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ABSTRACT OF THE THESIS

Mid-infrared Quantum Cascade Lasers
Modeling, Fabrication and Characterization

by

Luyao Xu
Master of Science in Electrical Engineering
University of California, Los Angeles, 2013

Professor Benjamin Williams, Chair

In the past 20 years, mid-infrared Quantum Cascade Lasers (mid-IR QCLs) have
been experiencing rapid development and have become practical mid-IR sources
for a variety of applications. There is particular technological interest in high
efficiency lasers designed for the midwave infrared (MWIR) atmospheric window
(3-5 pm) and longwave infrared (LWIR) atmospheric window (8-13 pm). This
work presents a systematic study over mid-IR QCLs, including theoractical mod-
eling, device fabrication and characterization. An effective bandstructure calcula-
tion method is implemented in this work for active region modeling. A standard
process for fabricating mid-IR, QCLs has been developed, based on which both
LWIR (~9 pm) and MWIR (~4 pm) QCLs have been successfully demonstrated.
Comprehensive testing results are analyzed and discussed, yielding valuable infor-

mation about the current device design.
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CHAPTER 1

Introduction

Presently, semiconductor lasers are an important light source for common ap-
pliances, especially the widely-used double heterostructure lasers. Double het-
erostructure lasers have been commercialized for wavelengths from the visible
blue to the invisible near infrared, up to about 1.6 pm [1]. But the scientifically
and technologically interesting mid-infared (mid-IR) range (2-20 pm) is hard to
approach to by the conventional semiconductor lasers due to the limitation of

narrow natural bandgap that mid-IR light emission requires.

The invention of quantum cascade lasers (QCLs) [2] largely satisfies the in-
creasing need for compact, high-performance, room-temperature, and reliable
mid-IR laser sources. QCLs are electrically-injected semiconductor lasers based
on intersubband electron transitions, instead of conventional electron-hole recom-
bination. Due to its engineered-bandstructure nature, a QCL can be designed to
emit essentially any wavelength within the mid-IR spectrum. Even for the far IR,
which is also referred to as terahertz range loosely defined as 300 GHz to 10 THz,
or the wavelengths from 30 pum to 1000 pm, a wide range of it (600 GHz to 5
THz approximately) can reached by a QCL [1, 3, 4, 5]. The progression of QCLs
research in the past 20 years not only accelerates various mid-IR applications, but

also exploits the scientific frontier of physics by design [6].

This chapter will review the application and sources of mid-IR light. An
overview of mid-IR QCLs will be presented, including bandstructure and optical

gain, waveguide and loss, as well as several important performance parameters.



1.1 Mid-infrared applications and sources

Mid-infrared radiation has found a wide range of applications in, for example, bio-
logical and medical diagnostics, chemical sensing, atmospheric and environmental
monitoring, free-space communication and military countermeasures [7]. Mid-IR
spectrum is often called the molecular-fingerprint region [8], in which the most
identifiable molecules absorb and radiate because the associated vibrorotational
transitions have their energy within the mid-IR photon energy range, as shown in
Fig. 1.1. Thus the mid-IR spectroscopy provides a sensitive tool to examine the
chemical makeup of molecule. The two wavelength regions (3-5 ym and 8-13 pm)
are atmosphere-transparent due to lack of water vapor absoprtion, thus allowing
the highly sensitive measurement of environmental and toxic gases or vapors [1].
IR countermeasures are standard equipment for military aircraft. It is designed
to prevent a heat- or plume-seeking missile from reaching its target by confusing
the missile’s target acquisition system using IR light sources [9]. Compact size
and light weight are favorable features for IR sources used in countermeasures

systems.

Even though QCLs turn out to be nearly ideal mid-IR laser source, it is noted
that there are several other types of mid-IR sources that can generate laser-like
beams. Lead salt lasers are typical semiconductor lasers based on ternary or
quaternary compounds with shrinking bandgap below 0.5 eV to lase in the mid-
IR range. But the continuous wave (CW) operation normally needs cryogenic
condition due to the low thermal conductance of lead salts and the comparative
softness of this material affects the stability of lead salt lasers [10]. A few types of
transition metal doped binary and ternary chalcogenides crystal solid-state lasers
emit in the mid-IR region, such as chromium-doped zinc selenide lasers which emit
over 1.9-3.1 um [11]. The choice of laser crystals and glasses is limited to those

with low phonon energies that weakly interact with mid-IR light. The carbon
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Figure 1.1: Simple correlations of various group molecular vibrations. Figure from

8]-

dioxide (COy) laser, the earliest gas lasers to be developed [12], produces highest-
power continuous wave centering around 9.4 um and 10.6 pm. Because of the high
power levels available, CO, lasers are frequently used in industrial applications
like cutting and welding. There are other sources based on difference frequency

generation and optical parametric oscillators [7].

1.2 Overview of mid-infrared quantum cascade lasers

A QCL is a semiconductor injection laser based on intersubband transitions in
multiple-quantum-well structures. The light emitting process in QCLs only in-
volves electrons, and is realized by forcing electrons to undergo quantum jumps
between the discrete energy levels created in the quantum wells (QWs) struc-
ture. An electron stays in the conduction band after emitting a photon and is
recycled by being injected into the next identical active period, where it emits
another photon. This process goes on in every repeating module, leading to the

cascade effect. This is a radically different operation mechanism from conven-



tional semiconductor lasers which rely on the electron-hole recombination cross
the bandgap. The design of alternating wells and barriers allows flexibility for a
QCL’s emission wavelength to be tailored over a wide range. The high quality
heterostructure growth technology leads to mature established material systems
like InGaAs/AllnAs alloys on InP and GaAs/AlGaAs on GaAs, on which the
majority of QCLs are based.

The concept of light amplification in intersubband transitions was first pro-
posed by Kazarinov and Suris in 1971 in a seminal paper [13]. But the progression
from this preliminary concept to the demonstration of the first QCL took more
than 20 years. The first QCL emitting at 4.3 um was experimentally demon-
strated at Bell Labs in 1994 by Faist, Capasso, Sivco, Sirtori, Hutchinson, and
Cho [2]. This prototype device operated only in pulsed mode at maximum tem-
perature of 90 K with the peak power below 10 mW and the wall-plug efficiency
(WPE) less than 0.15%. But the rapid development in this field has led to many
important achievements as Fig. 1.2 shows. As an increasing number of mid-IR
QCLs applications are proposed, the need for improving WPE of mid-IR QCLs
is growing and becoming a recent research focus [14]. Most recent achievements
in WPE include CW room-temperature operation with WPE up to 21% with a
maximum output power of 5.1 W [15] and a record WPE of more than 50% at 40

K in pulsed operation [16].

1.2.1 Bandstructure and optical gain

The optical gain in QCLs is provided by the intersubband radiative transition
between the upper and lower lasing levels in conjunction with the electron popula-
tion inversion achieved via scattering and tunneling processes. Fig. 1.3 illustrates
a typical scheme and design of mid-IR QCL. The deep-etched ridge waveguide
structure is widely used for mid-IR, QCLs. The front and rear cleaved facets are

reflective, forming a Fabry-Perot cavity to provide optical feedback. The laser
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Figure 1.2: Schematic timeline of major developments in QCLs. Figure from [17].

active core is presented in red in Fig. 1.3 (a), and its microscopic structure is
shown in Fig. 1.3 (b). The active core is composed of typically several tens of
periods, each made up by alternating wells and barriers. The total number of
wells and barriers is often 500-1000 [14]. The electron wavefunctions within these
potential wells and barriers in the materials’ conduction can be solved from the
one-dimensional effective mass Schrodinger equation, which are plotted in Fig.
1.3 (c).

The "active region” refers to the part of active core where the radiative transi-
tions occur, and the ”injector” refers to the transport region between two adjacent
active regions. The laser transition occurs between level 3 and level 2 as shown in
Fig. 1.3 (¢). The depopulation process is via the fast resonant longitudinal opti-
cal (LO) phonon emission process from level 2 to level 1. This condition requires
the energy spacing betwen these two levels to be close to the LO phonon energy
(~34 meV in InP material system) to achieve a short value of 75; (in the order of
subpicosecond usually). There might be other levels other than level 1 affecting
Ty through LO phonon scattering or tunneling processes. The lower lasing level

lifetime 75 is much smaller than the upper lasing level lifetime 73, which makes
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it possible to build up a population inversion between the two levels. However,
it is worth mentioning that the small value of 75; is sometimes misleading, be-
cause ultimately the population in level 1 is extracted to the next injector region
through a tunneling process. The relatively long tunneling time will limit the

ratio of population ny/ng, which is called the electron extraction bottleneck [4].

The optical gain in QCLs can be modeled using conventional rate equations
for a three-level laser system as represented in Fig. 1.4. The level 3 is the upper
lasing level and the level 2 is the lower lasing level. The rate equations for these

two electron energy levels are:

dns J n3
0 2 — 1.1
dt n . . 9eS(n3 — ny) (1.1)
dno J ns n2
T gt 32 - 1.2
i (1—n) ot P + geS(n3 — na2) (1.2)
dS ¢ |1
@ _for ) — 1.
i nlL, geS(ng —ng) — al (1.3)

The notation used above is summarized below.
ns and ny: Sheet density of electrons in state 3, 2 (cm™2).
n: Injection efficiency describing the percentage of the electrons that are injected
to the upper lasing level with respect to the lower lasing level.
J: Pumping current density (Acm™2).
e: Electron charge (C).
ge: Peak gain cross section (cm?).
S: Photon flux density (s~'cm™2).
73 and 7o: Electron lifetime in state 3, 2 (s).
T32: The nonradiative relaxation time from state 3 to state 2 (s).
c: Light velocity in vacuum (cm/s).
n: Refractive index of the medium.
«: Total optical loss (em™).

L,: Length of one period of the active core (cm).



I': The optical confinement factor describing the overlapping between the gain

medium and the optical mode.

The bulk population density inversion between state 3 and state 2 in the steady
state is obtained from Eq. 1.1-1.3 as

n3 —Mng iﬁ%Tup - (1- 77)%72

AN = =
L, L, 14 (19 + 7up)(gc5)

(1.4)

T2

where 7,, = 13(1 — %> is the effective upper lasing level lifetime. Below the
laser threshold condition, the photon flux density S is negligibly small. Thus the

population inversion can be simplified as

AN = % 77 — (1 — )7 (15)

The population inversion obtained in Eq. 1.5 describes its linear relation-
ship with the injection current density, which is just a rough approximation that

neglects the thermal backfilling effect rising with increased temperature.

Based on Fermi’s golden rule and assuming a Lorentzian lineshape for the

stimulated transition, the peak gain cross section g. takes the form of [18]

62f 32
= ——ot 1.6
g 2rm*cnegAv (1.6)

where f3o is the scaled oscillator strength, Awv is the full-width half maximum
(FWHM) linewidth of the laser transition, € is the vacuum electric permittivity,
and m* is the electron effective mass of the well material since the electron spends

the majority of its time there.

The peak bulk gain can be written as

(o) = AN _L[T (- )T]A
gi\o) = gc_eLp Tup T 2rm*enegAv

(1.7)

The lifetimes of level 3 and 2 are dominated by nonradiative LO phonon scat-

tering. To improve the optical gain in QCLs, the alternating quantum wells and



barriers are designed to make the upper lasing level lifetime 73 much longer than
the lower level lifetime 75 to achieve the population inversion, and to increase the
oscillator strength f3o by designing the wavefunctions of the two lasing states.
The design of a QCL is a sophisticated work that needs the accurate numerical
solution to one-dimensional Schrodinger equation based on the one-band effective
mass envelope function approximation [18]. The details of this calculation are

presented in Chapter 2.

Adjacent to the active region is the injector region. Part of the injector is
often doped with Si atoms to supply sufficient electrons to the active region as an
electron reservoir. The injector also provides a transport channel for the electrons
residing in the active region to travel down to the upper lasing level of the next ac-
tive region via LLO phonon emission and resonant tunneling processes. The energy
separation between the lower lasing level and the ground level in the injector in
each period also suppresses the thermal excitation of electrons to the lower lasing
level, a process known as thermal backfilling, sustaining the population inversion.
The electron injection process in the injector is complex, which includes many in-
tersubband scattering processes, such as LO phonon scattering, electron-electron

scattering, and interface roughness scattering [4].

1.2.2 Waveguide and loss

The laser emission is turned on only when the threshold condition is met, which
requires the modal gain to reach the loss as represented in Eq. 1.8. The modal
gain is the effective gain experienced by the lasing optical mode which has an
overlapping with the gain medium. Eq. 1.3 contains the information of this
threshold condition.

I'g(vg) —a=0 (1.8)

The waveguide loss « contains two parts - mirror loss «,,, and waveguide loss



. A typical QCL is constructed based on Fabry-Perot cavity formed by two

parallel, cleaved semiconductor facets with a reflectivity R of

- (i) o

where n is the effective refractive index of the lasing mode. The mirror loss is

given by

Ay = ﬁln(Rle) (]_]_0)

where L is the cavity length, and R; and R, are the reflectivity of the two

facets.

The waveguide loss is mainly induced by free carrier absorption in the QCL’s
active core and cladding layers. The free carrier loss is typically calculated from

the bulk Drude model which gives the frequency dependent permittivity as [18]

€(w) = €core (1 T + iw(l n (WT)Q)) (1.11)

where €., is the core permittivity excluding free carrier contributions, and

2
9 ne

w? = (1.12)

p *
M~ €core

defines the plasma frequency for the active core material. n is the free carrier
density, m* is the effective mass, and 7 is the momentum relaxation time or the

Drude scattering time.

For mid-IR QCLs, the Drude scattering time is generally long enough so that

wt > 1 and the free carrier loss is given by 18]

2
wp 1 Ecore

— 1.13
W2 er \/ 47T m c37'60 \/ €core ( )

from which it is observed that the free carrier loss increases with the lasing

wavelength, doping density and Drude scattering rate.

The mirror loss can be adjusted to tune the optical out-coupling efficiency,
which can maximize the WPE of QCLs [19]. The waveguide loss is expected to

be minimized to lower the threshold current and improve the lasers’ efficiency.

10



1.2.3 Performance parameters

The progress of mid-IR QCLs studies is often marked by the improvement of the
key performance parameters. Lower threshold current, higher slope efficiency, and

higher wall-pluge efficiency (WPE) are always desired for QCL designs.

1.2.3.1 Threshold current

The threshold current is given by the threshold condition which sets the modal
gain equal to the loss as shown in Eq. 1.8. QCLs only start to lase when the
driving current density is above the threshold. Below the threshold, the peak

bulk gain g(vg) can be written as

olen) = =iy — (1= )7 . = 927 (1.14)

where g, is given in Eq. 1.6, and ¢; = 4% is defined as the differential bulk

J
gain. The threshold current is given by
Oy, + Qg e Oy, + Qg
I = = 1.15
" Lg, N7 — (L =m)72 Lpl'ge (1.15)

where I'g; is defined as the differential modal gain.

A more complete expression for .J;, should takes into account the transparency

current that induced by the thermal backfilling effect.

e Oy, + Qg 1
+ Anyperm | = Jipr + =— (0 + iy, 1.16
NTup — (1 - 77)72 Lprgc " ' ng( ) ( )

Jin =
where J;, is defined as transparency current density, and Angpery, is the ther-

mal backfilling sheet density of the lower laser level. A simple approximation of

ANgperm 1s given by
_Ainj

——) (1.17)

Anthe’r‘m = nsexp<

where ng is the sheet doping density period, k is the Boltzmann constant, T’

is the electron temperature and A;,; is the voltage defect that defines the energy

11



separation between the ground injector level and the lower laser level in one period.

A more refined model for thermal backfilling density is presented in [20].

1.2.3.2 Slope efficiency

The slope efficiency measures how much optical power is generated with an addi-
tional unit of current injected into a QCL above the threshold current. It has the

expression of [18]

dP  hw m wp — (1 —
@My N7y = (1= 1)1 (1.18)
dl e Oy + Oy Ty + Tup

where N,,,q is the number of active core stages. The quantity in brackets
defines the internal efficiency 7;. Although 7); is smaller than unity, the essential
feature of cascade lasers is reflected in N,,,q which allows the differential quantum
efficiency to be greater than unity. Physically it originates in the fact than a single

injected electron can emit several tens of photons [18].

1.2.3.3 Wall-plug efficiency

The wall-plug efficiency (WPE) defines the ratio between the optical power gen-
erated by a QCL and the total electrical power consumed by it. It has been
a crucial parameter that impacts the wide application of mid-IR QCLs because
a low WPE puts heavy demands on power supply and heat dissipation system
design [14]. The WPE n,,, can be expressed as

_ I— 1, hw N O, NTup — (1 — )7
UWP I hw+ A,mj mOdO[m +O[w Ty +Tup

(1.19)

The WPE is a complicated parameter that depends on many factors such as
the operation temperature, the quantum structure design, the waveguide length
and loss [14]. The strategies to improve WPE need to make trade-offs between
various design parameters. Fig. 1.5 shows a plot of WPE reported over time for

both pulsed and CW operation.
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Figure 1.5: Total WPE of selected lasers from the literature at various heat sink

temperatures for pulsed and CW operation. Figure from [14].

1.3 Thesis overview

This thesis is organized as follows: Chapter 2 details the theoretical fundamen-
tals essential to the design of a QCL and presents a numerical method for QCL
bandstructure calculation, radiative and non-radiative transition rates. Chapter
3 introduces the structure and simulation of ridge waveguide for mid-IR QCLs,
and its micro-fabrication procedures as well as results; Chapter 4 summarizes
and analyzes all testing and characterization work for mid-IR QCLs, leading to a
comprehensive knowledge of devices’” performance. Chapter 5 makes concluding

remarks.
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CHAPTER 2

QCL bandstructure modeling and solver

2.1 Introduction

In this chapter the fundamental theories essential to the design of mid-IR QCLs are
reviewed, following which a numerical solver for QCL bandstructure calculation
is introduced, implemented and verified. To avoid the complexity added by the
material system like strain effect, my focus will be on a lattice-matched material
system Ing 53Gag47As/Ing 50Alg 4sAs, which is a typical choice for mid-IR QCLs
including the first demonstration of QCL [2]. The conduction band offset is around
520 meV [21]. Effects of nonparabolicity must be considered due to the relatively

high energy of electrons above the conduction band edge of electrons [22].

2.2 Intersubband laser theory

QCLs rely on electronic transitions between conduction band states, which are
referred to as subbands that arise from size quantization in the growth direction in
multiple heterostructures. These transitions are denoted intersubband transitions.
As shown in Fig. 2.1, the initial and final subband states have the same E-
k curvature if nonparabolicity is neglected, and therefore the joint density of
state lineshape is very sharp, giving rise to an atomic-like transition. The gain is
achieved with the sustained population inversion and the gain linewidth depends
only indirectly on temperature through collision processes [23]. In contrast, the

interband transition gain requires the carrier injection to be high enough to have
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Figure 2.1: Comparison between an intersubband transition (a) and an interband

transition in a quantum well. Figure from [23].

the quasi-Fermi levels separation exceeding the bandgap [24]. The gain linewidth
determined by the bandgap and that separation is quite broad (of the order of the

thermal energy kT) [23] and increases with pumping .

2.2.1 Electronic states in quantum wells

The multiple heterostructures are atomically abrupt layers composed of materials
of different bandgaps like Ing53Gag47As/Ing 50Alg 48As material system. At each
interface, there is a sharp discontinuity in the band energies called band offset.
The conduction band offset determines the QW’s depth. To solve the quantized
electron energy and states in the growth direction denoted as z, the effective mass

theorem in the envelope function approximation is used based on the thesis of
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Williams [18].

The wavefunction for the electron is given by
U(r) = F(r)Uno(r) (2.1)

where U, o(r) is the Bloch state wavefunction at the band minimum and F(r)

is the envelope function satisfying the effective mass equation as below

i ®o 1 0
2m*(z)

Y Drm(a) 9s T LelF) | FlX) = BE() (2.2)

The I'-point effective mass m*(z) is assigned to describe the conduction band
curvature of each constituent material along the direction z. The potential E.(z)
represents the conduction band edge profile along z, with any externally applied
bias field and the local variation due to space charge. Vv is the in-plane differential
operator. The solution to Eq. 2.2 is given by

Flr) = e k. 2) (2.3
where 1, (k||, 2) should satisfy

o 1 9 hkj
2m*(z)

¢”(kH7 Z) = Enwn(k”, Z) (24)

and kj is the in-plane wavevector, n is the subband index, and S is the

normalization area.

hk? hk?2

2m*gz) to ﬁ with m* to be the well material effective

Usually we can replace
mass. As long as the in-plane energy is modest compared to the barrier height,
this approximation won’t introduce too much difference. Therefore we arrive at

the one-dimensional (1D) Schrédinger equation in the multiple QWs structure

o 1 0
_ - 4R =F 2.
2 9z m*(2) az+ c(2)| ¥n(2) nn(2) (2.5)
and the total energy is given by
E=F hkﬁ 2.6
=bnt 2m* (2:6)
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There are two additional factors that might affect the accuracy of electronic
states solved by Eq. 2.5: space-charge effect and nonparabolicity. Population
of electrons in different electronic states introduce space charge which build up
an electrostatic potential that affects the conduction band profile E.(z). The
electrostatic potential can be solved using the Poisson equation [25]. The Poisson
and Schrédinger equations are iteratively solved to obtain a self-consistent solution
for F,. But due to the low doping and thus low electron density in the majority
of QCL designs, the space-charge effect is insignificant and self-consistent solution

is unnecessary. So it is not considered in this work.

Nonparabolicity, however, is taken into account in all the calculations in this
thesis. The occupation of electrons in subband states higher above the conduction
band edge leads to the deviation from the parabolic E-k relation due to the interac-
tion between the conduction band and the valence band [22]. This interaction gets
enhanced for electrons occupying higher energy states above the conduction band
edge, which makes nonparabolicity effect more noticeable in mid-IR QCLs than
terahertz ones. Based on the empirical two-band model [26], the energy-dependent
conduction band effective mass is incorporated into Eq. 2.5 to incorporate the

nonparabolicity effect. The energy dependence of the effective mass is given by

[27]
2m*y(E — E.)

m(E) =m* |1+ 72

(2.7)

where ~ is the nonparabolicity parameter, and F. is the conduction band
profile with or without the external bias. ~ is usually given for the well material
in QCLs, while ~ for the barrier material is found by the following relation [26]

with the effective mass values for well and barrier materials given:

N
To (mf;> (2.8)
Vo my,

The incorporation of nonparabolicity implies that the electron wavefunction

contains a component from the "fictitious” valence band according to the empirical
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two-band model [27], which is given by

M din(2)

Unlz) = " m(E,z) dz

(2.9)

The two components ¢, (z) and ©?(z) constitute the electron wavefunction.
However, we are only interested the intersubband transition that happens be-
tween the conduction band states in QCLs. Therefore only the conduction band
wavefunction component v, (z) are used to calculate the intersubband transition
rate in this thesis. The effect of nonparabolicity on the transition rate shows up

as a tiny reduction of the amplitude of ¢, ().

2.2.2 Intersubband radiative transitions

The stimulated emission of photons by the intersubband radiation transition in
the active region provides the optical gain for a QCL. The radiative transition

rate, either spontaneous or stimulated, is given by Fermi’s golden rule [18§]

2T e 2
Wir = = |(fonao [ | ismao )| (B, (kf) = Eilles) F husy) (2.10)

’ (& h N iq-r —iq-r
H = _m*«,meq’a [a(weq + a&ae q :| P (211)

is the interaction Hamiltonian for a harmonic electro-magnetic field interac-

where

tion. aqe and af, are the raising and the lowering operators. The initial and

final states

i,Mq/ o) and |f,ng,) are product states of the electron conduction
band envelope function eigenstates ¢, f and the photon eigenstates with n and
m photons in each mode given by the photon wavevector q at frequency wq, and
the polarization state described by o = 1,2. € is the permittivity of the material
where this transition happens. V' is the volume of the cavity, and €4, is the po-
larization vector. m™* is taken to be the effective mass of the well material since

the electron spends most of its time there.
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After inserting the electron wavefunctions in forms of Eq. 2.3 in to Eq. 2.10
and carrying out the calculation, we obtain the following spontaneous and stim-

ulated transitions rates [18]:

2
_7T€ Wq

s ~ ~12 2
WET pote = ot ea - 21 |zinss [P 6By — By + ) (2.12)
s 7T€2(JJ “ ~12 2
W mate =~ eas - 2 2 8By = By + hwrq)mas (2.13)

where mgq, is the number of photons with wavevector q in the polarization

mode o.

Summing over all the photon modes and polarizations in the cavity leads to

the total spontaneous emission rate:

s e2nw?
W = 0, (2.14)

6Tm*egcd

where n is the index of refraction at the frequency wy = |E; — E¢| /h, ¢ is the
speed of light in vacuum, and f;,; is the dipole matrix element, or the scaled

oscillator strength

m* 2m* Ez —F Zi 2
fi—>f = m fi—>f,unscaled = ( 72 f) ‘ Hf| (215)

0

The spontaneous lifetime is

(sp) 1
TP = — (2.16)
AT

The total simulated emission rate is obtained in the same way by representing

Mq,o S
PrI A
Mao(V) = = I(v 2.17
arlt) = L = 1) (217)
where p; = % is the total number of photons per unit volume with I(v)
defining the incident wave intensity. p(v) = 867;\’;3 is mode density per unit fre-

quency [28]. ¢ and A are the velocity and wavelength of incident electromagnetic
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wave in vacuum that corresponds to frequency v. n is the effective refractive index

of the active medium.

Since mgq,,(v) is independent of the wavevector q, summing Eq. 2.13 over all

electromagnetic modes leads to the total simulated emission rate as

S * 3*)\2
WS =3 W mg, - g(v) = ———51(V)g(v) (2.18)

8rn2hyrlP it

where 3* is added due to the fact that all the electron dipoles describing
the simulated intersubband transitions are aligned in Z direction, same as the
polarization direction of the incident waves, instead of oriented randomly in three-

dimensions space. g(v) is the lineshape function which is assumed to be Lorentzian

as
g(v) = = Vﬁff&y 72)2 (2.19)

where
Au:%:%(%—l—%—l—%) (2.20)

is the full-width half maximum (FWHM) linewidth of the transition centered

about vy = Ei;Ef . Ty is the total phase breaking time, 7; and 7y are the initial

and final state lifetimes, and 73 is the pure dephasing time.

With the stimulated emission rate, the small signal bulk optical gain per unit
length for a transition with a population inversion per unit volume AN is written

as:

(st)
hv W, 32
() = 2IAN = —— 5 ANg(v) (2.21)
c/n I(v) 8mnT, "}
The peak gain is
3\2 AN
TYmax = 7(”0) T (sp) A (2'22>
Ar? nTHf v

which is consistent with Eq. 1.7 with Eq. 1.5, Eq. 2.14 and Eq. 2.16 substi-
tuted into Eq. 2.22.
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2.2.3 Inter- and intra-subband nonradiative transitions

The design of QCLs relies on engineering the scattering rates to tailor the electron
lifetime at key energy levels to provide a population inversion. The longitudinal
optical (LO) phonon scattering, or sometimes donated as transition, is the dom-
inant nonradiative scattering mechanism among all. And the majority of QCLs
are designed based on the fast LO phonon emission-assisted depopulation of lower
laser levels, which can reduce a low laser level lifetime to be smaller than one
picosecond (ps). This section presents the theoretical calculation of LO phonon

scattering rate, based on Ref. [18].

The LO phonon scattering can happen both between two subbands and within
one subband. This is nonradiative transition and satisfies the conservation of in-

plane momentum and energy as:
ki = ks +q (2.23)

where + stands for emission of a phonon and — stands for absorption of a
phonon. Ero = hwro is usually taken to be the I'-point LO phonon energy in
well material (ELp=36.25 meV in GaAs [18], ELp=34 meV in Ing 53Gag47As [17]).
E; and E are the initial and final electron energy. k; and k¢ are the initial and
final wavevectors in the plane normal to the growth direction for the electron, and
q) is the in-plane wavevector of the LO phonon emitted. Since the LO phonon
branch is taken as dispersionless at the I'-point, Er¢ is fixed while q is unlimited.
The schematic illustration of intersubband LO-phonon scattering is shown in Fig.

2.2.

Assuming parabolic subband dispersion, the final states lie on a circle with

radius k¢ determined by

. 2m*(E¢(0) — E;(0) F hwro)
) h2

(2.25)
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Figure 2.2: (a) Schematic illustration of intersubband LO-phonon scattering pro-
cess in k-space. (b) In-plane diagram illustrating the relationship between initial

and final electron wavevectors k; and k; and in-plane phonon wavevector. Figure

from [18].
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The in-plane momentum conservation requires the in-plane LO phonon wavevec-

tor to be

qﬁ = [ki — ke|* = k7 + k‘fc — 2k;kycost (2.26)

where the angle 6 is the angle between the in-plane wavevector k; and kg as

illustrated in Fig. 2.2.

The electron-LO phonon interaction Hamiltonian takes the form of
H' = a(q) (€97bg 4+ e "9 bys) (2.27)

where bq and bfl are the creation and annihilation operators for a phonon
in mode q. «a(q) is the Frohlich interaction strength for electron-polar-optical-

phonon scattering given in SI units as
hwroe? [ 1 1
ot = L0 & (— . —) (2.28)

where €., and €,4. are the high and static frequency permittivities.

Following Fermi’s golden rule and after summation over all the possible phonon
modes q, the total LO phonon scattering rate from an initial wavevector is written

as.
ubs m*e*wro (1 1 2
o (k) = MO0 (— - —) Pone / Boydog)  (229)

mh? € €de

om m*e*w 1 1 2m
) = " (2= Do) [ Bogata)  (230)
0

i—f
€ €dc

where B,_, is given by

[e.e] [e.e] 1 ,
Bi = / dz/ dz’zb}(z)zﬁi(z)l/}f(z')wf(z')—e_q“lz_z | (2.31)
o0 o0 q
and n,,, is the Bose-Einstein distribution as
1
Ny o = (2.32)

exrp (%) -1
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Intrasubband scattering time can be calculated by setting ¢ = f. To simplify
the calculation, when the transition energy Ey; > Ero, we can approximate the
scattering rate by assuming k; = 0. When Ey; < Epp, the thermally activated

expression can be used to calculate the emission rate

(hot) (Ef“ELO )

W) = wihee Tt (2.33)

where W'Z(f;;f) is the scattering rate at the lowest energy Ej in the subband

where LO-phonon emission is energetically allowed.

2.3 Bandstructure solver

A bandstructure solver for QCLs based on the shooting (ST) method has been
developed by the author using MATLAB language in this thesis, which is presented
in this section. This solver provides an effective, efficient and reliable solution to
QCLs’ bandstructure, radiative transition rates, and LO phonon scattering rates.
The nonparabolicity effect is incorporated into the solver without sacrifice of time
efficiency, which is the most salient advantage over the numerical finite element
matrix solver. LO phonon lifetimes can be further computed based on the eigen-
wavefunctions generated by this solver. The accuracy of the ST method-based
solver (ST solver) is verified by many examples, two of which are presented in this

paper. This solver provides a powerful tool for future QCLs” design.

2.3.1 Shooting method

This section briefly introduces the ST method based on the detailed explanation
in [25]. The ST method is a numerical approach to the solution of 1D Schrédinger
equation represented as Eq. 2.5. This method is able to find the eigen-energy
and eigen-wavefunction at the same time for all the stationary states in a QCL

bandstructure, given the well-defined potential profile and effective mass as a
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function of z along the growth direction. Eq. 2.5 can be organized into:

o 1 0 2

52 m(2) (2) = 72 [Ee(2) = En]9(2) (2.34)

Let’s expand the derivatives in the left side in the above equation in terms of
finite difference. We obtain
1 oY (2) _ 1 0Y(2)

m*(z+0z) 0Oz ‘z—i—éz m*(z—08z) Oz ‘z—éz 2 (2 35)
= E - F :
952 72 [Ee(2) n) ¥(2)

Recalling the centered finite difference expansion for the first derivative, i.e.

%‘ ~ flz+6z2) — f(z—62)
oz'= 20z

(2.36)

Eq. 2.35 can be written as

1 {w(z +26z) — w(z)} B 1 [w(z) — (2 —202)
m*(z+6z) 20z m*(z — 0z)

By gathering terms in ¢(z) on the right hand side, then we get

Y(z+202) Y(z—202)  [2(202) N 1 1 B
m*(z+5z)+m*(z —62) { h2 [Belz) = Enl + m*(z + 6z) - m*(z — 6z)}¢( )

Making the transformation, 20z — dz gives

Y(z+0z)  [2(02)° . 1 1 B
(= + 62/2) _{ iz [Be2) = B+ e +m*(z—5z/2)}w( )
B W(z —02)
m*(z — 6z/2)

(2.39)

The continuous wavefunctions are discretized in the z direction by the unit
length of 6z. With the wavefunction values of the first two points given, all the
remaining values in the wavefunction can be computed using Eq. 2.39. Whether
such a wavefunction is the eigen solution depends on the choice of E, and is

judged by the boundary conditions. If a wavefunction conforms to the boundary
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conditions, this is the eigen-wavefunction and the corresponding energy is the
eigen-energy of this wavefunction. The boundary conditions are:

0y(2)

¥(z) — 0 and .

— 0, asz — o0 (2.40)

The initial conditions are given by the first two wavefunction values following
the exponentially increasing trend due to its exponential decay into the initial

barrier, i.e.

(\/2m*(Ec(20) )

Y(2z0) = 1 and ¥ (29 + 02) = exp o

52) (2.41)

The nonparabolicity effect can be simply incorporated into the solver by mak-
ing the effective mass profile dependent on the electron energy as shown in Eq.

2.7, which does not increase the algorithm complexity at all.

For a QCL structure to be solved using ST method, the computation time
mainly depends on the unit length 6z and the range of energy within which the
eigen-energy are searched. Same as most numerical solvers based on finite differ-
ence method, using a smaller unit size will improve the accuracy of the solution.
For most QCL structures, since the thinnest layer is more than 10 A, the unit

length can be safely chosen to be 0.5 A, which is also used in this thesis work.

2.3.2 Solution to a single square quantum well

The first implementation of the ST method is to solve the localized eigen-state in
a single square quantum well. Ref. [26] presents a detailed solution for the single
square quantum well structure composed of Aly3;Gags3As/GaAs/Alg37Gags53As
for various widths. The results of the same problem solved by the ST method
is compared with the results shown in [26], with all the material and structures
parameters identical with those given in the paper. The nonparabolicity is taken

into consideration.
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Well Width (A) | E, in Ref. [26] (meV) | E, by ST Solver (meV) | A E, (meV)
5 E,: 265.27 Ey: 265.27 AE;: 0
20 E,: 180.90 E,: 180.89 AE;: -0.01
E,: 81.17 E,: 81.17 AE;: 0
» Ey: 254.67 Ey: 254.67 AFE5: 0
E;: 32.30 E,: 32.30 AE;: 0
100 E»: 119.52 Ey: 119.52 AE,: 0
Es: 235.79 Es: 235.79 AE;: 0
E,: 10.55 Ey: 10.55 AE;: 0
Ey: 41.11 E,: 41.11 AE,: 0
200 Es3: 88.82 Es: 88.83 AE;: +0.01
Ey: 149.74 Ey: 149.75 AE,: +0.01
Es5: 218.93 Es: 218.94 AE5: +0.01

Table 2.1: Comparison of eigen-energies solved by the ST solver and the values

given in [26] for the same structure.
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Figure 2.3: The eigen-wavefunctions of localized eigen-states solved by ST solver

for (a) a 20 A-wide well and (b) a 200 A-wide well.

The bandstructure with eigen-wavefunctions plotted are shown in Fig. 2.3.
The initial and last barrier widths are chosen to be 300 A. This width should be
large enough to guarantee the convergence of each eigen-energy, but not too much
to avoid the divergence of eigen-wavefunctions at the end of the last barrier due
to the precision limit of the computer [25]. The eigen-energies computed by the
ST method solver and presented in the Ref. [26] are listed and compared in Table
2.1

This simple example demonstrates the capability of the ST method in solving
1D Schrodinger equation with nonparabolicity incorporated. The time cost for
computing the 200 A-wide well is just 10 seconds by the author’s desktop. The

precision of the results proves the reliability of this solver.

2.3.3 Solution to QCL bandstructures and transition rates calculation

To further verify the applicability of this ST solver and the relevant transition

rates calculation, a mid-IR QCL bandstructure cited from Ref. [4] is used as an
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Fig. 1. Conduction band structure of two active regions with the intermediate
injector and the moduli squared of the wavefunctions involved in the
laser transition (thick lines, labeled “1.” “2," and “3") and of the
mjector wavefunctions mamfold (the ground state 1s labeled g). The
laser transition 1s indicated by the wavy ammows. The layer thicknesses
in nanometers of one period of active matenial and injector are, from
left to night starting from the injection barrier (left-most layer in Fig. 1):
3.8/2.1/1.2/6.5/1.2/5.3/2.3/4.0/1.1/3.6/1.2/3.2/1.2/3.0/1.6/3.0. The underlined
layers are Si-doped to a level specified 1n the main text. The applied electric
field 1s 45 kV/em.

Figure 2.4: The QCL structure presented in Ref. [4].
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Figure 2.5: Comparison of bandstructures solved by (a) ST solver and (b) Sequal

solver for the structure given in Ref. [4].
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Energy level index | F, by Sequal Solver (meV) | E, by ST Solver (meV) | A E,, (meV)

Ey 0 0 0

Ey 39.00 39.00 0

Es 78.71 78.72 +0.01
Ey 201.34 201.33 -0.01
E5 214.777 214.77 0

Eg 219.93 219.92 -0.01
By 243.97 243.96 -0.01
Ey 274.44 274.42 -0.02
Ey 277.74 277.76 +0.02
E,0 322.64 322.60 -0.04

Table 2.2: Comparison of eigen-energies solved by Sequal solver and ST solver

for the structure given in Ref. [4].

775 between two levels at 300K | By Sequal Solver (ps) | By ST Solver (ps) | A7i; (ps)
Ts3 6.02 6.09 +0.07
T52 5.58 0.64 +0.06
Ts1 8.67 8.55 -0.12
T32 0.28 0.28 0
T31 0.86 0.86 0
To1 0.30 0.30 0

Table 2.3: Comparison of LO lifetimes solved by the ST solver and the Sequal

solver for the structure given in Ref. [4].
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example for calculation with comparison to the results generated by the Sequal
solver used in Ref. [18]. The bandstructure presented in the paper is shown in

Figure 2.4, which is based on Ing 53Gag 47As/Ing 52Alp 48As system.

The solution of this QCL structure of one module by ST solver and Sequal
solver are presented in Figure 2.5 at the same bias (36 kV/cm) as in the paper
[4]. The eigen-energy levels solved by these two solvers are compared in Table 2.2,

with the lowest eigen-energy level as the base level.

With the eigen-wavefunctions solved, we can move on to calculate various
transition rates and lifetimes for the QCL system based on the theoretical work in
Section 2.2.2 and 2.2.3. The LO phonon emission lifetimes at 300K between some
important energy levels (5, 3, 2 and 1) are calculated based on the two solvers and
presented in Table 2.3. The LO lifetime 735 and 75 are ~0.3 ps which is much
smaller than other lifetimes. This is due to the effect of resonant LLO phonon
scattering with the energy spacing between level 3 and level 2, level 2 and level 1

close to the phonon energy (~34 meV).
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CHAPTER 3

QCL ridge waveguide fabrication and modeling

3.1 Introduction

This chapter is focused on the structure and simulation of mid-IR QCL ridge
waveguide, and its fabrication processes and results. The two kinds of mid-IR
QCLs demonstrated in this work each lases at 9 pum and 4 pm. The standard fab-
rication procedures have been successfully developed based on the Nanolab facili-
ties in UCLA. The simulation of optical mode in ridge waveguide gives knowledge

of waveguide loss and confinement factor.

3.2 Overview of ridge waveguide structures

The ridge waveguide with thin metal top contact is a conventional structure for
mid-IR QCLs, the cross section of which is illustrated in Fig. 3.1. The QCL active
region sandwiched between upper and lower cladding layers are etched into ridge
structure on the top of the InP substrate. Then a thin layer of Si,N, or SiO is
deposited with a window on top to provide insulation between the voltage applied
to the top of the ridge waveguide and its sidewall and substrate. This insulation
layer is critical to the lasers’ operation; any degradation on this layer will lead
to the malfunction of the laser, most likely shorting it. The top and bottom
of the waveguide are both deposited with gold (Au) metal with another metal
Titanium (Ti) or Germanium (Ge) as thin buffer layer to enable ohmic contact

with negligible contact resistance as well as good adhesion [5]. The backside metal
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Au/Ti contact

Cladding layer

Cladding layer

SixNy or SiO2

Au/Ge contact

Figure 3.1: Cross section diagram of a ridge waveguide mid-IR QCL

contact is grounded and the top metal contact is wire-bonded to connect to the

voltage supply.

3.3 QCL ridge waveguide fabrication

The two kinds of QCL bare wafers (9 um and 4 um) are designed and provided
by Pranalytica Inc. [29] which is the cooperative partner of this project. The
fabrication of QCL ridge waveguide structures is a non-trivial task, including
three rounds of photolithography. The overall process for fabrication proceeds are

as follows:

1. Define the ridge waveguide structure by photolithography and HBr wet
etching. (HBr : HNOj3 : HoO=1:1:10 in volume)

2. Deposit 300 nm dielectric thin film (Si,N, for 9 um and SiO, for 4 ym) on
top using PECVD and open a window on the ridge top via second photolithogra-
phy and AOE dry etching.

3. Define gaps between ridges in metal contact via photolithography and

evaporate 20 nm Ti and 300 nm Au on top.

4. Lift off the metal on photoresist, substrate lapping and evaporate 20 nm
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1st photolithography HBr wet etching
| | | |

Remove photoresist

2nd photolithography Deposit SixNy or SiO2

B - B - .

AOE dry etching

Remove photoresist 3rd photolithography

RBE — . —

Ti/Au evaporation

Substrate lapping Lift-off

Ge/Au
evaporation
ﬂ Ready for cleaving, mounting,
:> wirebonding, testing...
Laser active core . Photoresist Metallic contact

. InP substrate . SixNy or SiO2

Figure 3.2: Schematic diagram of ridge waveguide QCL fabrication process
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wl (pm) | w2 (pm) | w3 (um) | w4 (um)
735 design width | 21 24 27 30
735 actual width | 24.6 25.6 30.5 31.8
745 design width | 13 15 17 19
745 actual width | 10.5 12.3 14 16.7

Table 3.1: Comparison of design widths and actual widths for Z35 and Z45

devices.

Ge and 300 nm Au on the backside.

This process flow is illustrated schematically in Fig. 3.2.

3.4 Fabrication results

Ridge waveguide mid-IR QCLs were successfully fabricated, and many devices
were successfully tested. Optical microscopic pictures of both two kinds of devices
are shown in Fig. 3.3. 9 um devices are labeled 735 and 4 pum devices are labeled
745. The sidewall is not a straight wall, but has a slope towards the substrate
due to the wet etching especially for Z35. The wet etching seems to be a little

insufficient.

Four different ridge widths are designed on the lithography mask for each
wavelength. The actual widths are measured in contrast to the design widths as

shown in Table 3.1.

3.5 Optical mode in ridge waveguides

To understand the optical mode distribution in a ridge waveguide, the two-
dimensional (2D) electro-magnetic simulation is carried out in COMSOL (version

3.4). The material parameters and thicknesses for each layer in the ridge waveg-
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25.6 um width
14.6 um ridge height

(b) 10.5 pm width
10 um ridge height

Figure 3.3: Optical microscopic pictures of (a) Z35 and (b) Z45 devices’ facets.

(c) Top view of the array of Z35 waveguide ridges, two of which are wire-bonded.

uide are provided by Pranalytica Inc by courtesy only for research purpose, which
are not presented here due to confidential issue. The permittivity of each layer is
calculated based on the Drude model as Eq. 1.11. The electron mobility in each
layer’s material is calculated based on an empirical low-field mobility model [30]
at room temperture (293K). The simulation also gives the knowledge of waveg-
uide loss and confinement factor. However, the active region doping information
is lacked. Therefore the simulation results won’t reflect the actual waveguide loss

in the device tested, but can still reflect the factors that contribute to the loss.

The numerical results of fundamental optical mode distribution are shown in
Fig. 3.4 for Z35 and Z45, assuming zero doping in the active region. Table 3.2
shows the simulation results of the waveguide loss and 2D optical confinement
factor for Z35 of two kinds of doping and different width corresponding to the

fabrication results. The confinement factor is defined as

2
_ factive |Ey| ds

= > EPds (3.1)
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(a) (b)
n=3.122 n=3.193
a, =073 cm™’ a,=04 cm™’

Figure 3.4: Simulation results of fundamental optical mode distribution in 735
and Z45 ridge waveguides with the red arrow indicating E field direction. The
effective refractive index n and waveguide loss «,, are also indicated. (a) A = 9
pm, width = 31.8 ym; (b) A = 4 pm, width = 16.7 um. Parameters used in the
simulation: refractive index of Au is 10.21+50.2i at ~9 pm and 2.6+24.6i at ~4
pum[31]. Refractive index of noncrystalline SigNy is 1.8+0.2i at ~9 pum and SiO,
is 1.3841.38i at ~4 um [32].

The waveguide loss in this simulated structure originates in the dielectric layer
absorption, the free carrier absorption in gold contact, and the carrier absorption
caused by doping in the structure. The active region doping is assumed to be
zero and then a moderate doping level (7 x 10ecm™3) [33]. The comparison
between them shows that the doping in the active region just slightly increases
the waveguide loss because the doping level is low compared with the doping in
the cladding layer. However, when the doping in the cladding layers neighboring
to the active region is also assumed to be zero, the waveguide loss for 31.8 pum
wide ridge waveguide is reduced to 0.24 ecm™!. This suggests that the high-level
doping in the cladding layer is an important source of loss. The confinement factor

is around 47 % and does not vary much for different ridge width.
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Ridge width (um) 246 | 25.6 | 30.5 | 31.8
ay,(ecm™!) for doping = 0 0.86 | 0.83 | 0.76 | 0.73
a,(cm™) for doping = 7 x 10Mem™3 | 0.88 | 0.85 | 0.78 | 0.75

confinement factor I' (%) 47.3 | 46.8 | 47.3 | 47.3

Table 3.2: Simulation results of waveguide loss «,, for zero doping and a usual
doping [33] in the active region, and confinement factor I' (zero doping) for Z35

devices of four different ridge widths at 9 pm wavelength.
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CHAPTER 4

Device testing, characterization and discussion

4.1 Introduction

The lasing of Z35 and Z45 are both obtained at room temperature in pulsed
mode. Comprehensive testings and characterizations over these devices are con-
ducted in order to extract more information about devices, which are presented in
this chapter with a focus on the 9 pm devices Z35. Optical power-Current-Voltage
(LIV) measurements are performed at different temperature for devices of differ-
ent length, which allows for the extraction of waveguide loss and differential modal
gain. The lasing spectrum and electroluminescence spectra are measured at dif-
ferent bias. Beam pattern measurement gives a knowledge of the beam quality

which is useful for future application of these lasers.

4.2 Device mounting

After fabrication processes, we have pieces of wafer on which arrays of QCL waveg-
uides are lying. Device mounting is also a nontrival work to make a operational
QCL device out of such a wafer piece, even though it does not require clean room
conditions. Fig. 4.1 shows a Z35 device successfully mounted on a copper sub-
mount. The fabricated wafer piece is first cleaved into small dies with two fresh
and shining front and rear facets to form a Fabry-Perot cavity. The length of
cavity is varied from less than 1 millimeters (mm) to several mm. Each die can

contain about 10 to 20 laser ridges. Such a die is mounted on a copper submount
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Figure 4.1: Top view of a Z35 device successfully mounted on a copper submount.

via a die bonder with a piece of thin and flattened Indium solder between the die
and mount to enhance electrical and thermal conductance. Two copper pads are
attached to the copper submount with an insulation dielectric layer in between.
Finally the top metal contact of a laser ridge is wire-bonded to the copper pad
and a SMA connector is soldered to the pad to set up electrical connection to the

power supply.

4.3 LIV measurement and temperature performance

The QCL device on the copper submount is mounted on a thermoelectric (TE)
cooler (unit: TE Tech CP-036). The TE cooler can keep stable temperature var-
ied from 20 °C to 80 °C. LIV are collected in this range with a 10 °C increase
step. All the date are measured in pulse mode (4 KHz, 200 ns) with a duty cy-
cle of 0.8 % using a high-power pulsed bias supply (unit: AVTECH AVO-6HF).
The emitted mid-IR light is coupled via two mid-IR Zinc Selenide (ZnSe) positive

meniscus lens (unit: ZC-PM-38-38 ISP optics) to a room-temperature (RT) mer-
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Figure 4.2: Schematic illustration of LIV measurement setup.

cury cadmium telluride (MCT) detector (unit: PEM-10.6 Boston Electronics).
The current is probed by an inductive current sensor (unit: 711S IST). The LIV
signals are fed into three channels of a boxcar (unit: Ametek Gated Integrator
4121B), which generates three DC voltage output to be read by three voltage
meters (unit: Agilent 24410A Digitial Multimeter). The calibration needs to be
performed for IV channels in the boxcar in order to relate the DC voltage readings
with the actually IV magnitude. The ratio between the actual optical power and
the DC voltage output from the boxcar’s L channel is determined by measuring
the optical power by a thermopile. The measurement setup is illustrated in Fig.
4.2. Peak power is recorded without the correction for the collection efficiency.
The collection efficiency is estimated by measuring the total radiation power of
the QCL using the thermopile sitting close enough to the QCL’s facet, and com-
paring it with the value measured by the MCT detector after the ZnSe focusing

lense. The collection efficiency is approximated around 70 % .
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Figure 4.3: (a) LIV measured for a 9 um device Z353, for which the waveguide
length is 1.2 mm, ridge width is 30.3 pm. (b) Jy, vs. T with Tj extracted.

The LIV measured for Z35 and Z45 devices, which are respectively labeled
as 7353 and Z451 are shown in Fig. 4.3 and Fig. 4.4. The threshold current
density Jy, is extracted from LI curves and plotted with respect to the temperature
controlled by the TE cooler. The characteristic temperature Tq is obtained by
fitting Jy, vs. T with

Jin = Jenoexp(T/Th) (4.1)

T, is an indication of temperature performance of a QCL, i.e. how much a
QCL will degrade with temperature increased. A high Tj means less degradation
of optical power and slower rise of threshold current with temperature increasing,
which is a desired characteristic for a QCL device. T} is not just determined
by QCLs’ active region design, but also its thermal packaging, waveguide design
and size. The double-trench ridge waveguide with thick electroplated metal top
contact and buried heterostructure laser with selectively area InP regrowth and

thick top metal contact are two ideal waveguide structures for much better heat
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Figure 4.4: (a) LIV measured for a 4 um device Z451, for which the waveguide
length is 2.1 mm, ridge width is 14 pm. (b) Jy, vs. T with T} extracted.

transfer capability and more efficient heat dissipation [17]. These two kinds of
waveguides are both mounted epitaxial-side-up to a copper submount with Indium
solder. The size of waveguide like its length also has an impact on its temperature
performance. Fig. 4.5 shows Tj extracted for three Z35 devices of same width but
different lengths, which are actually cut from the same waveguide. The longer
device has a lower Ty, which suggests the less efficient heat dissipation for longer

devices.

4.4 Loss and gain measurement

The waveguide loss «,, and differential modal gain I'g; are obtained based on
threshold currenty density and slope efficiency extracted from LIV data for QCLs
of same width but different lengths. Reformatting Eq. 1.16 and Eq. 1.18 lead to
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Figure 4.5: Characteristic T extracted for three 9 um devices of different lengths
cleaved from the same waveguide. The ridge width is 30.3 pum. Cavity length for
7352, 7353, 7354 are 1.8 mm, 1.2 mm, 0.8 mm.

the following two equation:

1 1 1
Jth = Jtr -+ F_gJ |:Oéw + iln(RlRQ)} =a+ bz (42)
dP\ ! e Ty + Tup
il — 1 w——— | = dL 4.3
(dl) R Npod NTup — (1 — 1) T2 [ ta ln(Rle)] et (4.3)

By fitting J;;, as a function of waveguide cavity length to Eq. 4.2 and slope
efficiency as a function of cavity length to Eq. 4.3, we can obtain waveguide loss

and differential modal gain from the four coefficients a, b, ¢ and d as follows:

d
Qyy = %lTL(RlRQ) (44)
ln(Rle)
g, = |———"~=/ 4.
9 % (4.5)
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The waveguide loss and differential modal gain are extracted for 9 um devices
of 30.3 pum wide ridge based on LIV data of three Z35 devices as shown in Fig.
4.5, the results of which are shown in Fig. 4.6. The linear fitting for inverse
slope efficiency vs. cavity length is not as good as the fitting for threshold current
density, because the measurement of slope efficiency has some deviation caused
by the unstable optical coupling efficiency. Thus the waveguide loss «,, extracted
is just an approximate number, about 1.5 4+ 0.5 cm™!, which is a little higher
than the simulation results in Chapter 3. This loss number is comparable to the
waveguide loss of similar devices in other studies [33]. However, the determination
of threshold current density is much more precise than slope efficiency. Thus the
extracted differential modal gain I'g; is more accurate, which shows its decreasing
trend with increased temperature. I'g; is fitted by I'g; = goexp(—T/T,), which
gives T, = 417 K. This is an indicator of the decreased upper level lifetime 7,
as temperature goes up, since I'g; « [T,y — (1 — 1)7] = 17y, since 7,, > 7o (see
1.14). This effect is caused by the increased LO phonon scattering rate for the

electrons at the upper lasing level at higher temperature.

Furthermore, the information about transparency current density at threshold
can be extracted based on Jy, vs. cavity length for three Z35 devices for corre-
sponding temperature using Eq. 4.2. The transparency current density for 735
device of 30.3 pum wide ridge contribute to a considerable part of the threshold
current and increases with temperature, as shown in Fig. 4.7. This phenomena is
experimentally found in several studies [34, 35], which shows that the transparency
current should be considered as an important laser optimization parameter. The
fact that the percentage of transparency current in threshold current is larger
for longer 735 device suggests that the electron temperature is actually higher in
longer devices, which is consistent with the previous result of less efficient heat
dissipation and thus lower characteristic temperature T} for longer devices as Fig.

4.5 presents.
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Figure 4.6: (a) Jy, vs. inverse cavity length and (b) inverse slope efficiency vs.

cavity length under different temperature for three 9 pum QCL devices with 30.3

pm wide ridge. (c) Extracted differential modal gain vs. temperature, with its

fitting curve (red). (d) Extracted waveguide loss vs. temperature. Ry = Ry =

0.275 with n = 0.312.
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Figure 4.7: (a) Transparency current density J;, vs. temperature extracted for
735 device of 30.3 um wide ridge based on LIVs for Z352, Z353 and 7354, as well
as the fitting curve (red). (b) The percentage of Ji. in Jy, for Z352, 7353 and
7354 of different cavity length.

Following the rate equation model Eq. 1.1-Eq. 1.3, Eq. 1.16 proposed in

Section 1.2.2, the transparency current .J,. takes the expression of

Antherme Antherme
X
nTup - (1 - 77)72 FgJ

Jtr = (46)

which includes the two important factors of transparency current: thermal
back-filling of electrons from injector levels to lower lasing level (nerm) and
phonon-assisted transition of electron from injector level directly to lower las-
ing level (n). The third possible cause is escape of electrons to the continuum
through injector upper minibands [34], which is not included in this expression
but might contribute to .J;,. measured experimentally. To analyze the effect of the
first two causes, J;, is fitted with Jy, = Jyoexp(T/T}.), which is compared with
the fitting for I'g; vs. T". The result that 73,=100 K is much lower than 7;,=417 K
suggests that it is the thermal back-filling effect of electrons from injector region
to lowering lasing level, rather than the thermal degradation of I'g;, i.e injection
of electrons to the lower lasing level, that primarily causes the rapid increase of

transparency current with temperature. This finding implies that the major effort
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should be devoted to suppressing thermal backfilling effect in QCL design in order

to reduce the considerable transparency current.

4.5 Spectra measurement

The lasing spectra are measured for the 9 ym device at room temperature and
different bias using Nicolet Fourier Transform Infrared (FTIR) spectrometer (unit:
Nicolet 8700). The spectrum measurement setup is illustrated in Fig. 4.8 (a).
Since the lasing intensity is high, the lasing spectrum can be directly resolved
by FTIR in the continuous-scan mode and the RT deuterated triglycine sulfate
(DTGS) detector (Thermo Nicolet detector) is sufficient in terms of detectivity.
The device is lasing in pulsed mode (4 KHz, 200 ns) at RT. The lasing spectra for
7353 at RT under different bias are shown in Fig. 4.9. The laser is lasing in a single
longitudinal mode only at very low bias. As bias goes up, it is lasing in multiple
longitudinal modes, demonstrating the inhomogeneous broadening nature of mid-
IR QCLs which is caused by inhomogeneity in the active region that consists of
decades of modules. The spectra get broader and show blue shift as higher bias

is applied to the device.

Electroeluminescence (EL) spectra measurement is an approach to measure
the bulk gain profile of the active region of QCLs without the cavity filtering
effect. Non-lasing mesa samples for Z35 are fabricated, mounted and wire-bonded
as shown in Fig. 4.10 (a). A part of the round disk is cleaved away to get rid of the
optical cavity feedback. The EL signal from such a sample is very tiny. Therefore,
to resolve the EL spectra, the FTIR spectrometer has to be operated in the step-
scan mode and a MCT cooled by liquid nitrogen should be used to detect the
weak EL signal. A lock-in amplifier (unit: SRS 830 DSP Lock-in Amplifier) is
used to read the optical intensity signal at pulsing frequency, as shown in Fig. 4.8

(b). The results of EL spectra at different bias are shown in Fig. 4.10 (b). The
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Figure 4.8: Schematic illustration of (a) QCL lasing spectra measurement setup

and (b) EL spectra measurement setup.
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Figure 4.9: Lasing spectra for Z353 at RT under different bias. 7353 is 1.2 mm

long and 30.3 pum wide. The spectral resolution is 0.125 cm™!
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Figure 4.10: (a) The 9 pm disk devices (diameter=208 pm) cut in half for EL
measurement at RT. (b) EL spectra and fitting results for the 9 ym mesa piece
at RT pulsed at 80 KHz with 200 ns pulse width. The spectral resolution is 16

cm™ L,

EL spectra are fitted with Lorentzian function to extract the center frequency and
the FWHM, which demonstrates increased peak gain and blue shift of peaks with

increased bias.

4.6 Beam pattern measurement

The 2D beam pattern of a 9 pum QCL device is characterized using a 2-axis
rotational stage setup. One rotational stage is rotating around z axis to scan
angle «, and the other around x axis to scan angle 5, with a resolution of 1 °.
The QCL device’s facet is fixed at the origin of this coordinate as shown in Fig.
4.11 (a), and the RT MCT detector is mounted and driven by the rotation motor
to scan in space. The result of 2D beam pattern measurement for device Z354 is
shown in Fig. 4.11 (b). The E-plane (along z axis) and H-plane (along y axis)
cuts of the 2D beam pattern are shown in Fig. 4.12 and fitted with Gaussian

function to extract the beam width. The beam pattern is more divergent in the
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Figure 4.11: (a) Schematic of beam pattern measurement coordinates. (b) The

beam pattern measurement result for Z354 at 11.33 V bias and RT.
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Figure 4.12: E-plane cut (a) and H-plane cut (b) of the 2D beam pattern for Z354

fitted with Gaussian function.

52



z direction because of the stronger mode confinement by the small active region

thickness (~2 pm) in this direction compared with the ridge width (~30 pm).
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CHAPTER 5

Conclusions

In this work, a comprehensive study over mid-IR QCLs has been conducted which
involves background review, theoretical modeling, numerical simulation, micro-
fabrication, and experimental characterization and testing. This study not only
leads to an in-depth understanding of QCLs’ theory and mastery of practical
techniques, but also brings out some interesting findings that contribute to the
future design improvement. Some of the major accomplishments and experimental

observations that were achieved throughout the course of this research includes:

e An efficient and reliable numerical computational tool has been developed
to solve 1D wavefunctions in a QCL bandstructure based on the shooting
method. The nonparabolicity effect can be easily incorporated into this
method without requiring more computation time. Radiative transition rate
and non-radiative phonon scattering rate can be accurately calculated based

on the wavefunctions solved by this computational tool.

e Two sets of mid-IR QCL devices lasing at 9 yum and 4 pm have been suc-
cessfully fabricated using UCLA Nanolab facilities, and both demonstrated
lasing at RT in pulsed mode. A reliable fabrication process flow for the ridge

waveguide mid-IR QCL has been developed.

e The ridge waveguide structure has been modeled numerically in COMSOL,
which generates the numerical results for the optical mode, waveguide loss

and confinement factor for different structure dimensions and choices of
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doping. The simulation results reveal that the high doping in cladding

layers is the major cause of the waveguide loss.

e Several testing setups for mid-IR QCLs have been built up in this work to
characterize various properties of devices. Lots of measurement have been
done, including LIV measurements at different temperature, loss and gain
measurement, lasing and EL spectra measurement, as well as beam pattern

measurement.

e Transparency current has been extracted from measurement data, which
turns out to be a considerable component in the total current. The analysis
of transparency current and differential modal gain reveals and compares
the impact upon the devices’ temperature performance caused by reduced
upper lasing level lifetime and thermally excited electrons backfilled to the
lower lasing level. These findings imply that the key to the suppression of
transparency current at high temperature is to limit the thermal backfilling

effect.

Although mid-IR QCLs have already been available commercially, it is still
an interesting area for scientific exploration to achieve further improvement in its
high-temperature performance, wall-plug efficiency and tunability. The applica-
tion range for mid-IR QCLs is also waiting for more extensive exploration. The
future work following this research is to make use of these mid-IR QCL devices
to set up a mid-IR ellipsometric measurement system for the study over a novel

material - topological insulators.
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APPENDIX A

Processing recipes

A.1 AZ5214E Photolithography

1. HMDS vaporization for 8 minutes.

2. Deposit AZ5214E. Spin at 600 rpm, 100 rpm/s for 6 seconds; 4000 rpm, 1000
rpm/s for 40 seconds.

3. Wafer bake at 110 °C for 1 minute on hotplate.

4. Kaul-Suss exposure at 8 W/cm? for 10 seconds; hard contact gap is 20 pm.

5. Developing in V(AZ400K): V(H;0)=1:4 for 60 seconds. DI water rinsing. Blow
dry with Ns.

A.2 NLOF 2020 Photolithography

1. Deposit NLOF 2020. Spin at 500 rpm, 100 rpm/s for 6 seconds; 2000 rpm, 500
rpm/s for 6 seconds; 4000 rpm, 1000 rpm/s for 30 seconds.

2. Wafer bake at 110 °C for 1 minute on hotplate.

3. Kaul-Suss exposure at 8 W /cm? for 12 s; hard contact gap is 35 um.

4. Developing in 100 % AZ300MIF for 70-80 seconds. DI water rinsing. Blow dry
with V.
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A.3 PECVD growth recipe

SisNy growth: use LESINST recipe. Deposition rate is 375 A /min.

Si0y growth: use LFSIOST recipe. Deposition rate is 420 A/min.

1. A dummy silicon wafer should be used to test the recipe before running it on
the real sample. Check the thickness of the film grown on the wafer by Filmtek
2000, with another bare silicon wafer as the reference.

2. Use BOE to etch the oxide on the sample for 1 minute before PECVD growth.
DI wafter rinsing. Blow dry with Ny. This should be done no earlier than 20
minutes before growth.

3. Run the recipe on the real sample together with another bare dummy silicon

wafer piece which will be used to test the dry etching recipe.

A.4 Dry etching recipe

SisNy: use SIN4000 recipe. Etch rate is 4000 A /min.

SiOs: use SIN4000 recipe. Etch rate is 4000 A/min.

1. Put samples into Tegal Plasma Stripper and run it at 100 W for 1 minute.
Pressure is 0.5 Torr.

2. Put enough thermal grease on the silicon wafer and stick the sample onto
it. Press the opposite corners of the sample a little bit to make a good thermal
contact.

3. Put the dummy silicon wafer with Si3sN, or SiOy grown on it together with
the corresponding sample. The color on the dummy wafer indicates whether the

etching is sufficient to remove all the dielectric layer or not.
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