2.6.6: Spectral gain as a function of frequency, obtained by our EMC method. The three cases shown account for
screening in the RPA (solid curves), in the modified single subband model for all matrix elements (dashed curves) or in the

modified single subband model for the intrasubband
unscreened. (a) 71, = 10K; (b) 71, = 90 K.

elements only (dotted curves), i.e., treating intersubband elements as
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Figure 2.6.7: (a) Relative subband occupations and (b) subband temperatures, as obtained by our EMC method where for
the screening we have used the RPA (x-marks, solid curves) and the modified single subband model for all matrix elements
(circles, dashed curves) or for the intrasubband elements only (plus signs, dotted curves). The lines are guide to the eye.

in Fig.2.6.6 (a)) features a 25% enhanced gain peak and a very narrow spectral bandwidth (FWHM)
of 0.43THz, as compared to an experimental value of 0.85 THz. On the other hand, by completely
ignoring the screening effect for the intersubband matrix elements, we overestimate the intersubband
scattering, thus resulting in a lowered and broadened gain profile (dotted curves). As can be seen from
Fig.2.6.6 (b), the simulation results at 71, = 90 K are affected in a similar way by using the above discussed
approximations.

In Fig. 2.6.7, we compare the relative subband occupations and electron temperatures at 71, = 10 K for

the different screening models. In spite of the fact that the spectral gain in Fig.2.6.6 greatly depends on

40
= 35+ 1
()
E
> 30 .
>
o)
C
Ll 25+ i
20 : : : :
0.4 0.6 0.8 1 1.2 1.4

Dwell time [ps]

Figure 2.6.8: Electron dwell times, extracted from our EMC simulations which were obtained by taking into account
screening in the RPA (x-marks, solid curves), and using the modified single subband model for all matrix elements (circles,
dashed curves) or for the intrasubband elements only (plus signs, dotted curves). The lines are guide to the eye.



Chapter 2. Ensemble Monte-Carlo methods for heterostructures 66

the applied screening model, the occupations of the miniband levels in Fig. 2.6.7 (a) are quite insensitive to
the chosen implementation. This is similar to the behavior in Fig. 2.6.3, which is consistent with the fact
that the average dwell time of an electron in a level strongly depends on the chosen screening model, but
is changed by a similar factor for all subbands as shown in Fig.2.6.8. We attribute this to the structure
of the minibands, which are quasi-continuous in BTC QCLs. In contrast, the energetic separation of the
levels greatly varies for RP QCLs, and simple approaches like the single subband screening model have
been shown to significantly affect the level occupations [31, 50]. For this case, only a single subband which
is usually the ground level, is considered [50]. However, it should be noted that also for the analyzed
BTC QCL, this method would provide somewhat less accurate results than using Eq. (2.6.1), as done in
our simulations. The electron distribution as a function of kinetic energy within each subband can be
represented by fitted electron temperatures in Fig.2.6.7 (b) and these show a moderate dependence on
the screening model. As an example, the calculated temperatures in the 8th state (at 39.3meV) range
from 127.9K to 139.0K for the different types of screening. Here once again, more relevant deviations
from the RPA calculation would arise by implementing a single subband screening model rather than

Eq. (2.6.1), i.e., the modified single subband model.

2.7 Summary

We have derived the basic theory for the treatment of carrier transport in quantum cascade lasers by
means of EMC methods. Starting from the Schrodinger equation, the transfer matrix method for finding
the wavefunctions was discussed. An example was shown for the application of the transfer matrix method
to find the wavefunctions in a leaky quantum well. Non-parabolicity was introduced both in the confined
and in the planar direction of the structures, which is particularly important for mid infrared QCLs due to

their large laser level spacing. Fermi’s golden rule was derived from time-dependent perturbation theory
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Table 2.2: Scattering mechanisms and approximations used in the thesis.
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for the case of static and harmonic perturbations. The non-parabolic scattering mechanisms were derived
from scratch by starting from the physical interpretation of each mechanism, arriving at its perturbation
Hamiltonian and using Fermi’s golden rule to find the scattering rate. Based on the scattering rates,
the structure of the Monte-Carlo algorithm was discussed, furthermore examples for its application to
device analysis were presented. These examples illustrate the influence of electron-electron scattering on
the transport and optical properties of bound to continuum quantum cascade lasers. Particularly the
importance of the correct screening model as well as the influence of the exchange effect for electron spin
modeling was shown.

The implementation of the different mechanisms in this chapter was performed gradually. Hence we

give in Table 2.2 the approximations and effects that are included in each of the sections in this thesis.
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Chapter 3

Comparison of EMC and NEGF

methods for cascade structures

A detailed analysis of quantum transport theory can offer a good understanding of the microscopic
processes in quantum cascade structures such as QCLs and Stark ladders with THz transitions. In
typical THz QCLs, the level spacing and lasing transitions are much smaller than for the case of mid-
infrared QCLs. Coherent tunneling of electrons between quantum wells could play an important role
in these structures. Furthermore, accurate transport models are required to identify the detrimental
effects [24, 65, 27, 66] that decrease the occupation inversion and the optical gain in state of the art THz
quantum cascade lasers (QCLs). Two intensely used theories for modeling of transport in QCLs are the

non-equilibrium Green’s function method (NEGF) and the Ensemble Monte Carlo method (EMC).

The non-equilibrium Green’s function method (NEGF) [16] is a frequently implemented quantum
transport model, while our EMC method is considered to be semiclassical [25, 12]. NEGF is a very general
scheme to treat quantum effects such as particle correlations, carrier confinement and interferences, as
well as energy and momentum relaxation and phase breaking scattering events self-consistently [19].
The NEGF method requires the self-consistent solution of the Keldysh and the Dyson equation and
the scattering self-energies of every implemented scattering mechanism. These expressions have been
implemented in a real space basis. The choice of the basis increases the numerical load significantly but
allows for the consideration of electrons confined in quantum wells, as well as propagating electrons in the
continuum. We have to solve a system of four coupled partial differential equations in order to determine
the Green’s functions and self-energies. In this way, the scattering states, the transition probabilities
between them and their occupations are calculated self-consistently. We emphasize that the solution
of the four coupled differential equations is numerically very demanding. Once the Green’s functions
have been computed, observables such as the current and the electron density can be straightforwardly

calculated [19, 67]. They automatically include all coherent and incoherent effects that are represented by
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the system’s Hamilton operator and the scattering self-energies. Further details of the NEGF model can
be found in [19] and the references therein. Exact inclusion of higher order many particle interactions such
as the inelastic electron-electron scattering is typically unfeasible in NEGF. Furthermore it is common
to either simulate a limited amount of QCL periods or to approximate the in-plane momentum by a
typical single value due to numerical restrictions. Simulating only a limited amount (1-2) of QCL periods
with an exact NEGF approach without e-e scattering, can take from a few days to weeks. For these
reasons, numerically more efficient models are frequently implemented in literature which imply different
approximations.

One example for numerically effective methods is our EMC method based on the solution of the semi-
classical Boltzmann equation in a subset of the eigenfunctions of the device Hamilton operator. This
subset is restricted to low eigenenergies and the Boltzmann equation is solved to determine the occupancies
of the device states through distribution functions and scattering rates. Except for the solution of the
Poisson equation, no further iterations enter the EMC method which gives a major numerical advantage.
However, the device electrons in this method are represented in an incomplete basis which misses the
continuum states. In addition, these basis functions have an infinite lifetime which is known to yield
artificially sharp resonances in the charge transport. This is in particular problematic for the calculation
of the optical gain. For this reason, the common EMC method was extended to calculate the optical gain
assuming a Lorentzian level broadening according to the intersubband out-scattering rates [12]. EMC
also neglects non-diagonal scattering [17, 18], i.e., scattering with perturbation potentials in the form
Vinm Van and Vi Vjy, which is implemented in NEGF. Furthermore, the semiclassical nature of the EMC
method may lead to a significant overestimation of the current density in the presence of degenerate
device states and an underestimation of coherent transport. However, the reduction of numerical load
makes it well suited for systematic variations of a large number of device parameters.

We show in this chapter that the EMC and NEGF results agree well in regimes where coherent trans-
port plays a minor role. Since the threshold current of typical resonant phonon depopulation structures
lies in the incoherent regime (or lasing regime) [68], the EMC method is a well suited method for modeling
transport. In particular, the numerical efficiency of EMC allows for the systematic improvement of future

THz-QCL designs [22].

3.1 Stark ladders

The most elementary quantum cascade structures are Stark ladders [69]. They are favorable, since an
interpretation of the obtained simulation results is facilitated by the relatively small number of states
per period. Additionally, the short period length of the Stark ladders is numerically advantageous for
our NEGF simulations. We compare the EMC and NEGF theories based on the obtained current-

voltage (IV) characteristics and optical gain for the simulated Stark ladders. All parameters of both
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Figure 3.1.1: Conduction band profile and absolute square of the wavefunctions for the investigated Stark ladder [69], biased
at 10kV /cm. It consists of 40 A Alg.1Gag.9As barriers and 240 A wells. The doping in the well is 1019 cm—2.

methods are either well established material parameters or taken from literature. Both transport models
in this section take into account the incoherent scattering of electrons with longitudinal polar optical
phonons (LO-phonons), acoustic phonons, charged impurities and rough interfaces, and the electron-

electron interaction is considered in the Hartree approximation.

We apply the EMC and the NEGF method on electronic transport in two types of Stark ladders, i.e.,
240 A wells with 20 A barriers and 240 A wells with 40 A barriers [69]. The Stark ladders for the second
case are shown in Fig. 3.1.1, where we see a moderate extension of the states in the adjacent wells. This
delocalization is even stronger when the barriers are halved. The lattice temperature and sheet doping
density were taken as 100 K and 10'° cm~2. The doping was reduced to a factor of 10 smaller than in the
original design [69] for using the approximate sheet doping in resonant phonon depopulation THz QCLs.

The current-voltage characteristics are compared in Fig.3.1.2(a) for the 20 A barrier case and in
Fig.3.1.2 (b) for the 40 A barrier case, showing a good agreement. For Stark ladders as for resonant
phonon depopulation THz QCLs, the current is mainly carried by LO-phonon scattering while Coulomb
scattering plays only a secondary role. We identify a leakage region for the Stark ladder with 20 A
barriers, where conduction of electrons through continuum states is identified by NEGF. The NEGF
approach implements electronic states in real-space self-consistently, thus is able to take into account
the continuum states adaptively. EMC, however, underestimates the current in the leakage region due
to the limited number of higher lying states that it can use with periodic boundary conditions. The

absorption for the 20 A barrier case does not agree between the two methods (not shown), indicating
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Figure 3.1.2: Calculated IV-characteristics of the GaAs/Alg 1 Gag.9As Stark ladders operating in the THz regime. The wells
are 240 A. Barrier widths are 20 Ain (a) and 40 Ain (b) respectively. Results of the EMC method are depicted by the solid
line and agree in a large bias range with NEGF calculations (dash-dotted).

that EMC in this regime starts to become unreliable. We note, however, that barriers contain only 10%
of aluminum and they are very thin compared to the wells, which gives almost the bulk limit. For this
case the states become highly unbound and, as discussed in Section 2.1.3, the quasi-bound approximation
becomes invalid, i.e., EMC fails to predict the current. At low bias fields, where several barriers still limit
the coupling of the states to the continuum this does not happen. When the field is increased, however,
the leakage into the state continuum sets in, and the EMC method underestimates the current density.
This leakage is efficiently suppressed for increased barrier widths too, as shown in Fig.3.1.2 (b) for the
Stark ladder having 40 A barriers. The onset of the leakage into the state continuum is shifted towards
higher applied electric fields here and the results of both methods agree in a larger bias range. We also

observe a factor of 6 increase in the maximum currents by halving the barriers, showing the sensitivity

to the barrier thickness.

It is worth mentioning that a coherent transport regime is not present for the Stark ladders, as shown
in Fig. 3.1.2. In the coherent transport regime, where scattering is suppressed due to the misalignment of
the levels, EMC can also underestimate the current as we will see for THz QCLs. As shown in Fig. 3.1.3,
the obtained spectral loss of the Stark ladder agrees well for the two methods. The spectral loss, however,
can still disagree for some bias points even for the Stark ladder with 40 barriers. We attribute this to the
remaining unbound nature of the states even for this barrier thickness, as well as the different boundary

conditions of EMC and NEGF. While EMC used periodic boundary conditions, in NEGF three wells and
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Figure 3.1.3: Theoretically predicted absorption for the Stark ladder with 40 A barriers at 10 kV /cm, designed to operate at
a frequency of 4.9 THz. Results of the EMC method (solid) nicely agree with results of the NEGF method (dash-dotted).

field-free periodic leads were used to ’approximate’ the cascade periodicity.
We see a good agreement for the absorptions calculated by NEGF and EMC in Fig. 3.1.3. We mention,
however, that we had to integrate the spatially resolved absorption coefficient in NEGF, which had some

uncertainties in choosing the actual interval where the results are not influenced by the leads.

3.2 Quantum cascade laser emitting at 2.75 THz

We apply the EMC and NEGF method on stationary transport in the THz-QCL structure of [70] at a
lattice temperature of 40 K and a sheet doping density of 1.95 x10'° cm=2. A single period of this QCL
consists of a sequence of GaAs and Aly 15Gag g5 As layers of the widths (30) 92 (55) 80 (27) 66 (41) 155 A,
with the Aly 15Gag.g5As barriers given in parenthesis. The underlined well contains homogeneous doping.
In both methods, we take electron-phonon and interface roughness [61] scattering into account. Electron-
electron interaction is implemented in the Hartree approximation by a Poisson solver. In addition, we
also account for inelastic electron-electron scattering in the EMC method. In order to illustrate the
typical confinement energies and resonant laser states, Fig. 3.2.1 shows the magnitude squared of the
wavefunctions used in the EMC method. The upper and lower laser levels are marked by solid lines.

States of adjacent periods are separated by the energy of an LO-phonon (36 meV). Thus, electrons
traverse between the states of adjacent periods by the resonant emission of an LO-phonon. Thereby, the
lower laser level gets emptied [71, 72]. The EMC method models electronic transport with eigenfunctions
of the Hermitian Hamilton operator of the QCL structure. Incoherent scattering mechanisms that limit
the electronic lifetime are not included in the determination of the QCL states. Thus, the electronic
states in Fig. 3.2.1 are given as discrete levels. In EMC, elastic and inelastic scattering is only included
in the calculation of the state occupancy. In contrast, the resonant energies, the state linewidth and state
occupancies are self-consistently determined in the NEGF method.

In spite of this discrepancy, both models reproduce the experimental current-voltage (IV) character-
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Figure 3.2.1: Energy levels and squared wavefunctions of the QCL at the peak-gain bias of 54.16 mV per period given by
the EMC method.

istics for bias voltages above 30 mV per period, as shown in Fig. 3.2.2 (a). For bias voltages below 30
mV per period, however, the EMC method yields a very small current density. The energy separation
of the electronic states simply does not allow efficient scattering of the electrons by LO-phonons for
producing a current. We name this the coherent regime, since NEGF can still reproduce the experi-
mental curve at these bias points. For this QCL, the dominant transport mechanism in this regime is
the coherent multi-barrier tunneling [19]. We illustrate this in more detail in Fig. 3.2.2 (b), which shows
IV-characteristics resulting from a ballistic NEGF calculation when all incoherent scattering mechanisms
are neglected (* dashed line). At low bias voltages, results of the ballistic calculations agree with results
of NEGF calculations including incoherent scattering (+ dashed line) which indicates the coherent nature
of transport in this regime. Since coherent transport is neglected in EMC (x solid line in Fig. 3.2.2 (a)),
the current density is very small in exactly that bias range which the NEGF formalism identifies as the

coherent regime.

For voltages above 30 mV per period, the incoherent regime sets in. Here, incoherent scattering
significantly enhances the current density in both methods. This is illustrated in Fig. 3.2.2 (b) for the
example of interface roughness scattering. Calculations ignoring rough interfaces yield in the NEGF
formalism (* dashed) and in the EMC method (e solid) a significantly smaller current density than the
respective calculations including this effect (+ dashed for NEGF, x solid for EMC). Although the two
methods require different interface roughness parameters (slightly larger interface roughness step height)

to fit the experimental current, EMC can reproduce results of fully quantum mechanical calculations in
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Figure 3.2.2: (a) Comparison of the simulated currents to experimental results. (b) Different cases of transport, which are
shown to illustrate the contribution of the varying scattering and transport mechanisms.

the incoherent regime.

A well known issue arises when the discrete sharp energy levels in the EMC method get aligned
[25]. Any narrow anticrossing of discrete states yields highly delocalized wavefunctions. Thus, the EMC
method tends to overestimate the form factor and accordingly the scattering rate when discrete states are
aligned. In this situation, the overestimation of scattering in the EMC method causes artificial current
spikes [24] and often unreliable gain. Hence, bias voltages that correspond to aligned discrete states are

commonly avoided in EMC calculations [25].

In contrast to the IV-characteristics, the optical gain is sensitive to the linewidth of the resonant
states for every bias voltage. Therefore, the EMC method was augmented by a procedure that generates
a spectrum of resonant QCL states with finite lifetime [12]. In this procedure, the discrete energy
spectrum in Fig. 3.2.1 is multiplied by Lorentzian functions of widths that correspond to the calculated
out-scattering rates. In order to show that this procedure gives consistent results, we compare in Fig. 3.2.3

the local density of states (LDOS) of the EMC (a) and the NEGF method (b).

We see a reasonable agreement between the resulting LDOS of both methods. The only significant
difference is the missing resonance #4 in the NEGF calculation. State #4 in the EMC method originates
from an alignment of state #5 with a state of the preceding QCL period (see Fig. 3.2.1 and Fig. 3.2.3 (a)).
We model in our NEGF implementation only one QCL period with field free leads [73]. Therefore, the
states of the preceding period lie at slightly different energies and this state anticrossing with state #5
is absent in the NEGF model (compare Fig. 3.2.3 (b) with (a)).
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Figure 3.2.3: (a) EMC and (b) NEGF local density of
states of the simulated QCL at the peak-gain bias of
54.16 mV per period. We observe similar linewidth and
the missing level #4 in case of NEGF.

Figure 3.2.4: The optical gain in EMC (solid) and
NEGF (dashed) at a bias of 54.16 mV per period. We
get quantitative agreement. The slight asymmetry in
EMC is explained in the text.

For the calculation of the gain in the EMC method we use the same procedure as for the LDOS, but
here the Lorentzian are weighted with the occupation inversion [12]. Optical gain in the NEGF method
is calculated in linear response [19], taking into account the occupation inversion and the finite linewidth.
The qualitative agreement in the LDOS of both models (see Fig. 3.2.3) explains the good agreement of
the predicted gain spectra shown in Fig. 3.2.4. We find the small discrepancy for photon frequencies
below approximately 2 THz to originate from the missing resonance #4 in the NEGF calculation, (see

Fig. 3.2.3 (a)).

3.3 Quantum cascade laser emitting at 3.4 THz

We investigate a resonant phonon THz-QCL [25] at a lattice temperature of 25 K. The conduction band
profile and the relevant states in a single period of this QCL at a bias of 13.4kV/cm are depicted in
Fig. 3.3.1. The structure has a larger doping and lasing frequency than the previously investigated QCL.
The upper and lower laser levels are marked by solid lines (4) and (2), while the upper and lower LO-
phonon depopulation levels (1) and (5) are dashed. A resonant phonon-depopulation structure is based
on the depletion of the lower laser level (2) through the upper phonon level (1) to the lower phonon level
(5). Aftewards, electrons are re-injected into the upper laser level of the next period through the injection
level (3). Note that the energy separation of the lower laser level (2) and state (5) of the next period
approximately equals the LO-phonon energy.

The current-voltage characteristics for the 3.4 THz structure are compared to experiment in Fig. 3.3.2.
Overall, the results of both methods agree well with experiments. However, we identify the same transport
regimes as for the 2.75 THz QCL and find that the agreement of both methods depends on the respective

regime. The coherent regime discussed in the previous section, is also identified for the 3.4 THz QCL.

For low bias fields, the transport is typically dominated by coherent multi-barrier tunneling. For this
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Figure 3.3.1: Conduction band profile and wavefunctions squared for the investigated QCL. The wavefunctions serve as
input for the semiclassical EMC simulation. The modeled THz QCL (biased at 13.4kV /cm) [25], consists of Alg.15Gag.g5As
barriers and GaAs wells with layer thicknesses (given inA): (38) 64 (24) 78 (54) 94 (24) 148, where the values in the
brackets represent the barriers. The underlined well contains a uniform sheet doping of 2.8 x10'0 cm™2.

structure, however, as we see from the ballistic curves, coherent multibarrier tunneling does not increase
the current in the coherent regime. We believe that the current is mainly carried here by the broadening of
the levels, which still allow scattering transitions in contrast to sharp energy levels in EMC. We conclude
that in the coherent regime, a realistic model requires the self-consistent inclusion of the level broadening
and/or coherent multibarrier tunneling.

When the state alignment in this kind of QCL allows for the resonant emission of LO-phonons, a major
fraction of the charge transport is controlled by incoherent scattering. This is the incoherent regime as
illustrated in Fig.3.3.2. The ballistic NEGF calculation (dotted), which ignores any kind of incoherent
scattering, strongly deviates from the experimental data (dashed) for bias fields above 7kV/cm. The
bias of 7kV/cm marks the borderline between the coherent and incoherent transport regimes. Since the
EMC method does not include the finite linewidth of the resonant states, it notoriously underestimates
the coherent tunneling at low bias fields. For this reason, the EMC method fails to predict transport in
the coherent regime.

The 3.4 THz QCL exhibits large current spikes in the EMC simulation. These artifacts occur due
to the narrow anticrossing of the device states especially between 7-10kV /cm. Typically an anticrossing
below 2 meV causes the wavefunctions to overlap considerably. Furthermore the energy conservation
also gets fulfilled more easily due to the small level spacing. The large overlap and close level spacing

favorizes scattering between these two levels, which is overestimated, leading to the overestimation of
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Figure 3.3.2: Calculated and experimental current-voltage characteristics of the THz-QCL in Ref. [25]. The ballistic
NEGF calculation (dotted) ignores any incoherent scattering and yields much smaller current densities than results of
NEGF calculations including all relevant scattering mechanisms (dash-dotted). Results of the EMC method (solid) agree
quantitatively with NEGF calculations and experimental data (dashed) for bias fields above 10kV /cm.

currents in the device. The current spike of the EMC method (solid in Fig.3.3.2) at approximately
8.3kV/cm originates from the alignment of the QCL states 1 and 3 (see Fig.3.3.2). Current spikes,
however usually do not occur in the region where the maximum gain is observed in THz QCLs. This is
also the case for the 3.4 THz QCL, where EMC agrees well to the experiment above 10kV /cm.

In Fig. 3.3.3 we compare the spectral gain profile for the two methods at the bias field of 13.4kV /cm.
We see a qualitative agreement, which confirms that in the incoherent regime transport is mainly semi-
classical and the NEGF gain can be reproduced by EMC. We mention, however, that we consider the

above results qualitative and the complete understanding of the nature of spectral gain in QCLs would
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Figure 3.3.3: Spectral gain profile for the 3.4 THz QCL calculated by EMC and NEGF.
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require further investigations.

3.4 Summary

We have compared results of the semi-classical EMC and the fully quantum mechanical NEGF method
for stationary charge transport in quantum cascade lasers and Stark ladders. We find in the incoherent
transport regime that the semi-classical EMC transport model nicely agrees in the predicted current
density and optical gain with results of the fully quantum mechanical NEGF method. In particular,
both models reproduce experimental results. For bias voltages significantly below threshold, coherent
multi-barrier tunneling dominates the transport. Since EMC does not include this type of transport, it
underestimates the current density in this regime. Nevertheless, the optimization of QCL designs requires
reliable predictions close to and above threshold. Therefore, we have shown that for the purpose of design
optimization, the numerical load of a detailed NEGF calculation can be avoided and the numerically
efficient EMC method is appropriate.

For Stark ladders that have weakly confined states, we have found that tunneling in the continuum
states above the structure can play a considerable role in transport, which is not reproducible by EMC.
The results for the 2.75 THz and 3.4 THz QCL prove also that every QCL has different amounts of ballistic
transport, however when all the scattering rates are included, the transport in the incoherent regime is

semiclassical.
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Chapter 4

Temperature performance of THz QCLs

Quantum cascade lasers offer a compact approach to coherent generation in the THz regime [9]. The fre-
quency range of 1-10 THz is important for linking optics and electronics as well as many new applications
could arise from compact laser sources in this range. For example THz imaging for biological, medical
or security applications. Furthermore quality control for drug manufacturing, remote sensing of earth’s
atmosphere and study of star and galaxy formation as well as detection of concealed drugs explosives or
weapons. A good summary of the work that has been done for covering the 'THz gap’ has been recently
published [9].

One alternative for generating coherent THz radiation are terahertz quantum cascade lasers (QCLs),
which since 2001 have been subject to continuous optimization with respect to temperature perfor-
mance and output power. Particularly, room temperature operation in the terahertz regime has been
a long-standing goal. Progress has been made by introducing resonant phonon depopulation (RP) de-
signs [71, 74], reducing the number of wells per device period [75], and by applying copper metal-metal
waveguides [74]. Optimizations with respect to the diagonality of the lasing transition resulted in a
3.9 THz QCL operating at a record temperature of 186 K [66]. However, efforts in improving the tem-
perature performance of a similar vertical 3.2 THz structure by introducing some degree of diagonality
failed [76]. The goal of this chapter is to clarify these apparently contradicting results and to investi-
gate the role of lasing transition diagonality for the optimization of RP terahertz QQCLs with respect to

temperature operation.

4.1 Design of THz QCLs

We have designed and analyzed three-quantum-well terahertz QCLs with different degrees of diagonality

and frequencies between 1.8 and 4.8 THz. For the self-consistent modeling of QCLs, we have used our
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Table 4.1: Overview of the designed THz QCLs. All layer thicknesses are given in angstrom, and bold numbers indicate

barriers. The underlined wells are doped with a sheet density of 2.7x10'0 cm~2 in their 55 A-wide middle region.

Freq. 0% diagonal 30% diagonal 50% diagonal 70% diagonal
1.8 THz | 46,/98/31,/76/43,/161 | 49/94/35,78/47/161 | 51,92/39,/80/48/161 | 52/91/48,/80/49,/161
2.3 THz | 48/95/27/73/42/157 | 51/90/31/77/46/158 | 52/89/35/80/47/159 | 52/88/42/81/48/160
2.8 THz | 48/94/24/72/42/157 | 51/89/28/78/46/159 | 52/87/32/80/47/159 | 53/86/39/81/48/159
3.2 THz | 48/96/20/74/42/161 | 51/90/24/81/46/163 | 52/88/29/84/47/163 | 52/87/36/86/48/163
A1 THz | 47/99/15/73/40/164 | 51/88/19/83/44/164 | 52/86/23/87/45/164 | 53/85/32/89/47/164
48 THz | 49/98/12/71/39/163 | 52/86/15/84/42/164 | 53/83/20/89/44/164 | 54/82/29/92/45/164

semiclassical ensemble Monte Carlo (EMC) simulation tool [28, 25, 31] which we compared to full quan-
tum transport methods [28, 62] in the previous chapter. As discussed in the previous chapters, the EMC
simulation tool has been specifically developed for the analysis of QCLs [12, 27], self-consistently includ-
ing the scattering mechanisms, namely, electron-electron (e-e), electron-longitudinal optical and acoustic
phonon, and electron-impurity scattering. Since interface roughness highly depends on the growth process
and its exact parameters are difficult to measure, this scattering mechanism is included phenomenologi-
cally using typical parameter values [12, 62]. For the design of GaAs/Aljy 15Gap s5As THz QCLs, barrier
heights between 135-150 meV are commonly used [71, 74, 75, 66, 76]. For our simulations we assumed
a barrier height of 165 meV, corresponding to 72% conduction band offset [77]. This larger value was
utilized to avoid sharp anticrossing of the lower laser level with weakly-bound upper states in the second
downstream injector, arising in some of the investigated designs and leading to well-known simulation
artifacts [25]. Effective electron masses of 0.067 in the wells and 0.076 in the barriers are assumed. We
verified that the observed trends are robust with respect to the assumed barrier heights and interface

roughness values.

For our analysis, we have designed QCLs with different degrees of diagonality at various operating

frequencies. The degree of transition diagonality between upper and lower laser states is quantified in

vert

terms of the oscillator strength fos., normalized to the value for the corresponding vertical design fJ".

Thus, for the vertical structures we have fosc/ ¥ = 1, corresponding to a 0% diagonal design. A design

osc
with fose/ fe" = 0.7 is referred to as a 30% diagonal structure, etc. In order to make the simulation results
comparable, a special effort was made to keep laser designs very similar. In particular, the upper and lower
laser level anticrossing energies with injector states (for injection and extraction, respectively) were kept
in the range 1.5-1.6 meV and 3.3-3.6 meV, respectively. If we assume the Alp15Gag gsAs barrier height
to be 135 meV, these injection/extraction anticrossing energies become 1.95-2.0meV for the injection
anticrossing and 4.25-4.6 meV for the extraction anticrossing, which is in line with the injection/extraction
anticrossing values used in current state-of-the-art devices [74, 75, 66, 76]. The energy separations between
the upper and lower injector states were kept in the range 37-39 meV in all laser designs. These parameters
combined with the desired laser operating frequency and diagonality of the laser transition uniquely define

the layer sequence for the structure [75]. The layer thicknesses of the designed structures are summarized

in Table4. Experimentally, the 0% diagonal structures were tested for the 2.3 THz, 3.2 THz, and 4.1 THz
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Figure 4.2.1: Occupation of the upper and lower laser level (solid lines), injection level (dashed lines) and ground level
(dotted lines) for the a) 2.3, b) 3.2 and c) 4.1 THz structure. Furthermore, the temperature dependence of the d) injection
efficiency into the upper laser level, e) parasitic injection efficiency into the lower laser level, and f) gain for the 2.3, 3.2
and 4.1 THz structure is shown. The inset contains a close-up of the gain in the technically relevant temperature range of
150-200 K, clearly showing the superior performance of the 3.2 THz QCL in this temperature range.

designs [76]. Also copper double-metal 3.2 THz QCLs with an active region based on a 30% diagonal
transition were tested experimentally. The devices operated up to 174K [76]. which is lower than the

maximum operating temperature of 178 K for similar devices based on a vertical 3.2 THz design [76].

4.2 Temperature performance and frequency

We present simulation results for the structures from Table4 with 0% diagonality at the frequencies of
2.3, 3.2 and 4.1 THz. The best performing device was operating up to about 174 K at a frequency of
3.2THz [76, 22]. The three well design THz QCLs discussed in this chapter have four relevant energy
states: the upper and lower laser level and the upper and lower phonon depopulation level in the injector

well (the underlined wells in Table 4.

In Fig.4.2.1(a), (b) and (c), the temperature dependent occupations are shown for these levels.
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Solid lines represent the upper and lower laser level, respectively, while the most occupied is the lower
LO-phonon depopulation state. At elevated temperatures, all three structures exhibit a reduced upper
laser level population and an increased lower laser level occupation, giving rise to a reduced inversion.
Notably, the 2.3 THz structure features the lowest degradation with temperature, but also the smallest
initial population difference. In contrast, the 4.1 THz QCL has the highest occupation inversion at low
temperatures, but the degradation with temperature is also large. The 3.2 THz QCL is between these
two cases, explaining the superior THz QCL performance at this frequency.

For a more detailed analysis, we have determined the injection efficiency into the upper laser level and
the parasitic injection into the lower laser level, shown in Fig. 4.2.1 (d) and (e). The least efficient injection
into the upper laser level and the strongest parasitic injection into the lower laser level is observed for the
2.3 THz QCL. This is a direct result of the close level spacing (reduced lasing frequency), which increases
the parasitic coupling between injector and lower laser level. The increased initial population and its
strong degradation with temperature for the 4.1 THz QCL is explained by the increased level spacing
that favorizes LO-phonon scattering from the upper to the lower laser level. The thermally activated
LO-phonon scattering is visible also in the decrease of injection efficiencies for the 4.1 THz structure
between 150 and 250 K, while for lower frequency structures the decrease is moderate.

In terms of injection efficiencies, the devices operating at 3.2 and 4.1 THz have similar values, however
the 3.2 THz structure has a slightly higher transition dipole (6.1 nm, while the 4.1 THz QCL has 5.8 nm)
giving a higher overall gain. These small deviations result in an increase of the maximum operating tem-
perature by a few Kelvins, which is observable experimentally. In Fig. 4.2.1 (f) we show the unsaturated
spectral gain for the three structures, where the best performing device is the 3.2 THz QCL, as observed
experimentally. The inset shows the technically relevant operating temperature regime between 150 and
200 K.

In summary, low frequency devices are limited by increased parasitic injection into the lower laser
level due to the decrease of level spacing. High frequency devices are limited by thermally activated
LO-phonon scattering from the upper to the lower laser level due to increased level spacing, which is now
closer to the LO-phonon energy for these structures. There is an optimum frequency of around 3 THz,
where the tradeoff between parasitic injection and thermal activation is optimum, making these THz

QCLs the devices with the best temperature performance in the case of vertical lasing transitions.

4.3 Temperature performance and diagonality

As we go from 0% diagonal to 70% diagonal structures, the wavefunctions get more localized in a single
well as shown in Fig. 4.3.1 for the 3.2 THz structure. From the basic perspectives of THz QCL design, the
diagonal laser transition is expected to help improve the electron injection efficiency into the upper laser

state, suppress electron leakage from the upper laser state to the downstream injector, and reduce the
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Figure 4.3.1: Conduction band diagram for the 3.2 THz QCL with (a) 0% diagonality and (b) 70% diagonality. Upper and
lower laser levels are marked by red and black bold solid lines.

nonradiative electron scattering rate from the upper laser state; however, the diagonal laser transition
results in smaller transition dipole moment compared to a vertical transition [66, 76]. One may expect
that THz QCL structures based on vertical design may provide higher gain at lower operating temper-
atures, when electron injection into the upper laser state is efficient and the LO-phonon scattering of
thermally excited electrons in the upper laser state [78] is suppressed. However, diagonal transitions may
have advantages at higher operating temperatures. Because the parameters of the electron transport (in-
jection efficiencies and lifetimes in various laser states) are difficult to estimate analytically, we use EMC

simulations to compare the peak gain of devices with various diagonalities at different temperatures.

Fig. 4.3.2 shows the temperature dependent peak gain for the designed structures in Table4, as ob-
tained by our EMC simulations. As expected, for increased diagonality, we observe a decreased gain at
low temperatures, but also a smaller gain degradation with temperature. At laser lattice temperatures
around 150-200 K, representing the currently relevant range for temperature performance optimizations,
diagonality does not offer an advantage for the low frequency structures that we studied. Specifically, in
case of the 3.2 THz design we see no improvement of the temperature performance for the 30% diagonal
as compared to the 0% diagonal structure, which is consistent with experimental observations [76]. For
higher lasing frequencies, diagonal designs offer clear advantages. The reason is that when the energy
spacing between upper and lower laser level increases towards the LO-phonon energy (36 meV in GaAs),
scattering of thermally excited electrons in the upper laser level becomes very strong even at modest
temperatures [78], resulting in reduced population inversion and thus a strongly decreased peak gain.
This detrimental mechanism is suppressed in diagonal designs, which for high operating temperatures
maintain increased population difference outweighing their reduced oscillator strength. For low frequency
structures, where LO-phonon scattering of thermally excited electrons between the laser levels is less pro-
nounced, diagonal designs offer an advantage only at higher operating temperatures, where the thermal

activation of LO-phonons is stronger. Thus, for the currently reached operating temperatures [76, 66],
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Figure 4.3.2: Dependence of the peak gain on the active region lattice temperature for different operating frequencies and
diagonalities. The shown results are for optimum bias, which only weakly depends on temperature and has for each structure
been determined at 150 K as to yield maximum gain.

we find improvements in peak gain only for designs operating above approximately 3.5 THz.

For additional details on our simulation results, we show in Fig. 4.3.3 the population inversion An
between the upper and lower laser level and gain bandwidth A f (full width at half maximum) at maximum
gain, for 2.3 THz and 4.1 THz structures of different diagonalities. We note that the peak gain scales with
foscAn/Af. Overall, the 2.3 THz structures (Fig. 4.3.3 (a)) exhibit a higher Af in our simulations than
the 4.1 THz designs (Fig. 4.3.3 (b)), which is mainly due to increased Coulomb scattering as well as IR
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Figure 4.3.3: An and Af for different degrees of diagonality for the (a) 2.3 THz QCL and (b) 4.1 THz QCL at lattice
temperatures of 150 and 200 K, respectively. The bias is chosen as to maximize the peak gain.

scattering for these structures. Higher An and, to a lesser extent, smaller Af of more diagonal designs
overcompensate the reduction of f,s. in case of the 4.1 THz structures, however not for the 2.3 THz QCLs.
For both structures, a decrease of Af with increasing diagonality is observed. The gain broadening is
related to scattering events involving the laser levels. For diagonal lasing transitions, all the contributions
get reduced except for IR scattering, which may go up or down. Furthermore, we observe an increase of

Af with temperature, which is due to enhanced LO-phonon scattering.

The effect of diagonality d is further investigated by introducing the relative quantities Angg =
An(d)/An(0%) and Afr = Af(d)/Af(0%). In Fig. 4.3.4 we plot Anye and Af,| as a function of
temperature for d = 30% (Fig. 4.3.4 (a)) and d = 50% (Fig. 4.3.4 (b)). Comparing Fig. 4.3.4 (a) to (b),
we find that An,. increases with temperature. This trend is most pronounced for 4.1 THz devices with

50% diagonality. Very little change of Af_!

o] in the temperature range shown in Fig. 4.3.4 indicates that

diagonal structures at elevated temperatures mainly profit from improved inversion. Finally, Fig. 4.3.4
clearly shows that diagonal designs offer a much stronger improvement in inversion for the 4.1 THz QCLs

than for the 2.3 THz structures.

To investigate the robustness of our results, simulations with a fixed lasing transition linewidth (of
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1 THz) were performed (not shown). They confirm the previously obtained trend of the spectral peak
gains for the different structures. We find that for the case of a fixed linewidth, the gain improvement

for diagonal designs is only slightly reduced.

4.4 Robustness with respect to interface roughness

We have doubled the interface roughness mean height from 1.2 to 2.4 A, to check the generality of our
results with respect to different material quality. We find the same message to be valid for increased
interface roughness, as shown in Fig.4.4.1. Here we see a reduction of gain with the increase of interface
roughness (top figures). Furthermore, the optimum amount of diagonality for high frequency structures
changes with interface roughness, thus it must be chosen carefully. For higher interface roughness,
diagonality should be somewhat decreased to suppress the interface roughness scattering. All in all
the curves are relatively close, meaning that these optimizations would change the maximum operating

temperature only by a few Kelvin.

4.5 Summary

We have designed three-quantum-well THz QCLs at various frequencies featuring different degrees of

diagonality, and analyzed the benefits of diagonal laser transitions for high temperature operation. The
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Figure 4.4.1: Peak gain of the simulated 2.3 THz and of the 4.1 THz QCLs with different diagonalities. The top figures
were calculated with 2.4 A interface roughness mean height, while the bottom plots correspond to our published results also
shown in Fig.4.3.2 (mean height of 1.2 A and correlation length of 100 A).

relatively good performance of vertical transition (0% diagonal) QCLs around 3 THz is explained by
an interplay between parasitic injection in the lower laser level and LO-phonon emission between the
lasing states. The former limits low frequency structures, while the latter gives a limit for high frequency
QCLs. We find that the main advantage of diagonal structures is the considerably increased inversion;
additionally, the reduced gain bandwidth of diagonal transitions is beneficial. These effects can outweigh
the reduced oscillator strength and provide advantage in QCL temperature performance when diagonality
is considered. For designs operating above approximately 3.5 THz, we find that diagonal structures offer

advantages at operating temperatures already below 200 K. For lower frequencies the advantages offered
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by diagonal designs become relevant only at operating temperatures of 200-250 K or higher. These

simulation results provide a basis for a further optimization of the temperature performance of terahertz

QCLs.



Chapter 5

Modeling of mid-infrared quantum

cascade lasers

We have specifically adapted the material parameters and the EMC code for the simulation of InGaAs-
based mid-infrared (MIR) QCLs in this thesis. Since MIR QCL structures often reach a considerable
wall-plug efficiency (WPE) and output power, we investigate the effects of the stimulated electronic
processes on transport as well as the influence of the various scattering mechanisms. Furthermore we
show that at various wavelengths EMC can well reproduce experimental results. The validation of our
EMC solver against THz QCLs in Chapter 3 and Chapter 4 and infrared QCLs in this chapter will offer
the possibility to model complex structures. One example would be difference-frequency generation of

terahertz radiation which is a long standing goal.

5.1 Short injector QCL operating at 8 ym

In the following, we employ our self-consistent EMC simulation tool for the analysis of a short-injector
mid-IR InggGag.4As/Ing 365 Alp.635As QCL [56]. Such short injector and injectorless indium-based MIR
QCLs are among the most efficient structures up to date, having high wall-plug efficiencies, emitting more
light than heat in special cases [7] and easily providing watt level output powers at room temperature [79].
We discuss the role of the various scattering mechanisms and investigate the influence of non-parabolicity
for the calculation of the subband energies and wave functions. We also model the carrier-light coupling in
the structure and self-consistently calculate the QCL output power [33], and identify mechanisms which
limit the obtainable output power. Our EMC simulation tool has proven of value for the simulation of

THz QCLs [24, 12], and has been extended to account for effects relevant in MIR structures.

91
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5.1.1 Effects included in the simulation

Scattering mechanisms included are electron (e)-longitudinal optical phonon interactions including hot
phonons, as well as e-acoustic phonon, e-impurity, e-interface roughness, e-e and e-alloy scattering. All
scattering mechanisms are self-consistently implemented, only using established material parameters [80]
with scattering rates given by Fermi’s golden rule. Since the exact values of the interface roughness
parameters are not well known and depend on the growth conditions, we have measured the interface
roughness indirectly from photoluminescence measurements at liquid nitrogen temperature and found a
related scattering lifetime of 60 fs. In our simulations we used the interface roughness parameter values
of A=0.06 nm and A=17nm to explicitly reproduce this measured value and account for the product of
AA ~ 1 nm? given in [81, 82]. The EMC tool is coupled to a Schrédinger-Poisson solver which delivers the
subband energies and wave functions [27]. Band non-parabolicity has been included to correctly account
for the energetic level separation in the device, which is needed for the accurate calculation of the current-
voltage (I-V) curves. Non-parabolicity is known to change the higher lying states in a heterostructure. For
an appropriate implementation, we also corrected the non-parabolicity parameter by the split-off energy
[37]. In our implementation, the temperature dependence of the non-parabolicity parameter enters via
the temperature dependent bandgap. To account for alloy scattering in the investigated material system,
we have added e-alloy scattering in the random alloy approximation [42] as derived in Section 2.3.7. The
used scattering potentials were 420 meV and 500 meV in the wells and barriers respectively [83], which
only depend on the type of the alloy materials but not their concentrations. For LO-phonon scattering,
we took into account only InAs-like phonons, since the GaAs- and InAs-like LO-phonon energies (33 meV

and 29meV, respectively) are relatively close together [84].

5.1.2 Role of the scattering mechanisms

Room temperature results are shown for the short injector Ing ¢ Gag 4As/Ing 365 Aly 635 As mid-IR structure
emitting at 8 um [56]. The QCL consists of 64 periods in the active region; both facets are uncoated.
Measurements were performed in pulsed mode.

Current-voltage curves for the present QCL were explicitly measured by growing the device without
active region to account for the voltage drop at the contacts. We have performed EMC simulations
for different bias points and have compared the obtained current-voltage characteristics and the optical
output power to experiment. First we assess the importance of the different scattering mechanisms for
the investigated structure. We evaluate their contributions to the current by switching off one type of
scattering at a time in our simulations. LO-phonon scattering, which governs the carrier transport in the
simulated QCL, is always taken into account. As shown in Fig. 5.1.1, interface roughness scattering plays
an important role for the current, and a moderate influence of alloy scattering is also observed. Alloy
scattering is found to be more important at higher biases, especially in the lasing region. Interestingly,

Coulomb interactions, i.e., e-e and impurity scattering, practically do not contribute to the current, in
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Figure 5.1.1: EMC simulation results for the current-voltage characteristics. We observe a large effect of interface roughness
and also an influence of alloy scattering on the total current, while e-e scattering and impurity scattering can be practically
neglected. A comparison to experiment is shown in the inset, where we find qualitative agreement between EMC and the
experimental result.

contrast to GaAs/Aly15Gag gsAs THz QCLs [29]. As shown in the inset of Fig. 5.1.1, we find good
agreement for the EMC and experimental currents, however these simulations were done without taking
into account carrier-light coupling. We note that stimulated photon emission and absorption events
lead to an increased current in the lasing region as discussed further below [33], which can exceed the
experimentally measured value. On the other hand, preliminary simulations indicate that an inclusion of
lifetime broadening of the energy levels in EMC carrier transport simulations would result in a somewhat

reduced current, counteracting this effect.

In Fig. 5.1.2, the influence of the various scattering mechanisms on the unsaturated spectral gain profile
is investigated, i.e., carrier-light coupling is neglected here. We choose a bias of 60 kV/cm, yielding the
maximum gain in our simulations. Also the experimental measurements indicate that this is close to
the optimum bias, since the onset of the negative differential region occurs slightly above this point (see
Fig. 5.1.1). Again we switch off one of the scattering mechanisms at a time and compare the result to the
reference gain profile, obtained by the full EMC simulation. As shown in Fig. 5.1.2, interface roughness

scattering is very important, significantly reducing the peak gain and increasing the gain bandwidth.
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Figure 5.1.2: Influence of the different scattering mechanisms on the spectral gain profile. The result of the full EMC
simulation is indicated by the bold solid line. The narrow solid, dashed, dotted and dash-dotted lines corresponds to
the cases where we switch off alloy, interface roughness, impurity and e-e scattering, respectively. We see that interface
roughness scattering leads to a significant reduction of the gain.

Surprisingly the influence of alloy scattering on the spectral gain, as shown by the narrow solid line, is
much smaller than on the current. The influence of e-e and impurity scattering on the gain is moderate.
We conclude that gain broadening is mainly due to LO-phonon scattering as the dominant scattering
mechanism and interface roughness scattering, while impurity and e-e scattering have secondary effects.
Alloy scattering mainly gives rise to parasitic effects which get stronger above the threshold current,
however it has no direct influence on the gain spectra for the present device. We observe a slight
discrepancy (0.4 um) between the position of our gain maximum and the measured lasing wavelength.
This might be partially due to the uncertainty of the parameters used in our simulations or the effective

mass approach which is not as accurate as a full k-p analysis.

5.1.3 Carrier-light coupling

We have also performed coupled carrier-field simulations, allowing us to calculate the output power. The
results are compared to experiment, as shown in Fig. 5.1.3. Simulations have been performed by fixing
the lasing frequency to 8.04 um, as experimentally measured [56]. The waveguide and mirror loss is
15.6cm™! and 3.2cm ™, respectively, and the confinement factor is 65 %; for the refractive index, we use
the value 3.22. As shown in Fig. 5.1.3, we get good agreement for the output power as a function of the
applied bias. The discrepancies at higher biases can be explained by the uncertainties of the exact device

parameters as well the onset of the negative differential region. Above 60kV /cm, we observe relatively
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Figure 5.1.3: Output power calculated from the EMC method and compared to experiment. Simulations were performed
by fixing the lasing frequency to 8.04 um. We observe a good agreement for the output power at various bias points.

high output powers in the simulation, as shown in Fig. 5.1.3. However, such high bias values are already
close to the onset of the negative differential resistance regime (see inset of Fig. 5.1.1), which is electrically
unstable in experiment.

In Fig. 5.1.4, we show the influence of photon-induced scattering on the current density. Here we clearly
observe an increase of the current above threshold, since photon-induced scattering events contribute
significantly to the total current in the device. The high current density value above 60kV/cm for
carrier-light coupling included is a consequence of the high output powers obtained in the simulation (see

Fig. 5.1.3), and are not relevant for the comparison with the experiment as discussed above.

5.2 High wall-plug efficiency QCL operating at 5 um

Recently QCLs with wall-plug efficiencies (WPEs) of around 50% were reported for the first time [6, 7]. In
such structures, light emission and absorption are not only relevant with respect to the generated optical
power, but also strongly affect the carrier transport in the devices. In fact, for the low temperatures
where these high efficiencies are reached, the photon-induced processes dominate over the other scattering
mechanisms. Thus, to adequately model the operation of these lasers, the optical cavity field has to be
considered in the simulation. While this is routinely done in one-dimensional simulations [85, 86, 87, 88|,
the cavity field is usually neglected in fully three-dimensional (3-D) approaches like the ensemble Monte-
Carlo (EMC) [30], non-equilibrium Green’s functions (NEGF) [17, 19] or 3-D density matrix [89, 90]
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Figure 5.1.4: Current-voltage characteristics with (dashed line) and without (solid line) electron-photon scattering events
included.

method. However, such 3-D simulations, where the in-plane carrier dynamics is explicitly considered,
do not only yield level occupations, but also the kinetic carrier distributions within these levels. Here,
we employ the EMC method, which has been intensely used to investigate the carrier transport in both
MIR [30, 32, 64, 91, 92, 93] and THz [94, 25, 31, 24, 95, 22] QCLs. EMC uses self-consistent coupled
simulations of the carrier transport and the optical cavity field [33]. The EMC method is a semiclassical
approach, i.e., quantum correlations are neglected in contrast to NEGF as discussed in Chapter 3.

The goal of this section is to analyze the carrier transport and lasing operation in MIR QCLs [7],
with a particular focus on the influence of photon-induced scattering. Specifically, we show that the
inclusion of light emission and absorption in the simulation is crucial to obtain a realistic description
of such devices. Furthermore, our analysis provides insight into the carrier dynamics on a microscopic
level, for example the kinetic electron distributions in the upper and lower laser level which are hardly

accessible to experimental observation.

5.2.1 Effects included in the simulation

All the relevant mechanisms like electron (e)-longitudinal optical (LO) and acoustic phonon, e-interface
roughness, e-impurity and e-e scattering are routinely considered in our simulation tool [12, 11]. Moreover,
various effects relevant for MIR QQCLs based on the InGaAs/InAlAs material system have been added. We
have included random alloy scattering [96], with a scattering potential of 0.3 eV reported for high indium

content InGaAs [97]. Furthermore, we account for InAs- and GaAs-like phonons, using their composition
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dependent values for the phonon energy [84]. The scattering rates are weighted by the concentration
of the individual materials (InAs and GaAs). The influence of the AlAs-like branch is believed to be
negligible in QCL structures [98]. Here, the bulk phonon approximation is adopted, which was shown to

be a valid approach for the simulation of such QCL structures [92].

The (parallel and perpendicular) effective masses have been implemented considering strain [99] and
non-parabolicity. Our implementation of non-parabolicity is based on the approach developed by Eken-
berg. Non-parabolicity parameters were determined from the material bandgap [37], using temperature
dependent values [80]. In the InGaAs material system, the parallel non-parabolicity is enhanced by a
factor of 1.7 as compared to the perpendicular value [100]. The perpendicular effective mass affects the
subband energies and wavefunctions, as considered in our Schrédinger-Poisson solver [27]. The parallel
effective mass is accounted for by assigning a different value to each subband, affecting the scattering rates
in the EMC solver. Here we focus on simulations at a lattice temperature of 40 K where the investigated
structure operates with a record wall-plug efficiency of above 50% [7]. At such low temperatures, the
kinetic electron energies are still moderate, whereas for room temperature operation, a more complex im-
plementation of non-parabolicity might be required, e.g., based on k-p theory [64, 91, 92]. Furthermore,
at low temperatures, the electron leakage into indirect valleys, not considered in our simulations, is very

small [64, 91].

The interface roughness is typically described by a mean height A and a correlation length A. In
contrast to the well-known bulk material parameters, this quantity is hardly accessible to experimental
measurement and depends critically on the growth conditions. Thus, there is an uncertainty regarding the
values of A and A [101, 12]. However, experimental data indicate that AA ~ 1 nm? for the InGaAs/InAlAs
structures [81, 82|, reducing the uncertainty to a single parameter value. We choose A = 0.06 nm, which
yields the best agreement with the experimental results and which was also used in the previous section
for the QCL emitting at 8 um. This value is somewhat lower than previously used values for strain-free
lattice-matched structures [81, 102]. However, we note that vertical correlations, which are not considered
in our simulations, can reduce the effect of interface roughness for strained (e.g., strain-balanced) quantum

cascade lasers [81], as considered here.

Lasing is implemented based on a recently published approach, treating the photon dynamics in
terms of classical intensity evolution equations and accounting for photon-induced scattering in the EMC
solver [33, 103]. In this way we can self-consistently describe the coupled carrier-light dynamics due to
absorption as well as stimulated and spontaneous emission. For the investigated design operating at 5 ym
[7], the mirror loss, which amounts to 6.4cm™! for a 2mm long structure, dominates the waveguide loss,
which is about 0.5cm ™ for such cavities [55]. The confinement factor was chosen to be 0.8 as found for
a similar design [55]. For our simulation, we use 1200 longitudinal modes in the frequency range between

50 and 80 THz, corresponding to a Fabry-Perot mode spacing of 25 GHz.



Chapter 5. Modeling of mid-infrared quantum cascade lasers 98

Electric field [kV/cm]
116 120 124 128 132 136 140 144

Exp.

T

—— EMC

L ——+—— EMC-without lasing

oo o0 o o
oo N o ©
T

Current [A]

o o
w »
T

T

© o
= N
T

1 " " " " 1

20 21 22 23 24 25
Voltage [V]

o

Figure 5.2.1: Current-voltage characteristics. The EMC simulation results with (X marks) and without (crosses) lasing
included are compared to available experimental data [7] (solid curve). The electric current is governed by stimulated
photon emission and absorption processes, as has to be expected for a WPE as high as 50%.

5.2.2 Wall-plug efficiency, output power, IV curves: comparison to experi-

ment

Results are presented for a recently fabricated high efficiency QCL operating at 5 ym. The simulations
were performed at a lattice temperature of 40 K, where the record WPE of 53% was observed [7].

In Fig. 5.2.1, we compare the current-voltage characteristics provided by EMC simulations to experi-
ment. The simulations were performed at biases ranging from 115kV/cm to 145kV/cm. For comparison
to experiment, these were converted to the voltage points in Fig. 5.2.1, by considering 80 stages with a
thickness of 22.1nm each [7]. Above threshold, good agreement is found if lasing is included, while the
current due to non-radiative processes (EMC without lasing) is lower by a factor of almost 3 than the
experimentally measured current. This shows that stimulated processes become more and more impor-
tant for a correct description of the carrier transport as the WPE of QCLs is improved. On the other
hand, the spontaneous photon emission rates in our simulation are far too low to affect the carrier trans-
port, which is in agreement with theoretical considerations [104]. The onset of the negative differential
resistance (NDR) regime agrees well, occurring at 25.1V for the EMC with lasing included and 25.6 V
in the experiment. For low fields where the energy levels are not aligned, the simulation underestimates
the experimentally observed current. Here, the scattering-induced transport is not efficient, and the

remaining current can likely be attributed to coherent low-field transport which is not included in the
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Figure 5.2.2: (a) Current-optical power and (b) current-WPE characteristics. The EMC simulation results with lasing
included (X marks) are compared to available experimental data[7]| (solid curve).

EMC simulation [14] as discussed in Chapter 3. For design optimization with respect to the WPE, the
parasitic channels should be suppressed and the stimulated emission into the lasing modes maximized.

Such a task can only be performed with an approach taking into account the optical cavity field.

In Fig. 5.2.2 (a) and (b) we compare the simulated and experimental current-output power and current-
WPE characteristics. In the EMC simulation, the bias dependent WPE nwpg is computed as nwpg =
P,/ P.i. Here, P,y is the simulated optical power emitted through both facets as in the experiment
[7], and the electric power Py is the product of the applied voltage and the simulated electric current.
The simulated and experimental current-output power characteristics in Fig. 5.2.2 (a) show excellent
qualitative and quantitative agreement. The maximum emitted optical power is about 10 W, which is in
both cases obtained around the onset of NDR, where the current reaches its maximum value of 0.8 A. For
higher biases, i.e., in the NDR regime, the simulated optical power and electric current get reduced again.
The simulated threshold current is lower than the experimental value since we believe that transport is
coherent in the given region. Also the simulated and experimental current-WPE characteristics shown
in Fig. 5.2.2 (b) agree well. Particularly, the maximum simulated WPE of 49% below the onset of NDR
compares very well to the experimental value of 53%. The simulated high WPE value of 53.5% around
the onset of NDR is not observed in the experiment, which we attribute to the fact that the operation in

the NDR region is unstable due to domain formation [105, 106].
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Figure 5.2.3: (a) Simulated kinetic electron distribution f (E) in the upper and lower laser level with and without lasing
included. (b) Energy resolved electron density without lasing included; (c) energy resolved electron density with lasing
included. The upper laser levels are marked by solid rectangles, and the lower laser level is marked by dashed rectangles.

5.2.3 Kinetic carrier distribution

Full k-space three-dimensional simulation approaches like EMC can yield information on the microscopic
level, which is hardly accessible to experimental observation. In the following, we investigate the intra-
subband kinetic carrier distributions. These can be characterized by corresponding electron temperatures
only in the case of quasi-thermal equilibrium within the subbands, corresponding to a Maxwellian dis-
tribution for low doping. The kinetic electron distribution in the upper and lower laser level is shown in

Fig. 5.2.3(a). The bias is 25.1V, where the simulated current and output power reach their maximum
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values. We note that for this bias, optical transitions from two upper levels contribute significantly to
lasing. For simplicity, we restrict our discussion to one of these states, since the kinetic electron distri-
bution function is found to be similar for the other level. The carrier distributions in the laser levels
change significantly by taking lasing into account (solid curves), as compared to the case without lasing
(dashed curves). The lasing action leads to a depletion of the upper laser levels and a filling of the
lower laser level, corresponding to the effect of gain saturation. In the inset of Fig.5.2.3 (a), the electron
distribution in the lower laser level without lasing is shown on a logarithmic scale, i.e., a Maxwellian
distribution would produce a straight line. The distribution is highly non-Maxwellian with an additional
peak at around 250 meV, corresponding to the energy spacing between upper and lower laser level. This
bump stems from nonradiative transitions from the upper laser level, mainly LO-phonon scattering as
the dominant nonradiative mechanism. The energetic extension of the bump is partly due to the kinetic
electron distribution in the upper laser level and the finite phonon energies of 29.5meV and 32.2 meV
for the two LO-phonon branches considered here. E-e scattering, which is the predominant intrasubband
scattering mechanism, is unable to thermalize the intrasubband carrier distribution strongly enough to
suppress the bump [30, 63]. The inclusion of lasing action leads not only to a filling of the lower laser
level, but also to a more thermalized kinetic electron distribution, while the bump at around 250 meV
still persists. A least square fit produces an electron temperature of T, = 314 K (upper laser level) and
T. = 344K (lower laser level) with lasing included. This is consistent with the observation that in strain
compensated structures the electronic temperature is clearly above the lattice temperature [107, 87].

In Fig. 5.2.3 (b) and (c), the energy resolved electron density (normalized to its maximum value) is
shown without and with lasing included, again for a bias of 25.1 V. For the two quantum wells located
between 6 nm and 18 nm, the upper laser level is omitted, so that the high-energy bump discussed in the
previous paragraph, here located at around 1.9 eV, is clearly visible. By comparing Fig. 5.2.3 (b) and (c),
we can observe the changes in the energy resolved electron density for the laser levels without and with
lasing included. The high-energy tails of the kinetic electron distributions remain basically unaffected.
In particular, the additional high-energy peak for the lower laser level appears also if lasing is accounted
for.

We have also successfully tested our approach for a different high efficiency QCL design [6] using the

same material parameters, again finding good agreement with experiment.

5.3 Summary

We have closely compared current-voltage and output power results of a semiclassical EMC method to
experimental measurements and found qualitative agreement for two different MIR QCL. We identify the
importance of LO-phonon, interface roughness and alloy scattering for the carrier transport and gain of

MIR QCLs. The qualitative agreement of our simulations to the experimental measurements suggests
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that self-consistent EMC methods are valuable for the optimization of InGaAs-based MIR QCLs close to
the lattice match point of the InP substrate.

Based on a self-consistent EMC carrier transport simulation including the optical cavity field, we
have analyzed the effect of photon emission and absorption on the carrier transport in a high WPE
quantum cascade laser. In the regime where efficient lasing is obtained, we find that the inclusion of
photon-induced scattering is crucial for the correct calculation of the device current. Furthermore, a
comparison to experimental data yields very good agreement for the optical output power and WPE. An
analysis of those quantities, as also needed for design optimization, is only possible with an approach
which includes both the carrier transport and the optical cavity field. The EMC method also enables
us to investigate microscopic quantities such as the intrasubband kinetic carrier distributions, hardly
accessible to experiment. We observe strong deviations from an equilibrium distribution especially for
the lower laser level, where a high-energy peak in the electron distribution is found, caused by parasitic
transitions from the upper laser level. The upper and lower laser level carrier distributions are strongly
affected by the lasing action and approach each other, corresponding to gain saturation. Our results
show that the chosen method is well suited to model high efficiency MIR QCLs on a qualitative and
quantitative level, and to analyze the laser operation on a microscopic level which is hardly accessible to

experimental observations.



Chapter 6

Quantum corrections in EMC

In Chapter 3, we have compared semiclassical and fully quantum mechanical theories and found minor
deviations. In the 'conventional’ EMC method, Fermi’s golden rule is used for evaluating the scattering
rates, where we have no broadening of the initial and final energetic levels. Here, we would like to
extend our EMC method to account to some degree for quantum mechanical effects. This is performed
by applying a correction, so that we include the finite linewidth for the initial and final energies in the
evaluation of scattering rates. A full quantum mechanical simulator also considers this effect, since there
the energy levels have a finite and self-consistently calculated linewidth resulting from the scattering in
the device. As a first step towards a full quantum mechanical treatment, we implement the broadening
of the states, i.e., collisional-broadening in EMC, by replacing Fermi’s golden rule by a more general
expression. We will generalize only intersubband scattering, i.e., the case when the initial and final states
are not the same (n # m) and we will apply the broadening to the energetic states. For the intrasubband
scattering, Fermi’s golden rule will be kept since it is believed that the effective intrasubband broadening
is largely reduced due to quantum coherence effects [12]. The starting point for deriving the correction
is the density-matrix theory for two-dimensional systems, with a general perturbation potential. After
generalizing Fermi’s golden rule, we also derive e-photon and e-LO phonon scattering in this chapter,
which then will contain the effect of collisional broadening. The other scattering mechanisms can be
derived in a similar manner. Furthermore we find that our quantum-corrected EMC approach, that now
accounts for collisional broadening, reproduces currents in the coherent regime, where the semiclassical
EMC method failed. The current in the incoherent regime remains practically unchanged, since transport

there is mainly semiclassical, as it was shown in Chapter 3.

6.1 Sinusoidal time dependence of the potential

As done for Fermi’s golden rule in Section 2.3 we derive a general scattering rule for the case of sinusoidal

potentials (harmonic perturbation), but now using the density matrix formalism instead of time dependent
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perturbation theory, The starting point is the Liouville-von Neumann equation for the time evolution of
the density matrix p,

d
ih%p: [H,p| = Hp — pH. (6.1.1)

Here, H is the total Hamiltonian operator, i.e., the sum of the unperturbed system Hamiltonian and
the perturbation Hamiltonian. We define the Hamiltonian matrix in case of a time varying harmonic
perturbation in terms of its matrix elements <m|ﬁ |n> Here the unperturbed system Hamiltonian H,
yields elements <m|fl|n> = E,0,nn. For the perturbation we make the ansatz Ve ™! 4+ V*e¥t and we

obtain

—iwt wt
El ‘/126 iw +‘/1*2€zw

V- 6—iwt + Vi eiwt E
H=| " 2 ? . (6.1.2)

Here, the eigenstates of the unperturbed Hamiltonian form the diagonal elements, while the perturbation
potentials are given by the off-diagonal terms. The diagonal perturbation elements were neglected, since
we derive the scattering rule for the intersubband case, and we will keep the calculation of intrasubband
scattering based on Fermi’s golden rule. We note that in the case, when H represents the interaction of
radiation with matter, V3o would be proportional to the applied field times the transition dipole of the
system [108]. In the general case, however, V,,,,, can represent any applied harmonic perturbation of the
system (for example phonon emission/absorption as well as photon emission/absorption). In analogy to

Eq. (6.1.2), we define the density matrix for the system as

P11 P12

p— P21 P22 ' (6.1.3)

The diagonal elements correspond to the state occupations, while the off-diagonal terms represent their
coherent interaction. Using Eq. (6.1.1), we get the evolution equation for the first diagonal density matrix

element

ihp11 = [p11Er + pa1 (Vise ™" + Vipe™?) + psy (Vige ™ + Vige™) + .. —
[pllEl + P12 (‘/21€_iwt 4 ‘/2*161'0.)25) + P13 (‘/Sle—iwt 4 ‘/3*1€iwt) + :| — (614)

- Z (o1 (Viee ™" + Vipe™") — puy (Vore ™" + V™)
b
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and for the first off-diagonal element

ihp12 = [p12Er + paz (Vise ™" + Vise™) + paa (Vige ™ + Vige™) +..] —
[[)11 (V12€7th + ‘/1*261'1.075) + p12E2 + P13 (%Qeiiwt + ‘/3*261'1.075) + ] = (615)

= (E1 — EQ)p12 + Z [pr (‘/u,eiiwt 4 Vf;)eth) — P (%2671@% + ‘/b»éeiwt)] )
b

We can generalize the above equations for the time evolution of an arbitrary diagonal element
hppn = Z [pmn (Vnmeﬂ'“’t + V,fme“"t) — Prm (anefi“’t + V,fmei“’t)] (6.1.6)
and off-diagonal element
ihpnm = (En = Ep)pnm + Y [pom (Vase ™" + Viipe™") = pup (Vome ™™ + Vi, )] . (6.1.7)
b

The form of the above equations is still too complex to get an analytical expression for the scattering

rate from the initial state n to the final state m, i.e. pm. We proceed by applying the substitution
Prm > pnmefisign(nfm)wt’ (618)

to transform the system into the rotating-frame. This is useful for later performing the so-called rotating-
wave approximation [108]. Furthermore we assume that transitions involve only two levels, i.e., we neglect
non-diagonal transitions [109, 18]. Using the above approximation, p,.,, depends only on the matrix
elements involving levels n and m (the initial and final state). The sum can be dropped and the resulting

equations are

thnn = P {Vnme—i[l-i-sign(m—n)]wt + Vrzﬁmei[l—sign(m—n)]wt} -

Prm {ane—i[sign(n—m)+1]wt + Vﬂtnei[l—sign(n—m)]wt} — Y Prm + iy, (619)
for the diagonal and

ihppm = [En — Em — sign(n — m)hw| prm~+

(pmm - pnn) {Vnme—i[l—sign(n—m)]wt + Vrzﬁmei[l—ksign(n—m)]wt} - i'Ynmpnm (6110)

for the off-diagonal density matrix elements, where I'), contains the level filling due to the levels outside
of the considered two-level system. Here we have added the damping terms ~,,,, which we will calculate
self-consistently from the out-scattering rates. Due to the dephasing 7., the off-diagonal terms reach

steady-state at some point corresponding to pn., = 0. In this case we can rewrite the off-diagonal
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evolution Eq. (6.1.10) as

0=[E, — E, — sign(n — m)hw] ppm+

(P — Prm) {Vnmefi[lfsign(nfm)]wt + V:mei[lwtsign(nfm)]wt} Y P (6.1.11)

from which the off-diagonal elements can be calculated in equilibrium as

Vnmefi[lfsign(nfm)]wt + V;mei[lJrsign(nfm)]wt

(B, — B, — sign(n — m)hw) — iYnm

The above formulation of the quantum coherence terms in steady-state contains emission (e™?) and
absorption (e~™?). Substituting Eq. (6.1.12) into Eq. (6.1.9) we find the time-evolution for the diagonal

density matrix element n, i.e., the occupation

—21Ynm . e e ill_si -~
thnn _ (pnn _ pmm) A2 1772 Vin€ i[14sign(n—m)]wt + anez[l sign(n m)]wt} .

. Vnmefi[lfsign(nfm)]wt + V:mei[lqtsign(nfm)]wt — YonpPrn + i, (6113)

where A = E,, — E,,, —sign(n —m)hw is the detuning of the system. We write the expression for the case
of n—m > 0 (meaning E,, > FE,,) and apply the rotating wave approximation (RWA). The RWA assumes

that the dynamics of the occupations are described by a slowly varying time-dependent behavior, thus

—2iwt

terms proportional to e average out, i.e., they are neglected. Hence Eq. (6.1.13) is simplified to

72' nm . )
“ 2 Van — UYnnPnn + ZFn- (6114)
(En - Em - hw) + ’Y%m

The terms proportional to v, and I',, are evaluated separately in the EMC simulation. Furthermore,
we assume that the considered electron is in state n with probability 1. In this case the scattering rate

from state n to m is

2 nm
Wemsabs = Zy2 7 . . (6.1.15)
B En(k) — En(K) F hol® +92,,

Here we have also added the case of the absorption (+ sign for the frequency), which can be derived
analogously, except that we assume E,, < E,, and n < m. Furthermore, we assumed W' = ppm =
—Pnn, Where n is the initial state and m is the final state of the electron. The above result generalizes
Fermi’s golden rule, however it is very similar to it. If we consider v,,, — 0, i.e, replace the Lorentzian
function in Eq. (6.1.15) by a d§-function multiplied by 7, we get back Fermi’s golden rule for a harmonic
perturbation, i.e., Eq.(2.3.10). The broadening term is given by 2v,m = Ynn + Ymm, where v,, is the
total out-scattering rate from state n multiplied by the reduced Planck constant. The value of the out-
scattering rates can be calculated after the first run of our EMC method which is performed without

level broadening of the states.
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6.2 Time-constant potential

For deriving other scattering mechanisms that have a static (time-independent) perturbation potential,
V we need to extend Fermi’s golden rule also for this case. The derivation is performed similarly as in

the previous section. We start by defining the Hamiltonian for our system

B Vi

Var E
H=| 2 . (6.2.1)

where the matrix contains the perturbation potentials Vi, between the different levels. The density
matrix is defined by Eq. (6.1.3) and we use the Liouville equation (6.1.1) for deriving the evolution equation

of the density matrix for static perturbations. For the first diagonal element we get the expression

thpir = pui by + Z (po1Vip — p16Va1) (6.2.2)
b

while the first off-diagonal element is

ihpia = (E1 — E2)pi2 + Z (pr2Vib — p16Va2) - (6.2.3)
b

We now add the damping terms and write the above equations generally as

and

b
We assume that the off-diagonal terms reach the steady state at some point, thus p,,,, = 0, and consider
scattering between two levels, thus p,.,, depends only on levels n and m. In this case we can calculate

the value of the non-diagonal terms

r En - Em — nm ( )

The diagonal terms will give the scattering rate and are written as a function of the non-diagonal terms.

They involve only scattering between two levels, thus the sum can be dropped and the diagonal element
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is

20Ymn
(Em — En)2 + Vo

The terms proportional to 7,, and I';, are evaluated separately in the EMC simulation. Assuming that

the electron is in state n with probability 1, the above expression changes to

2 Ymn
.nn = *_Vnmvmn nn — Pmm 5 6.2.8
p 5 (Prn —p )(Emen)2+v,%m (6.2.8)

and the scattering rate from state n to state m is

2 nm
Wom = =V2 Tnm .
h " En (k) — En(K)]” + 72,

(6.2.9)

We note here that by setting w = 0 in Eq. (6.1.15) we also get the above expression, i.e., a transition rule
for static perturbations. The above equation can be applied for the calculation of scattering rates for
impurities, interface roughness, acoustic phonons, etc. We also note that the RWA applied for harmonic
perturbations in the previous section is not needed here.

In summary, the scattering rates for static and harmonic perturbations are formally obtained
from Fermi’s golden rule by replacing the delta function with a Lorentzian function defined as
Yo/ {w [En(K) — Ep(K')]? + 72, |. This observation is useful for changing the EMC code to account

for collisional broadening of the various scattering mechanisms.

6.3 Scattering with photons

Fermi’s golden rule is not sufficient to model the gain saturation and scattering with photons self consis-
tently. The present version of the EMC code already contains the collisional broadening of electron-photon
scattering due to this reason [33]. We now derive the scattering with photons based on the results in

Section 6.1. The form factor for photon emission and absorption is the transition dipole of the system,
dpm = eo/w;(z)zzﬁn(z)dz. (6.3.1)
The perturbation potential can be written in the form
1

where Ej is the electric field amplitude of the /th mode. The choice of the above perturbation potential

was made to fulfill Vet + V* e~ = Ed,,, cos(wt) in case of real electric field amplitudes and
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transition dipoles. We proceed by using Eq. (6.1.14) to calculate the rate of scattering with photons,

E%d%m Tnm )
2h (En - By — hw)Q + ’Yr%m

The transition rate from an initial state n to a final state m is given by Py, similarly to Section 2.3, where

2
the coefficient Oy |an, (t)|* gave the transition rate Wykmi = 2 ’ag)(t)‘ . Writing the above equation in
terms of Wykmk! = Pmm = —pPnn and taking into account the different resonator modes with frequency
wi, we get [33]
Zod2 Y
thot = (f . — f k’) nm Il nm )
e = (Jre = k) % 12 M s 0~ i) — el 548

Here ng is the refractive index of the active region, Zj is the vacuum impedance and I; is the optical
intensity of the [th mode. The occupation probabilities pp,., and pp, in Eq.6.3.3 were replaced by
the distribution functions f,,x and fnx and the squared electric field E? was replaced with the optical
intensity of the mode I;. The scattering rate used in EMC needs to be summed over the final wavevector,
k’. Since momentum is conserved, i.e., k = k’, the sum has a single term. Furthermore, we assume again,
that the considered electron is in the initial state, i.e., f,x = 1. For the case when the in-plane scattering

is parabolic, we then obtain

Wﬁﬁgk/ = (1 - fmk’)

%m TYnm

In the case of non-parabolic scattering, the E, (k) — E,,(k’) — hw; expression, was calculated in
Section 2.2.3 to only depend on k, thus the sum over the final wavevector k/ can also be performed for

the non-parabolic case, and we get the same expression as Eq. (6.3.4), however E, (k) — E,, (k") — hw;

h2\k|2
1 - 2m*

changes to (E,, — E,,) (2a + B)| — hw.We also observe that the electron-photon scattering rate

does not contain the electron effective mass in the parallel direction, my,.

6.4 Broadening for LO-phonons

The matrix element for electron-phonon interaction was determined in Section 2.3.4. We proceed by using
Eq. (6.1.15) instead of Fermi’s golden rule, with the square matrix element of LO-phonon scattering from
Eq. (2.3.38). Furthermore, we use the notations in Section2.3.4. The scattering rate from nk to mk’ is

then

2 1.1 1 1 o
yphon _ € WLO (N +- 4+ —) ( - ) J(|k—K if . (6.4.1
e = g, \Nr H g E g ) (50 75 ) KD [En(k) = En(K') £ hwro]” + 7% -
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We need to integrate the above rate over the final wavevector k’. In the EMC code that contains collisional

broadening of the initial and final states, we use for parabolic bands

2 1 1 1 1
Wi = S2LO (Nph +o —) ( - ) / / PAOK K, (6.4.2)
7,0

T 27 Ae 27 2) \eroe
P = J([k-K) i T (6.4.3)
[En(k) — Em (k') £ hwrol” + 77

where

P/ [ [ PAOK'dK’ gives the probability distribution for the final state energy, thus energy conservation is
not necessarily fulfilled. Instead, it must be fulfilled statistically, i.e., the energy of the scattered electrons
should have its mean value at E,, (k) — E, (k) £ hwg. The complexity of the EMC code does not increase
significantly, if we include the above corrected scattering rates. The calculation time of the integrals of
P are comparable to the time needed to tabulate the electron-electron form factors. Furthermore, the

so-called theta-integral in Eq. (6.4.2) is performed by using the substitution

k—K'| = \/ k2 + (k")* — 2kk' cos 6. (6.4.4)

The rest of the scattering mechanisms can be implemented in an analogous manner as shown for the
LO-phonons, without further difficulties. The numerical implementation includes a tabulation of P for
the initial and final states and wavevectors. Furthermore the scattering rates are tabulated as before,
and the choice of the final wavevector after scattering is based on the probability distribution function

P = Pnkmk’~

6.5 Effects of quantum corrections on the transport properties of

the EMC method

We have included the broadening of the energetic states in EMC by using Eq. (6.4.2) for LO-phonon
scattering, derived in Section 6.3. Furthermore, we have used Eq. (6.2.9) for the derivation of quantum-
corrected e-interface roughness, e-impurity and e-acoustic phonon scattering. The derivation was per-
formed by using the same steps as in Section 6.4. We have included the quantum corrected rates in EMC,
while we have kept the e-e scattering rate semiclassical.

In Fig.6.5.1, we show the current-voltage characteristics for the 2.75THz QCL, discussed in
Section 3.2. The artificial current spikes which arise for level anticrossing below 2meVwere avoided
by choosing the bias point adequately. We observe a better agreement of the quantum-corrected EMC
results with experiment, especially for low biases. As it has been discussed in Chapter 3, NEGF could
reproduce the experimental currents in the coherent regime while the semiclassical EMC method failed.

This is not the case for the quantum corrected EMC, which now correctly models the current for the low
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Figure 6.5.1: Effects of collisional broadening on the QCL discussed in Section 3.2. We observe an increase in the coherent
regime of the EMC current when we include the broadening, which facilitates the scattering with phonons especially for
lower biases. Furthermore, the relative increase of the current in the lasing regime is small.

biases, i.e., in the coherent regime. This can be confirmed by comparing the semiclassical and quantum
corrected curves to experiment in the bias range of 4-5kV /cm in Fig.6.5.1. Furthermore, there is also
a good agreement to experiment in the incoherent regime, where the relative increase of the current for

the case of quantum corrections is small.

The present results provide an outlook for the inclusion of quantum corrections in EMC methods.
Based on the framework of this chapter, further effects such as quantum coherence could be investi-
gated, which we believe can reduce the artificial current spikes of the semiclassical EMC approach. The
Lorentzian function introduced for level broadening can also contain additional effects besides broadening
due to the calculated scattering rates in EMC. For example, states that are highly unbound have lifetimes
comparable to the inverse scattering rates, as discussed in Section 2.1.3 and their broadening can also
be included in our approach. The broadening of the higher lying states could be included for a more
accurate modeling of transport in the continuum states, which has proven to lack a consistent description

within a Monte-Carlo framework.
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6.6 Summary

We have implemented quantum corrections for the energetic level broadening in our EMC method. Based
on a consistent derivation of a Lorentzian rule from the density matrix formalism we have replaced Fermi’s
golden rule and derived the electron-photon and electron-phonon scattering rates.

All the scattering mechanisms, except e-e scattering, were corrected for the broadening of the energetic
states and self-consistently included in EMC. We observe corrected current-voltage curves, which now
agree to experiment in the coherent regime, in contrast to Sections 3.2 and 3.3. In the incoherent regime,
we have observed a small relative change of the currents as compared to the semiclassical result, which

proves the largely semiclassical nature of transport in this regime.



Appendix

The theory of our ensemble Monte-Carlo method is based on Fermi’s golden rule, which will be derived
using time-dependent perturbation analysis presented in this appendix. We start from a set of known
basis functions, which are in our case solutions of the time-independent Hamiltonian Hy. The time-
dependent part of the Hamiltonian is represented by H,,:(t) and considered as a perturbation that is
added to time-independent part:

H = Hy+ Hint () (6.6.1)

The wavefunctions are quasi-bound in the growth direction, while they have plane-wave solutions in the

in-plane direction. We will define these by

1 o
\I/m(xvyvz) =< Ivyvsz >= 71/)771(2)611( . (662)
LoL,

The solution ,,(z) for the unperturbed case, was discussed in Section 2.1, and can be written using
Eq. (6.6.2) in the form
[) = 1]l > +e2|2 > 4e3]3 > +..., (6.6.3)

where |m > are time-independent. The time dependence is contained in the constants ¢, cs..., for
small perturbations, that only slightly change the potential profile of the heterostructure. Probability is
conserved by

(| [¢) = cler + esea + . = 1, (6.6.4)

in case of a dissipationless system. These coefficients are written in the Schrédinger picture, thus they

change in time and the basis functions remain constant. The solution of the perturbed case has the form

G(t) = em(t)m >, (6.6.5)
and the new time-dependent Schrédinger equation is

[Ho + Hint ()] _cn(t)|n >=ihY én(t)n > . (6.6.6)

n
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Multiplying by the conjugate basis function < m|, we get for the coeflicients in the Schrédinger picture

ihem () = Bmem(t) + Y _ca(t) < m|H(t)|n > . (6.6.7)
If we make the substitution
Am(t) = cm(t)et #T, (6.6.8)

we change the basis from the Schrodinger picture to the interaction picture, and rewrite Eq. (6.6.7) using

Eq. (6.6.8)

am(t) = f%Zan(t)ei S | iy (8) 0> (6.6.9)

This is a key result in deriving Fermi’s golden rule.
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Acronyms

BTC
EMC
FWHM
IR

lhs.
LDOS
LO-phonon
MBE
MIR
MOCVD
NDR
NEGF
QCL

rhs.

RP

RPA
RWA

SP

THz
TMM
TO-phonon
WPE

bound to continuum

ensemble Monte-Carlo

full width at half maximum
interface roughness

left hand side

local density of states
longitudinal optical phonon
molecular beam epitaxy
mid-infrared

metal-organic chemical vapor deposition
negative differential resistance
non-equilibrium Green’s functions
quantum cascade laser

right hand side

resonant phonon

random phase approximation
rotating wave approximation
Schrodinger-Poisson

terahertz

transfer matrix method
transverse optical phonon

wall-plug efficiency
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Greek symbols

Ynm

sp
Fm

I1nk’m

Er,0
Er,00

nwrPE

Kz

factor of non-parabolicity

broadening of the transition from state n to state m

imaginary part of the eigensolution m of the Schrédinger equation for
a biased multi-quantum well structure

level broadening due to transitions outside the two level system
scattering rate W,k , defined on an interval, for the random choice of
scattering type and final state

detuning in the density matrix theory, or the mean height of the interface
penetrations in context of interface roughness

roughness of the material interface as a function of the in-plane position r
difference between splitoff hole and light hole bands

population inversion in function of diagonality d

relative change of population inversion

spectral linewidth of the QCL as a function of diagonality d

relative change of the FWHM spectral linewidth

discretization step

static dielectric constant

frequency dependent dielectric constant

dielectric constant in barrier

dielectric constant in well

uniform dielectric constant

static dielectric constant

high frequency dielectric constant

wall-plug efficiency, i.e., ratio of optical and electric power

infinitely small value in the vicinity of z;

ik, is the wavevector component in the z direction for

energies smaller than the conduction band profile at the jth grid point
correlation length

polarizability tensor

density matrix

electrical conductivity

wavefunction

lim  (z)

22,2225

lim  (z)

z2—25,2<zj
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Vm wavefunction in the confined direction, corresponding to the state m
U, (z,y,2) 3D wavefunction of the system
WrLo LO-phonon frequency
Wmn frequency, corresponding to the energetic difference between states E,, (k')
and E, (k)
wqQ frequency of the vibration, corresponding to the 3D phonon wavevector Q
wTo transverse optical phonon frequency
Qo volume of the Wiegner-Seitz cell, given by a®/4

Latin symbols

lattice constant

coefficient describing the time-evolution of state m in the
interaction picture

cross section area A = L, L,

vector potential for the mode ¢

area defined by the number of simulated electrons

in EMC (when the sheet density is known)

magnetic field

coefficient of the wavefunctions defined in the TMM
wavefunction coefficient, at the end of the simulated region
(see Transfer matrix method)

transformed TMM coefficient at the end of the simulation interval
transition dipole

electric displacement current

amplitude of the displacement current

coefficient of the wavefunctions defined in the TMM
transformed TMM coefficient at the end of the simulation interval
electron charge

effective charge, produced by the ion-pair, in case of
LO-phonon scattering

energy

electric field (only in bold, otherwise energy)

3D kinetic energy of the system

bandgap

|E|
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E,

te
Em

Etot

P
Etot

P,S
Etot

kin
Ez

fm

imp
mn

o
mn

fnk
fosc

ver
osc

Fnimj (q)

Hint

I

electric field amplitude for the {th mode

electric field due to phonons (lattice vibrations)

amplitude of the electric field

energy level for the mth state

sum of the kinetic and confinement energy for the state m
kinetic energy of the mth state

real part of the eigensolution m of the Schrodinger equation for
a biased multi-quantum well structure

energetic solution of the time-independent Schrédinger equation,
for a biased multi-quantum well structure (complex energy)

the sum of the energy exchange of the two electrons

(should be 0 due to energy conservation)

see Fiot, here the p denotes the parabolic case

see EF ., but with the substituted momentum

given in Section2.3.8.1

energy in the confined direction

kinetic energy in the confined direction

longitudinal electric field

transverse electric field (0)

distribution function (general)

function that gives the number of simulated electrons, for

a given state n and wavevector k

distribution function of the mth state

impurity form factors

oscillator strength between states n and m

distribution function for the state n at wavevector k

oscillator strength of the lasing transition

oscillator strength of the vertical transition QCL design

force

e-e form factor

minimization function, where its local minima give the energetic states
Hamiltonian

interaction Hamiltonian of the electron with a scattering process,
defined as a (static or harmonic) perturbation on the electronic system
optical intensity of the I[th mode

wavevector (k = [k;, ky]) in the in-plane direction
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ks wavevector in the z direction

ky wavevector in th y direction

k. wavevector in the confined direction

k., solutions for the wavevector in the z-direction, based on the kinetic energy EX"

k., wavevector in the confined direction for the barrier

k., wavevector in the confined direction at grid point j

k., wavevector in the confined direction for the well

K three dimensional momentum of the electron

L, cross section length in the x direction

Ly cross section length in the y direction

m* effective mass

m () i mi(s)

m (2) lim mi(z)

my| in-plane effective mass

my|m in-plane effective mass for the state m

Maucl reduced effective mass, in the case of an oscillating ion-pair

mi(z) effective mass in the confinement direction

me, effective mass in the confined direction, at the grid point j

Mpim;j matrix element in case of e-e scattering

M(Q) amplitude of the LO-phonon perturbation potential

no refractive index

nap sheet doping density

nm volume density of the population in state m

Ne maximum number of simulation electrons in EMC, for a given state
n and wavevector k

Neells number of ion-pairs per unit volume

N predefined number of states that the SP solver finds

Ny number of type A disorder sites

Np number of type B disorder sites

Npp number of LO-phonons

Ny number of simulated electrons in EMC

N(z) volume doping of the structure

Da probability for antiparallel spin collisions

Dp probability for parallel spin collisions

Prm momentum operator

Pion polarization induced by the oscillating dipole u
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PO

won

Py

q

nm

ee
nimj

Vp
v;ert
1/ ee

pert

‘/inzp

pert
LOPh
‘ﬁnn

V(2)

amplitude of the polarization

dissipated power per unit volume

q = |k — k'|, wavenumber corresponding to momentum exchange
(¢ = |k — kK + ko — k{| in case of e-e scattering)

charge

LO-phonon wavevector in the confinement direction

3D wavevector of the phonon

position of the electron

lattice vector of the disorder site A

time

lifetime of state m

lattice temperature

lattice displacement vector

potential profile, in case of an alloy material

alloy perturbation potential in terms of atomic positions
transverse part of the lattice displacement vector
longitudinal part of the lattice displacement vector
amplitude of the lattice displacement (vibration)
potential of material type AC'

electron velocity

perturbation operator

conduction band offset between two materials or within an alloy
volume of the crystal

potential at the grid point j

screened e-e scattering matrix element

interface roughness matrix element

impurity matrix element for the sates n and m
perturbation potential of the transition between state n and m
alloy perturbation potential matrix element

matrix element of the e-e perturbation potential

Poisson potential produced by the electrons in the device
perturbation potential energy operator

e-e scattering perturbation potential

impurity perturbation potential

LO-phonon matrix element between initial state n and final state m

conduction band profile (including band bending)
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Zimp position of the impurity
Zj jth position on the discretized spatial grid, where we solve the Schrédinger equation
Z impedance in the active region

2o vacuum impedance
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