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ABSTRACT

MID-INFRARED QUANTUM CASCADE LASER

Berkay Bozok
M.S. in Electrical and Electronics Engineering
AdvisorEk me | & zBayr am B¢t ¢n
May 2017

Mid-infrared quantum cascade laser technology has been dedetmpaly since
it was demonstratedh 1994.Since quantum cascade lasechnology issmall,
robustand efficient, they have becormemmonlyused midinfrared laser source
for variousapplications. The particular application fields of quantum cascade
lases are free space communicatiathemical spectroscopy, environmental
monitoringand infrared countermeasure.
This work presents. comprehensive study over midrared quantum cascade
laser includingeview oftheoreticabackgroundtheoreticabnalysesactive layer
design, quantum mechanical, thermal and optical Isitions, device fabrication,
optimizationand experimentaitharacterization.
As a result of this work mithfrared quantum cascade laser have been

successfully demonstrated.

Keywords: Laser, Midinfrared, MWIR, Quantum cascade las€@CL,

Intersubbandransition, Wave function engineering.
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Chapter 1

Introduction

Laser Light Amplification by Stimulated Emission of Radiatjatevices are very
important light sourcesand they have found various applicais Lases are
optical oscillators and they consist of two parts; optical amplifier and optical
feedback element. Amplification is provided by stimulated emission and optical
feedback is achieved by optical resonators (cavit®siniconductor lassmare
widely used and commercialized foolet to neatinfrared spectruntlowever it
is very hard to achieve longeavelengths such as mjdar-infrared and terahertz
with conventional semiconductor lasers.

The quantum cascade lasechnology can completekatisfy the requirement
of long wavelength semiconductor laser sougzeantum cascade lasarebased
intersubbandelectron transition instead of electrbole recombination as
conventional semiconductor lasers do. Simtersubbandransition energys
independent of material band gap, and it can be engineered by changing material

thickness, essentially any wavelength can be obtained by quantum cascade lasers



1.1. Mid -Infrared Applications

Coherent midnfrared source has found large number of appboat

Chemical spectroscopy and environmental monitofihgst chemical molecules
have special absorptions fingerprints in fnittared spectrum because of their
chemical bonding vibrational transition in midfrared. Therefore mid
infrared lasersan be used as spectroscopy soargdenvironmental monitoring.
Graphical representation of the locatiohabsorptionsof some molecules in
infrared spectrum is presentied Figure 1.1 (a).

Free space communicati: Since water vapor does not have absorption in mid
infrared, atmosphere is almost transparent forimichred light. Therefore mid
infrared lasers can be used for long range free space communication and light
detection and ranging (LIDAR).

Infrared ountermeasure: It is important military application. It is possible to
confuse heaseeking missiles guidance systems by-mfdared source in order
to protect aircrafts. lllustration of infrared countermeasures of an aircraft is

presented ifrigurel.l1 (b).
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Figure 1.1 Figurel.1 a) Graphical representation of the location of strong
absorptions of moleculeg][b) Illustrationof infrared @untermeasures of an

aircraft [2].



1.2. Mid -Infrared Sources

A schematic comparison of various rirdrared laser sources @esented in
Figurel.2 [3].

QOvertone Atmospheric transparent windows

CO, lasers ,// ] W '7
SIS ;’/7///9]]]]]

CO lasers 7

DFG/OPQ in PPLN/ PPKTP/PPRTA for DFG/OPO

coembination with LA Vsl
solid state fiber QPM GaAs for DFG/OPO

and diode lasers %2 W L m |

|
1 4 5 5?8910 20 30

4

Wawvelength (um)
Figurel.2 Schematicomparison of vari;us,[“nﬁwrared laser sourcgs].
CO and CQ lasers can be miohfrared laser sources but their emission
wavelength is fixed and tunability is not possible, also they arensikmeand
bulky. Fiber bsers arbang used for noflinear down conversion to produce mid
infrared laser light but this technique is very complex and expensive.
Conventionakemiconductor lasers based@alnSb/InAlSbor AlISbmaterial can
be used as mithfrared laser sources bthey operate at cryogenic temperatures
only. IV-VI lead saltlasers aralso possible for midhfrared laser source but it
requires cryogenic temperatures for operation and its output power ifowery
Howeverquantum cascade lasean operate at rootemperature, their emission
wavelength can be widely tunable with high optical power, they are not too
expensive and complex; therefore they are very attractive for numbeidof

infraredapplications.



1.3. Intersubband Transitions and Quantum
Cascade Lasers

The main difference between conventional semiconductor lasers and quantum
cascade lasers t®nventional semiconductor lasers based on electron transition
between conduction band w@alenceband whereas quantum cascade lasers are
unipolar devices, which mea laser beam is generated by the electron transition
in conduction band only. The realization of the quantum cascade devices requires
nanometer accuracy epitak growth. Very thin and smootiquantum well
structures are needed. Whéese quantum wells ethinbelow the deBroglie
wavelength of electrons in semiconductor, quantum states which are controlled
by confinement are formed. Therefore it is possible to create upper and lower laser
levels inconduction band with thes$kin quantum well structures.

The joint density of states is different for interband and intersubband transitions.
Therefore opticabehaviors of interband and intersubband transitionsvarng
different. The joint density of states in interband transition is characterized by
election and hole distribution in conduction andlenceband respectively.
Therefore gain spectrum of interband transition is broadened naturally. In
contrast, the joint density of states in intersubband transition is delta]ikso[
transition is very similar to atomic systems. Gain spectrum is less broadened than
interband transitions. Schematic illustration of optical transition and gain

spectrum of intersubband and interband transitions are preseirigdiial.3.
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Figurel.3 (a) Intersubband transition and gain spectrum, (b) interband transition
and gain spectrurf8].

In 1971, Kazarinov and Surid][demonstrate that light amplification is possible
with a transition between two intersubbasitesin a semiconductor. They
demonstrate that electron can tunnel from the ground state of the quantum well to
excited state of nghboring well by emitting photon, which process is called
Aphoton assisted tunnelingo. Al so this
cascading quantum wells. However, they could not achiawe. Sincewhen
several quantum wells acascade@without dopng), dueto space charge domain
formation, electric field cannot be uniform in the structure and structure become
electrically unstabl¢5]. J.Faist and F.Capasso solved this electiiesthbility
problem by adding injector regions (some of them areedppbetween

Kazarinovods and &adtheyprdpsseddicstiquanten caseagd o0 n



laser in 19947]. These injector states behaves as if electron reservoir to prevent
space charge domain formatiamd provide uniform electric field across the
device

Similar for all kind of lasesystemsguantum cascade las@so consist of two
parts; gain medium and optical resonator. Optical resonator can be simply formed
by micro fabrication techiques and itis very similar to conventional
semiconductor laserslowever gain medium of quantum cascade lasers are very
different than conventional semiconductor lasers. It is possible to divide gain
medium as active region where laser transition occurs and imeeg@n where
electron pumped tfollowing active region.

Active region onsists of thin quantum wells. Sintese quantum wells are thin
enough due to quantum confinement di$e energy levels are formed. These
discrete energy levels are uppand lover laser states. Additionally laser
wavelength can be controlled by changing the thickness of these quantum wells.

Injection region is auperlattie structure. As Esaki and T8l jpoint out first
that artificial miniband and minigap structures carigated by forming periodic
guantum wells. Sequence of quantum well layers can behave asno@nsional
crystal structure; theform artificial band and band gaps. This injection region
pumps electron to upper laser lesyahd discharge electroinom lower laser
levels. Theyare used as to create cascade structure, in othds &otive regions
can be combinely injection regions to create cascdg&ucture.

The first quantum cascade laser are made by J.Faist and F.Capasso in 1994 in
Bell Labs [7]. | t is operated at wavelength of
pulse mode at cryogenic temperatures with 14 kA/dhe very first quantum
cascade laser gain medium band structure is presenkéguire1.4. The active
part consist of three coupled quantwmlls, there is three level laser system in

which population inversion between level 2 and 3 is obtained.



I

1
-

Figure 1.4 Conductionband energy diagram of the first quantum cascade laser
and corresponding energy levels. Energy level 3 is upper laser level, 1 and 2 are
lower laser levels. Active region region where laser actiotakes placeand
digitally graded alloy isegiontha superlattice structure existg].

1.4. Material Systems

In this work InGaAs/AllInAs/InP material system is used to realize quantum
cascade laser. However other heterostructures material sy$tgue 1.5) are

also possible for quamu cascade lasers.

25
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Figurel.5 Conduction band and effective conduction band offset



Lattice matchedInGaAs/AllInAs/InP material system has 0.52 eV band

di scontinuities, so it a FFutthermaere, elgctrom mu m 4 .

effective mass of InGaAs/AlInAs/InP material system is sntall (T8t 1 o )

[15] almost half of the GaAs/AlGaAs material system, which allows to use larger
guantum well width and make thickness flwatians less critica{since optical
matrix element inversely proportional to effective mads)rradiative relaxation
time is also larger sinc& pj V&, therefore gain is larger than GaAs/AlGaAs
materialsystem, becauggain is also inversely proparhal to effective electron
mass Additionally refractive index of InP is less than InGaAslaflAs; hence
forming cladding layer is also straightforward. It is also possible to increase
conduction band discontinuity by strain compensation in order &robhorter
wavelengths (minimum possible is 3.05m)

Due to higher electron effective mass comparing to InGaAs/AllInAs/InP material
system, GaAs/AlGaAs material systems has lower gain. However GaAs/AlGaAs
material systems has lower frearrier losses (since free carrier loss is inversely
proportionato electron effective mass)herefore GaAs/AlGaAs material system
is very promising for longer wavelengths especially THz lasers.

InAs/AISb material systens very promising for short wavelength quantum
cascade lasers and it has very low electroectffe masgd 18t ¢do ), so
gain should be 2.5 times higher thaiGiAs/AlInAs/InP material systeifl5].
However forming waveguide is very challenging because refractive index of
active layer and cladding layers are ffaene. Alscepitaxy growth of InAs/AISb
material systems is harder than InGaAs/AlInAs/InP material system.

There is also Si/SiGe material system for quantum cascade lasers but in this case
laser transition occurs in valance band instead of conduction band. Thiamate
system is very promising for silicdmased integrated optic. However, there is no
Si-based quantum cascade laser has been reported so far, intersubband

electrolumirescencevas reported only in 200énd 20048,9].



1.5. Thesis Overview

The objective of tld work is the developed quantum cascade laser which emits

| aser beam in between 4 Om to 5 Om wave
50 mW optical power under 1% pulsed operation and it must be operated in
continuous mode with minimum 5 mW optical powera@m temperature.

This thesis organized as follows: in Chaptertl#® basic theory behind the
guantum cascade laser is discussed. In particular, elementary quantum mechanics,
formation of intersubband electronic states, radiative andaxtiative trasitions
are describedl'heoretical backgrounds are explained to design quantum cascade
laser, design methodology of quantum cascade lasers are mentioned, thermal and
opticalbehavior of the quantum cascade lasers are analyzethamdtion results
are preented.

In Chapter 3overview ofridge waveguide fabrications process are presented
detail and fabrication development processesmamtioned. Different waveguide
formation techniques are discussed and their effects on device performance are
analyzed

Chapter &overscharacterization results of the fabricated quantum cascade laser
areanalyzed. Temperature dependent optical powers with different duty cycles
and under different bias conditions ameeasured. Performance parameters;
characteristic teperature, threshold current density and slope efficiencies are
analyzed. Spectrum of laser is also measured at different temperatures and under
different bias conditions.

Chapter 5 includeconclusion remarks and furtheorks
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Chapter 2

Intersubband Laser Theoryand
Modeling

In this chapterthe essentiabackground to design nydfrared quantum cascade

lasers isreviewed. Basic quantum mechanics including single quantum well
solutions, coupled well systemsuperlattice structures andintersubband
electronic states are reviewed. Intersubband optical processes both radiative and
nonradiative transitions are reviewed and their effects on device performance are
discussed. Active region design parameters and conduction band engineering
tools to design quantum cascade laser are presented. Macroscopic laser rate
eqguations are derived for quantum cascade laser and performance parameters such
as threshold current density and slope efficiesmyations are obtained. Finally,

thermaland optical deign parameters are discussed.

2.1. Fundamentals

In this section fundamental quantum mecharmagviewed to understand how
guantum cascade laser works. Singj@antum well solutions, coupled well

systemssuperlatticestructures anehtersubbanelectronic sates are reviewed.

11



2.1.1. Single Quantum Well

Single quantum well problem is easy am@undamental problem in quantum
mechanics. Even if single quantum well problem is not used directly in quantum
cascade laser design, it is a good starting point. Iriiaddd thatsingle quantum

well problem is routinely used isomemodern optoelectronic devices such as
electreabsorption modulators and semiconductor interband lasers. The simplest
form of single quantum well problem is one dimensional quantum well with

infinite barries. Consider particle with mass m with spatially varying poteMtial

).

. mTR® & 0
y 21
PO i 00 0 (21)
where Lz is quantum well width. In order to solve this problem (ime
independent) Schr°dinger equation 1is
Since energy is infinite at the edges of the quantuefi,\it is safely say,
wavefunction is zero at the edges. So

i

— U, (2.2)

wherew U is wavefunction, z is growth direction, E is energy eigenvalu
subject to the boundary conditis at the edges. Solution(&2) is simple

a o6i M@a 6 wewg (2.3)

where A and B areconstand and according to boundary conditi®@*0 and

k= GO 'OU . Hence the solution of this equation is

a O Qe—, (24)

WhereA, is normalization constant whiés S ) - Associated energies are

i

o L — . (2.5)
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More realistic picture of single quantum well is finite barrier quantum well. In
this case potential of outside is not infinite, it is finite and for simplittiig

constant. Letatially varying potential V (z) as;

g D . D
e S« (2:6)

T €™M VAN Q

In this case, it is known that nature tbe solution in the outside the well is
exponential and in the well solution is sinusoidal. Therefore wave function must
be;

=D
CI)hq“ ¢

a o0 ma 6 weouwm Y ¢ v ¢ T (2.7)
; @ ha O o

In this case solution is trivial after applying boundary conditions, which is
continuity of wavefunction. However analytical solution is not possible,

graphically wavefunctions and assateid energy levels can fmund[10].

2.1.2. Coupled Well Systems

The coupled well system can be considered as two finite quantum well coupled
thought a barrier. This problem can be solved directly by calculating Hamiltonian
of the whole system. However it requambersome mathematiqgarocedures
Instead of solving Hamiltonian directly, tightigiing model is much more useful
[11]. Perturbation theoryespecially finite basis set approach can be used to
approximate starting basis functidt0]. Consider two infinite well as separately
and define wavefuncti@and potentid as @ and w & for well on

the right , « and @ & for left well. Let V(z) is thepotential of the

coupled sgtem,whichis wa wa wa

13



Viert(z)

vrlght{zj

Figure2.1 lllustration of coupled well system and two-coupled wek.

Hamiltonian of this system is
[ L1 — oa wa (2.8)

As long as barrier is reasonably thick, it can be approximated that wavefunctions
in the wellsaretightly combinedin otherwords, leakagef the wavefunction to
adjacent well is negligible. With this approximatiowavefunctions are
considered as approximately orthogonal and they can be used as basis for coupled

system and wavefunction of the coupled system is

a !« 0 a . (29)

I n the matrix form of finite basis app

equation is

oNe)
o
O
1 O

(2.10)

o)¢)
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Hamiltonianscan begivenexplicitly as

o . a° L »a O A a o, (211)
and

o . A’ L Ha O & a . (212)

Since we assumeakage of the wavefunction to adjacent well is negligible
'O O andO 'O where O is associated ground energy of uncoupled well.
However interaction of the wavefunction in the barrier cannot be completely

negligible and this interaction appearsn andO terms theyare

z

o’ o _ a° L a . (2.13)

Additionally this Hamiltonians can be defines as splitting ene¥).(

With these assumptions and simplificatic
is:

0O YO8 b

VG 0 & @] 5 (2.14)

In order to find energgigenvaluesdeterminant ofZ.14) should be zero;

0O 'O YO
and obtaining eigenvalugs
0 O YO, (2.16)
and normdized wavefunctions are
of - «qQ a )- (2.17)

As givenin Figure2.1 wavdunction consists of symmetric andtasymmetric
combinations of single quantum well solution. Since normalization constant is

same for right and left, electron equadyist in both wells. Thesestates are

15



separated by energy differenceYO. Actually, this isa common phenomenon

in quantum mechanics, it is mostly observed in sdlidte physics; when two
atoms are brought closer, they have a tendency to form energy bands of very
closely spaced energy states rather than discrete energy levels. This phenomenon
can also be observed whenagtum wells are brought together; they form an
artificial energy band, which kind of systems calls superlattice, which will be

covered in detail in the next subsection.

2.1.3. Superlattice

As it is discussed in previous subsection, it is possible to createialrtfand
gaps by bringing quantum wells closely together. These structures are called

superlattice Suppose in the superlattice potential is
wad BP poa &a (2.18)
whereVy, is

o e OOQQAH E§ , ¢
wa £a - 0% E& L, jC (2.19)
where n is an integer. As it is also understood from the potential definttign, i
not possible to create such a potential in practice, since n sjraums infinity to
infinity. Howewer it is not too wrong to mproximate as if it is infinitgd 10].

Wavdunctions in the well and in the baar is

, 5Q 50 h @ &8 ,ic
a ) 7L (220)
o - 0Q h @ ¢& Hg

where Lz is quantum well width and h is barrier width.
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Figure2.2 lllustration of superlattice potential

Since structure is periodic, boundary conditions have to obey Bloch theorem that

is

a ¢ a aA . (2.21)

where | is periodicity and q is an integer. After applying boundary condition
solution of this potential system is

AT Ha ATHBO ATHBE - — — OEH, OEHE (2.22)

The (2.22) completely defines dispersion relation between g and energy, which
is the origin of artificial energhands B]. This artificial energy bands are called
mini-band and artificial energy gaps are called rgew in literature. It is possible
to adjust energy levels of minigaps and minibands by just changing barrier and/or
well thicknesses. Supperlattices are very useful in quantum cascade design
especially injetion/relaxation design. Because superlattice structure provide

confinement for upper laser states whereas allow efficient tunneling for lower

laser state6. Thi s phenomena discuss in HAActi Ve

detail.)
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2.2. Intersubband Electronic States

The quantum cascade lasers are composed of atomically abrupt layers. Layers are
composed of alternating eaials that have different electron affinitieBhis
electron affinity difference forms a sharp band edge differembéh creates
guantum wellsiad barriers in conduction band. In addition since layer thicknesses
are in the order of de Broglie wavelength, energy stares are quantized along to the
growth direction (conventionally this direction is assigned as z direction ).

The effective mass theamn and envelope function approximation is very useful
to obtain wavefunctions and energy bands of that kind of structure. Indeed it is
possible to solve this structure without any approximation such as its band can be
solvedbyfiab i ni t o0 ¢ unatmot butrsuch b eomputation iy very
time consuming and it will not add any significant cofien to envelope
approximatior 3].

According to the effective ma#iseorem, envelopkincion approximationand
because of #plane (x and y directions) translational invariance wavefunction of

the electron in this structure can be writiecylindrical coordinateas

a Ol Yi i (2.23)

where F(r) is the envelope function and satisfies the effective mass equation and
Y i is Bloch function (n is index of considered band).

In addition a few approximatiorsse madeenvelope function is varying slowly
compared to Bloch function, envelope function can be expressed as linear
combination of other functions and Bloch function is identical in all layers.
According to these assumptions aneplane translationah variance, envelope

function is;

Ol —Qss q . (2.24)
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where ™ is the normalization are?% is in plane wavevector and & is "

wavevector. Hamiltonian of the system can betemitin growth direction and

assume that electron behaves as free particle in plane direction. First start with
oneband model 12], in this model effective mass of electron just depends on
conductionband depends on bandgap onlhghesi nce K
than bandgap)yvhich is also known as parabolic effective mass model. In this

model we ignorevalencebands effects on effective mass. Hamiltonian according

to this model is;

[ —— 6U a 8 (2.25)

and corresponding Schr°dinger equation i

—— 6U 0 a . (2.26)

Note that effective mass is not position dependent in the same material in this
model, however since material are different effective maaisaslifferent in he
wells and barrierg2.26) can be solved easily with boundary conditionsveein

interfaces (interface between material w and b for example);

a a . (2.27)

(2.28)

The eigenvectorsma eigenvaluesf (2.26) with boundary conditiong2.27) and
(2.28)) are enough to characterize energy levelsquantumcascade lasers.
However it is also possible to addlencebands effects on effective mass, this
addition can be based onpktheory [L1], which includes eight band model;

conduction band, light and heavy hole, splivafencebands and their spins.
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However correction on effective mass (nonparabolicity effect) can be made
much easier waydsed on empirical tiwband model13], which assum&valence

band is only one band and calculate interaction between conduction band to
calculate effective mass. According to this model, effective mass is energy

dependent and effective mas$14];

a0 4G p ——8 (2.29)

where m is effective mass from ehand model, Eis conduction band enerdy,

is corresponding band energy arid is nonparabolicityparameter. After this
correction to effective mass, conduction band is not parabolic, nonparabolic, and
E-k relation is

0Q Omn _ (2.30)

This correction does not add any complexity to our first mo@2§)), only
effective mass term changes. We considertmared model again but considering
valenceband effect on effective masmd effective mass becomes energy
dependent, this model is called effgetbne band model in literatyife)].

There are additional factors affect the accuracy of energy states in quantum
cascaddasers, which are space chaegfect and electroelectroninteraction due
to high doping (Hartree potentialn the quantum cascade structure different
energy states contain different electron population, which Soefactrostatic
potential that #iect band profile. This can be easily modeled with Poisson
equaion [16]. Sc hr °© di n g e226) argl lPaigsonocequati¢n are solved
iteratively to obtain rmare accurate solution.ife electron density in quantum
cascade lasers are logenerally about 16 cm®), spacecharge effect is
negligible and such an iteratiwolution is unnecessaryq]. Electronelectron
interaction can be considering with Hartree potential. This can be modeled as

adding pogntial to Hamiltonian Z.25) and solve this new Hamiltonian and
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Poisson equation iteratly [3]. However since electron density is low, this

correction is also ignorable.

2.3. Intersubband Transitions

Radiative and nonradiative transitions regutrsubbandaser phenomena. As it

is well known in order to make a laser gain medis required. Optical gain in
guantum cascade laser provided by stimulated emission betateesubband
electronic states, and electron movement through the device is provided by

nonradiative transition.

2.3.1. Interaction Hamiltonian

Interaction betweehght and electron can be modeled by defining perturbation
Hamiltonian. Optical field is strong enough to change electron occurrence
probability in quantum states but it is not strong enough to create new states,
therefore perturbation theory can be usedntodel optical interaction[10]

Hamiltonian with optical field can be written as;
G G G . (2.31)
where G is Hamiltonian of current state ar@l is perturbation Hamiltonian

due to optical field. Interaction Hamiltonian can be derived from electromagnetic

potential vector® as using coulomb gauge (or transverse gauge). Interaction

Hamiltonian is;

[ —_—. (2.32)

For low intensity magnitude square of A can be neglected so
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[ — 0 ). (2.33)
where m is effective mass, which can be effective mass-dmaerband model or
effective one band model. It is also possible to write trm with full band 4p
model, in this caseteractionHamiltonian remains same but perturbation term
will changes. In our discussion we will continue with one band or effective one
band model. After defining interaction Hamiltonian, a perturbation term is;

6 al a0 —6 aHdés ¢ O  (234)

To make dipole approximation which assumes that light wavelength is too
longer than wells dimensions so spatial dependenéycain be neglected in dot

product, so perturbation teris:

0 a [ a«a O —00 ads a O (2.35)

The vector potentialA can be expressed as electromagnetic wadwat

electromagnetic field is;

@ OATTQI 006w w b (2.36)

So vector potential is;

5 — & o o 5. (2.37)

Therefore petrbation terms;

0 a [ a O —0 asw o dHhs ¢ O (239)
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This term is essential to calculate absorption or gain coefficient.

2.3.2. SelectionRule: The Origin of Polarization
Behavior

Since quantum cascade laser emission basedersubbanelectron relaxation,
it has very unique propertstimulated emissiona{so absorption) is strongly

polarized. 1f(2.28) is written explicitly (with using evelope approximatiox

0 Gdso @ dHMs ¢ O
® ® oHIBY;FSY; BOI iSO p%c'y © ® GHD
6YrSYr BOI ; 901 {5 O (2.39)
wherei andf is initial band final states of band indices, since initial and final
envelope functions are orthogonal first term(229) vanishes. In the second

term Bloch function is unity so only last part remains;

6Oi {80 © OHMSOI 7 O

he
§oi ﬁﬁ—_@'Q g 4 O OO 6D —_§'Q se a4 O (240
Contribution of x andy direction vanish; only z component remains. Therefore
electromagnetic fieldelectric field in our case) interactirigtersubbananergy
levels and propagating in plane direction (either x or y direction) has to be in z
direction (growth direction)which means electromagnetic field which couples to
theintersubbandenergy levels has to be TM polarized.
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2.3.3. Intersubband Radiative Transitions

|t i's conventional to begin with Fer mi

between states. Transition rate fretates@Q  to SAQ is

W — 0 a [ da 01%Q %Q Uy . (241

Since absorption coefficient can be written Hy [

| U

(2.42)

where"Y s active area surface area, L is cavity length, I is light intensity and
7 s total absorption or gain. In order to find all possible transition between
statei andf, we have to sum over all states irsppace. Therefore absorption

coefficient can be written ad¥)|.

| ud ‘" BB o & [ a0V %Q %Q uw £ & (243

where Aand Aare FermiDirac distribution of electron in the statesand f
respectively.

Equation (2.40) can be simplified according to selection rule and replace
momentum matrix element with position matrix element with using commutation

relation which is

~ -

( U - (2.44)

i

and absorption coefficient reads
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.. e 0'?‘ 0’?‘ .
. ———B U B_ _1%Q %Q 0w £ A£ (249

Considering implane trankational in variance (i#plane symmetry sumover k
space can be replace with an integral

w5 —B U | 1% % U A& AQQTQ (246)

Due to scattering (because oftiee vibration, collisions, interface roughness
etc.) delta function transition deviates. It can be replaced with Lorentzian line

shape function with full width of half maximum[18], which is

(2.47)

Also replace Fermbirac distribution with sheet carrier density and ny,

absorption coefficient reads
L — 1 T —L—— 0. (248)

Since only the some part of optical mode overlaps with gain medium (especially
active region of cascade structuréhe gain must be multigd with coefficient

which defines overlap factod). Therefore absorption coefficient is;

U . (249

25



2.4. Nonradiative Inter-subband and Intra-
subband Transitions

Electron in the upper band can relax to lower bahdsughseveralprocesses

These processes do not have to be radiative; in fact non radiative processes are
domimant in our cases. Electron can changeentsrgy statewith spontaneous
emission, phonon emission, impurity scattering or eleettentron scattering.
Dominant relaxation process is optical phonon emission in inter/intra subband
transitions. Hence it ibetterto think two situationsseparately; two subbands
which are spaced Bnergysmaller or lager than optical phonon ener{$j.

In the first case optical phonon emission is always possible since ersggy ¢
between states are larger than one optical phonon energy, &fetiite in the
order ofpicosecondswhich dominates relaxation process.

In the second case since energy gap between states ardHawemne optical
phonon energy; henceptical phmon emission is forbidden. Therefdietime
is determined by other processes. In fact second situation is avoidable for quantum
cascade laser design except THz quantum cascade lasers. Because naturally
desired stimulated emission energy is far largen tbptical phonon energy
(except THz emission), and energy gap between lower states are designed to be
larger than optical phonon energy on purpose in order to increase injection and
extraction efficiency.(This topic will be covered in Active region desigction
in detail. )

For inter or intra subband scattering rate can be expressed for any given
Hamiltonian. The main difference between intra and inter subband scattering
electron changes its band durimgersubbandorocess, while electrons stay in
same band but changestate(wave vector) duringntersubbandcattering.

Intersubbandcattering rate can be written as;

B 6 & [ O p O0%Q %Q Y% (250

x(l .
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where &  isinitial state and & § is final state Y%is zero if scattering is

elastic and noizero if scattering is inelastic.

Intersubbandcattering rate is;

=B 0 a5 [ Arh00%Q %Q Y% (251)

As itis a seen only wave vector changes #ftersubbandcattering. In addition

it is possible to define energy broadening in terms of the scatteringXélkes [
) © Kk (252)
and
W A\ K, (253)
So total optical broadening due to inter and intra subband scattering is

- ® . (2.54)

2.4.1. Spontaneous Emission

Actually, spontaneousmission is not considered as scattering process for
optoelectronic devices generally, because it is cetaly radiative process rather
than nonradiative. However fortersubbanaptoelectronic devices, spontaneous
emission hinderstersubbandransition.

Since optical matrix element is not zero between laser upper and lower state,
spontaneous emissiontix@en these states is inevitable. Fortunately spontaneous
emissionlifetime is an order of magnitude longer than stimulated emission.

Typically spontaneoudfetime is about 60 n§3].
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Spontaneous emission eds;

@ — (2.55)

wheret is refractive indexyJ is optical matrix element is energy dference
between states armds speed of light in vacuum. Since spontaneous emission rate
is proportional to square of photon energpontaneous emissioate is very short

for intersubbandransition (spontaneous emissitifetime is in the order of
nanosecond as a result). This very loliigtime comparing to nonradiative
processes, thelifetime is picoseconds order, it is the reason witgrsubband

light emitting diodes are very inefficient.

2.4.2. Phonon Scattering

Phonon causemtersubbandransitiors and creates energy flow between the
electronic states to crystal lattice. Essentially there are two types of phonons
optical and acoustic. Optical phonon scattering mechanism is much more
dominant than acoustic phonon scatteringpiarsubbandransitians [3].

Optical phonon scattering mechanism can be outlined with following three
assumptions; first assume that optical
be considered as mowmmergetic, second Frohlich Hamiltonian ndoates

phonon scattering and finally oftand model is usedignore the effects of
valencebands). Therefore optical phonon scattering rate with envelope function

approximations [3];

6 ——B . -0fQa@3a & Q° 543 §3. (256)

where & AT Ad are envelope functiott) is effective dielectric constant

which is;
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(257)

where U is infrared dielectric function and is static dielectric function.
After summation over all possible phonon modd®mfgeB 8 term with €

p) for emission and for absorption)2.56) becomes;

) —— & ~Q0 Qa3 a a Q¥ 3 a3 43 {258)
) —— ¢t p,. -0 Qe3¢ a Q= 3§ 3 259

Since phonons are bosen have to obey BosEinstein statistics as

S — (2.60)

Also Q represents the magnitude of the difference bet@keandQin k-space

Explicitly;

~

0 0 0 (QQAT-@ (2.61)

The physical meaning of Q is very fundamental and idea behind that is
commonly used in quantum cascade laser design espeatitdlyer laser level
design. Graphical interpretation is representeéigure 2.3. Due to parabolic
dispersion, states dR andQ stay on a circlef radiusQ or Q. Therefore as it
seen inFigure2.3, as energy between the states increases, distance between the

states increases (Q incregsbence scattering rate decrea@iéetime increases).
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Figure2.3 (a) lllustration of intersubband optical phonon scattering process.(b)
In-plane reciprocal lattice space illustration of the initial and final electron
wavevectors kandks and their vector differendd.7].

This isvery important result especially to design energy lewbisharedesired
to have lowlifetime. Since optical phonon scatterilifigtime is in the order of
picosecondsif designng two energystates separated lmne opticalphonon
energy, uppestatedifetimeis strongly reduced. This is commonly used quantum
cascade laser desigteato enhance population inversion by reducing low level

lifetime by optical phonon scattering.

There are also acoustic phonon scattering between inter and intra subbend, sa
derivation as optical phonon scattering can make for acoustic phonon scattering
rate calculationd] However acoustic phonon scatteriniifetime is too long

(about 400 ps therefore it can bignoredfor quantum cascade desifftv].
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2.4.3. Other Scattering Mechanisms

There are alsmther scattering mechanisrbetween inter and intra subbands.
Dominant scattering mechanism is optical phonon scattering, andso#itering
mechansms are ignorable when compatedptical phonon scatterinigetime.

Active region doping or dopingegions close to active regidgads to impurity
scattering. However in quantum cascade laser design, it is avoidable to dope
activeregion or region close to active region, typically doping of the active region
isp m ®a intrinsically, which lead to 4(icosecondsmpurity scattering
lifetime [3].

Since quantum cascade laser structure have different layers whose alloy
composition changes frequently, alloy scattering is inevitalble .sEattering rate
can be calcul ated a Q@ dtlondvermallpy dcaiteriigasst ar d 6
also very weak for InP based quantum cascade laser.

There is also electrealectron scattering in quantum cascade strustimethis
process electrons exaihge energy and momentum. After scatterglgctrons
may still stands on same energy state or change their energy bands. Dominant
electronelectron scattering results tintersubband transition instead of
intersubbandransition. However in quantum caseathsers typical electren
electron scatteringifetime is 45 picosecondg3]. Therefore it is also ignorable
for quantum cascade design when comparing very short optical phonon scattering
lifetime.

Finally, since quantum ceade laser consists of many layeanrsjnterface quality
between these layers igery important. Roughness between layers causes
interface roughness scattering. This scattering process differs other processes,
interface roughness scattering strongly depegmbwth conditionsLifetime of
interface roughness scattering is ignorable or not when comparing to optical
phonon scatterindifetime strongly depend®n growth condition. Effects of

interface roughness on scattering i@t modeled by Unuma in detfll].
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2.5. Quantum Cascade Laser Rate Equation

Up to now, quantum cascade laser is analyzed by quantum mechathics
microscopic propertiedHowever some macroscopic quantities such as threshold
current density and slope efficiency can be analyzed withaihdndo quantum
mechanics. These quantities can be derived in a very simple rate equation
approach.

Consider simple rate equation analyses of a single active region only. Let active
region have 3 energy states and assume that laser action happen&eeen bet
state 3 and 2 and state 1 is just state that enhance relaxation of Adseldssume

that therds injector statevith constanfpopulationt . Schematic illustration of

this systemis presented ifrigure2.4.
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Figure2.4 Rate equatiomodel illustration

Before writingrate equations, some assuraps should be made;
1. Assume scattering from level 1 to injector is very fast, which means
lifetime in level 1 is zero.
2. Electrons are injected in state 3 at igt@and injection is only through
state 3, injection to state 2 is forbidden, which meajeiion efficiency
is 100 %.

3. Injector consist of only one level with constant electron degsity
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4. Lifetime of state 3 isf T T T ,T s lifetime of electron
escape process state 3 to continuum.
5. Assume eletons can thermally activated from injector to state 2 and

thermally activated number of electrons at thermal equilibragn

Rate equations for one active region period are;

— - — Y& &, (262)
— — Y& & — (2.63)
— —YQ& & | — (2.64)

where S is photon flux per perio is gain cross section, is total modal loss
andl is spontaneous emission overlap factor to laser mode.

3 iS:

5 ¢ QY . (2.65)

where ¥ is energy difference betwa state 2 and Fermi level of injector region.

"Q is gain cross sectionhichis;

QN ® S (2.66)

where wis overlap factorl) is dipole matrix element L is length of period and

[ is broadening of the laser transition.
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Below threshold, to find steady staelution equatederivatives and S to zero

and neglect spontaneous emission (siiieeme is toolong) obtain;

Ve & & —p — & . (2.67)

and it is know that at the threshold modal gain is equal to théMss—
So threshold currd is;

b 0— & SR (2.68)

More explicitly;

0 , | (6 . (2.69)

Above the threshold to find steady state solution equate all derivatives
((2.62), (2.63) and(2.64)) to zero. Photon flux (3% obtainedas

"y ) ) (@270

Also to obtain slope efficiency take derivative of S over J;

— ) . 2.71)

Therefore slope &tiency (derivative of optical output power over applied
current to the device) of the device is;

— 0 ky — (2.72)
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where U is number of period of the device is front mirror loss.

2.6. Gain Medium Design and Modeling

The quantum cascade design has to overcome interrelated problems:

1 Population inversion between upper and lowaser state ato be
achieved
Laserthresholdgain has to overcome waveguide losses.

Structure has to beadtrically stable at bias point

First demonstration of the quantum cascade laser that sthigsd problems is
published in 1994 by Faistet.almilestone worK22].

Generally in orde to solvethese problems quantum cascade laser structure are
divided two parts; active region where laser action occurs and injection/relaxation
region where electra@carried to following period of cascaded structure.

In simplest case, activegion cmsist of at least three energy states; laser action
occurs between third and second state, this model can be model with three level
pumping schemes[23]. To satisfy population inversigorthird energy level
lifetime is adjusted to be longer then lower statéstime.

Injection/relaxation regian consist of minibands and miais, which is
realizedby sequence of alternating quantum wells and barriers. Main purpose of
these regions is enabling resonant tunneling to deplete lower state and pumping
adjacenupper state.

Also somdayers of these regions alleped to serve as electron reservoir tand
prevent arising space charge regions.

The most attractive feature of guim cascade laser is cascadi8hy Active
region and injection/relaxation region cabe conneckéd consecutively.
Theoretically a single electras able to stimulate number photonin cascading

processConduction band diagram of first quantum cascade laseFigune2.5.
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Figure2.5 Conductionband diagram of first qguantum cascade laggr [

2.6.1. Active RegionDesign

Active region is the most important part of the quantum cascade laserestire
laser action happened in this region. Accordin@t69) and(2.71) highefficient

and robust active region should have following properties:

Long upper state lifetime
Short lower statéfetime
Low waveguide loss
Narrow transition line width

Large optical matrix element

= =4 4 A -4 -2

Low thermally activated electrons to fill lower states (low thermal
backfilling)

As expected tiis not possible to satisfy all of these properties at the same time
Upper statdifetime and optical matrix element is invelgeorrelated. In other
words, in order to increase optical matrix element, spatial overlap between wave
functions in upper and lower laser states have to be increased, however as spatial
overlap between states increases, lifetime between states decideseore

optimum value between lifetime and matrix element should be adjusted or designs
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should be madaccording to desired parameters (such as high power, operation
mode and operation temperature).

For example, initial and final laser states do n@tehto be in same quantum
well. It is possible to obtain lasing when initial and final laser states are localized
in different welk [3]. If initial and final laser states are localized in same well, it
is calledvertical trarsition andif initial and final laser states are localized in
different welk it is calleddiagonal transition. Comparison between vertical and
diagonal transition is the best example to analyze inverse correlation of upper
statdifetime and optical matk element. Conduction band energy, corresponding
wave function probability and calculated upper slif¢étime and optical matrix
element of verticald4] and diagonal transitior8] example is presented Fgure
2.6. In diagonal transition design upper and lower laser states are spatially
separated so optical matrix element is low while upper state life time is high yet
in vertical design since wavefunctions of upper and lower laser states ardyspatial

overlapped optical matrix element is high but upper state life time is low.

Active region Active region Injector

Injector

2 2 (doped)
. (doped)

Figure2.6 Vertical anddiagonaltransitioncomparison §].

Whether thetransition is either vertical or diagonal is determined by the
thickness of the first well in active region. If the first quantum wedkness of
active region is high, upper state in the first well get in resonance with upper state
of the well in the middle and laser tram®itoccursbetween the upper statetire
first well and lower state ithe second well, which is also called photon assisted

resonant tunneling. This phenomenon can explain working principle of diagonal
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transition quantum cascade lasEigure2.6. If the first quantum well thickness

of active region is small, upper energy state in this well is above the upper energy
state in the middle well thereforeesonance transition between this state is not
possible; electron in the uppstate of the first well, tunnels through the upper
state of the second well and re¢gxo the lower energy state in the second well,
which is called vertical transition.

If wavefunctions are analyzed, for vertical transition, spatial overlap of upper
ad | ower statesd wawhereas focdiagomat sansitign ver y
theiroverlap is smallsince upper and lower states of the laser is in different wells.
Hence, vertical transition quantum cascade designs have much larger optical
matrix elemenbut their upper state lifetime is smaller as well.

Additionally, laser emission wavelength is adjusted by the well thickness of the
middle well in the active region.

In order to ensure population inversion lower laser states should be emptied
efficiently. To fulfill this requirement, additional energy level is formed below
the lower laser state. As it is discussed before, an efficient reduction of lifetime
can be obtained when energy difference between lower laser state and additional
energy state isqual toone optical phonon energy. This energy difference can be
adjusted by changing well thickness of last quantum well in active region.

To be more precise, without additional energy state below lower laser state,
electron tunneling from lower statie relaxation region ialong time processs
a result ensuring population inversion is hard to satisfy. Also it is very hard to
adjust lower laser level and relaxation band energy levelegual or close to
each other [tis is required to enhance teling). Inorder to overcome this
problemadditional energy level whose energy is one optical phonon energy below
the lower laser state is formed. Therefore electrons in the lower laser state rapidly
relax to the additional level and tunrelthe relaxaon region, and thiprocess
is callediiresonant optical phonon tunneling

Also it is possible to form two additional energy levels below lower laser state.

Again in this case energy difference between lower laser state and two additional
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energy levelshould besqual toone optical phonon energy. That kind of design
is calledfidouble phonon resonance structure

Double phonon resonance structusé course shorters the lifetime of lower
laser state since additional relaxation pattieiBned;however major advantage
is increasing energy difference between relaxategion and lower laser state.
This strongly reducethe thermal back filling effect and it is crucial for room

temperature operation.

2.6.2. Injection Region Design

Simply injection/relaxationregion is responsible for electron transfer between
active regions. Optimumnjection/relaxation region should have following
features;

1 High injection and extraction efficiency

1 Increase upper level confinement and escape time from the upper state of

thelaser
1 Provide electrical stability
To derive rate equation2.62), (2.63) and(2.64), it is assumed that injection

from injectionstate to upper laser level has unit efficiency and we ignore electron
motion from injection state to lower laser state.wdwer for more realistic
picture we should define efficiency coefficients and lower level transition. As
shown inFigure2.7 electron can tunnel from injection state to upper laser level
and it can be tunnel to lower laser leust scattering processes. Of course
tunneling through the lower laser level hinders the population inversion by

increase electron number in lower laser state.
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Figure2.7 lllustration of electron transfer fno injection region to active region

We can modify the rate equatioB.§7), and redefine population inversion with
injection efficiency coefficients;

Ve & & —p — & s (2.73)

Obviously, for good injection desigh should beequal toone and- should be
equal tozero. Theseinjection eficiency coefficients cannot be found by rate
equation approach. Fully quantum mechanical calculations are reqliigéd-
binding density matrix approach can be used to find these coefficients. Detailed
derivations and analyses about these coefficiembedound 25, 26, 27].

Another assumption made before, transition of electron in the upper laser level
is only downward. However in reality electron in the upper laser level can make
transition to continuum level and injector region without making lxaesition.

This phenomenon of course reduces the population inversion and hinders the
guantum cascade laser performance.

Electrons in the upper laser state can escape to continuum level without
contributing lasers transition with lifetinle  which is calledescape time. If
escape time is not infinite, it reduces the upper laserlg&ime and hinders the
laser performance. It is possible to prevent electron escape to continuum by

increase the barrier thickness of the last barrier of actg®n but this also
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reduce the relaxation efficiency of the lower laser level, which is not desirable.
To overcome this problem, upper laser state should be confined with barrier
whereas lower laser states are not confined even their esmi@pshould be
encouraged. The solution of this contradiction is forming minigaps and minibands
in the injection/relaxation region. Adjust the minigap energy to increase upper
laser state confinement while adjust the minibands according to lower ldssr sta
to allow electron escape. In other words minibands/minigap design should block
the upper state escape whereas it should allow the lower sate escape.

Schematic illustration of minibands/minigap design idea is presentédune

2.8.
3 K 2
M n gap
2
1 T— M n band

Figure2.8 Minibandgminigap desigrogic illustration

Minibandsand minigaps are designed béiem Bragg reflection conditidi2g].
Minibands and minigaps can be formed wsthperlatticestrudure. Number of
period of superlattice directly determirtee sharpness of minigap amihibands
[3]. In other words escape time of both upper laser state and lower laser states are
dependson number of periodf the super lattice. Since as it is well known
transition is completely depends on number of period in Bragg reflectéigure
2.9, sharpness&nd transition okuperlatticewith 3 and 5 number of period is

presented 3].
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Figure2.9 Computed transition of superlattice structure with 3 and 5 number of

periods B].

In addtion, while superlattice designs, it should be natitteat escape time of
electron in the lower laser state to the minibands should be shorter than phonon
scattering time to ensure efficient population inversion.

Also good injection/relaxation designalid provide electrical stability of the
guantum cascade lasers. To fulfill this some portion of superlattice is doped.
(Generally doped regions are placed as far as possible to the active megion t
prevent additional scatteringrhis doped layer preventse formation of space
charge regions by providing requirelectron charge for transp¢8]. Also this
region behaves as if electreaurceto feed the electrons to next cascade period,
which enhance the eiron motion and reduce ohmic resistance of the device as

well.
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2.6.3. Cascading

The most interesting feature of quantum cascade laser or more generally
intersubbanaptoelectronic deviceis cascading. In a quantum cascade laser the
active region can be camted; hence the gain region can include number of

periods. The advantages of cascading are obvious;

1 As number of cascaded period is increased, entire gain of the quantum
cascade laser is increases. Therefore for specific gain, required threshold
current écreases as number of period increases.

1 Theoretically, a single electron is able to emit number of period photon,
which means as cascading period increase, slope efficiency of the device
increases.

1 As number of cascaded period is increasedncreases e overlap
between active region and laser beam (increasevitidapcoefficientl )
which reduce the laser threshold current density and increase the slope
efficiency as well.

However there is a cost of cascading, which is high bias voltage. As nofmber
period increases, required applied electrical power to the laser operation increases.
High operating power is problematic since it increases the heat generation (since
guantum efficiency is not unity) and high temperature might be catastrophic for
guantim cascade lasers. (Detailed temperature analyses will be covered in chapter
2.8.)

Therefore theres an optimum cascading number. Foid-infrared quantum

cascade laseoptimum number of period is around §29].
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2.7. Active Layer Design and Modeling

Active region band structurand magnitude of relevanwavefunctions are
presentedn Figure 2.10. Active region (compose of 30 cascaded lgy&ras
grown on low doped InP substrate ¥6nm®) and sandwiched between 35 nn

thick InGaAslayers. Top cladding ayer is 2.6 Om I nP.
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Figure2.10 Band structure and moduli squared of corresponding wave function
under an 83kV/cm electric fiellaser action happened between level 3 and level
2.

Active region based on  Ino.s74Gap.420AS/Al 050G &0 48AS and
Ino.s53Gap.47AS/Al 0366G a0 634AS Strain balanced material system apdulting net
strain is-0.00%. Band structure and moduli squared of the corresponding
wavefunctions for onperiodof cascded layers under applied electric field3&f
kV/cm is presented ifigure2.11. ErwinJr [33] is used to design active region
and to calculate performance parameters. Laser action happens betwk8n leve
and level 2 Energy difference between level 3 and level Z 275 meV,

corresponding wa v édser rirgnisifion is sertitdsinbe O m.
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wavefunctions oflevel 3 and level 2are spatially overlapped, corresponding
dipole matrix element is Zl0nm Level 3stak lifetime is 2.22 ps ankbvel 2

lifetime is 0.37 ps.
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Figure2.11 Band structure and moduli squared of the corresponding
wavefunctions for one period of cascaded layers under applied efesdttiof

83 kV/cm Laser action occurs between level 3 and level Zgelid) line

indicates radiative transition. Electrons are relax from level 2 to level 1 and level
1 to level 0 by LO phonon scattering, blgdashedarrow indicates non

radiative tansition.
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2.8. Thermal Design and Modeling

Since quantum cascade | asersodéo quantum

under high bias conditions, they generate considerable amount of heat. Although
comparing to the interband lasers, quantuncades lasers show less temperature
dependent broadening due to the atomic like joint density of state, temperature
effects directly inter and intra subband scattering rates. Since the dominant
scattering mechanism is optical phonons and they are bosopglby Bose
Einstein distribution, which means as temperature increases phonon population
increases; hence inter and intra subband lifetimes reduce dramatically. This
reduction decreases the population inversion and hinders the laser performance.
In addition temperature increment also stimulates thermal back filling, which also
reduce population inversion. Also as thermal energy increase thermally activated
electrons can leakage to continuum, which also decrease the population inversion
as well.

The seltheating of active region can be modeled as

YUY YOO 0. (2.74)

where”Y is active region temperaturé is substrate temperatui¥, is
thermal resitance,0 operating current density, active region width, L is
laser length and> is operating voltage.

Also it is possible to define threshold current density as a functioi¥of;

o 0Q 1. (2.75)

whereU is threshold current density at 0 K aiis characteristic temperature
which indicates how much threshold currentetegs active region temperature.
Higher Y is desirable for high temperature and high duty cycle operatas.

not only depends active region design but also depends waveguide design and

devicepackaging
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The maximum active region temperatucan be found, at the threshold

maximum substrate temperature can be derived by settirg T,

Yo YT l——  p. (2.76)

So maximum active region temperature by empirical characteristic temperature

coefficient is ;

Y Yl T—— p YOO do. (277

Therefore to reduce active region temperature or keep active region temperature

close to the substrate temperature;

Characteristic temperature should be high
Thermal resistance should be low

Devicedimensiongwidth and lengdt) should be small

= =2 A

Threshold current density should be low.

Threshold current density depends on active region design. Diimessions
are design parameters which determine maximum optical power. Characteristic
temperature depends on both active negiesign and waveguide apdckaging
Thermal resistance is also depends on waveguide desigraekaling In order
to analyze effects of waveguide angbackagingon device heat removal

performancendin orderto optimize waveguide armhckaginglesign br better

heat removal (make t her mal resi stance
Mul ti physicso is used.

In order to model thermal effects finit
Mul tiphysicso is used. Basicallyn soft wa

the quantum cascade structure. The generated heat in the active region is removed
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by convection, conduction amddiation BQ]. Steady state heat transfer equations

used in simulatiomre;

E 1L
n ® n
o B 4 1, (2.78)
E s n4g E4 4 0w 4 2.79
where
N4=—w —® (2.80)

where E is thermal conductivity is heat source density (power(heat generated)
per device volume)h is heat transfer coeffent (20 W/nt for our case)r is
emissivity of the surface (0.02 for our cage)is the Stefanh Boltzmann
constant4 is temperature in the fdield and4 is the surface temperature
[30].

Thermal conductivies used in simulation are given rable 2.8.130]. Since
active region consist of thin quantum wells thermal conductivities are different
along the growth direction and in plane direction at active region. Anisotropic
themal conductivity as a resulbf phononscattering at the quantum well
interfaces 31]. This interface scattering reduces thermal conductivity in the
growth direction, in plane thermal conductivity is close to the bulk thermal
conductivity but cross planedimal conductivity is much less than bulk thermal

conductivity.
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Material T+ (W/m-K)

InP 74

INo.57G&p.43AS 5.84

SizN4 15

SiO, 1.3

Au 337

Cu 384

In Solder 93.6

Active Region E &57.E =11

Table 21 Thermal conductivities ahaterials used in the simulation

Note that thermal conductivities are temperature dependent but their
dependencies are low enough to ignore at our simulation temperature range.

In addition, it is assumed that heat generation is in active regionveaignore
ohmic losses in cladding layerEigure 2.12 presents simulation results of
temperature mapping and heat flux on finent facet of quantum cascade laser
device using SN4 or SiO; as passivation layemd different structures: either
conventional ridge wave guide without gold top contact or conventional ridge
wave guide with gold top contact and differerdunt optiongither epiup or epi
down. In all cases quantum cascade laser structure are mountedpan plée
with indiumrindium solderingCopperplate temperature is fixed at 283 K and air
temperature is fixed at 300 K in the simulatigin reality copper plate
temperature fixed by therrmgectric cooler (TEC))Dissipated electrical power
in the active region isassumed a%9.375W (peak optical power is achied at
125Vand1.5Awith2mm2 0 Om i ¢he sSinwlatjpon.
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Figure2.12 Total heat flux patterns and temperature distribution siredl&br

conventional ridgevaveguide quantum cascade lasers (a) passivated with Si

andwithout electroplated gold for epip bonding, and (b) passivated withNbi

andwi t h 5 em t hi ck e luelohdng(p pasdivated witho | d f o
SiO, andwithout electoplated gold for epup bonding (d) passivated with Si©

andwi t h 5 em t hi ck e luelohdng(e) lpasdiveted wigho| d f o
SisNgandw i t h hick edeatroglated gold for eiown bondingf) passivated

with SiG;andwi t h 5 em t hi ck e-Howchomdogp | at ed gol c
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