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ABSTRACT

Quantum cascade lasers (QCLs) are electrically driven, unipolar semiconduc-

tor devices that achieve lasing by electronic transitions between discrete sub-

bands formed due to confinement in semiconductor heterostructures. They are

compact, high-power, and coherent light sources promising for many technolog-

ical applications in trace-gas sensing, optical communication, and imaging in

the mid-infrared (mid-IR) and terahertz (THz) spectral regimes. In the mid-IR,

room-temperature continuous-wave (RT-CW) QCL operation has been achieved;

however, high-power operation at wavelengths below 5 µm is limited by degraded

device reliability, low wall plug efficiency, and high thermal stress. In the case of

THz QCLs, RT operation has not been achieved yet, either pulsed or CW mode,

and a key challenge of THz QCLs is to raise the operating temperature to 240 K,

which is accessible via thermoelectric cooling.

To address the thermal issues of QCLs, a self-consistent heat diffusion sim-

ulator, a single-stage coupled ensemble Monte Carlo (EMC) simulator, and a

multiscale device-level simulator for nonequilibrium electron-phonon transport

in QCLs have been developed. The simulators are capable of capturing both

microscopic physics in the active core and the heat transfer over the entire de-

vice structure to provide insights to QCL performance metrics critical for further

developments.



xii

The heat diffusion simulator is used to study a 9 µm GaAs/Al0.45Ga0.55As mid-

IR QCL. A lattice temperature increase of over 150 K with respect to the heat-sink

temperature was obtained from the simulation, indicating a severe self-heating

effect in the active region, which is a possible reason that prevents the RT-cw

operation of this device. The simulation results also show that the temperature-

dependence of both the heat generation rate and the thermal conductivity in

each individual stage plays an important role in the accuracy of the calculated

temperature.

The coupled EMC simulator is used to investigate the effects of nonequilib-

rium phonon dynamics on the operation of the same GaAs/Al0.45Ga0.55As mid-IR

QCL over a range of temperatures (77-300 K). Nonequilibrium phonon effects

are shown to be important below 200 K. At low temperatures, nonequilibrium

phonons enhance injection selectivity and efficiency by drastically increasing the

rate of interstage electron scattering from the lowest injector state to the next-

stage upper lasing level via optical-phonon absorption. As a result, the current

density and modal gain at a given field are higher and the threshold current

density lower and considerably closer to experiment than results obtained with

thermal phonons. By amplifying phonon absorption, nonequilibrium phonons

also hinder electron energy relaxation and lead to elevated electronic tempera-

tures.

Finally, we demonstrate the multiscale device-level electrothermal simula-

tion technique on capturing realistic device electrothermal performance directly

comparable to experiments. The effects of device geometry, including substrate

thickness, contact thickness, and ridge width on the active core temperature and

current density-voltage characteristics have been studied.
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Chapter 1

Introduction

Quantum cascade lasers (QCLs) are electrically pumped unipolar semicon-

ductor devices that exploits intersubband optical transitions in multiple-quantum-

well heterostructures via band-structure engineering on the nanometer scale. In

contrast with conventional interband semiconductor lasers, whose light emission

relies on the recombination of electrons and holes across the gap, the intersub-

band characteristics of QCLs lead to a number of advantages regarding design,

fabrication, and performance:

1. The emission wavelength of a QCL is dependent on the energy difference

between the two subbands designed for radiative transition. The subband

energy difference is determined by the thickness of the quantum wells and

the height of the barriers, instead of the material band gap as in interband

semiconductor lasers. Decoupling light emission from the band gap not

only provides a great flexibility for tuning the wavelength across a wide

range, from mid-infrared (mid-IR) to terahertz (THz), but also allows the use

of mature and well established material system to achieve light emission.

2. The cascaded structure allows each electron to be recycled after it trans-

ports through the stages, while the entire device typically consists of tens

to hundreds of stages. The electron recycling mechanism results in multi-

ple photons generated per electron, and hence higher optical power can be
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achieved than in interband lasers, where only one photon per electron is

generated.

3. The carrier relaxation time in QCLs, dominated by electron-optical phonon

scattering, is on the picosecond time scale, while carrier lifetime in conven-

tional interband lasers is typically a few nanoseconds. The unique feature of

ultrafast carrier relaxation mechanism makes QCLs suitable for high-speed

operation.

4. Radiative transition occurs between discrete subbands of the same band

with same sign of curvature, so the gain spectrum of QCLs is expected to

be more symmetric and narrower than interband lasers.

The benefits due to intersubband transitions described above place QCLs in

the leading position among mid-IR semiconductor lasers in terms of wavelength

tunability as well as power and temperature performance.

1.1 Milestones of quantum cascade lasers

The core idea of QCLs, obtaining light amplification based on intersubband

transitions in semiconductor multiple quantum well heterostructures, was first

proposed in 1971 by Kazarinov and Suris in their seminal paper [3]. However,

the precise control of the material growth required by the device design was not

available at that time. After over twenty years of development on growth tech-

niques such as Molecular Beam Epitaxy (MBE) and metalorganic chemical vapor

deposition (MOCVD), the first experimental demonstration of QCLs was finally

achieved in 1994 by J. Faist, F. Capasso, and co-workers at Bell Labs [4], with

light emission at 4.2 µm and pulse-mode peak powers over 8 mW. Soon after the

invention of the QCL, continuous-wave (CW) laser operation above liquid nitro-

gen temperature [5] and room-temperature (RT) pulse-mode operation [6] were
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reported, both with the active region design based on three-well vertical transi-

tion, thank to the advanced understanding of bandstructure engineering. Their

realizations set important milestones for practice applications. Using Fabry-

Perot cavities in the above QCLs make them exhibit broadband and multi-mode

behavior. The first distributed feedback (DFB) QCL [7] was introduced in 1997

in order to obtain continuously tunable single-mode laser output. At the same

time, QCLs based on strongly coupled supperlattices (SL) were invented [8], in

which the optical transition is between two minibands rather than discrete sub-

bands. The high current carrying capability of wide minibands together with

high injection efficiency make it possible to achieve higher optical power and

longer wavelength, while the intrinsic population inversion simplifies the design

of active region. The CW operation above RT at an emission wavelength of 9.1

µm was demonstrated in 2002 [9], based on buried heterostructure for improved

thermal management, and the optical power ranged from 17 mW at 292 K to

3 mW at 312 K. The development of metallic surface plasmon waveguides, by

introducing a properly doped layer between the cladding layer and a metal con-

tact, enables extension of the operating wavelength to far IR with λ > 20µm [10],

attributed to their higher confinement factor, lower thickness, and comparable

loss to conventional dielectric waveguides.

QCLs had exclusively been developed in the InGaAs/AlInAs on InP mate-

rial system until the first GaAs/AlGaAs QCL was reported in 1998 by Sirtori

and coworkers [11]. This QCL structure employed 33% Al in the barriers and

achieved pulse operation up to 140 K at a wavelength of 9.4 µm. The later

GaAs/Al0.45Ga0.55As QCL achieved RT pulse-mode operation by providing better

electron confinement and thus improving temperature-dependence of the thresh-

old current [2]. A supperlattice QCL based on the GaAs/AlGaAs material system

was also demonstrated [12] at λ = 12.6 µm with pulse-mode operation up to RT.
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The CW operation has been pushed up to 150 K [13]. Their realizations suc-

cessfully proves that the operation principle based on intersubband transitions

is truly not bound to a particular material system. Later QCLs based on the

InAs/AlSb on InAs [14, 15], InGaAs/GaAsSb [16], InGaAs/AlAsSb [17, 18] and

InGaAs/AlGaAsSb [19] on InP demonstrate RT laser emission around 3 µm.

The first terahertz (THz) QCL, emitting a single mode at 4.4 THz with more

than 2 mW output power, was demonstrated by adopting the superlattice ac-

tive region design [20]. The device is in GaAs/AlGaAs on GaAs that later be-

came the mainstream material system for THz QCLs. Demonstrating THz QCLs

is significantly more difficult than the mid-infrared for two reasons. First, the

closely spaced subbands required by the small THz photon energies make the

selective injection and depopulation challenging. Such requirement leads to a

different set of active region designs from mid-IR QCLs, including chirped super-

lattice (CSL) [20], bound-to-continuum (BTC) [21], and resonant-phonon (RP) de-

signs [22]. Second, the much stronger free carrier losses due to long wavelength

require the waveguide design for THz QCLs to minimize the modal overlap with

doped cladding layers. Both surface-plasmon (SP) [20] and the metal-metal (MM)

waveguides [23] have been applied to achieve this goal. MM waveguides provide

the best high temperature performance, while SP waveguides have higher output

powers and better beam patterns [24].

Other application-related milestones, include but are not limited to, achiev-

ing modelocking [25], bidirectional QCLs that can produce different laser wave-

lengths at different bias polarities [26], broadly and continuously tunable exter-

nal cavity QCL in 2004 [27, 28]. Figure 1.1 summarizes part of the important

milestones mentioned above.
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1971
Light amplification via 

intersubband transition 
first postulated

1994 First QCL demonstrated

1995CW operation at cryogenic temp

1996

1997

1998

2001

RT pulse-mode operation 

2002

 DFB QCL
 Superlattice QCL

First GaAs/AlGaAs QCL

 First QCL at λ > 20 μm
 RT pulse-mode operation of 

GaAs/AlGaAs QCL 

 First THz QCL
 Mid-IR QCL with CW operation above RT 

2004

2010

2011
5 W RT-CW operation  of mid-IR 

QCLs with 21% WPE 

WPE over 50% at 40 K 

First broadband external cavity QCL

2012
200 K pulsed-mode operation 

of THz QCL  

2014129 K CW operation of THz QCL

Figure 1.1: Milestones of QCL development.
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1.1.1 Recent development of quantum cascade lasers

In recent years, the performance of mid-IR QCLs has been dramatically im-

proved. The wall plug efficiency (WPE), defined as the fraction of electrical power

converted to optical power, has become an important figure of merit in addition

to optical power, threshold current density, and maximum operating tempera-

ture. The WPE over 50% has been demonstrated for pulse-mode operation below

RT [29,30], while WPE as high as 27% for pulse-mode operation and 21% WPE

for CW operation, both above RT and with more than 5 W output power, have

been reached as well [31]. Up to this point, the best high power, high tempera-

ture and high WPE performances of mid-IR QCLs are still hold by InGaAs/AlInAs

material system.

On the other hand, the rapid advance of THz QCLs has significantly improved

device performance including the output power, beam quality, and spectral char-

acteristics. A frequency coverage from 1.2 to 5 THz without the assistance of

external magnetic field [24,32,33] has been reached. Unfortunately, THz QCLs

have not yet achieved RT operation, either pulsed or CW, and the requirement

for cryogenic cooling impedes using them in practical application. Therefore, the

most important research goal of THz QCLs is improving the operating temper-

ature to at least 240 K, which can be accessed using portable thermoelectric

coolers [32]. Among different active region designs of THz QCLs, RP QCLs have

proven to have the best high temperature performance, and their pulse-mode op-

eration above 150 K has been demonstrated in frequencies ranging from 1.80 –

4.4 THz [34–39] with highest operating temperature of 200 K at 3.2 THz [38]. The

highest temperature of CW operation is 129 K owing to improved heat removal

using a narrow waveguide [40]. Applying a strong magnetic field perpendicularly

to the layers to provide additional in-plane confinement enables lower frequen-

cies, lower threshold current densities, and higher operating temperatures for
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The present state of available frequencies as a function of the temperature performances of 
QCLs is schematically summarized in Fig. 1. 

In this manuscript we will review such recent advances in the field of mid-IR and far-IR 
QCLs, from the major technological developments to some of the present challenging 
applications. 

 

Fig. 1. Operating temperature plot as a function of the emission wavelength (or frequency, top 
axis) for quantum cascade lasers. 

2. Mid-IR quantum cascade lasers 

In the past few years, Mid-IR QCL research has progressively shifted from the lab to the 
photonic market: many commercial providers now offer QCL and interband cascade lasers 
(ICLs) in different configurations ranging from Fabry-Pérot devices, to distributed feedback 
(DFB) resonators, to multi-wavelength systems based on tunable external cavities, as well as 
high-power devices. Remote sensing [29], metrology [30] and infrared countermeasures are 
some of the most exciting areas where QCL technology finds progressively more and more 
space, resulting an enabling platform. Here we will discuss some very recent advances in the 
field, namely high performance Mid-IR QCLs, the realization of on-chip frequency combs in 
the Mid-IR based on QCLs and the photonic engineering to address tunability and integrated 
solutions for spectroscopy and sensing applications. 

2.1 High performance Mid-IR quantum cascade lasers 

Room temperature, CW operation of Mid-IR QCLs has been achieved more than 10 years ago 
[31]. The last decade saw a dramatic improvement of the QCL performances across the Mid-
IR range. The development of high performance Mid-IR QCLs in the last few years [23,31] 
has made possible to reach remarkable performances with emitted powers in the 1-5 W range. 
The wall-plug efficiency, namely the ratio between injected power and extracted optical 
power in a laser device, has reached values as high as 27% in pulsed mode and 21% in CW 
mode [23] with more than 5 W of CW output power at RT employing advanced active region 
engineering in the InGaAs/AlnGAs/InP material system. In several high performance designs 
the conduction band offset has been engineered in order to limit the leakage current above the 
barriers and to enhance the upper state lifetime through a careful choice of barrier and well 
heights [33,34]. These impressive performances are then due to a combination of refined 
quantum engineering of the laser active region together with a refined material growth, 
advanced processing solutions like buried heterostructures and careful management of 
dissipated heat. Such remarkable power performance has already allowed the development of 
RT, Mid-IR-based THz sources relying on intra-cavity difference frequency generation 
[35,36] In the short-wavelength Mid-IR region the most relevant results come from advanced 
engineering of materials and from ICL devices. The conduction band offset limits the shortest 
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Figure 1.2: Schematics of the advances in temperature performance of mid-IR

and THz QCLs: operating temperature versus emission wavelength [1].

pulsed operation [41,42], but the extra design complexity limits their applicabil-

ity.

The advances in temperature performance of mid-IR and THz QCLs are illus-

trated in Fig. 1.2 [1]. More details about the progress in both mid-IR and THz

QCLs can be found in several review papers [1,24,32,33,43–48].

1.2 Applications of quantum cascade lasers

The mid-IR wavelength range covers the ‘finger-print’ spectrum region of trace

gases: the two important windows (3–5 µm and 8–13 µm) where the atom-

sphere is relatively transparent. Therefore, mid-IR QCLs are attractive for trace-

gas sensing applications related to pollution control, environmental monitoring,

and health analysis [49]. QCL-based tunable infrared laser diode absorption

spectroscopy (TILDAS) [50] can achieve detection limit down to parts-per-billion
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in volume [51]. Recent realization of on-chip frequency combs in both mid-

IR [52,53] and THz [54] based on QCLs and the photonic engineering to address

tunability and integrated solutions for spectroscopy and sensing applications.

Beside trace-gas sensing, progress has been made towards to applications for

optical wireless communications [45,55–57], and they have been proved to pro-

vide enhanced link stability in adverse weather [57].

The high–power and narrow–bandwidth capabilities of QCLs make them at-

tractive light sources for imaging. Since many materials such as clothing, ce-

ramics, and plastics are semi-transparent to terahertz frequencies, applications

of THz QCLs in noninvasive inspection for industrial and pharmaceutical pro-

cesses, security screening, mail inspection, and biomedical imaging have been

demonstrated [58–61]. THz QCLs have also been used as local oscillators in a

heterodyne receiver [62,63] for high-resolution spectroscopy suitable for space-

based observatories, and have achieved excellent receiver noise temperatures.

1.3 Operating principles of quantum cascade lasers

The active core of a QCL consists of a series of quantum wells and barriers

made by alternating wide and narrow band gap semiconductor thin layers with

typical thicknesses from a few angstroms to a few nanometers. The confinement

in the cross-plane direction due to the barriers leads to the splitting of conduc-

tion band into a number of discrete electronic subbands. Electrons are only

allowed to hop between these conduction subbands in the cross-plane direc-

tion, while they can move freely in plane. The multiple–quantum–well structure

of QCLs forms repeated stages (typically 20-100), and each stage contains an

active region and a injector.
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1.3.1 Carrier transport in quantum cascade lasers

Figure 1.3 shows the energy diagram of two stages of a typical mid-IR QCL

and illustrates the carrier transport. The active region contains three quan-

tized states: the upper (level 3) and lower (level 2) lasing levels as well as the

active ground state (level 1), while a miniband and minigap are formed in the

supperlattice-like injector. An electron is first injected from the injector of the

previous stage into level 3 through resonant tunneling. Then it undergoes a ra-

diative transition to level 2 and gives off a photon whose wavelength corresponds

to the energy difference of level 3 and 2. The electron in level 2 is rapidly depop-

ulated by the active ground state 1 through resonant optical phonon emission

process. Finally, the electron reaching level 1 is collected by the injector of the

next stage, and the similar tunneling and light emission processes are repeated.

Essentially each electron is recycled and emits photons as many times as the

number of stages so that the high output optical power can be obtained.

A critical prerequisite for laser action is the population inversion between lev-

els 3 and 2, or equivalently the electron relaxation time between levels 3 and 2

should be much longer than the lifetime of level 2. To achieve the population

inversion condition, the energy separation between levels 2 and 1 is chosen so

that it is approximately equal to an optical phonon energy (≈ 35 meV for GaAs)

under the designed bias. Due to the resonant nature between the two subbands,

an electron in level 2 will scatter rapidly into level 1, with almost zero in-plane

momentum transfer, through optical phonon emission process, characterized by

a relaxation time on the order of 0.1 ps [46]. On the other hand, the relaxation

time between levels 3 and 2 is substantially longer because their much larger en-

ergy difference causes finite in-plane momentum transfer of the electron–optical

phonon scattering. Besides fast depopulation to minimize the population of level

2, the higher population of level 3 is ensured by following two mechanisms. First,

the minigap in the next injector is designed to face level 3 to prevent the escape
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Figure 1.3: Schematics of the conduction band structure for a basic QCL, where

the laser transition is between the upper (3) and lower (2) lasing levels.

of electrons from level 3 to the next stage Second, the miniband in the previ-

ous injector is designed to align with level 3, which facilitates highly selective

injection into level 3 through fast resonant tunneling. All of the design criteria

described above are realized by means of band-structure engineering – tailor-

ing the energy levels and wavefunctions of subbands by properly controlling the

layer thickness, composition, and doping density.

1.3.2 Energy transport in quantum cascade lasers

In QCLs, the high electric field and current density required for lasing pump

considerable energy into the electronic system. The accelerated electrons can

scatter with each other, with phonons, with layer interfaces, imperfections or

impurities. Among these possible scattering mechanisms, the electronic system

relaxes its net energy mainly through the emission of longitudinal optical (LO)
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Figure 1.4: Schematic of the energy transfer process in QCLs.

phonons [64,65]. Owing to low group velocities LO phonons are not efficient at

carrying the heat away, and serve as a temporary energy storage system. The

main lattice cooling mechanism is the anharmonic decay of LO phonons into

two longitudinal acoustic (LA) phonons [66], and the high group velocities of LA

phonons make them the primary heat carriers to transfer the energy, through

the waveguide and substrate, to the heat sink. Fig. 1.4 illustrates the energy

transfer process described above.

The time scales of various energy transfer process in QCLs are dramatically

different. The electron–LO phonon interaction is the fastest process, with a time

scale on the order of 0.1 ps. In contrast, the anharmonic decay of LO phonons

into LA phonons is much slower and typically takes several ps. As a result, the

population of LO phonons is built up over time in the active core and their distri-

bution is driven far from equilibrium [64,67,68]. The abundance of LO phonons
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will also feed back to the electronic transport by affecting LO phonon scattering

rates and electronic temperature, which, in turn, results in an electronic system

far from equilibrium. The overall effect of nonequilibrium LO phonons is creat-

ing a bottleneck for heat dissipation [65]. On the other hand, the lattice heat

removal through acoustic phonons takes the longest time, on the order of ms.

1.3.3 Thermal issues in QCLs

A critical challenge for both mid-IR and THz QCLs is achieving reliable RT

CW operation at high powers, as explained in Sec. 1.1 and Sec. 1.2. The high

operating lattice temperature, accompanied by the high electronic temperature,

has detrimental impact on population inversion through several mechanisms,

and thus increases threshold current, lowers WPE, and may eventually prevent

lasing. The first mechanism degrading population inversion is the backfilling of

the lower lasing level with electrons from the next injector, and it occurs either

by thermal excitation (according to the Boltzmann distribution at elevated lattice

temperature), or by reabsorption of nonequilibrium LO-phonons [69]. While the

backfilling increases lower lasing level life time, the upper lasing level life time

is reduced due to the thermionic leakage into either Γ-valley continuum states

or into X-valley states [70] as the temperature increases. In addition, as the

electrons in the upper lasing level gain sufficient in-plane kinetic energy, they

start to relax into the lower lasing level through LO phonon emission so that

the upper lasing level life time is further decreased [24]. Another related mech-

anism is the parasitic leakage current from injector directly to the continuum

states leading to worse injection selectivity [70]. Therefore, fully understanding

the electrothermal transport as well as their connection with QCL performance

metrics is critical on further developments of both mid-IR and THz QCLs, which

motivates this work.
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1.4 Existing work in simulation techniques for electrothermal
transport in QCLs

The most exciting work on exploring the electrothermal performance of QCLs

falls into two categories. The first category investigates the heat transfer char-

acteristics over the entire device structure, and aims at improving thermal man-

agement based on advanced waveguide and mounting configurations [71–81].

The heat diffusion equation is numerically solved using either the finite differ-

ence method or the finite element method [72,81], through which the geometry of

active core, cladding layers, contacts, solders, and substrate is accurately taken

into account. Two key parameters that determine the accuracy of the simulation

are the heat generation rate and the anisotropic thermal conductivities in the

active region. The former is typically extracted from the measured current-field

characteristics [75], while determining the thermal conductivity tensor is still an

open question [82,83]. A crude assumption is that the cross-plane thermal con-

ductivity equal to some fraction of the corresponding bulk counterpart [74]. The

cross-plane thermal conductivity can also be calculated considering the interface

thermal boundary resistance and the weighted average of the bulk values of the

well and barrier materials [72]. In addition, it can be left as a fitting parameter

to match the simulated temperature profile with measured temperature [73,77].

The temperature distribution together with the heat flux obtained from the so-

lution of the heat diffusion equation give insights on the efficiency of the heat

removal conducted by different components. Studies have shown both epilayer-

down mounting and buried heterostructure significantly reduce the active re-

gion temperature in comparison with the conventional ridge waveguide mounted

epilayer-side up, and the improvement is achieved by shortening the cross-plane

heat transfer path and enhancing the in-plane heat removal, respectively [77].

The studies in the other category focus on investigating the nonequilibrium

phonon effects using microscopic simulation technique. A number of techniques
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have been established to simulate carrier transport in QCLs including rate equa-

tions [84,85], semiclassical EMC [70,86], density matrix [87–90], and nonequilib-

rium Green’s functions NEGF) [91,92], comprehensive reviews of these modeling

techniques can be found in [93,94]. Among them, the particle-based EMC is most

widely adopted technique for studying electrothermal transport [64,68,69,95–98]

for the following reasons. First, the EMC technique is capable of simultaneously

solving the coupled Boltzmann equations for electron-phonon subsystem under

various boundary conditions [99–101], and captures the important physical phe-

nomena relevant to QCL operation. In contrast with rate equations technique,

no priori assumption about the electron and phonon distribution is required in

EMC simulations [102]. This benefit is essential for QCLs operating at high tem-

perature with high output power, since both electron and phonon distribution

are driven far from equilibrium. In addition, the EMC technique also provides

the flexibility of including or excluding various scattering mechanisms with mi-

nor modification to the simulation framework. On the other hand, the NEGF

technique, albeit excellent for capturing coherent transport, cannot efficiently

handle phonon-phonon scattering [92, 103, 104]. Finally, EMC simulations re-

quire reasonable computational resources, although slightly higher than solving

rate equations, but still much less demanding than NEGF, which makes EMC a

suitable testbed for QCL design.

1.5 Overview of this dissertation

This dissertation is aimed at developing computational techniques to inves-

tigate the electrothermal transport in QCLs and to connect its insight to QCL

performance metrics. A self-consistent device-level heat diffusion simulator, a

single-stage coupled EMC simulator, and a multiscale electrothermal simulator

from single stage to the full device level have been developed. The device-level

simulator provides a testbed to predict lattice temperature distribution over the
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entire device region (including the active core, waveguide, and substrate) at vari-

ous biases and heat sink temperatures. The device-level simulator also provides

a tool to optimize different mounting and waveguide configurations for better

thermal management. The single-stage coupled EMC simulator provides a de-

tailed microscopic description of coupled electron-phonon dynamics that is far

from equilibrium in QCLs. It also connects the microscopic transport mecha-

nisms and properties to the important device characteristics such as optical gain

and threshold current. The multiscale device–level simulator bridges detailed

microscopic physics in a small single stage with the heat transport across the

entire device with a much larger spatial scale. The multiscale simulation tech-

nique not only provides insights of device thermal management, but also predicts

realistic device electothermal characteristics directly accessible in experiments.

In the following, we will describe the development of these two simulators and

demonstrate how they help us identify the underlying mechanisms that limit the

laser operation. The work performed for this dissertation has led to two journal

articles [105, 106] with one more in preparation, two oral conference presenta-

tions [107,108], and one poster presentations [109]. The main accomplishments

of the project are described below.

1.5.1 Research accomplishments

(1) First, a device-level heat diffusion simulator has been developed for char-

acterization of temperature distribution under given mounting and waveguide

configuration. The core of the simulator is a finite-difference solver for the

nonlinear heat diffusion equation. The solver allows temperature-dependent

heat generation rate and material thermal conductivity being incorporated, and

achieve the steady-state solution using iterative algorithm. A key technique used

in the simulator is extracting a bias- and temperature-dependent heat genera-

tion rate table from the microscopic EMC simulation of electron transport. This
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approach borrows the idea of the compact model widely used in SPICE circuit

analysis: the electrothermal behavior of a QCL is encapsulated into a compact

heat source model derived from the underlying physics. Specifically, a series

of independent EMC simulations of electron transport [70] are first run under

different electrical fields and temperatures. For each simulation, a spatial heat

generation rate profile is extracted based on the optical phonon emission and

absorption transitions, in which the “position” of each optical phonon is deter-

mined by the wavefunctions of the initial and final state. The heat generation

rate profile of all EMC simulations are collected in a large heat generation table,

and the table is thus fed into the heat diffusion equation solver for iteration. This

is the first time, to our best knowledge, this self-consistent technique has been

used in the thermal performance characterization of QCLs, and it brings several

benefits. First, the compact heat source avoids the overhead of simultaneously

running EMC simulations for tens or even hundreds of stages with numerous

subbands. Second, previous theoretical research on the thermal performance of

QCLs heavily relies on the heat generation measured from experiments, which

makes them not suitable for QCL design. Our approach is able to gain this heat

source information without a priori knowledge from experiments, but following

the microscopic transport physics. These two benefits together make this simu-

lator an powerful tool for thermal management optimization and thermal issue

diagnosis in QCL design stage. The capability of the simulator is demonstrated

by studying the well-known 9 µm GaAs/Al0.45Ga0.55As mid-IR QCL [2]. A maxi-

mum lattice temperature increase over 150 K with respect to the heat sink tem-

perature is obtained in the active core, and we argue that this high temperature

is the possible reason preventing the RT-CW operation of this device.

(2) Second, a single-stage coupled EMC simulator has been developed for

the far-from-equilibrium electron-phonon transport in QCLs. It is an extension
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of the previously developed EMC simulator for electron transport [70], and in-

troduces optical phonon dynamics and its interaction with electron relaxation

for a comprehensive description of the electron-phonon subsystem. A phonon

histogram discretized in the 3-D wave vector space is used to capture the op-

tical phonon distribution in the simulator. The interaction of electron-phonon

subsystem is modeled by coupling the phonon histogram with electron–optical

phonon scattering. In one direction, the phonon histogram is updated within

each time step by optical phonon emission/absorption scattering events based

on the corresponding momentum conservation law in the in-plane and cross-

plane directions, respectively. In the opposite direction, the electron–optical

phonon scattering rate is also modified by the phonon histogram once per several

time steps. Besides interacting with electrons, optical phonons also decay into

acoustic phonons with much higher group velocities, and the later dominates

heat transfer. To describe such a decay process, a temperature-dependent relax-

ation time of optical phonons is derived and used as an additional mechanism

to update the phonon histogram. The same GaAs/Al0.45Ga0.55As mid-IR QCL is

picked as an example to demonstrate this technique. The coupled simulation

results show better agreement with the experiment data, in terms of current-

voltage characteristics, modal gain, and threshold current, than the simulation

with just the electron transport. In addition, the detailed microscopic transport

properties provided by the simulation enables us to pinpoint the critical effects

due to the presence of nonequilibrium phonons. It shows that nonequilibrium

phonons have much more pronounced effect at lower temperature regime (< 200

K), where the electron–optical phonon scattering rate is enhanced by one to two

orders of magnitude. As a result, the injection selectivity and efficiency are sub-

stantially increased via optical phonon absorption, and a higher modal gain and

lower threshold current are obtained with respect to the case with equilibrium

phonons. In addition, the electron distribution within individual subband allows
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the extraction of subband electronic temperature. The elevated subband elec-

tronic temperatures obtained from the coupled simulations clearly show that

the more frequent phonon absorption due to the presence of nonequilibrium

phonons impede electron energy relaxation.

(3) Third, a multiscale device–level simulation technique has been developed

to bridge the detailed microscopic physics in a single stage with the global heat

transfer across the entire device structure. The simulation algorithm is based on

a detailed device table that encapsulates the nonequilibrium electron–phonon

transport characteristics of a single QCL stage under a wide range of possible

operation conditions. The key idea of connecting multiple stages is to allow each

stage to act as an independent heat source with different electric field from stage

to stage, while the current continuity condition is enforced across all stages. The

technique is used to study the effects of device geometry on the electrothermal

properties of the GaAs/Al0.45Ga0.55As mid-IR QCL. The simulations show that the

active core temperature can be reduced by decreasing the substrate thickness

or increasing the contact thickness. In addition, increasing active core width

enlarges the dissipated power if the current density remains the same, while the

device thermal resistance is reduced. The multiscale simulation technique also

enables one to calculate the realistic QCL voltage–current density characteris-

tics directly related to experiments. Once the final temperature profile has been

calculated, the total voltage can be obtained by integrating the electric field of all

stages. The calculated voltage–current density curves from different device ge-

ometries show that the improvement of thermal management, and thus the lower

active core temperature, leads to a higher voltage at a given current density, and

this trend is consistent with experiments.
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1.5.2 Organization of chapters

Chapter 2 describes in detail the theoretical approaches and simulation tech-

niques used to study the electrothermal transport in QCLs. Section 2.1 presents

the semiclassical coupled Boltzmann transport equations (BTE) governing the

electron–phonon dynamics. The electron–LO phonon scattering rate and the op-

tical phonon decay time are derived in Section 2.1.1 and Section 2.1.2, respec-

tively. The feature of fuzzy momentum conservation in the cross-plane direction

for confined heterostructures is explained in detail in Section 2.1.3. Section 2.2

describes the device-level heat diffusion simulator and the technique of extract-

ing temperature-dependent heat generation rate profile. Section 2.3 describes

the particle-based ensemble Monte Carlo (EMC) method for solving the BTE,

while Section 2.3.1 introduces how we extend EMC to account for both electron

and phonon dynamics and the interactions between them.

In Chapter 3, the device-level heat diffusion simulator presented in Section

2.2 is applied to simulate the thermal performance of a well-known 9.4 µm

GaAs/Al0.45Ga0.55As mid-IR QCL. The device structure is described in Section 3.1,

and the thermal conductivities and boundary conditions used in the simulation

are shown in Section 3.2. The temperature-dependent heat generation rate dis-

tribution extracted from EMC simulations is shown in Section 3.3. Section 3.4

presents the calculated temperature profile, and discusses the nonlinear effects

resulting from the temperature dependence of the thermal conductivities and the

heat generation rate.

Chapter 4 presents the study on the nonequilibrium phonon effects on device

performance using the single-stage coupled EMC simulator described in Sec-

tion 2.3. The calculated laser characteristics including current density, modal

gain and threshold curent density with and without nonequilibrium phonons

are compared in Section 4.1. Section 4.2 shows the subband electron popula-

tion and phonon distribution, through which the microscopic mechanisms that
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explain how nonequilibrium phonons affect the QCl characteristics are identi-

fied. Section 4.3 shows the electron distribution and the associated electronic

temperature in individual subband. The substantially increased electronic tem-

perature leads to the conclusion that the nonequilibrium phonons impede energy

relaxation from the electron subsystem.

A multiscale device–level simulation technique for electron–phonon coupled

transport in QCLs is presented in Chapter 5. The core of the techinque, namely

the extraction of the device table and the algorithm of connecting stages, are

described in Sections 5.1 and 5.2, respectively. In Section 5.3, the technique

is applied to study the effects of device geometry on its electrical and thermal

performances. The simulation results show that the temperature and electric

field in the active core are both stage-dependent. In addition, thinner substrate

thickness, thicker contact thickness, and larger active core width all improves

active region temperatures by decreasing the device thermal resistance. The

simulations also show that the improved active core temperature leads to a larger

total voltage at given current density.

Chapter 6 provides a summary of the research performed within this disser-

tation (Section 6.1) and presents a discussion of envisioned future work (Section

6.2).
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Chapter 2

Theoretical approach

2.1 Semiclassical transport model

The electrons in QCLs are confined in the cross-plane direction due to the

supperlattice-like structure. The electronic states are characterized by |k‖, i〉

where k‖ is the in-plane wave vector and i is the subband index. In the semiclas-

sical Boltzmann description, the electron transport along the cross-plane direc-

tion is through the transition between different localized electronic subbands,

while they can move freely in plane due to the absence of confinement and of

electric field along this direction. Electrons undergo interactions with optical

phonons and other electrons, which either causes the change of their in-plane

momenta (intrasubband scattering) or results in hopping into another subbands

(intersubband scattering). The optical phonons emitted by the electrons may

anharmonically decay into acoustic phonons or they can be reabsorbed by the

electrons. The dynamical evolution of the electron-phonon system can be de-

scribed by the coupled Boltzmann equations (BTE):

∂fk‖,i

∂t
=

∂fk‖,i

∂t

∣∣∣∣
e−ph

+
∂fk‖,i

∂t

∣∣∣∣
e−e

, (2.1)

∂Nq

∂t
=

∂Nq

∂t

∣∣∣∣
ph−e

+
∂Nq

∂t

∣∣∣∣
ph−ph

, (2.2)

where fk‖,i is the electron distribution function of the state |k‖, i〉, and Nq is the

phonon distribution function. The two time-dependent transport equations are
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coupled through the occurrence in the electron-phonon collision integrals of both

electron and phonon distribution functions (∂fk‖,i/∂t)
∣∣∣
e−ph

and (∂Nq/∂t)|ph−e.

Within the Fermi’s golden rule approximation, the LO-phonon interaction

term in the electronic BTE is translated into the following form:

d

dt
fi(k‖)

∣∣∣∣
e−ph

=
∑
q±

(
Nq +

1

2
± 1

2

)
×

∑
f,k′‖

(
Sq±
fi (k′‖,k‖)ff (k

′
‖)[1− fi(k‖)]− S

q±
if (k‖,k′‖)fi(k‖)[1− ff (k

′
‖)]
)
,(2.3)

where Sq±
if (k‖,k′‖) is the transition rate from the initial state |k‖, i〉 to the final state

|k′‖, f〉, and the sign ± refers to emission and absorption processes, respectively.

The phonon counterpart of Eq. 2.3 can be written into the similar form:

d

dt
Nq

∣∣∣∣
ph−e

=
∑
±

±
(
Nq +

1

2
± 1

2

) ∑
ik‖ 6=fk′‖

Sq±
fi (k′‖,k‖)ff (k

′
‖)[1− fi(k‖)].

The phonon-phonon interaction term in the phonon BTE can be simplified by

applying the relaxation time approximation:

∂Nq

∂t

∣∣∣∣
ph−ph

= −
Nq −N0

τop(TL)
, (2.4)

where τop is the temperature-dependent anharmonic decay time, and N0 = 1/(e~ω/kBTL−

1) is the thermal equilibrium phonon distribution at lattice temperature TL.

The electron-LO phonon scattering rate the and the anharmonic decay time

are evaluated in the following subsections.

2.1.1 Electron–LO phonon scattering rate

The envelope function of a 2-D electronic state in QCLs |k‖, i〉 is given by

F (r) =
1√
A
ψi(z)eik‖r‖ , (2.5)

where A is the normalization area. The transition rate for an electron from a

state |k‖, i〉 to a new state |k′‖, f〉 due to the interaction with a LO phonon is given
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by Fermi’s golden rule:

Sif (k‖,k′‖) =
2π

~
∣∣〈k′‖, f |He−LO|k‖, i〉

∣∣2 δ(E ′ − E ∓ ~ω0), (2.6)

where ~ω0 is the LO phonon energy, δ(·) is the delta function, the ∓ signs corre-

spond to phonon absorption and emission, respectively, and He−LO is the electron-

LO interaction Hamiltonian that takes the form

He−LO =

[
e2~ω0

2V

(
1

ε∞
− 1

ε0

)]1/2∑
q

1

iq

(
âqe

iq·r−iω0t + â+
q e
−iq·r+iω0t

)
, (2.7)

where ε0 and ε∞ are the static and high-frequency dielectric permittivity, respec-

tively, q is the phonon wavevector, âq and â+
q are the phonon destruction and

creation operators, respectively.

The transition rate can be calculated by substituting Eq. (2.7) into Eq. (2.6)

Sif (k‖,k′‖) = C

(
Nq +

1

2
∓ 1

2

)
|Ifi(qz)|

2

q2
‖ + q2

z

δk′‖,k‖±q‖δ(E
′ − E ∓ ~ω0), (2.8)

where Nq is the phonon number and the coefficient C is

C =
πe2ω0

V

(
1

ε∞
− 1

ε0

)
, (2.9)

and Ifi(qz) is the overlap integral of the two wavefunctions

Ifi(qz) =

∫ d

0

dzψ∗f (z)ψi(z)e±iqzz. (2.10)

Under the effective mass approximation, the initial and final energy E and E ′ can

be written as

E = Ek‖ + Ei =
~2k2

‖

2m∗i
+ Ei, (2.11)

E ′ = Ek′‖ + Ef =
~2k′2‖
2m∗f

+ Ef . (2.12)

Thus the in-plane momentum and energy conservations are expressed as

k′‖ = k‖ ± q‖, (2.13)

Ek′‖ + Ef = Ek‖ + Ei. (2.14)
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if the angle ϕ between k‖ and k′‖ is given, the in-plane phonon wavevector q‖ is

fixed by the above conservation conditions:

q±‖ (Ek‖ , ϕ) =

√
2

~2

[
(m∗i +m∗f )Ek‖ +m∗f (~ω±if )− 2

√
m∗im

∗
fEk‖(Ek‖ + ~ω±if ) cosϕ

] 1
2

(2.15)

The scattering rate is obtained by summing all the final states and convert

the summation to integration

1

τfi(k‖)
=

∑
k′‖

∑
qz

Sif (k‖,k′‖) =
V C

8π2

∫ 2π

0

dϕ

∫ ∞
0

k‖dk‖

(
Nq +

1

2
∓ 1

2

)

× δk′‖,k‖±q‖δ(E
′ − E ∓ ~ω0)

∫ d

0

dqz
|Ifi(qz)|
q2
z + q2

‖
(2.16)

The integral of the overlap function can be evaluated by introducing a form factor

function Ffi(q‖)

Ffi(q‖) =
q‖
π

∫ d

0

dqz
|Ifi(qz)|
q2
z + q2

‖
=

∫ d

0

dz

∫ d

0

dz′ψf (z)ψ∗f (z
′)ψ∗i (z)ψi(z

′)e−q‖|z−z
′|. (2.17)

Once substitute the form factor function and make use of k′‖dk
′
‖ = (m∗f/~2)dEk′‖,

one obtains the scattering rate as a function of the initial energy Ek‖:

1

τfi(Ek‖)
= C ′

∫ 2π

0

dϕ

∫ ∞
0

dEk′‖

(
Nq +

1

2
∓ 1

2

)
δ(Ek′‖ − Ek‖ − ~ω±if )

Ffi(q
±
‖ )

q±‖

= C ′
∫ 2π

0

dϕ

(
Nq +

1

2
∓ 1

2

)
Ffi(q

±
‖ )

q±‖
ϑ(Ek‖ + ~ω±if ), (2.18)

where ~ω±if = Ei − Ef ± ~ω0, ϑ(·) is the step function, and the coefficient C ′ is

C ′ =
V m∗f
8π2~2

· C =
e2m∗f (~ω0)

8π~3

(
1

ε∞
− 1

ε0

)
. (2.19)

2.1.2 Anharmonic decay of nonequilibrium LO phonons

A rigorously derived theoretical expression for the anharmonic decay time of

nonequilibrium LO phonons is essential for simulating nonequilibrium electron-

phonon dynamics in QCLs. It has been proven that the life time of LO phonons in
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Figure 2.1: Schematics of the Klemens anharmonic decay process and the re-

verse fusion process whose relaxation time are denoted as τq(2) and τq(1), respec-

tively, while q, q′, and q′′ correspond to the wave vectors of the LO phonon and

the two LA phonons, respectively.

GaAs/Alx Ga1−xAs quantum wells is very close to the one in bulk GaAs [110,111],

and hence using bulk phonon modes is still a valid assumption in calculating

the relaxation time. An LO phonon can anharmonically decays into multiple

phonons in LO, TO, LA and TA branches whose energies and momenta are con-

strained by the corresponding conservation laws. Among all possible relaxation

processes, the relaxation of zone-center LO phonons is generally dominated by

the three-phonon process of splitting into two equal energy, equal and oppo-

site momenta longitudinal-acoustic (LA) phonons, known as the Klemens chan-

nel [66] illustrated in Fig. 2.1. The reverse process of Klemens channel, the fu-

sion of two LA phonons into an LO phonon, is generally considered much slower

than the decay process [66], and its contribution to the net relaxation time is

neglected.

The derivation of the anharmonic relaxation time starts from expending the

crystal Hamiltonian to the third order. By applying perturbation theory the

Hamiltonian can be expressed as

H = Hharmonic + V3, (2.20)



26

where Hharmonic is the harmonic crystal Hamiltonian and V3 is the anharmonic

counterpart considered as a small perturbation. Using the continuum approxi-

mation and second quantized notation, the anharmonic term can be expressed

as [66]:

V3 =
1

3!

(
~3

2ρNΩ

)1/2
γ

c̄
×
∑
qq′q′′

(ωω′ω′′)
1/2
δq,q′+q′′ ×

(
a†q − aq

) (
a†q′ − aq′

)(
a†q′′ − aq′′

)
(2.21)

where q, q′, and q′′ follow the notations in Fig. 2.1, aq(a†q) is the phonon annihila-

tion (creation) operator, ω, ω′, and ω′′ correspond to the frequencies of the phonon

modes q, q′, and q′′, respectively. Nω is the volume of the crystal, c̄ is the average

sound velocity, ρ is the mass density, and γ is the average, mode-independent

Gruneisen constant describing the effect of volume change of a crystal lattice on

the vibration frequency. Thus the transition probability of LO-phonon decay can

be calculated by applying Fermi’s golden rule

Γq′q′′
q =

~πγ2

ρN0Ωc̄2
(ωω′ω′′)n(n′ + 1)(n′′ + 1)× δq,q′+q′′δ(ω − ω′ − ω′′), (2.22)

where n, n′, and n′′ are the nonequilibrium phonon occupation numbers of the

corresponding phonon modes. The decay rate of nonequilibrium LO phonons

can be expressed using the single-mode relaxation-time approximation

− ∂n

∂t

∣∣∣∣
scatt

=
1

2

∑
q′q′′

[
Γq′q′′

q − Γq
q′q′′

]
=
n− n0

τq(2)
, (2.23)

where n0 represents the equilibrium phonon number of mode q. The nonequi-

librium phonon distribution n can be written in linearized form in terms of the

equilibrium counterpart n0 based on the displaced Bose-Einstein distribution

approximation

n =
1

e(~ω/kBT )+Ψ − 1
∼= n0 + Ψn0 (n0 + 1) , (2.24)

where Ψ represents the displacement of the nonequilibrium distribution with

respect to the equilibrium Bose-Einstein distribution. Substituting the linearized
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LO phonon distribution Eq. 2.24 and the transition probability Eq. 2.22 into Eq.

2.23 and using the principle of detailed balance leads to the expression of the

decay time

τ−1
q(2) =

~γ2c′

4πρc̄2

∫
q′3ωω′′

n0(ω′)n0(ω′′)

n0(ω)
× δ(ω − ω′ − ω′′)dq′. (2.25)

Solving the integration in Eq. 2.25 requires the dispersion relation of LA

phonons. Instead of applying isotropic elastic continuum approximation to the

dispersion, an isotropic sine curve pseudodispersive model is adopted to properly

describe the dispersion of long wave vector LA phonons

ωLA = ω̄2 sin
πqLA

2Q
, (2.26)

where ω̄2 denotes the average zone-boundary frequency of the LA phonon and Q

is the effective radius of the Brillouin zone. Substituting Eq. 2.26 into Eq. 2.25

and knowing the energy and momentum conservations enforce ω′ = ω′′ = ωLO/2

yields the analytical expression for the relaxation time of the decay process

τ−1
q(2) =

~γ2Qω3
LO

8π2ρc̄2ω̄2

× q2
LA

cos(qLAπ/2Q)
× n2

0(ωLO/2)

n0(ωLO)
. (2.27)

For the GaAs-based material system, the average frequency of zone-edge LA

phonons ω̄2 = 3.93 × 1013(s−1), the effective radius of the Brillouin zone Q =

1.09 × 1010(m−1), the average sound velocity c̄ = 3490(m/s), and the mass density

ρ = 5310(kg/m3). [66]. The value of the Grüneisen constant is critical in the cal-

culation since the relaxation time is proportional to 1/γ2 based on Eq. 2.27, and

the value varies from 1 to 2 in different studies. [66,112–114] The LO phonon de-

cay time calculated with different values of the Grüneisen constant versus lattice

temperature is plotted in Fig. 2.2. The temperature dependence of the relaxation

time is governed by the term of equilibrium phonon number n2
0(ωLO/2)/n0(ωLO).

The weak temperature dependence in the low temperature regime results from

n0(ω) ' e
− ~ω

kBT at low temperature so that n2
0(ωLO/2)/n0(ωLO) ' 1. The two curves

corresponding to γ = 1 and γ = 2 represent the upper and lower bound of the
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Figure 2.2: LO phonon decay time as a function lattice temperature calculated

using different values of Grüneisen constant.

relaxation time, respectively, and they clearly show that that the choice of the

value of Grüneisen constant significantly affects the calculated LO phonon re-

laxation time. In this work, γ = 1.8 is chosen since it provides the best fit to

experimental results [66], and yields τq = 8.5(ps) at 77 K in excellent agreement

with the experimental value 7± 1ps obtained through time-resolved Raman mea-

surements [115,116].

2.1.3 Fuzzy cross-plane momentum conservation

Momentum and energy conservation of the scattering process comes from

the uncertainty principle and the assumption made by Fermi’s Golden rule. In

Fermi’s Golden rule, the δ-function indicating energy conservation is obtained

assuming the perturbation has been applied over a long time interval, which also

follows the uncertainty principle ∆E∆t ≥ ~. On the other hand, the momentum

conservation results from another form of the uncertainty principle ∆p∆x ≥ ~

when electron location is not confined (∆x goes to infinite), which applies to the
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in-plane momentums of electrons and phonons in QCLs k‖ + q‖ = k′‖. However,

in heterostructure such as QCLs, the confinement of electrons in cross-plane di-

rection reduces the uncertainty of location, which results in nonzero uncertainty

of their momenta, and hence the cross-plane momentum does not have to be

strictly conserved during scattering. [117–119] In other words, kz + qz = k′z does

not necessarily hold any more.

The implementation approach of fuzzy cross-plane momentum conservation

in QCLs may affect the electron-nonequilibrium LO phonon scattering in the sim-

ulation. Previously, the momentum conservation approximation (MCA) [69,118]

and the uniform phonon distribution approximation with broadening [100] have

been applied to this problem (the latter on a quantum well, not a QCL). The MCA,

as the name indicates, assumes strict cross-plane momentum conservation. The

cross-plane phonon momentum qz is tabulated for discrete values corresponding

to the quantum numbers of both initial and final electronic states. For intrasub-

band electron-LO phonon transitions, the LO phonon involved has qz = 0, while

qz is nonzero and related to the subband energy difference for intersubband tran-

sitions. [69]. Essentially, the MCA forbids the mechanism called mutual optical

phonon mode exchange [64] between intrasubband and intersubband transi-

tions – the LO phonons emitted in intrasubband transitions with qz = 0 are not

allowed to participate any intersubband phonon reabsorption transition, and

verse vice. The “crosstalks” between different intersubband transition channels

are neglected as well. The LO phonon generated in the electron transition from

subband i to f is not available for being “recycled” in another transition be-

tween subband i′ and f ′ if i 6= i′ or f 6= f ′, since qz = kfz − kiz does not fit the

cross-plane momentum difference between subband i′ and f ′. Neglecting all mu-

tual optical phonon mode exchange may underestimate the available phonon

number for each transition, and thus may underestimate the corresponding

electron-nonequilibrium LO phonon scattering rate. An improved approximation
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based on the MCA has been applied to quantum wells by assuming a broaden-

ing for qz distribution with respective to each transition channel. [100] In this

uniform phonon distribution approximation with broadening, qz components of

LO phonons generated in transition i → f are no longer enforced at a particular

value qifz , instead they follow a uniform distribution centered at qifz with a width of

1/L in wave-vector space, where L is the width of the quantum well. This approx-

imation also allows the i→ f phonon absorption scattering to select any phonon

within qifz ± 1/L. However, the broadening length is difficult to determine in

multiple-quantum-well heterostructures, and therefore this approximation does

not work well for QCLs.

Here, we note that the probability distribution of qz of phonons generated in

transitions i→ f is proportional to the the overlap integral (OI) between the initial

and final states [ψi(z) and ψf(z), respectively] over the simulation domain of length

L (the OI is also involved in the electron-phonon scattering rate calculation):

|Iif(qz)|2 =

∫ L

0

dzψ∗f (z)ψi(z)e−iqzz. (2.28)

In this work, we use a random variable whose probability distribution follows the

normalized OI, depicted in Fig. 2.3, to determine the qz of a phonon involved in

the i→ f electron transition. The peak width of the normalized OI indicates how

sharply the cross-plane momentum is conserved, [119] while the peak positions

depend on the subband energy separation. Note how the intrasubband OIs are

strongly peaked at qz = 0, while the intersubband OIs are zero at qz = 0 (Fig. 2.3).

The area of overlap between the regions under the OI curves corresponding to

different transitions indicates the mutual optical-phonon mode exchange, [64]

i.e. quantifies how frequently an optical phonon created during one transition

can participate in a different one.
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2.2 Heat diffusion simulation

In Sec. 2.1, the coupled BTE for electron-optical phonon system in QCLs

is given. After the optical phonons decay into acoustic modes, the acoustic

phonons with large group velocities carry the energy generated in the active core

to the package. Thus the energy conservation equation of acoustic phonons can

be written in the following form:

∂WA

∂t
= ∇ · (κA∇TA) +

∂WLO

∂t

∣∣∣∣
coll

, (2.29)

where WLO, and WA are the optical and acoustic phonon energy densities, re-

spectively, κA is the thermal conductivity and TA is the acoustic phonon (lattice)

temperature. The term ∇ · (κA∇TA) captures the heat diffusion dominated by

acoustic phonons. For steady-state cw operation of QCLs, the net energy trans-

fer rate from the electron subsystem to the optical phonon subsystem is equal

to the corresponding transfer rate from the optical phonon subsystem to the

acoustic phonon bath, under the assumption that optical phonons are not far

from their equilibrium state. By replacing (∂WLO/∂t)|coll with the energy trans-

fer rate from electrons to optical phonons (∂We/∂t)|coll and setting ∂WA/∂t as 0,

the steady-state heat diffusion equation is recovered from Eq. 2.29, with the

electron-optical phonons collision term playing the role of the heat source:

−∇ · (κA∇TA) =
∂We

∂t

∣∣∣∣
coll

. (2.30)

To obtain the collision term on the right-hand side of Eq. 2.30, detailed knowl-

edge of the interactions between electrons and optical phonons during transport

is required, which can be accomplished by ensemble Monte Carlo (EMC) simu-

lation of electron transport introduced in Sec. 2.3. During the EMC simulation,

generated optical phonons are counted, and their energies are added up to obtain

the heat source term in Eq. 2.30 [65]:

Q =
∂We

∂t

∣∣∣∣
coll

=
n

Nsimtsim

∑
(~ωems − ~ωabs) (2.31)
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where Q is the extracted heat generation rate in the active core, n is the electron

density, while Nsim and tsim are the number of particles and the simulation time in

EMC simulation, respectively. After Q is extracted from a set of EMC simulation

runs under different temperatures, the heat diffusion equation can be solved by

the finite-difference method and the temperature distribution of the QCL can be

obtained.

Even though the EMC simulation provides us with detailed information on

each electron-optical phonon scattering event, determining the position where

these optical phonons are actually emitted or absorbed is not straightforward.

In QCLs, the wavelike behavior of electrons in the cross-plane direction dictates

that only the probability density of finding an electron at a given position can

be known from its wave function. After the scattering, an electron may end up

in another subband with a completely different probability distribution. On the

other hand, embedding the information on the optical phonon generation into

the heat source term using Eq. 2.31 requires an exact position of each optical

phonon, so there is an obvious contradiction. We propose a method to bridge

this gap. By observing that the probability to find an electron in subband α and

within a small grid δz centered at position zi can be calculated by

Pα(Zi) =

∫ zi+∆z/2

zi−∆z/2

|ψα(z)|2dz, (2.32)

which is illustrated in Fig. 2.4 by the area of the shadowed region bounded by the

wavefunction moduli squared and zi ±∆z/2. δz = 1Å is chosen in the model. We

introduce an additional random number r (uniformly distributed between [0, 1])

in the EMC simulation to determine the electron’s ”position” in a subband. The

electron in subband α is considered to be within [zi −∆z/2, zi + ∆z/2] if and only

if ∫ zi−∆z/2

0

|ψα(z)|2dz < r <

∫ zi+∆z/2

0

|ψα(z)|2dz (2.33)
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Figure 2.4: Illustration of the phonon position estimation. The blue curves are

the initial (α) and final (α′ ) state of the electron transition. The area of the red

shadowed regions denotes the probability of finding the electron within zα±∆z/2

or z′α ± ∆z/2. zph, the average of zα and z′α are considered as the position of the

phonon involved in the transition

When an electron transitions from subband α to α′ by scattering with an optical

phonon, two random numbers are used to find the electron’s position in the

initial and final subband (zα and z′α, respectively) according to Eq. 2.33 and the

phonon position zph is found as their average, as shown in Fig. 2.4.

Although the proposed method connects the heat source term in the heat

diffusion equation and the electron-phonon scattering modeled by EMC, there is

no self-consistent loop between these two, since the temperature distribution is

not fed back into the EMC simulation. In fact, it is very challenging to implement

an anisothermal EMC simulation for the entire QCL structure, because all stages

(typically 30-70 of them ) must be included in the simulation. Furthermore, this

large system needs to be solved by the EMC method multiple times to achieve

global convergence with the thermal solution. Clearly, approximations must be

made to reduce the complexity while still retaining reasonable accuracy.

Instead of coupling the EMC simulation with the thermal solver, we pre-

calculate a heat generation look-up table by running a set of isothermal EMC
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Figure 2.5: Flow chart of the thermal model coupling the heat diffusion with the

heat generation rate extracted from the EMC simulation of electron transport.

simulations at different temperatures for a single stage. Making use of trans-

lational symmetry, the heat generation profile of the entire active region under

a nonuniform temperature distribution can be calculated by interpolating this

single-stage look-up table. We adopt the cubic spline function as the interpo-

lation scheme. In addition, the analytical model of the thermal conductivity

is used to include its temperature-dependent characteristics. Combining the

heat generation look-up table with the temperature-dependent thermal conduc-

tivity enables us to solve the heat diffusion equation in a self-consistent manner.

Fig. 2.5 shows the flowchart of the model.

2.3 Ensemble Monte Carlo method

The ensemble Monte Carlo (EMC) method is a particle-based method of solv-

ing the semiclassical BTE [102]. The EMC simulation describes the motion of

particles as successive free flights and instantaneous random scattering events.

The free flight times for each particle, the type of scattering occurring at the end

of the free flight, and the final states after scatterings are determined by a set

of random numbers. Throughout the simulation, the particle motion at various

times is sampled to allow for the statistical estimation of physically interesting
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Figure 2.6: Flight dynamics of the ensemble Monte Carlo method.

quantities such as the single particle distribution function, the average energy of

the particles, etc. Fig. 2.6 illustrates the flight dynamics of the EMC simulation.

The horizontal time lines show free flights and scattering events each particle

undergoes, while the system is sampled and observed at each vertical dotted line

with interval dt.

In the EMC simulation of QCLs, due to the confinement along the cross-

plane direction, particles can only fly freely in plane between the two scattering

events. The scattering events enable particles jump from one subband to an-

other and drive the cross-plane hopping transport. Making use of the transla-

tional symmetry of QCL structures, only a single stage needs to be simulated by

using the nearest-neighbor approximation and by applying periodic boundary

conditions [70]. Specifically, spatially remote stages have negligible wavefunc-

tion overlap, making it sufficient to limit the interstage scattering to the near-

est neighbors. Owning to the periodicity of the structures, a charge-conserving

scheme can be employed - each time an electron undergoes an interstage scat-

tering from the simulated stage to the next stage, another electron is properly

injected from the previous stage in order to remain the total number of electrons
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in the simulated stage unchanged. In this particle-based picture, the current

density is attained by counting the interstage scattering rates over the time.

2.3.1 Electron–phonon coupled EMC simulation

The experience of extracting heat generation through recording the phonon

emission event, described in the previous section, motivates us to further extend

the EMC transport kernel to include optical phonon dynamics, so that the cou-

pled BTE Eq. 2.1 can be self-consistently solved. In the EMC simulation when

an electron-LO phonon scattering event happens and the final state has been

determined, the momentum and energy of the LO phonon involved in the scat-

tering can be obtained using the momentum and energy conservations Eq. 2.13.

Therefore, the contribution of each electron-LO phonon scattering event to the

phonon distribution Nq is essentially known.

Inspired by the idea in [100], a phonon histogram Hq defined over the dis-

cretized phonon wave vector q space is set up to sample the nonequilibrium

phonon distribution Nq. Each entry of the histogram keeps track of the num-

ber of nonequilibrium numerical phonons with wave vector in the range of a

q-space grid. After each scattering event involving a LO phonon, the correspond-

ing histogram entry is properly updated, depending on whether it is a LO-phonon

emission or absorption process. The cross-plane component of the phonon wave

vector qz is not well defined in QCL, and hence the histogram is defined over

the 2-D in-plane wave vector space, allowing the mixing of the intra- and inter-

subband modes. The absence of external electric field in the in-plane direction

provides isotropic characteristics of phonon distribution. Thus only the magni-

tude of the in-plane wave vector q‖ is relevant, and the storage requirement of the

phonon histogram is significantly reduced. the phonon distribution histogram

can be translated to the actual phonon distribution Nq‖:

Nq‖(ti) = N0(TL) +DHq‖(ti), (2.34)
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where D is a normalization factor accounting for the density of states in 2-D q‖

space, given by

D =
2π

q‖∆q‖

n2D

Nsim

, (2.35)

where ∆q‖ is the grid size of the histogram, n2D is the sheet density of actual

electrons, and Nsim is the number of simulated particles. The anharmonic decay

process of nonequilibrium optical phonons is also taken into account by the his-

togram. Different from the implementation in [100], instead of using a constant

relaxation time, we model the decay process in a similar way as treating the elec-

tron free flight process - actual decay time of each optical phonon is determined

by a random number and is recorded in the histogram as well. At the end of each

time step, the phonon histogram is traversed and the phonons decayed within

the time step are removed.

To self-consistently couple electron and phonon dynamics, the phonon distri-

bution Nq converted from the phonon histogram is used to update the electron-

LO phonon scattering rate based on Eq. 2.18. Since the update of the scattering

table involves a computationally intensive numerical integral over the wave vec-

tor space, the time interval between two updates are longer than the time step.

The flowchart of the generalized EMC simulator is shown in Fig. 2.7.
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 Calculate free-flight time
 Chose scattering mechanism
 Update carrier state

Update phonon histogram:
 LO phonon 

emission/absorption
 Anharmonic decay

Update scattering table:
 Recalculate elctron-LO phonon 

scattering rate
 Renormalize scattering table

Start

Stop

t = total time

Time step

Figure 2.7: Flow chart of the generalized EMC simulator that couples the electron

transport kernel with the phonon histogram.
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Chapter 3

Device-level heat diffusion simulator

The device-level heat diffusion simulator presented in the previous section is

applied to the GaAs/Al0.45Ga0.55As mid-infrared QCL designed for emission at 9.4

µm with 300 K pulse mode operation reported [2], and its heat effect under the

RT-cw operation is simulated to study the possibility of this operation.

3.1 Device structure

The simulated structure is the well-characterized 9-µm GaAs/AlGa0.45As0.55

mid-IR QCL from Ref. [2]. The layer thickness (in Å) in one stage, starting from

the injection barrier, is 46/19/11/54/11/48/28/34/17/30/18/28/20/30/26/30.

The bold script denotes barriers, the normal script are wells, and the under-

scored regions are n-type doped with a sheet density of Ns = 3.8×1011 cm−2.

Figure 3.1 shows the subband energy levels and wavefunction moduli squared

in two stages of the simulated structure at a field of 48 kV/cm. The red curves

represent the active region states, while the blue curves represent the injector

states. The radiative transition happens between the upper lasing level 3 and

lower lasing level 2, while state 1 is the ground state designed to depopulate

level 2.

The 1.63 µm-thick active core consists of a 36-period sequence of such in-

jector/active region structure made from GaAs/Al0.45Ga0.55As-coupled quantum
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Figure 3.1: Energy levels and wavefunction moduli squared of Γ-valley subbands

in two adjacent stages of the simulated GaAs/AlGaAs-based structure. The bold

red curves denote the active region states (1, 2, and 3 represent the ground state

and the lower and upper lasing levels, respectively). The blue curves represent

injector states, with i1 and i2 denoting the lowest two.
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GaAs cladding 

4.5 μm

Active core

1.63 μm

GaAs cladding 

4.5 μm

GaAs substrate

Au 5 μmT0 = 300 K

Heat Sink

h = 20 W/m
2
 K

Figure 3.2: Schematics of the device structure.

wells. The active core is sandwiched between two 3.5 µm-thick GaAs layers, n-

type doped to 8 × 1016 cm−3, and two 1 µm-thick GaAs plasmon cladding layers,

heavily n-type doped to 5× 1018 cm−3. The device was grown on a GaAs substrate

doped to n = 2 − 3 × 1018 cm−3 and a 5 µm-thick Au layer is electroplated at the

top. Schematics of the device structure is shown in Fig. 3.2.

3.2 Simulation setup

The heat sink temperature is fixed at 300 K, while convective boundary con-

dition is applied at the top of the Au layer with the heat transfer coefficient

h = 20W/m2K for natural convection. The mesh size of the active region is set as

1 Å in order to resolve all the relevant spatial features. The cladding layers and

the substrate are nonuniformly meshed, with about 50 - 100 grids per layer, to

reduce the computation overhead.

Temperature-dependent thermal conductivities of different layers in the de-

vice are taken into account in the model. Analytical thermal conductivity models
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for bulk GaAs and AlAs [120] are adopted:

κGaAs = 74500× T−1.3 (W/m-K), (3.1)

κAlAs = 225270× T−1.37 (W/m-K). (3.2)

Interpolation scheme is used for the ternary Al1−xGaxAs alloy:

1

κAl1−xGaxAs

=
x

κGaAs
+

1− x
κAlAs

+
x(1− x)

C
(m·K/w), (3.3)

where the bowing parameter C is 3.33 W/m-K [120]. Besides the temperature-

dependence, the thermal conductivity is also a function of the doping level and

decreases by 8% per decade starting from 1015 cm−3 [76]. The cross-plane ther-

mal conductivity of the active-region, κ⊥, is much smaller than in the constituent

bulk semiconductors because of the enhanced interface scattering [121,122]. In

addition, its temperature dependence is much weaker than that of the bulk ma-

terials [123]. We use the temperature-dependence function extracted from a

GaAs/Al0.15Ga0.85As QCL [76] because of the similar material system:

κ⊥ = κ0 × T c (W/m-K) (3.4)

The values of the coefficient κ0 and the power c should be adjusted to take into

account the strain-induced effects on the thermal conductivity. A typical value

of κ0 = 10 W/m-K and c = −0.14 are chosen in our simulation [76].

3.3 Heat dissipation in the active region

The top panel of Fig. 3.3 shows the subband energy levels and wavefunction

moduli squared in a single stage at the threshold field (48 kV/cm) at 300 K.

The three bold red lines denote the upper lasing level, the lower lasing level,

and the ground level, respectively from top to bottom. The bottom panel shows

the number of optical phonons generated in 30 ps as obtained from the Monte

Carlo simulation under 300 K. It can be seen that the majority of the optical
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Figure 3.3: A schematic conduction-band diagram of a QCL stage (top) and the

real-space distribution of the generated optical phonons during the simulation

(bottom).

phonons are generated in the injector, where the electronic states are quickly

depopulated by the LO electron-phonon scattering. On the other hand, very few

optical phonons are generated near the injector/active region interface because

of the small wavefunction overlap between the upper lasing level and the lowest

injector state under the threshold field.

Figure 3.4 shows the temperature-dependent characteristics of the thermal

conductivities of the active region (enlarged 10 times) and the cladding layers

together with the average heat generation rate in a stage as extracted from EMC

simulation. As the temperature increases from 100 K to 600 K, the thermal

conductivity of the cladding layers (8× 1016 cm−3 and 5× 1018 cm−3 for the 3.5 µm

- thick and 1 µm - thick GaAs layer, respectively) rapidly drops from about 140

W/m-K to 15 W/m-K due to the enhanced probability of Umklapp process; while
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Figure 3.4: Thermal conductivities of the active region and the GaAs cladding

layers and the average heat generation rate in a stage as a function of tempera-

ture.

the heat generation rate significantly increases from 1.5× 1014 W/m3 to 6.7× 1014

W/m3. This opposite trend of thermal conductivities and heat generation rate

implies severe self-heating effects for the given QCL.

3.4 Thermal performance characterization

In order to investigate the nonlinear effects on the thermal performance that

arise from the temperature dependence of the heat generation rate and ther-

mal conductivity, the temperature distribution of the GaAs/Al0.45Ga0.55As QCL

mounted epitaxial-side onto a copper heat sink at room temperature (T0 = 300K)

is calculated using (1) temperature-dependent (TD) thermal conductivities and

TD heat generation rate in Fig. 3.4, (2) constant active region thermal conductiv-

ity evaluated at T0, (3) constant heat generation rate at T0, and (4) both constant
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thermal conductivities and constant heat generation rate at T0. Comparing the

results of the four cases shown in Fig. 3.5, the maximum temperature differ-

ence ∆T 1,4
max between case 1 and case 4 is as high as 40 K resulting from the

contribution of all nonlinear parameters. This large difference clearly shows

that neglecting the nonlinear effects will lead to severe underestimation of the

temperature in the active region. Among these nonlinear parameters, the heat

generation rate Q(T ) plays the most important role, which is reflected by the

comparison between cases 1 and 3. When Q(T ) as in case 1 is switched to the

constant value at the heat sink temperature Q(T0) in case 3, ∆T 1,3
max ≈ 30K is ob-

tained, which is about 75% of ∆T 1,4
max. In addition, the temperature-dependence

of the active region cross-plane thermal conductivity results in the 5 K discrep-

ancy between cases 1 and 2, while the total nonlinear effects of the thermal

conductivities of all layers in QCL can be estimated by comparing cases 3 and

4, in which the maximum temperature difference is 12 K. The comparable 5 K

difference between cases 1 and 2 and the 12 K difference between cases 3 and

4 indicates that the temperature dependence of κ⊥, despite being much weaker

than the ones of the cladding layers and the substrate, should not be neglected.

The underlying reason is the large thermal resistance of the whole active region

due to the κ⊥ being much lower than the corresponding bulk value. For example,

κGaAs(300 K)/κ⊥(300 K) ≈ 8 can be obtained from Fig. 3.4, so the thermal resis-

tance of the 1.63 µm active region is equivalent to the one of a 13 µm cladding

layer, while the total thickness of the cladding layers between the active region

and heat source is only 4.5 µm. Therefore, the temperature-dependence of κ⊥

cannot be neglected in rigorous simulation.

Although the heat generation rate is non-uniform in the active region be-

cause of the non-uniform temperature distribution, most thermal models for

QCLs developed so far simply treat it as a constant value calculated from the

total power measured in the experiments [72–74, 79]. This constant value is
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Figure 3.5: Temperature distribution of the QCL calculated based on (1) TD

thermal conductivities and TD heat generation rate, (2) constant active region

cross-plane thermal conductivity evaluated at the heat sink temperature T0=300

K, (3) constant heat generation rate at T0, and (4) constant thermal conductivities

and heat generation rate at T0. The shaded area marks the active region, while

the white regions are the cladding layers. A 5 µm - thick Au layer is electroplated

on top of the cladding layer, and then the whole device is attached to the heat

sink at z = 11.13 µm (not shown).
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Figure 3.6: Temperature distribution and heat generation rate of the active re-

gion calculated based on the temperature-dependent heat generation rate (solid

lines) and average heat generation rate (dashed lines).

different from the one evaluated at the heat sink temperature Q(T0) in case 3

and 4, and it can be considered as the average value of the actual heat gen-

eration rate profile Qavg = avg[Q(T )] or the value at the effective temperature of

the whole active region Q(Teff . However, the accuracy of the temperature dis-

tribution predicted by this equivalent uniform heat source Qavg have not been

justified. We investigate the accuracy of this approach by calculating Qavg from

the heat generation rate profile obtained in case 1, and re-run the simulation

by setting Qavg throughout the active region. Figure 3.6 shows Q(T ), Qavg, and

their corresponding calculated temperature distributions. For the results ob-

tained from Q(T ) (solid curves), the maximum temperature and heat generation

rate are reached in stage 4, while both minimum values are achieved in stage

36, the one closest to the heat sink. The asymmetric temperature distribution

in the active region results from the asymmetric heat dissipation path toward
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the heat sink and the substrate, respectively. The epilayer-down bonding pro-

vides an alternative heat dissipation path, directly from the top cladding layers

to the heat sink, whose thermal resistance is smaller than the one of the sub-

strate. Therefore, most of the heat generated in the active region is extracted

through this path and the maximum temperature towards the substrate side.

The temperature difference between these two stages are as high as 72 K and

leads to their heat generation rates different by 0.5 × 1014 W/m3. Thus the av-

erage heat generation rate Qavg = 5.82 × 1014 W/m3 is extracted, and the tem-

perature profile calculated based on this value is plotted (red dash curve) for

comparison. The agreement of the temperature distributions obtained from the

two approaches is excellent throughout the active region, with the maximum

discrepancy of 1.5 K in stage 4. The primary reason for this agreement is that

the entire active core, despite consisting of 36 stages, is much thinner than the

two heat paths to the top heat sink and to the bottom substrate, respectively.

In the extreme case, if the active region is considered to approach a sheet heat

source, the nonuniformity of its heat generation along the cross-plane direction

will have no effect on the temperature distribution as long as the total power

remained constant. In addition, the nonuniformity of the heat generation rate

is still moderate, i.e. (Qmax − Qmin)/Qmin ≈ 10%, despite the 72 K temperature

difference. Therefore, they can be well represented by Qavg. We have justified

that using a equivalent uniform heat source with the total power obtained from

the experiments is a reasonable approximation to capture the temperature dis-

tribution [72,73,76,79,124]. However, lack of the knowledge of the actual total

power in the design stage, simply evaluating the heat generation rate at the heat

sink temperature may lead to large errors in the thermal simulation, as demon-

strated by case 3. Therefore, the self-consistent thermal model is still a desirable

tool to predict the electrothermal performance of QCLs without using the priori

experimental results.
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Chapter 4

Nonequilibrium phonon effects in QCLs

In this chapter, we study the effects of nonequilibrium phonon dynamics on

the electron transport and laser performance in mid-IR QCLs over a range of

temperatures (77–300 K) by means of an EMC solution to the coupled Boltz-

mann transport equations (BTEs) for electrons and longitudinal optical (LO)

phonons. As an example, we consider the 9-µm GaAs/AlGa0.45As0.55 mid-IR

QCL [2] based on a conventional three-well active region design. However, the

technique is broadly applicable (a similar technique was recently used for RP THz

QCLs [68,98]) and we focus on the phenomena that are general for mid-IR QCLs.

We first compare the current density–electrical field characteristics and modal

gain obtained with and without nonequilibrium phonons. The comparison shows

that nonequilibrium phonons are very important at low temperatures, for this

particular design below 200 K, while their effects on QCL performance are neg-

ligible at higher temperatures. In addition, the simulation with nonequilibrium

phonons gives better agreement with experiments in terms of threshold field and

its temperature dependence. Then we examine the subband electronic popula-

tion and the nonequilibrium phonon distribution at various bias and lattice tem-

perature conditions We identify that the key phenomenon led by nonequilibrium

phonons is the amplified interstage electron scattering with phonon absorption

between the lowest injector and next-stage upper lasing levels, which leads to

selectively enhanced injection and increased current and population inversion

up to high fields. Finally, we investigate electron distribution within subbands,
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and find nonequilibrium phonons result in enhanced electronic temperatures, as

enhanced absorption of phonons effectively impedes electron energy relaxation.

4.1 Laser characteristics with and without nonequilibrium phonons

In Figs. 4.1, 4.2, and 4.3 we present several laser characteristics, impor-

tant in experiment, calculated with and without nonequilibrium phonons and

at temperatures of 77, 200, and 300 K: the J–F curves (Fig. 4.1), modal gain

versus electric field (Fig. 4.2), and modal gain versus current density (Fig.

4.3). Modal gain is calculated as [125] Gm = 4πe2〈z32〉2Γw∆n
2ε0nγ32Lpλ

, with the following val-

ues: [2,126,127] the dipole matrix element 〈z32〉 = 1.7 nm, optical mode refractive

index n = 3.21, full width at half maximum γ32(TL) ≈ 8.68 meV + 0.045 meV/K × TL,

stage length Lp = 45 nm, wavelength λ = 9µm, waveguide confinement factor

Γw = 0.31. Population inversion ∆n is obtained from the EMC simulation. Waveg-

uide loss αw = 20 cm−1 and mirror loss αm = 5 cm−1 are assumed, [126,127] yield-

ing a total loss estimate of αtot = 25 cm−1.

The calculated laser characteristics reveal several important features, whose

microscopic underpinnings we discuss below. In Figs. 4.2 and 4.3 we see

that the current density and gain at a given field are considerably higher with

nonequilibrium phonons than thermal ones at 77 K, while the difference is small

at 200 K and barely perceptible at 300 K; this trend holds up to high fields

(> 60 kV/cm). Furthermore, in the inset of Fig. 4.3, we see that, below 200 K,

the inclusion of nonequilibrium phonons in the calculation gives lower threshold

current densities, considerably closer to experiment [2] with very similar design

parameters than the results with thermal phonons. As we show below, these

features have the same underlying microscopic mechanism.
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Figure 4.1: Current density versus applied electric field obtained from the simu-

lations with nonequilibrium (solid curves) and thermal (dashed curves) phonons

at 77, 200, and 300 K.
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Figure 4.2: Modal gain as a function of electric field, obtained from the simula-

tions with nonequilibrium (solid curves) and thermal (dashed curves) phonons

at 77, 200, and 300 K. The horizontal dashed line denotes the estimated total

loss of αtot = 25 cm−1.
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Figure 4.3: Modal gain as a function of current density, obtained from the simu-

lations with nonequilibrium (solid curves) and thermal (dashed curves) phonons

at 77 and 300 K.The horizontal dashed line denotes the estimated total loss of

αtot = 25 cm−1. Inset: Threshold current density vs lattice temperature, as calcu-

lated with nonequilibrium (black solid curve) and thermal (black dashed curve)

phonons, and as obtained from experiment [2] (green curve).
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4.2 How nonequilibrium phonons affect QCL characteristics –
the microscopic picture

The enhanced modal gain in Fig. 4.3 stems from enhanced population in-

version in the presence of nonequilibrium phonons. In Fig. 4.4, we present the

percentage population of active region levels 3, 2, and 1 (top panel) and the bot-

tom two injector states i2 and i1 (bottom panel) as a function of electric field at 77

K, with and without nonequilibrium phonons (solid and dashed curves, respec-

tively). We see that the population of the upper lasing level, n3, is considerably

higher with nonequilibrium phonons than it is equilibrium phonons, while the

population of the lower lasing level, n2, is only slightly enhanced by them; as a

result, the population inversion ∆n = n3 − n2 and modal gain are considerably

higher with than without nonequilibrium phonons.

How do nonequilibrium phonons enable this increase in the population in-

version? At low temperatures, the occupation number of thermal phonons is

very small [N0(77 K) ≈ 0.06], whereas the occupation number of nonequilibrium

phonons can be one to two orders of magnitude higher, depending on the field.

Figure 4.5 shows the nonequilibrium phonon occupation, Nq − N0, at different

temperatures (77 and 300 K) and fields (50 kV/cm and 70 kV/cm); note that the

color bars differ at the two fields. Nonequilibrium phonon occupation number is

appreciable in a small segment of the Brillouin zone. Nonequilibrium phonons

elevate the rates of both absorption (proportional to Nq) and emission (propor-

tional to Nq + 1) of phonons by electrons, but the effect is particularly dramatic

on absorption. In Table 4.1, we show the average electron lifetimes (in ps) for

different transitions among the active region and lowest two injector states at 77

K and 50 kV/cm, with and without nonequilibrium phonons. The intersubband

rates most highly enhanced (i.e. the lifetimes most highly reduced) by nonequi-

librium phonons, by a factor of roughly 40, are i1 � 3 and i2 � 3 (see Fig. 3.1).

When we consider the high population of i1, and the low population of i2 and 3
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and the bottom two injector levels i2 and i1 (bottom panel) versus applied electric
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phonons at 77 K.
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(Fig. 4.4), it becomes clear that the current component most enhanced by the

presence of nonequilibrium phonons corresponds to the i1 → 3 transition with

phonon absorption (this current is proportional to ni1/τi1→3, ni1 being the pop-

ulation of i1). At the same time, the impact of nonequilibrium phonons on the

parasitic injection channels is relatively small because of the high energy sepa-

ration (see Table 4.1). Therefore, nonequilibrium phonons improve the injection

selectivity by preferentially amplifying the rate of interstage injector–upper las-

ing level electron scattering with phonon absorption, which results in higher gain

and a lower threshold current density. The enhancement in current that is visi-

ble in Fig. 4.1 up to 60 kV/cm has the same underlying reason: i1 → 3 interstage

scattering with phonon absorption, amplified in the presence of nonequilibrium

phonons.

Enhancement in the electron absorption of phonons, enabled by nonequi-

librium phonons, has another manifestation. At all temperatures, the current

density at high fields (¿ 60 kV/cm) is lower with nonequilibrium than with ther-

mal phonons. The reason is that, with increasing field, i1 moves upward with

respect to 3, crossing it at about 60 kV/cm. Therefore, at high fields, current

due to backscattering 3 → i1 with phonon absorption is the component most

amplified by nonequilibrium phonons, and since it is negative, we see an overall

lower current with nonequilibrium phonons.

4.3 Electronic subband temperatures with and without nonequi-
librium phonons

In Figs. 4.6(a,b) and 4.7(a,b), we show the electronic distribution functions

in different subbands at different temperatures (77 and 300 K) and fields (50

kV/cm and 70 kV/cm) with (solid curves) and without (dashed curves) nonequi-

librium phonons. At 300 K [Figs. 4.7(a,b)], with or without nonequilibrium

phonons, the electrons are well thermalized; the distributions show a typical
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Figure 4.5: Nonequilibrium phonon occupation number, Nq − N0, presented via

color (red – high, blue – low) at temperatures of 77 K and 300 K and fields of 50

kV/cm and 70 kV/cm. Note the different color bars that correspond to different

fields.
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i2 i1 3 2 1

i2 27 0.7 64 1.7 478 13 68 65 103 101

i1 69 2.0 19 0.5 349 8.6 62 59 108 104

3 347 8.8 495 13 26 0.7 1.7 1.6 2.7 2.6

2 704 144 3453 167 47 4.1 13 0.5 0.4 0.3

1 106 79 597 104 7.1 2.8 30 1.1 23 0.6

Table 4.1: Average relaxation time (in ps) at 77 K and 50 kV/cm among injector

and active region states (i2, i1, 3, 2, and 1; see Fig. 3.1). Rows correspond to ini-

tial subband, columns to final. Normal script corresponds to thermal phonons,

boldface to nonequilibrium phonons.

heated Maxwellian profile, a signature of strong bi-intrasubband electron-electron

scattering, [128] as evidenced by the linear dependencies on the semilog plots in

Figs. 4.7(a,b); the slope is −1/kBTe, where Te is the subband electron tempera-

ture. At 77 K [Figs. 4.6(a,b)], nonequilibrium phonons aid in the thermalization,

as the distributions are much closer to Maxwellian with than without nonequilib-

rium phonons; the long-energy tails present in the distributions are a signature

of the high rate of phonon absorption. Indeed, amplified electron absorption of

phonons impedes the energy relaxation of the electron system and results in

higher electronic-subband temperatures Te with nonequilibrium than thermal

phonons, as shown in the plots of Te, calculated from average kinetic energy, vs.

field at 77 K and 300 K [Figs. 4.8(a,b)].
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Figure 4.6: Population of the active region levels (3, 2, and 1) and the lowest

injector state i1 as a function of electron in-plane kinetic energy at the lattice

temperature of 77 K and at fields 50 kV/cm and 70 kV/cm, respectively, ob-

tained with nonequilibrium (solid curves) and thermal (dashed curves) phonons.
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Figure 4.7: Population of the active region levels (3, 2, and 1) and the lowest

injector state i1 as a function of electron in-plane kinetic energy at the lattice

temperature of 77 K and 300 K and at fields 70 kV/cm, obtained with nonequi-

librium (solid curves) and thermal (dashed curves) phonons.
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Chapter 5

Multiscale simulation of coupled electron and phonon
transport in QCLs

The single–stage coupled EMC simulation for electron–phonon transport in

QCLs, described in the previous chapter, is based on two inherent assumptions,

the periodicity of the active core and the known lattice temperature of the simu-

lated stage. However, in a realistic active core of a QCL, there is no guarantee that

each stage operates at the same lattice temperature, since the heat transport is

only constrained by the thermal boundary conditions, as specified by the waveg-

uide and mounting configurations, in a much larger spatial scale than the active

core (typically several hundreds of microns). The large scale thermal transport

causes the lattice temperature in the active core to become stage–dependent, and

a maximum temperature difference as large as several tens of or even hundreds

of degrees can happen within the active core [105]. Consequently, the periodic

electron transport assumption in the active core is no longer justified, since the

electron-phonon scattering rates vary from stage to stage. The scale difference

and the coupling between electron and phonon transport makes the simulation

challenging, and a single-stage simulation that most existing studies adopt is

not sufficient to accurately describe these processes. Therefore, a multiscale

simulation to bridge between the stage–level detailed microscopic physics and

device-level design is highly desirable.

A straightforward yet brute-force approach is to run single–stage coupled

EMC for electron and phonon transport in the entire active core consisting of
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tens to hundreds of stages, while the stage temperature is updated after each

time step by the device–level heat diffusion solver. However, it can be expected

that such a simulation would be extremely computationally intensive or even

intractable, not only because of the increased number of simulated particles

and subbands, but also because of the significantly more complex calculation of

scattering rates.

In this chapter, we present an efficient multiscale device–level simulation

technique for coupled electron and phonon transport on the example of a 9-µm

GaAs/AlGa0.45As0.55 mid-IR QCL [2]. The core of the simulator is a very detailed

device table that provides a generic and compact representation of the J-F and

heat generation characteristics of a single stage under a wide range of possi-

ble operation conditions, together with the algorithm to “sew” all stages together

based on current continuity. A realistic temperature profile and J-V curves, di-

rectly comparable to experiments, can be obtained using the algorithm.

5.1 Device table

The device table is a compact representation of the electrothermal character-

istics of a single QCL stage under a wide range of possible operation conditions.

Specifically, the table is a detailed mapping from the electronic current density J

together with the lattice temperature TL of the stage to the heat generation rate

Q within the stage and the electric field F across the stage. To calculate the de-

vice table, we start by running a set of single–stage EMC simulations for coupled

nonequilibrium electron–phonon transport at different electric fields and lattice

temperatures. The single–stage simulations provide J–F curves at different lat-

tice temperatures, plotted in Fig. 5.1(a), as well as the heat generation rate as a

function of the electric field (Q–F curves), plotted in Fig. 5.1(b). By scanning F

and finding the corresponding J in Fig. 5.1(a) and Q in Fig. 5.1(b), a Q-J rela-

tion at different lattice temperatures can be extracted, as plotted in Fig. 5.1(c).
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Finally, by interpolating Q–J curves (Fig. 5.1(c)) and J–F curves (Fig. 5.1(a)) at

various current densities, Q and F as a function of the lattice temperature at a

given J can be calculated, as plotted in Figs. 5.1(d) and 5.1(e), respectively. The

Q-T curves together with the F-T curves at various current densities complete

the mapping from (J, T) to (Q, F) for a single stage, and go into the device table.

5.2 Algorithm of connecting stages

Two key observations are made in order to develop the algorithm of connect-

ing stages that may operate at different temperatures and electric fields. The

first observation is that the steady-state electrical current has to be the same in

all stages, based on the charge-current continuity equation. The second obser-

vation is that the electric field in each stage cannot be exactly the same, since

a device-level heat diffusion equation has to satisfy the given thermal boundary

conditions, which leads to the lattice temperature being stage–dependent, and

thus leads to a stage–dependent electric field according to the device table. To

sew the stages based on these two observations, we flipped the problem on its

head with respect to what is usually done in a single stage (start with F, get J):

instead, we start from an assumed current density J, and each stage i gets as-

signed a guess temperature Ti. The stage dependent heat generation rate Qi(J,Ti)

and electric field Fi(J,Ti) can be calculated based on the device table. The thermal

conductivity (both in–plane and cross–plane components) of each stage κi(Ti) can

be calculated at the given stage temperature by the thermal conductivity model

similar to the one previously used in the device–level heat diffusion simulator.

With both the initial stage heat generation rate Qi(J,Ti) and stage thermal con-

ductivity κi(Ti), the nonlinear global heat diffusion equation can be iteratively

solved by updating Qi(J,Ti) and κi(Ti) with the newly calculated Ti, until the so-

lution of the Ti profile converges. Once we have the final converged Ti profile,

we also have the appropriate stage electric field Fi(J,Ti) for the given current and
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Figure 5.1: Based on J–F and Q–F curves (a, b) at a given temperature we extract

Q–J and Q–T curves (c, d) and finally the F–T curves.
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Figure 5.2: Flow chart of the multiscale simulation algorithm for QCLs.

stage temperature, and can calculate the total voltage drop V over the whole

structure. As a result, we will get a realistic temperature profile and J–V curves,

directly relatable to experiment. Figure. 5.2 shows a flowchart of the tasks and

how they fit together, as well as a timeline for their completion. To ensure the

stability and efficiency of the simulations and to facilitate modeling complex ge-

ometries, the finite element method (FEM) is applied to solve the nonlinear global

heat diffusion equation.
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5.3 Simulation results

The multiscale simulation technique is applied to the 9 µm GaAs-based mid-

IR QCL [2] with a substrate–side mounting configuration. The cross section of

the device is illustrated in Fig. 5.3(a) together with the corresponding triangular

element mesh for FEM. The 1.6 µm thick active core, consisting of 36 stages, is

embedded in 4.5–µm–thick GaAs cladding layers on each side. The waveguide is

supported by a GaAs substrate, whose thickness is denoted as Dsub; Wact is the

waveguide width. A Si3N4 insulation layer is deposited on the entire top surface

of the device except the top of the waveguide, followed by an Au contact layer.

The thickness of the insulation and contact layers are represented by Dins and

Dcont, respectively. Typical values of Wact = 15 µm, Dsub = 50 µm, Dins = 0.3 µm,

and Dcont = 1.5 µm are used for the simulation. The entire device is substrate-side

mounted on a heat sink with a temperature of 77 K.

The thermal conductivity tensor of the active core is calculated based on the

acoustic mismatch model (AMM) model [83,129] with the knowledge of full dis-

persion of each layer. The in–plane and cross–plane thermal conductivities of the

active core as a function of temperature are plotted in Fig. 5.4. Both in–plane

and cross–plane thermal conductivities decrease as temperature increases, while

the temperature-dependence of the cross–plane thermal conductivity is much

weaker than its in–plane counterpart. For all other layers (including cladding,

substrate, insulation, and contact layers), their corresponding bulk thermal con-

ductivities are used in the simulation.

The calculated 2–D temperature distribution, stage-dependent temperature

and electric field profile at current density J = 10 kA/cm2 are shown in Figs.

5.5(a), 5.5(b), and 5.5(c), respectively. A maximum stage temperature of 147

K, 70 K higher than the heat sink temperature (77 K), is predicted, and a tem-

perature difference of 20 K is found within the active core. As expected, the
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Figure 5.3: Schematic of the 9-µm GaAs/AlGa0.45As0.55 mid-IR QCL facet with

substrate-side down mounting configuration (a), and the corresponding triangu-

lar element mesh used in the FEM heat diffusion solver (b).
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stage-dependent temperature profile causes the electric field in the active region

to be nonuniform, with all stages having the same current density. In addition,

Fig. 5.5(c) shows that a higher temperature leads to a lower electric field in or-

der to maintain the same current density, which is consistent with the device

table (Fig. 5.1(e)). The total voltage applied to the active core can be calcu-

lated by integrating the electric field (Fig. 5.5(c)) over the active core thickness.

The calculated voltage versus current density (J–V curve) along with the avail-

able experiment measurement with pulse–mode operation at 77 K and 233 K [2],

respectively, are plotted in Fig. 5.6(a). Under pulse–mode operation, the self

heating effects in the active region can be neglected, and hence the experimental

results essentially represent the device J–V characteristics with a uniform active

core temperature of 77 K and 233 K, respectively. The simulated J–V curve with

self heating effects agrees reasonably well with the experiment results, and the

discrepancy may result from the parasitic voltage across the contact as well as

the temperature dependence of the contact resistance. The average, maximum,

and minimum stage temperatures as a function of current density are shown in

Fig. 5.6(b). As the current density increases, the higher heat generation rate in

each stage not only leads to higher stage temperature, but also causes a more

severe temperature nonuniformity in the active core. Consequently, the carrier

transport varies more significantly from stage to stage at high current density.

Next, we investigate the impact of substrate thickness, contact thickness, and

active core width on the J–V characteristics and the stage temperature. The QCL

structures with different substrate thickness (20, 50, and 100 µm) are simulated,

while the other geometry parameters remain unchanged (Wact = 15 µm, Dins =

0.3 µm, and Dcont = 1.5 µm). The temperature distributions with 20 and 100 µm

thick substrate are shown in Fig. 5.7, while the voltage and stage temperature

(both maximum and average) versus current density are plotted in Fig. 5.8.

As expected, the thinner substrate effectively shortens the vertical heat removal
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Figure 5.5: Temperature distribution at J = 10 (kV/cm2) (a), and the correspond-

ing stage temperatures (b) and electric fields (c).
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Figure 5.6: The calculated voltage–current density relation together with experi-

mental results at 77 K and 233 K [2] (a), and maximum, average and minimum

stage temperature versus current density (b).
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path, reduces the device thermal resistance, and results in a lower temperature

in the active core. Improvement of thermal management by reducing substrate

thickness becomes more effective when the device is operating at high current

density, as Fig. 5.8(b) indicates. At 14 kA/cm2, the maximum stage temperature

of the QCL with a 100–µm–thick substrate is 80 K higher than the counterpart

with a 20–µm–thick substrate. On the other hand, the temperature dependence

of the J–V curves is relatively weak, and with thicker Dsub and associated higher

active core temperature, the device requires lower electric field (and lower voltage)

to achieve the same current density, consistent with the experiments in [2].

The gold layer on top of the waveguide not only serves as a contact, but also

provides an extra heat transfer path along the in–plane direction owing to its

high thermal conductivity. As the simulations with various contact thickness

show in Figs. 5.9 and 5.10(b), increasing the thickness of the contact layer from

1.5 µm to 5.5 µm improves the stage operating temperature as much as 40 K at

the highest simulated current density J = 14 kA/cm2. Again, the J–V curves for

various contact thickness show a small difference.

Finally, the influence of the active core width on device electrothermal per-

formance is investigated, and the calculated temperature distribution and J–V

curves with Wact = 10, 15, and 20 µm are shown in Figs. 5.11 and 5.12. Chang-

ing the active core width changes the cross section area, and thus modifies the

total current at a given current density. The dissipated power in the active core

is approximately equal to the product of the total current and voltage. There-

fore, with the same current density and lattice temperature, doubling the active

core width approximately doubles the dissipated power. In addition, changing

the active core width also changes the device thermal resistance [77]. As Wact

increases, the net effects of the increased dissipated power and of the modified

device thermal resistance on the temperature are shown in Figure 5.12(b). In-

creasing Wact gives higher active core temperature at the same current density.
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(a)
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Figure 5.7: Temperature distribution at J = 10 (kV/cm2) calculated with sub-

strate thickness of 20 µm (a) and 100 µm (b), respectively.
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Figure 5.8: The total voltage (a) and maximum (solid) and average (dash) stage

temperatures (b) versus current density calculated for the QCL structure with

different substrate thickness.
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Figure 5.9: Temperature distribution at J = 10 (kV/cm2) calculated with contact

thickness of 3.5 µm (a) and 5.5 µm (b), respectively.
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Figure 5.10: The total voltage (a) and maximum (solid) and average (dash) stage

temperatures (b) versus current density calculated for the QCL structure with

different contact thickness.
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However, when we compare the active core temperature with the same dissipated

power (proportional to J × Wact) in Fig. 5.12(c), larger Wact gives a lower temper-

ature, which indicates a larger device thermal resistance, consistent with the

results in [77].
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(a)

(b)

Figure 5.11: Temperature distribution at J = 10 (kV/cm2) calculated with active

core width of 10 µm (a) and 20 µm (b), respectively.
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Figure 5.12: The total voltage versus current density (a) and maximum (solid)

and average (dashed) stage temperatures versus J (b) and J × Wact (c) calculated

for the QCL structure with different active core widths.
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Chapter 6

Summary and Future Work

6.1 Summary

6.1.1 Device-level heat diffusion simulator

A device-level heat diffusion simulator has been developed for self-consistently

characterizing the temperature distribution over QCLs. The simulator solves the

heat diffusion equation using the finite difference method in a self-consistent

manner based on the temperature-dependence of heat generation rate and ma-

terial thermal conductivities. The spatial distribution of the heat generation rate

in the active core of QCL, required by the heat diffusion equation, is extracted

from the electron-optical phonon scattering modeled by the single-stage EMC

simulation of electron transport at different lattice temperatures. The temper-

ature distribution across the entire device structure, including the active core,

waveguide and substrate, can be obtained from the simulation, which provides

the insight on the self heating effects in the active region and the effectiveness of

thermal management. Chapter 2 provides information of its detailed implemen-

tation.

A GaAs/Al0.45Ga0.55As mid-IR QCL was investigated using the simulator, and

a lattice temperature increase of over 150 K with respect to the heat-sink tem-

perature in the active region was obtained from the simulation, as described in

Chapter 3. The severe self-heating effect predicted by the simulation indicates
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the possible reason that prevents the RT-cw operation of this device. In addi-

tion, the simulation shows that the temperature dependence of the heat genera-

tion rate plays an important role in the accuracy of the calculated temperature,

which proves the necessity of applying the self-consistent algorithm. The simu-

lated temperature distribution is also sensitive to the temperature dependence

of both the cross-plane thermal conductivity of the active region and the bulk

thermal conductivity of the cladding layers.

6.1.2 Coupled Monte Carlo simulation of electron–nonequilibrium
phonon dynamics

A single-stage coupled EMC simulator has been developed to stochastically

describe nonequilibrium electron-phonon dynamics governed by the coupled

Boltzmann transport equations. The electron-phonon coupling is captured by

frequently updating the electron-optical phonon scattering rate based on the

most recently recorded optical phonon distribution. A phonon histogram dis-

cretized in 3–D wave vector space is implemented to record the nonequilibrium

optical phonon distribution, and the histogram is updated by each electron-

optical phonon scattering event as well as the decay process. The fuzzy cross-

plane momentum conservation of scattering process is rigorously captured by

incorporating the full overlap integral of wave functions in the calculation of scat-

tering table. The anharmonic decay process of nonequilibrium optical phonons

is modeled by relaxation time approximation, while the decay time is analytically

derived by considering the Klemens channel as the dominant relaxation mech-

anism. Besides electron–optical phonon scattering, electron-electron is also in-

cluded in the simulation. The detailed implementation of the simulator is also

shown in Chapter 2.
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The effects of nonequilibrium phonon dynamics on the operation of the same

GaAs/Al0.45Ga0.55As mid-IR QCL over a range of temperatures (77-300 K) are in-

vestigated by the coupled EMC simulator. The simulation results show that

nonequilibrium phonon effects are more prominent in low temperature regime.

As a result, the injection selectivity and efficiency are significantly improved at

low temperature below 200 K due to the enhanced rate of interstage electron

scattering from the lowest injector state to the next-stage upper lasing level via

phonon absorption. Furthermore, the coupled simulation results with nonequi-

librium phonon distribution shows better agreement of device characteristics

with experiments than the results with thermal phonons: a higher current den-

sity and a higher modal gain at a given field are obtained along with a lower

threshold current density. Another benefit of the simulation is providing the

detailed information about electron distribution within each subband, through

which subband electronic temperatures can be extracted. The elevated elec-

tronic temperatures in the presence of nonequilibrium phonons indicates that

they hinder electron energy relaxation.

6.1.3 Multiscale simulation of coupled electron and phonon trans-
port in QCLs

We presented a multiscale simulation technique for coupled electron and

phonon transport that bridges the microscopic electron transport in the small

active core with the heat diffusion in the entire device structure with a much

larger spatial scale. The core of the technique is a very detailed “device ta-

ble” that represents the single–stage nonequilibrium electron–phonon transport

characteristics over a wide range of possible operation conditions. The detailed

algorithm of efficiently connecting multiple stages in the active core based on the

device table and charge–current continuity condition has been proposed.
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The impacts of device geometry, including the substrate and contact thick-

ness as well as the active core width, on the QCL electrothermal performance

have been studied using the technique. The simulations show that the active

core temperature can be reduced by decreasing substrate thickness, increasing

contact thickness. At a given current density, increasing the active core width

increases the total dissipated power and leads to higher active core tempera-

ture. However, if the total dissipated power remains the same, increasing active

core width reduces the device thermal resistance and results in a lower active

core temperature. In addition, the multiscale simulations are able to capture

the stage-dependent electric field profile caused by the nonuniform temperature

distribution in the active core. The total voltage is obtained by integrating the

electric field in all stages, and it shows a weak dependence on the active tem-

perature variation resulting from different device geometries. By improving the

thermal management, the lower active core temperature leads to a larger total

voltage at a given current density.

6.2 Future Work

6.2.1 Thermal conductivity tensor in QCLs

The thermal conductivities of the active region, the cross-plane part in par-

ticular, are critical to the accuracy of the device-level heat diffusion simulation.

The cross-plane thermal conductivity is known to be much smaller than the

in-plane counterpart in heterostructures [121, 130, 131]. The phonon disper-

sion mismatch in the cross-plane direction [132] and the interface roughness

between layers [121, 131] are responsible for this extreme anisotropy in ther-

mal conductivity. The former leads to a mismatch between the phonon density

of states, while the later randomizes the phonon momentum through interface

roughness scattering. A separate work of our group [83] has shown that these
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two mechanisms can be modeled independently: the dispersion mismatch can be

encapsulated in the interface thermal resistance, while the interface–roughness

scattering can be described at the level of phonon populations.

The heat diffusion simulator developed in this work uses temperature-dependent

cross-plane and in-plane thermal conductivities extracted from experiments.

However, the experiment technique of characterizing the anisotropic thermal

conductivity of heterostructures, named microprobe band–to–band photolumi-

nescence technique [130], is not widely available, which leads to very limited

measurement data available for various material systems and designs. There-

fore, rigorously calculating the temperature-dependent anisotropic thermal con-

ductivity tensor for the active region will facilitate the extension of the current

simulator to material system other than GaAs/AlGaAs. The thermal conductivity

can be calculated based on the phonon Boltzmann transport equation with the

knowledge on full dispersion of each material, phonon-phonon scattering rate in

each layer, and typical interface root mean squared (RMS) roughness. The full

dispersion for the constituent materials can be calculated based on the adiabatic

bond charge model [133,134], through which the interface thermal resistance of

each interface can be extracted. Thus the cross-plane thermal conductivity can

be obtained by solving the single-mode phonon Boltzmann transport equation in

the relaxation-time approximation [83].

6.2.2 Inclusion of coherent transport

A long-standing controversial question of QCLs is whether the charge trans-

port is mainly coherent or incoherent [87]. For mid-IR QCLs, studies show that

as the temperature increases from 100 K to room temperature, the coherence

time rapidly decreases and the coherent transport plays a minor role [87, 90].

However, the more closely spaced energy levels in THz QCL structures results
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in a large portion of the current being coherent, and the coherent resonant-

tunneling assisted depopulation process also affects critical device characteris-

tics such as gain spectra and threshold current [135]. Therefore, in order to

extend the existing simulation framework to model THz QCLs, including coher-

ent tunneling mechanism is considered as a necessary step.

Studies based on the density matrix approach [87–90, 135] and nonequilib-

rium Green’s function [92, 136] have been conducted to capture the coherent

transport in QCLs. However, the density matrix approach requires the use of

a phenomenological pure dephasing time [88, 135] that can only be estimated

from measurements of the laser spontaneous emission linewidth, which con-

tradicts with our goal of predicting the device performance in the design stage.

On the other hand, nonequilibrium Green’s function (NEGF) approach, despite

excellent for capturing energy-resolved transport and coherent current [92], is

quite resource-demanding to deal with electron-phonon interaction. In addition,

phonon NEGF capable to treat phonon-phonon scattering is still not available

at this point, which makes it not a good option for modeling electron-phonon

coupled transport.

A Wigner function simulator has been recently developed in our group [137]

to study the quantum electronic transport in GaAs/AlGaAs double barrier tun-

neling structures. The Wigner function is the quantum counterpart of the classi-

cal distribution function, and it obeys the Wigner-Boltzmann transport equation

(WBTE) in parallel with the semiclassical Boltzmann transport equation [138].

The WBTE can be numerically solved using similar EMC technique but with a

minor computational overhead on top of the semiclassical formulation [137,138].

Therefore, Wigner EMC can be used as a supplemental simulation tool in order

to accurately capture the coherent tunneling current that is neglected in the

current semiclassical EMC simulaton.
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H. Beere, D. Ritchie, and E. Linfield, Opt. Express 13(15), 5890 (Jul 2005).

[64] G. Paulavicius, V. Mitin, and M. A. Stroscio, J. Appl. Phys. 84(7), 3459
(1998).

[65] E. Pop, S. Sinha, and K. Goodson, Proceedings of the IEEE 94(8), 1587
(Aug. 2006).

[66] S. Usher and G. P. Srivastava, Phys. Rev. B 50, 14179 (Nov 1994).

[67] G. Scamarcio, M. S. Vitiello, V. Spagnolo, S. Kumar, B. Williams, and
Q. Hu, Physica E: Low-dimensional Systems and Nanostructures 40(6),
1780 (2008).

[68] R. C. Iotti, F. Rossi, M. S. Vitiello, G. Scamarcio, L. Mahler, and
A. Tredicucci, Appl. Phys. Lett. 97(3), 033110 (2010).

[69] J. T. Lu and J. C. Cao, Appl. Phys. Lett. 88(6), 061119 (2006).

[70] X. Gao, D. Botez, and I. Knezevic, J. Appl. Phys. 101(6), 063101 (2007).

[71] V. Spagnolo, M. Troccoli, G. Scamarcio, C. Becker, G. Glastre, and C. Sir-
tori, Applied Physics Letters 78(9), 1177 (2001).

[72] C. Zhu, Y. gang Zhang, A. zhen Li, and Z. bing Tian, J. Appl. Phys. 100(5),
053105 (2006).



92

[73] A. Lops, V. Spagnolo, and G. Scamarcio, Journal of Applied Physics 100(4),
, 043109 (2006).

[74] C. Evans, V. Jovanovic, D. Indjin, Z. Ikonic, and P. Harrison, Quantum
Electronics, IEEE Journal of 42(9), 859 (2006).

[75] S. Howard, Z. Liu, D. Wasserman, A. Hoffman, T. Ko, and C. Gmachl,
Selected Topics in Quantum Electronics, IEEE Journal of 13(5), 1054 (Sept
2007).

[76] C. Evans, D. Indjin, Z. Ikonic, P. Harrison, M. Vitiello, V. Spagnolo, and
G. Scamarcio, Quantum Electronics, IEEE Journal of 44(7), 680 (2008).

[77] V. Spagnolo, A. Lops, G. Scamarcio, M. S. Vitiello, and C. Di Franco, Jour-
nal of Applied Physics 103(4), , 043103 (2008).

[78] H. Li, J. C. Cao, Y. J. Han, Z. Y. Tan, and X. G. Guo, Journal of Physics D:
Applied Physics 42(20), 205102 (2009).

[79] H. Lee and J. Yu, Solid-State Electronics 54(8), 769 (2010).

[80] S. Chaparala, F. Xie, C. Caneau, C. E. Zah, and L. Hughes, Components,
Packaging and Manufacturing Technology, IEEE Transactions on 1(12),
1975 (Dec 2011).

[81] K. Pierscinski, D. Pierscinska, M. Iwinska, K. Kosiel, A. Szerling, P. Kar-
bownik, and M. Bugajski, Journal of Applied Physics 112(4), , 043112
(2012).

[82] Z. Aksamija and I. Knezevic, Phys. Rev. B 82, 045319 (Jul 2010).

[83] Z. Aksamija and I. Knezevic, Phys. Rev. B 88, 155318 (Oct 2013).

[84] D. Indjin, P. Harrison, R. W. Kelsall, and Z. Ikonic, Journal of Applied
Physics 91(11), 9019 (2002).

[85] P. Slingerland, C. Baird, and R. H. Giles, Semiconductor Science and Tech-
nology 27(6), 065009 (2012).

[86] E. Bellotti, K. Driscoll, T. D. Moustakas, and R. Paiella, Journal of Applied
Physics 105(11), , 113103 (2009).

[87] R. C. Iotti and F. Rossi, Phys. Rev. Lett. 87, 146603 (Sep 2001).

[88] H. Callebaut and Q. Hu, Journal of Applied Physics 98(10), , 104505
(2005).



93

[89] R. Terazzi and J. Faist, New J. Phys. 12(3), 033045 (2010).

[90] M. A. Talukder and C. R. Menyuk, New J. Phys. 13(8), 083027 (2011).

[91] A. Wacker, Phys. Rev. B 66, 085326 (Aug 2002).

[92] A. Wacker, M. Lindskog, and D. Winge, Selected Topics in Quantum Elec-
tronics, IEEE Journal of 19(5), 1 (Sept 2013).

[93] R. C. Iotti and F. Rossi, Reports on Progress in Physics 68(11), 2533 (2005).

[94] C. Jirauschek and T. Kubis, Appl. Phys. Rev. 1(1), , 011307 (2014).

[95] S. Slivken, V. I. Litvinov, M. Razeghi, and J. R. Meyer, J. Appl. Phys. 85(2),
665 (1999).

[96] F. Compagnone, M. Manenti, A. D. Carlo, and P. Lugli, Physica B 314, 336
(2002).

[97] C. Jirauschek and P. Lugli, J. Comput. Electron. 7(3), 436 (2008).

[98] R. C. Iotti and F. Rossi, New J. Phys. 15(7), 075027 (2013).

[99] P. Lugli and S. M. Goodnick, Phys. Rev. Lett. 59, 716 (Aug 1987).

[100] P. Lugli, P. Bordone, L. Reggiani, M. Rieger, P. Kocevar, and S. M. Goodnick,
Phys. Rev. B 39, 7852 (Apr 1989).

[101] R. Mickevicius, V. Mitin, G. Paulavi?ius, V. Kochelap, M. A. Stroscio, and
G. J. Iafrate, J. Appl. Phys. 80(9), 5145 (1996).

[102] C. Jacoboni and L. Reggiani, Rev. Mod. Phys. 55, 645 (Jul 1983).

[103] W. Zhang, T. S. Fisher, and N. Mingo, Numerical Heat Transfer, Part B:
Fundamentals 51(4), 333 (2007).

[104] M. Luisier, Phys. Rev. B 86, 245407 (Dec 2012).

[105] Y. Shi, Z. Aksamija, and I. Knezevic, Journal of Computational Electronics
11(1), 144 (2012).

[106] Y. B. Shi and I. Knezevic, Journal of Applied Physics 116(12), , 123105
(2014).

[107] Y. B. Shi, Z. Aksamija, and I. Knezevic, in Numerical Simulation of Opto-
electronic Devices (NUSOD), Shanghai, China (2012).

[108] Y. B. Shi, Z. Aksamija, and I. Knezevic, in 15th International Workshop on
Computational Electronics (IWCE 2012) (2012).



94

[109] Y. B. Shi and I. Knezevic, in 17th International Workshop on Computational
Electronics (IWCE 2014) (2014).

[110] J. A. Kash, S. S. Jha, and J. C. Tsang, Phys. Rev. Lett. 58, 1869 (May
1987).

[111] K. T. Tsen, R. P. Joshi, D. K. Ferry, and H. Morkoc, Phys. Rev. B 39, 1446
(Jan 1989).

[112] P. G. Klemens, Phys. Rev. 148, 845 (Aug 1966).

[113] P. G. Klemens, Journal of Applied Physics 38(12), 4573 (1967).

[114] B. K. Ridley and R. Gupta, Phys. Rev. B 43, 4939 (Feb 1991).

[115] D. von der Linde, J. Kuhl, and H. Klingenberg, Phys. Rev. Lett. 44, 1505
(Jun 1980).

[116] J. Kash and J. Tsang, in M. Cardona and G. Gntherodt, eds., Light Scat-
tering in Solids VI (Springer Berlin Heidelberg, 1991), vol. 68 of Topics in
Applied Physics, pp. 423–518.

[117] P. Price, Annals of Physics 133(2), 217 (1981).

[118] B. K. Ridley, J. Phys. C 15(28), 5899 (1982).

[119] F. A. Riddoch and B. K. Ridley, J. Phys. C 16(36), 6971 (1983).

[120] S. Adachi, GaAs and related materials: bulk semiconducting and superlat-
tice properties (World Scientific, 1994).

[121] G. Chen, Phys. Rev. B 57, 14958 (Jun 1998).

[122] D. G. Cahill, W. K. Ford, K. E. Goodson, G. D. Mahan, A. Majumdar, H. J.
Maris, R. Merlin, and S. R. Phillpot, J. Appl. Phys. 93(2), 793 (2003).

[123] W. S. Capinski, H. J. Maris, T. Ruf, M. Cardona, K. Ploog, and D. S. Katzer,
Phys. Rev. B 59, 8105 (Mar 1999).

[124] V. Spagnolo, G. Scamarcio, D. Marano, M. Troccoli, F. Capasso,
C. Gmachl, A. Sergent, A. Hutchinson, D. Sivco, A. Cho, et al., Optoelec-
tronics, IEE Proceedings - 150(4), 298 (2003).
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