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Abstract

The far infrared frequency range 30 — 300 um remains one of the least developed
spectral regions of light. A cheap and efficient far infrared semiconductor laser would
enable new technologies in spectroscopy, pollution monitoring and chemical agent
detection. Unfortunately, the frequency range of conventional semiconductor diode
lasers is limited by the band gap. This limitation of natural semiconductor crystals
can be overcome by using artificially grown quantum well structures. Quantum wells
behave like giant atoms whose energy levels and wavefunctions can be designed by
band gap engineering.

This thesis investigates the possibility of using optically excited intersubband tran-
sitions in quantum wells to realize a far infrared laser. A major difficulty of scaling
the wavelength of quantum well lasers to the far infrared is the extremely unfavorable
scaling of emission efficiency oc A™%. The far infrared emission efficiency is so weak
that previous emission experiments were dominated by black body radiation. In re-
sponse to this challenge, we proposed and analyzed a novel four energy level scheme
in a triple coupled quantum well design. The four level design improved the gain
and emission efficiency by an order of magnitude over previous three level designs.
This innovation paved the way for a successful experiment to measure far infrared
intersubband emission.

An optics laboratory was built to perform absorption and emission spectroscopy
on optically pumped far infrared quantum well lasers. Two multiple quantum well
samples were grown using the AlGaAs-GaAs material system to test and compare
the conventional three level design and the new four level design. Absorption spec-
troscopy measurements confirmed the designed energy levels and dipole moments for
both samples. Spontaneous emission measurements showed an order of magnitude
improvement in emission power of the four level design compared to the three level
design. The emission spectra were resolved using a Nicolet Fourier transform infrared
spectrometer. The intersubband emission peak of the three level design was very weak
and the spectrum was dominated by black body radiation. A clear improvement was
seen in the emission spectrum of the four level design. The experiments on the four
level design demonstrated the first conclusive measurement of optically pumped far



infrared intersubband emission from quantum wells.

The emission experiments revealed an important problem in optically pumped far
infrared quantum wells lasers. The emission power of both samples was an order
of magnitude weaker than predicted by theory. This discrepancy was identified as
being due to heating effects. Heating of the electron gas can result in the opening
of a parasitic LO phonon scattering channel for electrons in the upper laser level. A
new five level design scheme using quadruple coupled quantum wells was proposed
and analyzed to improve high temperature performance by enhancing the scattering
rate from the lower laser level. The five level scheme should extend the operating
temperature range of far infrared quantum well lasers beyond 100 K.

Thesis Supervisor: Qing Hu
Title: Associate Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction

1.1 Why Far Infrared?

The far infrared frequency range is roughly defined as 30 — 300 um or 4-40 meV. It is
also often referred to by the term terahertz (THz) in engineering literature since 4-40
meV corresponds to 1-10 THz. The far infrared spectrum lies between two very well
developed frequency ranges. The near to mid infrared 1 — 30 um frequency range is
covered well by semiconductor diode laser technology. Diode lasers are ideal sources
because they are cheap, compact and very efficient. However, the semiconductor
band gap places a limitation on emission frequency. The longest wavelength diode
lasers A ~ 30 um are based on the narrow gap lead salt semiconductor [1]. On the
other end of the spectrum, semiconductor transistors can be used to make oscillators
up to several hundred gigahertz (GHz) [2]. The fundamental high speed limit of
transistors is set by the mobility of electrons in semiconductors. Although both
transistor and diode laser technologies are constantly making inroads to extend their
respective frequency ranges, there are fundamental physical constraints on how far

these technologies can be pushed.

Molecular gas lasers are currently the only practical laser sources for the far in-

frared [3]. Molecular gas lasers are optically pumped by a CO, laser at 10 um to

17



18 CHAPTER 1. INTRODUCTION

excite electrons from a rotation level J in the ground vibration state to a rotation
level J' in a higher vibration state. Laser emission occurs between rotation levels J’
and J'—1 [4]. Molecular gas lasers are capable of generating milliwatts of continuous
wave output power. However, these lasers are very large, consume much power, and
can only be tuned by changing the gas species. Free electron lasers are tunable and
generate high power in the far infrared but are even bigger and more expensive than

molecular gas lasers [5].

Considerable research has been done to develop difference frequency mixers and
optical parametric oscillators as sources for the far infrared [6]. The idea is to beat
two CO, lasers with slightly different frequencies w, and w; in a nonlinear medium to
generate the difference frequency wy, —w;. When a resonant cavity is provided for the
wave with frequency w, — w;, the resulting optical feedback can lead to oscillation.
This principle can be used to make tunable coherent sources called optical parametric
oscillators in the far infrared. However, the weak nonlinear susceptibility x(® of most
natural crystals makes it difficult to realize an efficient source with useful output

power.

The ideal source would be similar to a semiconductor diode laser. However, since
interband transition energies of semiconductors are limited by the bandgap, some
perturbation must be applied to the crystal lattice to create new transitions in the
far infrared. One interesting idea involves using strong crossed electric and magnetic
fields to induce far infrared transitions between the heavy and light hole bands. This
idea has been successfuly applied in p-type Germanium to make the only existing
far infrared semiconductor laser [7]. The p-type Germanium far infrared laser is field
tunable and can produce high peak power in pulse mode. The requirements of strong
electric (~ 1 kV/cm) and magnetic (~ 1 Tesla) fields along with cryogenic operation
are its major disadvantages. The p-type Germanium laser is currently a subject of

active research and may hold good prospects for the future.

The quest for realizing a cheap, compact and efficient far infrared source continues.
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A tunable coherent far infrared source would find many applications in spectroscopy,
such as pollution monitoring, gas analysis, chemical agent detection and semicon-
ductor wafer characterization [1, 8, 9]. One can also argue that once a good source
is available human ingenuity will invariably find applications for it. Indeed, who
ever thought in the 1960’s that semiconductor diode lasers would find widespread
application in compact disk players and fiber optic communication systems. The
development of new laser sources is also important from a purely scientific point of
view to prove that it can be done. This thesis is devoted to exploring the possibility
of using optically excited intersubband transitions in quantum wells to realize a far

infrared laser.

1.2 Intersubband Transitions in Quantum Wells

The idea of growing heterostructures to create quantum wells for applications in op-
toelectronics was first proposed by Esaki and Tsu in 1970 [10]. Advances in molecular
beam epitaxy growth of atomically thin single crystal GaAs layers made this idea a
practical reality [11]. Quantum wells are made by growing layers of different band gap
semiconductors in a sandwich like heterostructure. Since the band gap of AlGaAs is
larger than that of GaAs, band gap differences in the layers result in a potential well.
The potential well height is determined by the Al alloy concentration of the barrier
material.

Electrons are bound in the quantum well just like in an atom. The quantum
well heterostructure breaks the perfect periodicity of the crystal lattice in the growth
dimension. This perturbation is similar to a defect or an impurity atom in that new
electron energy states are created localized in the quantum well. As shown in Figure
1-1, the conduction band is quantized into subbands. Electron transition energies
between the subbands depend on the well width just as the spectra of natural atoms

depend on their size or atomic number in the periodic table. For the single quantum
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Al Ga, As GaAs Al Ga, As

» Real Space

E,

» K Space

Figure 1-1: Quantum well in real space and reciprocal lattice space. The potential
well caused by the Al,Ga,_,As — GaAs — Al;Ga,_;As heterostructure in the growth
direction gives rise to bound states localized in the quantum well. These bound states
are represented as subbands in k space since the electrons are still free to move in the
plane of the quantum well.
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well of Figure 1-1, electron energies are approximated by the well known formula

(—) (1.1)

2m*

where m* is the electron effective mass in GaAs, L is the well width and % is Planck’s
constant. Thus, we can chose L so that electrons making transitions between E,, and

E, will emit photons in the far infrared.

The electron wavefunctions are also amenable to design by tailoring the quantum
well potential. The potential profile can be manufactured to practically any shape
by varying the Al alloy concentration during crystal growth. This gives the designer
flexibility to engineer many physical properties of quantum wells such as intersubband
absorption, stimulated emission, index of refraction, and phonon scattering. For
example, it will be shown in Chapter 2 that the optical properties of electrons bound

in quantum wells (or in atoms) depend on dipole matrix elements defined as

Zum = [ dzu3(2)240(2), (12)

where z is in the quantum well growth direction. By proper design of the wavefunc-
tions v, and 1, dipole matrix elements corresponding to particular transitions can
be enhanced or suppressed. This is a powerful tool because intersubband absorption,
index of refraction, and laser gain of a particular transition E, — E,, are all pro-
portional to Z2_, [12, 13, 14]. The interaction of phonons with electrons bound in a
quantum well also depends on overlap integrals similar to the one for dipole moment
{15]. Thus, the properties of phonons can also be altered by proper engineering of the

wavefunctions.

A major advantage of using quantum wells over atoms is that the dipole matrix
elements of quantum wells are much larger. Dipole matrix elements are roughly the
size of the atom (that is Z,,, ~ L). Since typical quantum wells are 10-100 times

larger than a Hydrogen atom, so are the dipole matrix elements [16, 17]. Thus,
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quantum wells appear to photons like giant atoms. This means that quantities like
laser gain and nonlinear optical susceptibility will be much larger in quantum wells.
Even more interesting from an engineering point of view is our ability to tune the
energy levels and to some extent the dipole moments by applying a voltage bias
(18, 19]. The Stark shift from an applied electric field can shift the energy levels
and alter the potential profile. This provides an excellent mechanism fdr tuning the
emission frequency of quantum well lasers. Indeed, quantum wells offer a rich amount

of physics that can be applied to devise new optoelectronic devices [20, 21].

1.3 Mid Infrared Quantum Well Lasers

Lasers based on intersubband transitions in quantum wells were first proposed by
Kazarinov and Suris [22]. An electrically pumped version of such a laser, called
the Quantum Cascade Laser, was recently demonstrated by Faist et. al. [23]. The
Quantum Cascade Laser operates by using a voltage bias to create a potential staircase
in the conduction band with a quantum well forming each step. Electrons are injected
from the contacts to cascade down the staircase. At each step, the electrons emit
photons in intersubband transitions from an excited state of the quantum well E; to
a lower state E,. Electrons quickly vacate E, via longitudinal optical (LO) phonon
emission to the ground state E;, which is also the excited state of the next step.
Figure 1-2 shows a schematic of a mid infrared electrically pumped vertical transition
quantum well laser. This type of design has been very successful in covering the mid
infrared frequency range 4-12 um [24, 25, 26, 27].

More recently, a mid infrared quantum well laser operating at 15.5 um was realized
by Gauthier-Lafaye et. al. using optical pumping [28]. A schematic diagram of the
optically pumped mid infrared intersubband laser is shown in Figure 1-3. This laser
also uses a simple three level scheme where electrons are optically pumped from

the ground state E; to the excited state E3. A population inversion is ensured by
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Figure 1-2: Quantum well schematic of an electrically pumped mid infrared intersub-
band laser. A voltage bias aligns the bands for electric pumping of the upper laser
level E5. Population inversion is assured by designing a faster phonon scattering rate
emptying the lower laser level E; than from the upper laser level.
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_ 1 _E

Figure 1-3: Quantum well schematic of an optically pumped mid infrared intersub-
band laser. Electrons are optically pumped from the ground state E; to the upper
laser level E5. Population inversion is assured by designing for a faster phonon scat-
tering rate emptying the lower laser level E, than from the upper laser level.

designing the intersubband spacing E; — Ey ~ hAwgo for LO phonon resonance to

quickly depopulate Es.

For longer wavelength lasers, optical pumping has the advantage of higher selec-
tivity in populating energy levels while avoiding the free carrier losses associated with
contact regions. The electrically pumped scheme is also more difficult to design since
both electric and photonic transport must work properly [29]. The voltage is a free
parameter in the optically pumped scheme and can be used to tune the emission
frequency. On the other hand, electrical pumping is much cheaper and more efficient.
Our research group has pursued both pumping schemes in search of a far infrared
quantum well laser. The Ph.D. theses of Jurgen Smet [30] and Bin Xu [31] have been
devoted to developing an electrically pumped far infrared quantum well laser. The

optically pumped scheme is the subject of this thesis.
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1.4 Toward Far Infrared Quantum Well Lasers

The idea for this work began with a suggestion by Prof. Qing Hu to consider using
the giant nonlinear optical susceptibity x{® of quantum wells to make an optical
parametric oscillator (OPO) in the far infrared [32]. An analysis of OPOs based on
quantum wells revealed that these devices must operate in the regime of high gain
and high loss [33]. This region of parameter space has some interesting properties
like oscillation without phasematching [34]. However, the high loss also means that
exceedingly high threshold pump powers would be necessary. As we began to realize
that OPOs based on quantum wells are not practical, the idea of a laser crystallized.
Indeed, since the gain of a laser depends on x(!), a much stronger process than x?,
one can expect that the threshold pump power necessary to reach oscillation in a
laser is much smaller. Calculation quickly verified our intuition and we embarked on
the path toward far infrared quantum well lasers. Having already gained experience
working with CO, lasers during the OPO project and considering the advantages of
optical versus electronic pumping, the fate of my Ph.D. thesis project was sealed.
This thesis describes my theoretical and experimental work toward optically pumped
far infrared quantum well laser.

The successful mid infrared quantum well laser served as an inspiration in the
beginning of this project. Indeed, one can envision scaling the mid infrared quantum
well laser designs to the far infrared by simply changing the well widths in Figure
1-3. As we shall see in later chapters, this logical approach was doomed to failure.
The difficulties of scaling a mid infrared quantum well laser to the far infrared are
somewhat analogous to the differences between semiconductor diode lasers operating
at ~ 800 nm for reading compact disks versus semiconductor diode lasers operat-
ing at ~ 1550 nm for fiber optic communications. The emission efficiency of the
longer wavelengths semiconductor diode lasers is an order of magnitude lower due
to increased Auger scattering [35]. Similarly, when one tries to scale intersubband

quantum well lasers from mid infrared wavelengths to the far infrared, the emission
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efficiency drops by many orders of magnitude. It becomes extremely difficult even to

measure spontaneous emission.

Initial measurements using a scaled version of the simple three energy level scheme
in a step quantum well yielded poor experimental results. The emission power was
very weak (~ 1 pW) and it was difficult to clearly resolve the spectrum. It became
evident that three level systems lack enough flexibility to optimize the gain and
emission efficiency. This lack of flexibility in three level designs comes from the
necessity to couple the CO; pump laser to the same transition E; — E3 that couples

the LO phonon scattering responsible for limiting the gain and emission efficiency.

It was necessary to abandon old ways of thinking to create new design ideas. We
realized that the real power of quantum wells as artificial atoms lies in more com-
plex designs involving higher energy level schemes [36]. We proposed and analyzed
a four level scheme using triple coupled quantum wells that effectively decoupled the
pumping rate from the LO phonon scattering rate appearing in the gain and emis-
sion efficiency. Thus, these two important rates could be optimized independently,
improving the gain and emission efficiency by an order of magnitude over previous
three level designs. Optically pumped intersubband far infrared emission experiments
verified the superior qualities of the four level system. The four level design exhibited
an order of magnitude stronger emission power. The stronger emission made possible
the first clear measurement of a far infrared spontaneous emission spectrum from

optically pumped quantum wells [37].

The emission measurements also revealed an important problem. The measured
emission power from both three and four level designs was an order of magnitude
weaker than expected. This discrepancy was identified as being due to heating ef-
fects. Heating of the electron gas can result in the opening of a parasitic LO phonon
scattering channel for electrons in the upper laser level. A new five level design scheme
using quadruple coupled quantum wells was proposed and analyzed to improve high

temperature performance by enhancing the scattering rate from the lower laser level.
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The five level scheme extends the temperature range of optically pumped far infrared

quantum well lasers beyond 100 K.
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Chapter 2

Intersubband Transitions in

Quantum Wells

2.1 Electron States in Quantum Wells

In this chapter we develop the analytical tools necessary to analyze lasers based
on intersubband transitions. We start with a brief description of electron states in
quantum wells. Block’s Theorem asserts that the wavefunction of an electron in the

conduction band of a semiconductor must be of the form [38]

¥(r) = %F(r)U(r), 2.1)

where U(r) contains the periodicity of the crystal lattice and F(r) is a slowly varying

envelope function. In a perfect crystal lattice, the envelope function is a plane wave

eik~r

F(T):W’

(2.2)

meaning that electrons can move freely through the crystal. Imperfections such as
impurities, defects, and interfaces, introduce perturbations that break the perfect

periodicity of the crystal. Electrons can be bound in the local potential well created

29
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by such disruptions in the crystal lattice.

Artificially grown quantum well heterostrucures also introduce new energy states
where electrons are bound like in an impurity atom. The electron wavefunction is
still described by a Block state, with the caveat that the envelope function is spatially

localized in the quantum well

Fa(r) = Yn(2). (2.3)

The envelope wavefuction ¢,(z) is the bound state induced by the quantum well
heterostructure in the z direction. The plane wave eI T reflects the fact that electrons

are still free to move in the xy-plane of the quantum well.

The Effective Mass Theorem allows us to calculate the energy levels and envelope
wavefunctions in a quantum well from a simple one dimensional Schrédinger equation
R &2

(~ 5 75 + V()a(2) = Eatan(2) (2.4)

where m” is the effective mass, V(z) is the potential profile of the quantum well

heterostructure, and E, is the bound state energy. Including the kinetic energy of

motion in the xy-plane, the total energy of an electron in state (E,, k) is
thﬁ

E=F,+—

! (2.5)

The effect of the quantum well potential is to quantize the conduction band electron
states into subbands. The wavefunctions corresponding to these electron states are
localized in the quantum well. This provides the physical basis for treating quantum
wells as artificial atoms. Thus, many useful concepts in atomic physics, like emission
and absorption cross section, can also be applied to quantum wells. This analogy
between atoms and quantum wells will be developed further in the derivation of laser

gain.
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It will be shown in later chapters that the optimum quantum well design for far
infrared lasers requires complex energy level schemes in triple and quadruple coupled
quantum well structures. A numerical solution of Schrédinger’s equation is necessary
to solve for the energy levels and wavefunctions in these complex quantum well struc-
tures. The numerical approach we use involves transforming the wave equation into
a matrix equation [39]. The eigenvalues and eigenstates of the matrix equation corre-
spond to the bound state energy levels and wavefunctions of Schrodinger’s equation.
The matrix equation is solved by standard numerical algebraic methods. The second
order effects on electron energy levels and wavefunctions due to band nonparabolic-
ity are included using a perturbation technique [40, 41]. Once the electron energy
levels and wavefunctions are known, Fermi-Dirac distribution functions are used to
calculated the electron density in the quantum wells. The electron density feeds into
the Poisson equation. Solution of the Poisson equation gives a correction to the elec-
tron potential energy which is fed back into the Schrédinger equation solver. Thus,
the Schrédinger and Poisson equations are solved self consistently by an iteration

procedure.

Before using the numerical simulation code in design, it is important to test its
accuracy against published data for a known quantum well structure. We tested our
code by comparing its numerical calculation results with experimental and theoretical
data published by Sirtori et. al. for an asymmetric double quantum well structure
[42]. Sirtori’s structure is similar to our quantum well designs it terms of the quantum
well thicknesses, comparable doping levels, and the use of AlGaAs-GaAs material
system. Figure 2-1 shows our calculation of the energy levels and square of the
wavefunctions for Sirtori’s structure. The double coupled quantum well structure is
composed of 61 and 70 A thick GaAs wells separated by a thin 20 A Alg33GagerAs
barrier. A ground state sheet electron density of 4 x 10! ¢m™2 is assumed. This
structure was designed for far infrared difference frequency mixing experiments. Dr.

Carlo Sirtori kindly provided us with a piece of his sample wafer to test our far
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Figure 2-1: The calculated energy levels and wavefunctions for Sirtori’s asymmetric
double quantum well structure.

Table 2.1: Comparison of calculation results.

fgz = 131 (ITle\/) 123 = 1?1 (IIIB\/) 2?12 (j&) 2?13 (fX)
MIT (Author) 16.0 134.3 39.6 8.0
Bell Labs (Sirtori) | 14.1 136.0 400 |80

infrared experimental system (see Apendix A) and theoretical simulation code.

Table 2.1 shows a comparison of our calculation results for the energy levels and
dipole matrix elements.against Sirtori’s published results using the Bell Labs simu-
lation code. The calculated energy levels agree to within a few meV. The calculated
dipole matrix elements show excellent agreement, indicating very similar results for
the wavefunctions. The close correspondence between our calculation results and the
extensively tested Bell Labs simulation code verifies the accuracy of our numerical
approach for solving Schrodinger’s equation. This provides confidence that our cal-
culated energy levels and wavefunctions give an accurate representation of electron

states in quantum wells.
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2.2 Radiative Intersubband Transitions

Electrons bound in a quantum well can be induced to undergo transitions by absorbing
or emitting photons. The interaction Hamiltonian for this process is given by the
dipole interaction [43]

H = —eE(r,t) - r. (2.6)

The electric field must be quantized in order to accurately describe the interaction
between photons and electrons. According to the rules of quantum mechanics, each
mode of the electromagnétic field is quantized as a harmonic oscillator by replacing
the field amplitude by an operator. A photon is then defined as one quantum of

excitation in a particular mode.

The operator for a single plane wave mode with frequency w and wavevector « is

[H o o
E(r,t) = —¢ ﬁg[a“e"m"““’t — ae" T (2.7)

where we assume that the field is polarized in the z direction corresponding to the

given by [43]

growth direction of the quantum well. Only modes in this polarization direction can
couple to intersubband transitions [44]. The operators a' and a are analogous to the
creation and destruction operators of a quantized harmonic oscillator [45]. They are

defined by the commutation rule [a,af]=1.

In a photon emission process only the term containing the photon creation oper-
ator a! contributes to the interaction. The initial electron state is assumed to be in
subband F; with in plane wavevector k; and the initial state of the electromagnetic
field is assumed to be in a photon number state n,,, abbreviated by (E;, k:, npn)-
The final state is assumed to be in state (Ey, ks, np, + 1). The electron-photon (or

phonon) scattering process is depicted schematically in Figure 2-2. The dipole inter-
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— K

Figure 2-2: The emission process of a photon (or phonon) in electronic intersubband
transitions between subbands E; and Ejy.

action Hamiltonian matrix element, abbreviated by Hy, is given by

3 hw iw
Hif =‘Leﬂmzif€ t\/ﬂph‘Fl. (28)

Integration over 7 in the plane of the quantum well gives a vanishing result for H;;
unless k; = k; + k. This is a statement of momentum conservation. Since photons
carry very little momentum, only vertical transitions k; = & are allowed. The vertical
transition selection rule for electron-photon scattering is not universal and will be

relaxed when we discuss electron-phonon scattering.

The strength of the dipole interaction is characterized by the dipole matrix element

Z;y defined by
Ty = f dz (2) 24 (2). (2.9)

The dipole matrix element is roughly the size of the quantum well. Thus, quantum

wells look to photons like giant atoms with Z ~ 10 — 100 A in comparison to a
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E E
.
E, —E

Figure 2-3: For a photon with hw ~ E; — Ey, the ensemble of electrons in subband
E; looks like a collection of two level atoms with cross section o;;.

Hydrogen atom Z ~ 1 A.

2.2.1 Stimulated Emission and Gain

The transition rate between states (Ej, ki, npn) and (Ef, kg, npn + 1) induced by the

dipole interaction is calculated by Fermi’s Golden Rule [46]

me*wZi (npn + 1)
Ve

27
L’V-,;_,f: €|Hifl25(E.‘-—Ef—hw) = 6(E1'—Ef—hw), (210)
where the delta function enforces conservation of energy. This delta function can
be replaced by a Lorentzian lineshape to include broadening effects due to finite
lifetime and dephasing scattering. The term proportional to photon number ny,, is the
stimulated emission rate. Including the broadening effects, the stimulated emission

rate is given by

[ L}

pystim _ e*wZmpn
it Ve (Ei—Ej—tw)?+ (5%
where T is the full width at half maximum (FWHM) or transition linewidth. The

(2.11)

linewidth I" is an important parameter, generally obtained from emission or absorption
spectroscopy experiments.

We have calculated the transition rate for a single electron in some initial state
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(E;i, k;). For the calculation of gain, we must add up the stimulated emission rate
of every electron undergoing stimulated transitions from subband E; to subband E;.
Note however that the stimulated emission rate W%7* does not depend on k;. Thus,
ignoring the small effects of nonparabolicity, every electron on subband E; gives the
same contribution to the stimulated emission rate. As shown in Figure 2-3, we can
think of all the electrons in subband E; as a collection of atoms in the same state.
This simplifying analogy allows us to borrow the concept of emission cross section

from atomic physics [47]. The emission cross section is defined by

R W,
oif = “’_Iﬂ_f (2.12)
where
A
I=v, ‘”‘f”" (2.13)

is the photon energy flux. The group velocity v, of a photon is simply the speed of

light in the material. Thus, the emission cross section is given by

2 Z2 r
€Y% 2 — (2.14)
ceon (E; — Ey — hw)? + (5)?

Oif =

The gain is obtained from the emission cross section by g = An; f0if, where Angs
is the population inversion between the subbands. We often make calculations in
terms of a two dimensional sheet electron density p. The population inversion is then
written as An;y = (p; — ps)/L, where L is the quantum well width. Finally, since
the laser mode is generally not perfectly confined in the multiple quantum well active
region, we must multiply the single well gain by the confinement factor veons [35)-
The mode confinement factor will be defined more precisely in Chapter 3. Thus, the

total gain is given by

~o |

— e2wZizf(pi - pf)f}/conf
J ceonL (Bi— By — hw)2 + (D)F

(2.15)
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Subband nonparabolicity effects were ignored to simplify the derivation of gain.
This simplification is justified for far infrared transitions in GaAs, where the non-
parabolicity effect is very weak. A perturbation technique can be used to include
nonparabolicity as a small correction to the energy levels and dipole matrix element
in the gain expression [41]. In materials such as InGaAs, where nonparabolicity is
much stronger, a more rigorous density matrix analysis must be used to derive the
gain lineshape. Strong nonparabolicity effects lead to additional broadening and an

asymmetrical gain lineshape {48].

2.2.2 Spontaneous Emission

The spontaneous emission rate plays an important role in the analysis of lasers because
the emission efficiency below threshold depends on a ratio of spontaneous emission
rate to nonradiative scattering rate. The spontaneous emission rate into a single
mode (w, k) is obtained by taking n,, = 0 in equation 2.10. The term “sponta-
neous” actually conceals the real physics behind this process. Spontaneous emission
is really stimulated emission due to ever present vacuum fluctuations in the electro-
magnetic field [49]. The total spontaneous emission rate is calculated by summing
the emission into every possible electromagnetic mode in the cavity that couples to
intersubband transitions. The total spontaneous emission rate from subband E; to

E; is thus calculated to be [30]

" :spon = 1 = eznwszl?f
imf Tis;wn 3rcdegh

(2.16)

In the calculation of W% we assumed a 3D density of states for the electromagnetic
field. This assumption is justified in our emission experiments (see Chapter 5) where
the waveguide dimensions are much larger than the emission wavelength.

One way to improve the emission efficiency is to use a microcavity designed to

enhance the spontaneous emission rate. For example, if the vertical (z direction)
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dimension t of the waveguide is made smaller than the wavelength, the spontaneous
emission is more strongly coupled to modes with the correct polarization. The total
spontaneous emission rate is then enhanced by a factor of %% [50, 31].

Changing to a material with smaller effective mass can also enhance the sponta-
neous emission rate. A semiconductor with smaller effective mass requires a larger
well width to maintain the same intersubband energy separation. Thus, the dipole
moments are enhanced by a factor of ~ M#%;f: when the well material is changed
from GaAs to InGaAs. All of our quantum well designs were grown using GaAs
because molecular beam epitaxy is more available for the AlGaAs-GaAs material
system. However, since InGaAs has a smaller effective mass, the InAlAs-InGaAs ma-

terial system may be a good choice for future work. The effective mass also plavs a

role in electron-phonon scattering as we shall see next.

2.3 Phonon Intersubband Scattering

The electron-phonon interaction is the most important nonradiative scattering mech-
anism in intersubpand transitions. For a given pumping rate, the phonon scattering
rates determine the subband populations, gain, and emission efficiency of quantum
well lasers.

The lattice vibrations in a semiconductor crystal are quantized in a similar manner
as the electromagnetic field. Each mode is treated as a quantized harmonic oscillator
by replacing classical amplitudes by creation and destruction operators. A phonon
is defined as one quantum of excitation in a particular mode. The electron-phonon
interaction is the mechanism by which electrons can be induced to undergo intersub-
band transitions by absorbing or emitting phonons. The electron-phonon interaction

Hamiltonian is given by [13]

H =Y o(q)(e7@"b} + €'%b,), (2.17)
q
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where b}; and bq are the creation and destruction operators for a phonon in mode q,
and a(q) is the interaction strength. The sum is over all possible phonon wavevectors

q since we are interested in calculating the total scattering rate.

Lattice vibrations can be polarized transverse or longitudinal relative to the prop-
agation direction. The dominant contribution to the electron-phonon interaction in
GaAs comes from modes polarized in the longitudinal direction. The perturbation
potential due to lattice deformation by long wavelength longitudinal acoustic vibra-
tions is the most important interaction for small energies. The longitudinal acoustic

(LA) phonon interaction strength is given by

2 hwD?

= (2.18)
2pV 2

la(q)|

where D is the deformation potential, p is the density, V is the crystal volume,
and c¢; is the longitudinal sound velocity. For polar semiconductors like GaAs, the
Frohlich interaction gives rise to longitudinal optical (LO) phonon scattering. LO
phonons have a strong resonance at 36 meV in GaAs. Thus, in contrast to the linear
dispersion relation of LA phonons w = ¢,q, the dispersion relation of LO phonons is

approximated as a constant w = wro. The Frohlich interaction strength is given by

IQ(Q)|2 _ th062(fs - 6<><>)

2.19
2€,€00€0V @2 ( )

where €, and €, are the high frequency and static dielectric constants. The 1 /q?
dependence means that the Frohlich interaction is greatly enhanced when the phonon
momentum is small. It is also important to note that at low temperatures, when
electrons occupy states close to the bottom of the subbands, LO phonon scattering
can only occur for subband energy separation equal to or greater than the LO phonon

energy hwro.

For the phonon emission process, we only need the term containing the phonon

creation operator in the interaction Hamiltonian. The interaction Hamiltonian matrix
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element connecting states (E;, ki, npn) and (Ey, kg, npn + 1) is then calculated to be

Hiy = a(q)Aif(g:)y/Nph + 10k—ke.q;» (2.20)

where A4;¢(g;) is a form factor

Aila) = [ dstj()e i 2) (2.21)

As in the calculation of the dipole interaction matrix element, integration over r in
the plane of the quantum well gives a vanishing result for H;; unless conservation of
momentum k; = ky+g is preserved. Since phonons can carry comparable momentum
to electrons, we cannot ignore g;. In contrast to radiative transitions, phonon induced
transitions need not be vertical in k space. The form factor 4,¢(g;) has the appearance
of a Fourier transform of ¥}(2)¥;(z). Thus, since the electron wavefunctions are
localized in the quantum well, we expect A;;(¢;) to be sharply peaked at ¢, ~ 7.
Physically this means that only those phonons with wavelength comparable to the

quantum well width interact strongly with the bound electrons.

Fermi’s Golden Rule is used to calculate the phonon scattering rate of electrons
from state (Ej, ki, npn) to (Ey, kg, npn + 1). Summing over all possible final electron

states ks, we get

1 27 K2
P T Z Z Z la(q)|2|Aif(qZ)|2(nph + 1)5k;—kr,ql15(Ei —-E;f+ %(kf - A?) — hw).

Tif ky q @
(2.22)
The summation is converted to an integral in reciprocal lattice space in the usual man-
ner. Figure 2-4 shows the geometrical relationship between the wavevectors required
for conservation of momentum. Thus, we get for LA phonon scattering
52

1 D? +o0 9 27 +o0 o .2
T3 = G ., eelAa [ d8 [ kg mpnt DS(Bim Brbg (k)=o)
(2.23)
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Figure 2-4: The geometrical relationship in reciprocal lattice space required for conser-
vation of momentum. The total phonon scattering rate from state (E;, k;) is obtained
by summing the scattering rate to all final electron states (Ey, ks). This involves an
integration over 6.

where

w = c5\/q2 +qf = cs\/qf + k% + k% — 2k;kjcos9, (2.24)
and n,, is the Bose-Einstein phonon occupation probability

1
-1

Nph = (225)

o
2l

€

We indicated above that only phonons with A ~ % or iw ~ A% ~ 1 meV interact
strongly with electrons. Thus, LA phonon modes begin to fill up at a relatively low
temperature kT ~ 1 meV. LA phonon scattering increases quickly with tempera-
ture even in cryogenic conditions. This temperature effect is absent in LO phonon
scattering, where hw = hwro > kT up to room temperature. However, LO phonon
scattering suffers from a high temperature threshold phenomenon as intersubband
transition energies approach the LO phonon energy. We will study high temperature

effects on LO phonon scattering in Chapter 4.
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The simple dispersion relation of LO phonons allows us to take advantage of the
energy conserving delta function to simplify the integration. Using the dispersion
relation fiw = hwro and transforming integration over k; to an integration over

energy, we get for LO phonon scattering

1 m*e’wro(es — €oo) 2w +00 40 e~ ulz—2'1 oy ,
0= e D) [ a8 [ ds [ @) v (),
(2.26)

where

g = \/kf + k% — 2k;kscosf (2.27)

is the phonon momentum in the plane of the quantum well. LO phonon scattering
has a qi“ dependence on phonon momentum. Thus, LO phonon scattering is especially
strong for transitions near the I point when the subband separations are close to the
LO phonon energy E; — Ef ~ hwro. In this case the transitions are almost vertical

requiring phonons with small momenta.

It is interesting to consider the dependence of LO phonon scattering on effective
mass. On the surface equation 2.26 seems to imply a direct o m* dependence on ef-
fective mass. However, we must also take into account the effective mass dependence
of exchange momentum in the # term. The exchanged momentum is smaller for
reduced effective mass, leading to an additional \/—:n—— dependence in the LO phonon
scattering rate. We still win by going to a material with smaller effective mass. The
LO phonon scattering rate is reduced when going from GaAs to InGaAs by the factor
~ \/-"—‘"L%ﬁf This is an important consideration in choosing materials since weaker
nonradiative scattering leads to a higher population inversion and emission efficiency.
The dependence of population inversion and emission efficiency on nonradiative scat-

tering is derived in the next section.
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Figure 2-5: The three level system. Electrons are pumped from the ground state E)
to E3. Population inversion is created bet“een subbands E3 and E; by engineering a
faster phonon scattering rate -1— than ——. The phonon scattering rate — also plays
an important role in determining the magmtude of gain and emission eﬂimenm

2.4 Rate Equation Analysis

2.4.1 Three Level System

The phonon scattering rates determine how fast excited electrons decay down to the
ground state. This population relaxation is balanced by the optical excitation or
pumping rate. A steady state population inversion can result for certain favorable
ratios of phonon scattering rates. We first analyze the simple three level system
shown in Figure 2-5. In the three level scheme, electrons are optically pumped from
the ground state E; to Ej. Population inversion is ensured by designing a faster
depopulation rate of the lower laser level —— than the scattering rate from the upper

laser level -
T23

The steady state subband population densities are calculated using a rate equation



44 CHAPTER 2.INTERSUBBAND TRANSITIONS IN QUANTUM WELLS

analysis. The rate equations for the three level laser below threshold are given by

1 1.1 2.28
o ot (229)
d 1 1
i 1, 1, (220
T23 T12
d 1 1 1
7/)1. =—=p1+_—p2+ —ps, (2.30)
t Tp Ti2 T13
where
1 I
— =28 (2.31)
Tp hwy

is the optical pumping rate from E) to E3. The pump absorption cross section ;3
is defined similarly to the emission cross section and I, is the pump laser intensity.
Note that we have ignored the stimulated emission rate for the laser transition since

below threshold it is much smaller than the nonradiative phonon scattering rates.

The population inversion is obtained in steady state by setting Zid? = 0, resulting

in
tot
—_— o = (] — 2% , 2.32
P3 — P2 ( 7_23) T 1 ( )
where
1 1 1
—_— = — 4 — 2.33
T3 * To3 ( )

is the total scattering rate from level E5. The steady state subband population p;
is obtained from the additional constraint py + po + p3 = pe, where p, is the total
electron density in the quantum well when the pump laser is turned off. Thus, the

complete expression for population inversion is

tot

_ _ 712 TL Pe
P3 P2 = ( Tos Tp 1+ I.';o_t rlotr,* (234)
7 T237p
We see that population inversion is only possible when the scattering rate -1 is

T12

faster than the scattering rate % This means that the depopulation of the lower



CHAPTER 2. INTERSUBBAND TRANSITIONS IN QUANTUM WELLS 45

laser level must be faster than the relaxation from the upper level. Note also that
the magnitude of population inversion is directly proportional to a ratio of optical
pumping rate to the the total phonon scattering rate from the upper laser level ;;1;;
This ratio also determines the maximum pump intensity for saturation of the pump
transition. Equation 2.34 implies that the population inversion at saturation can
never exceed .

The emission efficiency also depends critically on the phonon scattering rates. The

total spontaneous emission power for intersubband transitions from E; — E; is given

by

tot

hwas ps T

_ _ 3 Pi .

Iem = ~—spon_ — hw23_spon - (230)
Ta3 T3 Tp

Using the expression for Ti in terms of I, and taking a ratio of spontaneous emission
P

power to pump power, we get the spontaneous emission efficiency

Iem hwoy T3
=—=0 = 2.36
3L Ip 1301 hw13 Tésgon ( )

The emission efficiency depends most importantly on a ratio of spontaneous emission
rate to the fastest nonradiative (LO phonon) scattering rate from the upper laser level
;élw. This scattering rate plays an important role in limiting the maximum emission
efficiency and gain. The pump absorption cross section 0,3 is also an important factor
in both emission efficiency and gain. A major deficiency of three level systems is the

necessity to use the same transition for the pump laser E; — Ej3 that also governs

the dominant parasitic LO phonon scattering path.

2.4.2 Four Level System

Although the three level system is the simplest to design, we will see in Chapter 3 that
it is by far not the ideal system for achieving a laser. The higher complexity of the four
level system, shown in Figure 2-6, can be used to our advantage in optimizing the laser

gain and emission efficiency. In the four level design, electrons are pumped from the
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Figure 2-6: The four level system. Electrons are pumped from the ground state E;
to E,, followed by a fast relaxation to subband Ej3. Population inversion is created
between subbands E3 and E; by engineering a faster phonon scattering rate Tf—2 than
- and --. The phonon scattering rate - also plays an important role in determining
the magnitude of gain and emission efficiency.
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ground state E; to subband Ej, followed by a fast LO phonon scattering to subband
E;. A population inversion is created between subbands E3 and E; by engineering
a faster phonon scattering rate —- than -~ and -. The phonon scattering rate =
also plays an important role in limiting the magnitude of gain and emission efficiency.
However, in the four level design, the pump transition can be decoupled from the

dominant parasitic LO phonon scattering channel.

The rate equations for the four level design are given by

- g - (— 4+ — + )y, 2.37
dt Tpp1 (7'14 + To4 + T34 )p4 ( )
P (4 T 2.
i (m + Tzs)ps, (2.38)
dpo 1 1 1
bl ot SO ey — — 2.
T _ Py + . P3 . P2, (2.39)
d 1 1 1 1
L= ——pt—pt —prt —ps. (2.40)
Tp Ti2 713 T14

The population inversion between levels E5 and Fj in the four level system is obtained

in steady state by setting % = 0, resulting in

tot tot
T3 T12 T12\ 7y
= -T2y _ T2 , 2.41
P3 — P2 (T34 ( 7,23) 724) T £t ( )
where
Pe
P1= Tiot ot Totra (242)
(143 + 2+ 22+ E2)

The spontaneous emission efficiency of the four level system is calculated similarly to

the three level case,

tot tot
h spon * ( * )
Wig T34 To3

L = C14/1
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Figure 2-7: The five level system. Electrons are pumped from the ground state E;
to E;, followed by a fast relaxation to subband E4 and E3. Population inversion is
created between subbands E3 and E, by engineering a faster phonon scattering rate
= than -, - and --. The phonon scattering rate -= also plays an important role

T2 T23° T24 . . 2. :
in determining the magnitude of gain and emission efficiency.
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2.4.3 Five Level System

Five level systems will be studied in Chapter 4 with the view of optimizing high
temperature performance. Of particular interest will be the five level system shown
in Figure 2-7. In the five level design electrons are pumped from the gro.und state E)
to Ej, followed by a fast relaxation to subband E4 and Ej. Population inversion is
created between subbands E3 and F, by engineering a faster phonon scattering rate

L than 1,1 and L.
T12 T23 7 T24 T25

The rate equations for the five level design are given by

= p — (— + — + — + —)ps, 2.44
dt Tppl (7'15 + Tos N 735 T45)p ( )
e (— + — 4+ —)ps, 2.45
dt T15 p ( T14 To4 T34 )p4 ( O)
B e et - (— 4+ —)ps, 2.46
il Rl (T13 + ng)ps (2.46)

dp 1 1 1 1
=2 = —ps+ —pi+—ps — —p2, (2.47)

dt Tos To4 To3 712

dp, 1 1 1 1 1

o - _ — a4+ — —ps. 2.48
dt Tppl * T12 Pt T13 ps T14 P T15p ( )

The population inversion between levels E5 and Es in the five level system is obtained

in steady state by setting % = 0, resulting in

tot tot -tot tot tot
T. T T, T T Ti2T, T,
_ 3 3 74 12 12 1274 5
ps—po = (( + 2 A1 -2y - RSB, (249)
T35 T34T45 T23 T25 T24T45 Tp
where
_ Pe -
pl - to * (2'30)

t tot tot tot ~tot tot tot tot .tot
(1 + g (1 + 74 + 3 + 2o Tiotrs 74 112 + 74% 112 Ti%Ty T]g)
T45 735 725 T45734 T457T24 735723 745734723
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The spontaneous emission efficiency of the five level system is calculated to be,

tot tot ~tot
hwas 75 Ty ) T3
spon -

B (2.51)
huwis T35 T34T45  To3

5L = 01501

Even though the formulas get much more complicated as we go to higher energy
level schemes, there are several important factors that remain constant. The popu-
lation inversion always contains the factor 1 — Qj This factor plays a crucial role in
the temperature dependence of the laser as we shall see in Chapter 4. Saturation is
always obtained when the pump rate becomes comparable to the total decay rate of
the pump transitions, i.e. 7, ~ T}"‘, where j= 3, 4, or 5 depending on the energy level
scheme that is used. This saturation condition determines the maximum population
inversion possible in our system. Note that the maximum population inversion can
never exceed £. The emission efficiency is proportional to the spontaneous emission
rate divided by the total nonradiative decay from the upper laser level ;gi;:n’

Although our discussion was aimed at elucidating the basic features of energy level
schemes for optically pumped quantum well lasers, it is quite general. In particular,
we showed how the nonradiative scattering rates limit the performance of any laser
system. We conclude with the axiom that material systems with slower nonradiative

scattering rates are generally more efficient and require lower pump power to achieve

inversion.



Chapter 3

Quantum Well Laser Design

3.1 Introduction

Intersubband transitions in quantum wells hold excellent qualities for realizing a far
infrared laser [29, 21]. Since quantum wells are artificially grown structures, the
intersubband transition energies can be designed for far infrared frequencies. The
wavefunctions, dipole moments and phonon scattering rates can be tailored by band
gap engineering of multiple coupled or step quantum wells. The LO phonon resonance
in GaAs at hwro = 36 meV is particularly suitable for phonon engineering popula-
tion inversion at far infrared frequencies < 36 meV, where LO phonon scattering is
suppressed [14, 51, 52]. In this chapter, we analyze the physics of far infrared quan-
tum well lasers and spontaneous emitters. Our goal is to arrive at the best possible
design to maximize population inversion, gain and spontaneous emission efficiency.
One may envision designing an optically pumped far infrared quantum well laser
by “scaling” the successful mid infrared laser designs to longer wavelengths. The
mid infrared quantum well laser designs employ simple three level energy schemes
which are easily scaled to the far infrared. Following this logical approach, several
researchers carried out optically pumped far infrared spontaneous emission experi-

ments [53, 54]. Such measurements are crucial first steps in the development of a

51
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laser because the strength of the emission or emission efficiency gives an indication
of design performance. The emission spectrum also provides verification of the de-
sign emission frequency and linewidth. Unfortunately, a decisive measurement of far
infrared spontaneous emission has proven to be problematic.

There are several experimental difficulties, like inherently low far infrared emission
efficiency, low collection efficiency and sample heating, that may have contributed to
the poor results. Another reason may be that previous designs have focused only
on optimizing the gain [55, 56]. Although both gain and emission efficiency are
proportional to the product of pump and emission transition cross sections, their
dependence on the phonon scattering rates is very different. In this chapter, we
propose and analyze a new four level quantum well design scheme. It is shown that the
new design can be optimized using phonon engineering to enhance both the gain and
emission efficiency by an order of magnitude over previous designs. Special emphasis
is given to the discussion of emission efficiency because this concept is crucial for

understanding the experimental results we present in Chapter 5.

3.2 Three Level Scheme

We first analyze the simple three level design to understand why previous researchers
had difficulty in measuring optically pumped far infrared intersubband emission. Fig-
ure 3-1 shows a prototype Aly33Gags7As— GaAs coupled double quantum well struc-
ture in analogy with the mid infrared laser design [57). The energy levels and wave-
funtions are calculated numerically by solving Schrédinger and Poisson equations
self consistently [39]. The wavefunction solutions are then used to calculate the inte-
grals in the phonon scattering rate formulas. We assume low temperature (~4.2K)
operation to isolate the most important physics and to simplify calculations.

When a pump laser is tuned to the F; — Ej transition, electrons are excited from

the ground state E) to level E3. The steady state populations of levels E;, E, and
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Figure 3-1: Double coupled quantum well structure for the three level design with
a sheet electron density of 3 x 10! ¢m™2. The calculated transition energies are
AE;3 =120.3meV, AE;; = 95.5meV and AE5>; = 24.8 meV'. The calculated dipole
matrix elements are Zi, = 20.4 A, Zo3 = 45.9A and Z;3 = 9.6 A.

E5 are determined by the fastest decay rates in the system. At low temperatures,
LO phonon scattering leads to the fastest decay rate (~ 1ps) for energy separations
> 36 meV [15, 58]. Longitudinal acoustic (LA) phonon scattering gives the fastest
decay rate (~ 100ps) for far infrared transitions < 36meV [59, 60]. The lasing
transition E3 — E5 is designed such that E3 — E5 < 36 meV to ensure a population
inversion Apyz = (1 — %g)pg. The far infrared spontaneous emission efficiency of

the three level design was derived in Chapter 2. The formula is repeated here for

convenience

Wa3 Tngt

TBL = UlBle_mT;gm : (3.1)
where o3 is the cross section for absorption of a pump photon by an electron making
transitions from E; — FE3, p; is the ground state sheet electron density, ;51;; is the
total nonradiative decay rate from level E5 and ;ﬁm is the spontaneous emission rate

for the F5 — F, transition. We showed in Chapter 2 that spontaneous emission has
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an w3, dependence. Thus, including the Manley-Rowe factor, the emission efficiency
731 has an wj, dependence. Because of this unfavorable scaling factor, the far infrared
emission efficiency is many orders of magnitude lower than in the mid infrared. For
example, in the three level quantum well design of Figure 3-1, 0,3 = 1.0 x 10~ em?,
pr = 3.0 x 10" em™2, wysfwiz = 0.20, 78 = 1.4ps and 7384 = 2.4 us, yielding a
single well emission efficiency of 3.7 x 107!%. In practice, the total eﬂiciéncy is much
lower because of poor far infrared collection efficiency [4].

It is difficult to see how one can improve 73, by modifying the design of the three
level system. Increasing the doping density to increase p; is not a good option because
of free carrier absorption [57, 61]. Increasing the dipole matrix element Z,3 to increase
the pump absorption cross section ;3 means designing a stronger overlap between
wavefunctions in levels E; and E5. However, this also leads to a faster LO phonon
scattering rate % It is also problematic to improve the Manley-Rowe factor wss /w3
since the CO, pump laser is only tunable in a narrow frequency range ~ 110-135

meV.

3.3 Four Level Scheme

Here is where the power of the quantum well as an “artificial atom” comes to our
rescue. With quantum wells we have the ability to design wavefunctions and phonon
scattering rates. However, the simple three level scheme does not give us enough
flexibility to take advantage of this power. We will now show that increasing the
complexity of our design by going to a four level scheme will greatly improve our
flexibility to design a larger emission efficiency [36, 62].

The prototype four level design is shown in Figure 3-2. This design employs three
coupled quantum wells. The well widths basically determine the energy levels while
the barrier widths determine the strength of the coupling between wavefunctions.

Electrons are optically pumped from the ground state E; to Ey. E4 — Ej is separated
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Figure 3-2: Triple coupled quantum well structure for the four level design with
a sheet electron density of 3 x 10" em™2. The calculated transition energies are
AE,y = 119.8meV, AFE;; = 83.8meV, AE); = 58.2meV and AEy; = 25.6meV.
The calculated dipole matrix elements are Zj, = 9.5A, Zy; = 34.4A, Z13 = 6.6 A,

vy = 1894, Z3, =22.9A and Zy, = 10.6 A,
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by approximately one LO phonon energy so that electrons quickly decay from E,
to E3. The laser emission occurs between levels E3 and E, at hwss ~ 25meV.
Electrons quickly decay from F, to the ground state because E, — E, > 36 meV. The

spontaneous emission efficiency for the four level design is given by

Wo3 Tiot T§Ot

ML = O14p1— i (3.2)
Wiq T34 T3

At first sight it looks like this result is worse than the three level case because of
the extra ratio %; Actually it is this extra ratio that allows us to bypass a major
deficiency of the three level design. We have designed the scattering rates such that
- is the dominant contribution to ;471; so that —:{; ~ 1. Thus, the absorption of the
pump o14p is effectively decoupled from the LO phonon scattering rate ;31;{ We can
increase the dipole matrix element Z\4 to increase 014 ox Z2, without effecting #
This gives us the extra flexibility to increase the emission efficiency over previous

designs.

Figure 3-3 shows a calculation of emission efficiency as a function of electron
density for the four level design in Figure 3-2. For comparison, we have also included
the results for the three level design of Figure 3-1. The pump absorption cross section
was calculated on resonance with a linewidth of I' = 6 meV. The four level scheme
gives an order of magnitude improvement at the optimum electron density of p; ~
3.0 x 10" em™2. We also observe a resonance effect as the electron density is varied
and Ey; — E3 gets close to the LO phonon energy. This shift in energy levels can
be understood in the tight binding approximation since electrons in subband E, are
localized in the same well as the ground state Ey; while electrons in Ej5 are mostly
localized in the rightmost well. Thus, increasing the ground state electron density
will tend to lower E3 with respect to E; much more than E;. The emission efficiency
of the three level scheme increases almost linearly with p, and starts to catch up

with 74 at higher electron densities. One can always design the optimum alignment
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Figure 3-3: Comparison of emission efficiency for the three level and four level designs
as a function of electron density in the ground state of the quantum wells. The peak
in emission efficiency of the four level design is due to the optimal alignment of
Ey— E3 ~ 36meV at p; ~ 3 x 101 em™2.

of the four level system E; — E3 ~ 36 meV to occur at higher electron densities to
increase the peak population inversion. However, there is a trade off since free carrier
absorption loss also increased with electron density « p. [57, 61].

The same physics that allows us to improve spontaneous emission also leads to
larger population inversion and gain. The population inversion for the four level

design is given by

7.tot Ti2 T12 7,tot
Apys = (3_(1 L P [ (3.3)
734 T23 T2a)] Tp

I, .
where —TI; = «7;_:3 is the pump rate of electrons from E; — Ej,
P

Pe

pl = tot tot tot .
il 3 ome g T3 )
(1 + Tp (1 + T34 + T24 + 734723 )
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Figure 3-4: Comparison of population inversion for the three level and four level
designs as a function of electron density in the ground state of the quantum wells. A
pump intensity of 3.2 kW cm™2 is assumed, corresponding to 1 Watt of pump power
focused to a 200 ym diameter spot. The peak in population inversion of the four level
design is due to the optimal alignment of E4 — E3 ~ 36 meV at p; ~ 3 x 10 em™2.
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and p, ~ 3 x 101 ¢m=2 is the total electron density in the quantum well. We de-
tot tot tot
signed the phonon scattering rates such that 2~ > 22, -7 and - ~ 1, so that
Apaz =~ py Iéo—t Thus, as in the design of emission efficiency, 74 can be optimized
14
independently from the pump absorption cross section. Figure 3-4 shows the cal-

? is assumed,

culated population inversion. A pump intensity of I, = 3.2kW cm™
corresponding to 1 Watt of pump power focused to a 200 um diameter spot. The
population inversion of the four level design is an order of magnitude larger at the
optimum electron density of p; ~ 3.0 x 10! em™2. The larger population inversion

transfers directly to a larger gain.

3.4 Gain and Loss

Laser mode confinement is as critical as population inversion for achieving high gain.
Confinement of long wavelength A ~ 30 — 300 um far infrared radiation is difficult
using standard semiconductor diode laser waveguide technology. The confinement

factor reflects the overlap of the laser mode with the active region

factive IEZ |2dz

Yeonf = foo: IEIde (35)

In the shorter wavelength quantum cascade lasers, the index of refraction difference
between the InGaAs active region and the InP substrate provides confinement for the
laser mode. This method does not work in AlGaAs-GaAs material systems because
the GaAs substrate has a higher index of refraction than AlGaAs. However, even in
InGaAs-InP based material systems the index of refraction difference is too small to
provide sufficient confinement in the far infrared. Growing multiple layer cladding
regions to achieve confinement using Bragg reflectors is not practicable in the far
infrared because of prohibitively long MBE growth.

Metallic confinement is probably the only feasible way to confine far infrared

radiation [31]. Figure 3-5 shows the laser waveguide structure based on metallic
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Figure 3-5: Optically pumped far infrared quantum well laser waveguide structure.
The rectangular slab waveguide is covered by metal on the bottom surface and a
grating on the top surface. The grating is used to couple the CO, pump laser to
intersubband transitions in the quantum wells.

confinement. The rectangular slab waveguide is covered by metal on the bottom
surface and a grating on the top surface. A slab waveguide is formed by selectively
etching the substrate material, leaving only a thin ~ 5pum active region. Metal
is deposited on the bottom surface and a grating is fabricated on the top surface
using conventional photo lithography and lift off process. The period of the grating
is designed to couple the pump laser into the first order Bragg mode, ie. A = ’;‘i
[63]. This grating acts like a mirror for longer wavelength far infrared radiation. The
active region is assumed to be composed of 100 quantum well periods separated by
9200 A barriers. Two buffer layers of 5000 A separate the active region from the surface.
The confinement factors for the three level and four level designs are calculated to be
0.326 and 0.412 respectively. The difference being due to a larger total well width in
the four level design relative to barrier width.

The gain is proportional to the product of emission cross section, population

inversion and confinement factor

Apas

g =023 £ Yeon fy (36)

Figure 3-6 shows the calculated gain corresponding to the population inversion of
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Figure 3-4. The gain was calculated at the maximum of the Lorentzian lineshape
assuming a 6 meV linewidth. The gain of the four level design is an order of magnitude
larger than in the three level scheme at the optimum design point E4— E3 ~ 36 meV.
Thus, four level designs are capable of achieving gains of ~ 40 ¢m™" for pump powers

of ~ 1 Watt.

Much larger gains are possible in pulse mode by using a high peak power Q-
‘switched CO, pump laser. We derived the condition for achieving maximum pop-
ulation inversion in Chapter 2. It is obtained when the pump power approaches
saturation of the pump transition, i.e. 7, ~ T14. Inserting this value of 7, into equa-
tion 3.4, we get Apys ~ % at saturation. The maximum population inversion can
never exceed half of the total electron density in the quantum wells. The gain corre-
sponding to the maximum population inversion available in our four level design is

approximately 023Yeons 5t ~ 740 cm™1.

It is interesting to compare the projected gain with the total loss in the system.
Since optically pumped lasers do not require highly doped ohmic contact regions, free
carrier absorption losses are minimized. For the low electron densities we considered

above, the free carrier absorption loss is given by [41]

fsp 12 10

h(UQg cr’

(3.7)

afc

where fiw, ~ 10meV is the plasma frequency, hwas ~ 25 meV is the laser frequency,
T ~ 0.5ps is the fastest scattering time, and £ is the speed of light in GaAs. The
plasma frequency is calculated using an average three dimensional electron density
of 1.5 x 107 ¢m=3. Thus, free carrier absorption loss is estimated to be ~ 40cm™!.

Transverse optical (TO) phonon scattering loss is very small at low temperatures
In(R)
[

~ 1—35cm™! [6]. The remaining loss is due to facet output coupling , where R=
0.33 in GaAs. Assuming a waveguide length of 0.1 cm, we get an output coupling loss

of ~ 11 cm™~!. The total loss including free carrier absorption, TO phonon scattering,
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Figure 3-6: Comparison of gain for the three level and four level designs as a function
of electron demnsity in the ground state of the quantum wells. The gain is calculated
using the population inversion of Figure 3-4. We assume a 6 meV linewidth for the
E3 — F, transition.
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and output coupling loss is thus estimated to be ~ 50 — 60 cm™!. It would be difficult
to overcome this loss using a CO; pump laser in continuous wave mode because of
heating effects [31]. However, a Q-switched CO, laser operates with very low average
power (10-100 mW), while providing high peak power 300 nanosecond pulses. Thus,

gains of 100 cm™! or more should be possible in pulse mode.

3.5 Concluding Remarks

We found that four level systems offer greater flexibility than three level systems
to optimize the gain and emission efficiency of far infrared quantum well lasers. The
power of quantum wells as “artificial atoms” is clearly evident in more complex design
structures. One may wonder if there are additional advantages in going to an even
more complex energy level scheme. In practice, the limited tunability of the CO,
laser puts a constraint on the kind of energy level schemes we can employ. A five
level scheme is as high as one can go assuming that all pairs of successive energy
levels, except for the lasing transition, must be separated by at least one LO phonon
energy.

Can a five level system offer any advantages over our four level design? Intuitively,
the answer is no because extra energy levels will in general add extra phonon scattering
paths which will lower the gain. However, it turns out that certain five level designs
can be advantageous in improving the high temperature performance of far infrared
quantum well lasers without lowering the peak gain too much. We will focus on the

problem of temperature dependence in the next chapter.
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Chapter 4

High Temperature Laser Design

4.1 Introduction

The performance of far infrared quantum well lasers is greatly influenced by temper-
ature. Far infrared frequencies correspond roughly to the thermal energy kT at room
temperature. At room temperature T= 300 K, the population inversion is blurred due
to thermal filling of the upper laser level. But even before the temperature reaches 300
K, the gain and emission efficiency are greatly reduced because of increased phonon
scattering.

Both LA and LO phonon scattering rates are proportional to n,, + 1, where ny
is the Bose-Einstein distribution function for phonons. The number of phonons n,
gradually increases with temperature leading to an increase in the phonon scattering
rate. This effect is especially noticeable in LA phonon scattering where the emitted
phonons have very small energies iw ~ 1 meV. LO phonon scattering is not strongly
effected by the temperature dependence of n,, since hwro ~ 36 meV. However, LO
phonon scattering suffers from a much worse temperature threshold phenomenon.
This effect involves the opening of a parasitic LO phonon scattering window from the

upper to lower laser levels.

Far infrared quantum well lasers are designed to take advantage of the LO phonon

65
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resonance. The laser emission frequency is designed to be lower than the LO phonon
energy to suppress LO phonon scattering. Meanwhile, the energy separation between
the lower laser level and the ground state is designed to allow LO phonon scattering
for efficient depopulation of the lower level. These ideal conditions for population in-
version are violated when electrons in the upper laser level can gain enough thermal
energy to scatter down to the lower level via fast LO phonon emission {64, 65]. The
opening of this parasitic scattering channel has a devastating effect on the gain and
emission efficiency. The design of far infrared quantum well lasers must take this par-
asitic LO phonon scattering channel into account since the local electron temperature

can quite high even at cryogenic bath temperatures [31].

There are two ways to optimize the laser performance at high temperatures. One
can either reduce the emission frequency to “shut” tighter the LO phonon window
or try to enhance the scattering rate from the lower laser level to counteract the
increased scattering from the upper level. Unfortunately, the limited tunability of
the CO, pump laser puts a constraint on the quantum well design. For example in
a three level design [55], the lasing transition is between E3 — Fy ~ 25 meV. Since
the pump transition must be in the range E3 — E; ~ 120 meV, the energy separation
between the lower laser level E; and the ground state F) is much larger than the
LO phonon energy of 36 meV. However, the fastest scattering rate between F, and
E; occurs when this transition is exactly one LO phonon energy. In this case, the
momentum of the emitted phonons is close to the I'-point and the Frolich interaction
Hamiltonian (x 1/¢) is enhanced. A good idea for increasing the scattering rate from
E, is to add an extra level exactly one LO phonon energy below E,. Such a quasi
three level design has been analyzed and shown to have improved high temperature
performance [56]. However, we have demonstrated in the previous chapter that four
level designs, where the pump transition occurs between E;, — E4 and lasing between
FE3 — FE,, are superior by an order of magnitude in gain and emission efficiency over

three level and quasi three level designs [36]. It would be advantageous to improve
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the temperature dependence of the four level design without sacrificing its high peak
gain.

In this chapter, we apply the two techniques mentioned above to improve the
temperature performance of the four level design. First we consider the effect of
lowering the emission frequency E3 — E» so that the LO phonon window is opened at
a higher temperature. This method works adequately for the gain because it scales
only weakly with emission frequency (o wo3). The emission efficiency decreases much
faster with frequency (ox wj;). Therefore, scaling the emission frequency to lower
energy does not improve the temperature dependence of emission efficiency. The best
way to counteract the opening of the fast LO phonon channel at high temperatures
is to enhance the scattering rate between the lower lasing level E; and the ground
state F;. To achieve this, we propose a five level design scheme where the energy
separation Fy — E; can be set at exactly one LO phonon resonance. The five level
design maintains the high peak gain of the four level design while greatly improving

its high temperature performance.

4.2 Phonon Scattering at High Temperatures

In the next two sections we analyze the temperature dependence of the four level
design. It is particularly interesting to see how scaling the emission frequency effects
the temperature dependence of gain and emission efficiency. Figure 4-1 shows the
relevant phonon scattering paths at high temperatures. The electron Fermi-Dirac
distributions are also shown schematically in red.

Optical pumping with the CO; laser establishes steady state electron populations
in each subband. Assuming that Fermi-Dirac statistics are still valid, we can describe
the subband populations by quasi Fermi levels. This assumption is similar to that
used in conventional semiconductor diode lasers, where separate quasi Fermi levels

for electrons and holes are assumed even in the active region [35]. The justification
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Figure 4-1: A schematic diagram showing the phonon scattering paths and electron
distributions in the four level design at high temperatures.
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in the case of diode lasers comes from the fact that electron-hole recombination times
(~ 1 ns) are much longer than electron-electron scattering times in the conduction
and valence bands. Energy exchange in a quantum well subband is also dominated by
electron-electron scattering with ~ 100 fs time scales [66]. Thus, since intersubband
energy relaxation takes place via phonon scattering with ~ 1 ps time scales, we can
reasonably assume that electrons in each subband reach a quasi equilibrium state at
some electron temperature T,. The electron temperature may be higher than the
lattice temperature since electron-phonon energy exchange occurs on a slower time

scale.

At high electron temperatures, we can no longer make the simplification as was
done in Chapters 2 and 3, that electrons only occupy states close to the bottom of the
subbands. Some electrons will be “hot”, meaning that they occupy states many meV
above the subband bottom. In Chapter 2 we derived the formalism for calculating
the single electron-phonon scattering rate W;_, ¢ from some initial state (usually taken
as k; = 0) to all the possible final states in an empty subband E;. Now we must
take into account the thermal distribution of electron populations in the upper and
lower subbands. This is done by averaging the scattering rate for all the electrons
in the upper subband. The single electron scattering rates W;_,; are weighted by a

Fermi-Dirac distribution and averaged over all initial states [65]

1 [Wi,i(E)F(E)(1 — Ff(E — hw))dE
Tir [F(E)dE ’

(4.1)

where the integration is from the bottom of subband E; to the top of the quantum well.
Equation 4.1 includes both hot electron and state blocking effects. However, state
blocking effects are negligible for the small ~ 10!% em~2 excited subband populations

we consider.
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4.3 Scaling the Emission Frequency

The energy levels and wave functions for the four level design are shown in Figure
3-2. Note that it is easy to vary the emission frequency E3 — E,, without effecting
the other parameters much, by adjusting the second barrier from the left. Figure 4-2
shows the calculation of emission efficiency as a function of temperature for different
values of F3 — F5. The electron density was set at 3 x 101! em~2 and the well widths
adjusted slightly to ensure the optimum alignment E; — E3 ~ 36 meV for each curve.

The temperature dependence comes in through

1 1 1
— = —+ —. (4.2)
T3 i3 T23

At low temperatures T;—a is mainly due to slow acoustic phonon scattering. However,
as the temperature increases, electrons in F3 can get enough thermal energy to scatter
down to E» via fast LO phonon emission. As soon as this parasitic scattering channel
is opened, the emission efficiency drops rapidly. Note that scaling the emission fre-
quency to lower energies does not improve the temperature dependence of emission

efficiency because of its strong (o< wj,) frequency dependence.

Figure 4-3 shows the calculated gain for the four level design as a function of
temperature. We assume the same values of pump power, spot size, linewidth and
confinement factor as in chapter 2. The temperature dependence of gain is dominated

by the factor (1 — Z2). At low temperatures the ratio 12 is negligible compared to

1 and it is not necessary to optimize the LO phonon scattering rate % However,

1 1

when the LO phonon scattering window is opened for 7,; at high temperatures, .

can become faster than -1 giving rise to a negative gain. Figure 4-3 shows that

Ti2
scaling the emission frequency to lower energies does improve the high temperature
dependence of gain. The peak gain is only decreased slightly by this scaling because
of its weak (ox wa3) frequency dependence. However, a better way to offset the

increased scattering rate T:—s at high temperatures is by designing a faster ;}—2 We can
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Figure 4-2: Calculation of emission efficiency for the four level design as a function of
temperature and AFEy;. Emission efficiency is not improved by scaling the emission
frequency to lower energies. The reason lies in the unfavorable scaling of emission
efficiency with frequency o (AE53)*.
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Figure 4-3: Calculation of gain for the four level design as a function of temperature
and AE,;. The temperature dependence of gain is definitely improved by scaling
to lower emission frequencies. The peak gain only drops as oc AEs3 in contrast to
emission efficiency.
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Figure 4-4: Quadruple coupled quantum well structure for the five level design. The
electron density in the ground state is p; = 3 x 10" ¢m™2. The calculated transition
energies are AE;5 = 130.4meV, AE)y = 94.3meV, AE;3 = 57.0meV, AE;, =
36.5meV and AE3;;, = 20.5meV. The calculated dipole matrix elements are Z, =
15.6 A, Zos = 39.2A, Z13 = 584, Z1s = 5.9A, Z3y = 3764, Zoy = 14.04, Zy5 =
17.0A, Zos =9.0A, Z35 =6.1A and Z;5 = 30.0A.

accomplish this by using a five level quantum well design.

4.4 Five Level Design for Enhancing %

Figure 4-4 shows the energy levels and wavefunctions of our prototype five level design.
Electrons are pumped from the ground state E; to Es. From Ej electrons quickly
scatter down to Ej via resonant two LO phonon emission. The laser emission occurs
between E3 and E,. This design is similar to the four level case except for one crucial
difference. The scattering rate from E is a factor of 5 faster because the five level

design makes it possible to set the optimum energy separation E; — E; = 36 meV.
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The population inversion in the five level design is given by

tot tot tot tot tot
T Tq T, T12 Ti2 T12T, r
— 3 3 4 4 5
T35 734745 T23 T25 T24T45 Tp

where the definitions of scattering rates are similar to the previous chapter. As in
the four level case, the temperature dependence is dominated by the factor (1 — nz)
Figure 4-5 shows the temperature dependence of the gain in comparison to the four