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Abstract

The terahertz or the far-infrared frequency range of the electromagnetic spectrum
(v ~1—10 THz, A ~ 300 — 30 pm, hw ~ 4 — 40 meV) has historically been
technologically underdeveloped despite having many potential applications, primarily
due to lack of suitable sources of coherent radiation. Following on the remarkable
development of mid-infrared (A ~ 3 — 30 pm) quantum-cascade lasers (QCLs) in the
past decade, this thesis describes the development of electrically-pumped terahertz
quantum-cascade lasers in GaAs/Al_Ga;_,As heterostructures that span a spectral
range of 1.59 — 5.0 THz (A ~ 190 — 60 pm).

A quantum-cascade laser (QCL) emits photons due to electronic intersubband
transitions in the quantum-wells of a semiconductor heterostructure. The operation
of terahertz QCLs at frequencies below the Reststrahlen band in the semiconductor
(~ 8 —9 THz in GaAs), is significantly more challenging as compared to that of the
mid-infrared QCLs. Firstly, due to small energy separation between the laser levels
various intersubband scattering mechanisms are activated, which make it difficult to
selectively depopulate the lower laser level. Additionally, as electrons gain enough
kinetic energy in the upper laser level thermally activated longitudinal-optical (LO)
phonon scattering reduces the level lifetime and makes it difficult to sustain pop-
ulation inversion at higher temperatures. Secondly, waveguide design for terahertz
mode confinement is also more challenging due to higher free-carrier losses in the
semiconducting doped regions at the terahertz frequencies.

For successful designs reported in this work, the lower radiative state depopula-
tion is achieved by a combination of resonant-tunneling and fast L.LO phonon scatter-
ing, which allow robust operation even at relatively high temperatures. An equally
important enabling mechanism for these lasers is the development of metal-metal
waveguides, which provide low waveguides losses, and strong mode confinement due
to subwavelength mode localization in the vertical dimension. With these techniques
some record performances for terahertz QCLs are demonstrated including the highest
pulsed operating temperature of 169 K, the highest continuous-wave (cw) operating
temperature of 117 K, and the highest optical power output (248 mW in pulsed and
138 mW in cw at 5 K) for any terahertz QCL.
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Towards the bigger goal of realizing a 1-THz solid-state laser to ultimately bridge
the gap between electronic and optical sources of electromagnetic radiation, QCLs
with a unique one-well injection scheme, which minimizes intersubband absorption
losses that occur at longer wavelengths, are developed. Based on this scheme a QCL
operating at 1.59 THz (A ~ 189 pm) is realized, which is amongst the lowest frequency
solid-state lasers that operate without the assistance of a magnetic field.

This thesis also reports on the development of distributed-feedback lasers in metal-
metal waveguides to obtain single-mode operation, with greater output power and
better beam quality. The subwavelength vertical dimension in these waveguides leads
to a strongly coupled DFB action and a large reflection from the end-facets, and
thus conventional coupled-mode theory is not directly applicable to the DFB design.
A design technique with precise control of phase of reflection at the end-facets is
developed with the aid of finite-element analysis, and with some additional unique
design and fabrication methods, robust DFB operation has been obtained. Single-
mode surface-emitting terahertz QCLs operating up to ~ 150 K are demonstrated,
with different grating devices spanning a range of approximately 0.35 THz around
v ~ 3 THz using the same gain medium. A single-lobed far-field radiation pattern,
higher output power due to surface-emission, and a relatively small degradation in
temperature performance compared to the Fabry-Perot ridge lasers makes these DFB
lasers well suited for practical applications that are being targeted by the terahertz
quantum-cascade lasers.

Thesis Supervisor: Qing Hu
Title: Professor
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Chapter 1

Introduction

1.1 Motivation and background

The terahertz frequency range of the electromagnetic spectrum (Fig. 1-1) has re-
mained relatively unexplored as compared to the neighboring millimeter-wave and
infrared spectral ranges, primarily due to the lack of convenient and efficient radi-
ation sources. A multitude of applications for terahertz imaging and spectroscopy
exist, be it in the fields of astronomy, remote sensing and monitoring of earth’s at-
mosphere, biomedical imaging, detection of concealed weapons and drugs, end-point
detection in plasma-etching processes, free-space optical wireless communications,
non-invasive inspection of semiconductor wafers, and so-forth [5, 6, 7]. Interest in
spectroscopy [145, 146] mainly arises from the fact that many molecules, for example,
carbon-monoxide and carbon-dioxide, water, nitrogen, oxygen, to name a few, have
strong characteristic rotational and vibrational absorption features in the terahertz,
as opposed to the neighboring spectral regions. Also the dielectric resonances that
occur due to various conformational and binding states in heavier molecules such as
proteins and DNA could be probed in the terahertz region. Additionally, terahertz
spectroscopy is relevant in condensed matter physics to study collective effects in ma-
terials such as superconductors, and charge density plasmas since the energy scales
involved are of the order of 1 meV (1 THz ~ 4 meV). For imaging [71, 116, 45, 189,

terahertz radiation is specifically useful since many materials such as paper, plastics,
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and ceramics, which are opaque at visible frequencies, are transmissive in the tera-
hertz and microwave region. In comparison to microwaves, terahertz radiation provide
a much better spatial resolution due to its shorter wavelength. When compared to
imaging with high energy X-rays, imaging with terahertz radiation is non-invasive,
and can provide much better contrast in terms of identification of different materials
due to their different absorption and refraction indices in the terahertz. Towards this
goal, it is worth mentioning that atmospheric water absorption in the terahertz is an
important consideration for terahertz imaging over a distance. The frequency band
of 1.3 — 1.5 THz is very attractive for such an application because it offers the lowest

atmospheric water absorption in the frequency range of 1 — 5 THz.
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Figure 1-1: The “terahertz gap” in the electromagnetic spectrum.

Sensitive terahertz detectors such as liquid-helium cooled bolometers and photo-
conductors have existed since the 1960s as detailed in the review articles by Richards
[133] and Haller [67]. The introduction of a micromachined monolithic silicon bolome-
ter by Downey et al. in 1984 [46] sparked off a fascinating development in the room-
temperature microbolometer focal-plane array technology for the infrared [136], which
has now been shown to be useful for real-time imaging in the terahertz as well [99].
Even though terahertz detectors have long existed, there has been a dearth of coher-
ent radiation sources in the terahertz. At the lower end of the terahertz spectrum,
electronic sources such as transistors, Gunn oscillators, and Schottky-diode frequency
multipliers can reach up to hundreds of gigahertz. The output power of these devices
falls as 1/v* or faster since their operation is dependent on transport of charge car-

riers, which is limited by their transit time and also by the parasitic capacitances in
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both the device and the circuit. Consequently, output power levels obtained from
current state of the art electronic devices operating near 1 THz is of the order of
10 uW [164, 115], which may be very small for practical applications. In contrast,
for operation at much higher frequencies, photonic devices such as semiconductor
laser diodes emit light due to quantum-mechanical electric-dipole oscillations, which
are not limited by carrier transit-time effects. However, such devices can not emit
light at frequencies below their electronic bandgap energy. While most such devices
operate at near-infrared and optical frequencies, devices made from narrow bandgap
materials such as lead-salts could go as low as ~ 15 THz in frequency (A ~ 20 pm)

[153].

Thus, the scientifically important spectral range from 1—10 THz is inaccessible to
conventional semiconductor devices. Excluding the quantum- cascade lasers that are
the subject of this thesis, the solid-state terahertz laser sources that currently exist
are based on impurity-doped germanium or silicon [74]. In germanium, lasing could
be obtained by hole population inversion between the light and heavy hole bands of an
electrically pumped p-doped crystal when subjected to a crossed electric and magnetic
field. Lasing has also been obtained between light and heavy hole impurity states of
a strained p-Ge crystal without any magnetic field. In silicon, lasing originates from
impurity state transitions of group-V donors in an optically-pumped n-doped crys-
tal, where the population inversion is established either by charge accumulation in
long-lived bound excited states of neutral donors or by resonant electron-phonon de-
population of certain impurity states. The aforementioned lasers are, however, of
limited practical use because they need to be cooled to near liquid-helium tempera-
tures for operation and only pulsed operation is possible due to their high power con-
sumption and low efficiency. In comparison to lasers, broadband solid-state sources
of terahertz radiation are more widely available. While such sources are inherently
low power (average power < 1 W), and may not be used as a local oscillator, they
are useful nevertheless because of room temperature operation and for their ability
to be detected coherently. Techniques such as generation of terahertz bandwidth

time- domain pulses in high resistivity semiconductors [39], non- linear generation by
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optical-rectification in crystals such as ZnTe [80], or non-linear generation by optical
parametric conversion in materials such as LiNbOj3 [82], have been used for various
raster-scanned imaging and broadband spectroscopic applications.

Until recently the only viable continuous-wave terahertz lasers for use in laboratory
environment were the optically pumped molecular-gas lasers. These lasers achieve
inversion between vibrational /rotational transitions of molecules that are excited by
a pump laser (usually a CO, laser operating at A ~ 10 gm), and are capable of room-
temperature operation [76]. However, depending on the type of gas used, there is only
a limited number of laser frequencies available. Moreover, these lasers are expensive,
bulky, and power- hungry, which makes them less convenient for most applications.
Despite these facts, these lasers have been used for important applications. For
example, NASA’s Aura satellite (formerly named EOS/CHEM-1, launched in 2004)
that researches the chemistry and dynamics of Earth’s atmosphere, including the very
important ozone layer, carries a 2.5 THz methanol gas laser to monitor concentration
of the OH molecules, which is a critical component in the ozone cycle [118, 1]. This
laser emits 31 mW at 2.5 THz, measures 75 x 30 x 10 cm, weighs 21 kg, and is designed
to last for the mission lifetime of 5 years. As can be imagined, a compact solid-state
terahertz laser would make an ideal replacement to the gas laser for such a mission.

This is but one of the many applications that can benefit from such a device.

1.2 Quantum-cascade lasers (QCLs)

A quantum-cascade laser (QCL) is an electrically-pumped unipolar photonic device
in which light emission takes place due to intersubband optical transitions in two-
dimensional quantum-wells of a semiconductor heterostructure. This type of a laser,
first demonstrated by Jéréme Faist and co-workers in Federico Capasso’s group at Bell
Labs [54], is often cited as the foremost example of “bandgap engineering”. This is
because energy-spacing between the subbands, and hence the frequency of light emis-
sion, can be artificially engineered by varying the size of the quantum wells. One key

characteristic of QCLs is the use of periodic multiple quantum-well (MQW) modules
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such that one charge carrier leads to generation of multiple photons as it is transported
through the repeated modules. QCLs today have covered a wide wavelength range of
3 um [142, 132, 42] to 190 pum [91] (and further up to 215 pm [138] with the aid of
magnetic field operation), outperforming any other electrically-pumped semiconduc-
tor laser source in this wide range of electromagnetic spectrum. These lasers have
so far primarily been realized in the conduction band of n-doped InGaAs/InAlAs,
GaAs/AlGaAs, and InGaAs/AlAsSb heterostructures. The fact that lasing around
A ~ 10 pm has been obtained in all of these three material systems attests to the
versatility of the QCL concept, which can be tailored to the specifics of the material,
and also to the advancement in material-growth technologies today.

Before discussing the operation and development of QCLs, the next section briefly
describes the key differences between intersubband and interband lasers to understand

the operating principle of QCLs as compared to the semiconductor diode lasers.

1.2.1 Intersubband versus interband semiconductor lasers

Fig. 1-2 shows the difference between interband and intersubband optical transitions
in two-dimensional quantum wells of a semiconductor heterostructure schematically.
An interband radiative transition involves an electron-hole recombination, and hence
an interband laser is inherently bipolar in nature. The frequency of radiation is
essentially determined by the bandgap E, of the quantum well material (of the order
of 1 eV or A ~ 1.24 uym or v ~ 242 THz), while small tuning can be obtained by
changing the width of quantum wells. The joint density of states for the optical
transition is constant, which is typical of two-dimensional density of states for a
parabolic E(k|) dispersion. The gain spectrum is typically broad and reflects the
thermal distribution of carriers in the conduction and valence bands.

In contrast, intersubband optical transitions are within the subbands of conduc-
tion band (or valence band) itself [165]. This has two advantages. First, the radiative
frequency can be set by design as a function of the width of the quantum wells.
Theoretically, emission for the radiative energy hw as high as the heterostructure

band-offset AE, (or AE, for valence band), to as low as few meVs (and hence fre-
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Figure 1-2: Schematic showing (a) interband, and (b) intersubband optical transi-
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quencies near 1 THz) should be possible as long as enough population inversion could
be established between the desired subbands. Second, the energy dispersion of each
of the subbands track in kj space leading to a delta-function like joint density of
states at the optical transition energy, p(E£) = §(E — fw) where § is the Dirac delta
function, which is similar to that of atomic transitions. This suggests that all inverted
carriers should contribute to gain at the same transition energy of Aw, indicating that
the gain could potentially be very large (which is not surprising since optical gain
g9(E) « p(E)). However, this feature is offset by the fact that the non-radiative life-
times for intersubband transitions are much faster (order of 1 ps) as compared to the
non-radiative electron-hole recombination times in an interband diode-laser (order of
1 ns), mostly due to the fast polar longitudinal-optical (LO) phonon intersubband
scattering mechanism in semiconductor heterostructures. Hence, small level lifetimes
limit the amount of population inversion that could be achieved between the desired
subbands. It is for this reason, intersubband lasers are typically made of multiple cas-
caded modules to obtain enough gain for lasing. The unipolar nature of intersubband

transitions makes such a cascading possible.

Based on the aforementioned operating principles there are several characteristics
that distinguish interband lasers to intersubband lasers. For an intersubband laser
such as a QCL, despite having a delta-function like joint density of states, the gain
spectrum has a finite width due to homogeneous (collisional) broadening as well as
inhomogeneous broadening (due to fluctuations in material growth) of the subbands.
Whereas for an interband laser the gain spectrum is additionally broadened due to
a thermal distribution of the carriers. Typical full-width half-maximum (FWHM)
spontaneous-emission linewidths observed for QCLs have been 2 — 20 meV, as com-
pared ~ 50 meV or more for the interband quantum-well diode lasers. As shown
schematically in Fig. 1-2, an intersubband laser will have a symmetric Lorentzian-
shaped gain spectrum. Consequently, the Kramers-Kronig transformations dictate
that contribution of intersubband gain, which determines the imaginary part of elec-
trical susceptibility, to the real part of the refractive index should be asymmetric

about the peak gain frequency, and hence zero at the center. The linewidth enhance-
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ment factor in an intersubband laser should therefore be much smaller than that
of an interband diode-laser (by at least an order of magnitude), which has indeed
been verified experimentally in QCLs [10]. A small linewidth enhancement factor
should allow an intersubband laser to maintain optical coherence over large device
areas [159], which is important for development of high-power surface-emitting lasers,

among other applications.

The small non-radiative lifetimes in an intersubband laser have a bearing on its
high frequency modulation response. As will be shown in chapter 2, and has been
demonstrated experimentally in a QCL [125], the relaxation oscillations that are
typically observed in the modulation response for interband diode-lasers are absent
in QCLs. The modulation bandwidth for QCLs, however, is limited by the photon
lifetime in the cavity (on the order of 10 GHz) similar to that in interband diode-
lasers since it is the longest of all other lifetimes that determine the modulation
response. In that sense, an intersubband laser will offer no particular advantages over
interband-diode lasers despite having non-radiative carrier relaxation mechanisms
that are orders of magnitude faster. Multi-mode behavior is often observed in QCLs
with Fabry-Pérot cavities and it is stipulated to be an effect of spatial-hole burning
on the order of wavelength inside the semiconductor (Ageni), which happens because
the diffusion length of the carriers v/ DT is of the order of 100 nm, which is <€ Asemi
(where D = pkgT'/e is the diffusion coefficient, i = eT/m* is the in-plane mobility,
and T ~ 300 K, 7 ~ 0.5 ps, and GaAs effective mass are used for the estimate). Fast
non-radiative relaxation mechanisms in intersubband lasers make their gain recovery
time of the order of 1 ps, which is much smaller than the typical cavity round-trip
time (~ 25 ps for a 1 mm long cavity in GaAs for example), thus making it hard to see
mode-locking in QCLs [64]. Fast gain recovery makes it possible to observe coherent
optical phenomena in QCLs. For example, Rabi-splitting of the gain spectrum in a
mid-infrared QCL [64], and coherent field oscillations in the time-resolved stimulated

emission of a terahertz QCL [90], have recently been reported.

Another distinguishing characteristic for intersubband optical transitions in MQW

wells, is the requirement for the electric-field to be polarized perpendicular to the
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layers (i.e. in the growth direction). This is because the Bloch wavefunctions for
the electrons remain the same in an intersubband transition, and electric-field can
couple only with the electric-dipole oscillations between envelope-wavefunctions of
the subbands. Whereas, for interband lasers there is no such polarization selection
rule since the dipole-matrix element is not limited to a particular direction. This is
because the electric-dipole oscillations are caused by electromagnetic coupling of the

electron and hole Bloch-wavefunctions in all the three dimensions.

1.2.2 Birth of QCLs: operation in the mid-infrared

The first idea of an intersubband laser was proposed as early as 1960 by Lax [96], even
before the interband semiconductor diode laser was developed. The scheme involved
optical pumping of Germanium in high-magnetic fields to achieve inversion between
Landau subbands of either the conduction or valence bands to achieve a far-infrared
“cyclotron resonance maser”. The first such a laser was demonstrated by Ivanov et al.
in 1984 [78]; however, the associated problems due to the requirement of high magnetic
fields, requirement of low doping levels, small duty-cycle operation and other such
issues has generated only a limited interest in such lasers [15]. On the other hand, with
the invent of semiconductor heterostructures and the corresponding advancements in
material growth, driven largely in part by the development of semiconductor diode
lasers, people had started to work on semiconductor quantum-wells and superlattices
in the late 1960s. In 1970, Esaki and Tsu [48] published a paper on the concepts of
a superlattice and the possibility of appearance of a negative-differential resistance
(NDR) in such a structure. One year later, Kazarinov and Suris [83] suggested, for
the first time, the possibility of light amplification in a semiconductor superlattice
independent of the NDR mechanism, based on a unipolar photon-assisted tunneling
transition through a potential barrier.

Figure 1-3 shows the proposed idea schematically. An electrically pumped semi-
conductor superlattice consisting of multiple repeated quantum wells conducts current
as the electrons are transported through a one-dimensional periodic potential of the

heterostructure. The dominant intersubband scattering mechanism for the electrons
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Figure 1-3: Schematic for demonstration of the concept of obtaining light amplifica-
tion from a semiconductor superlattice based on the proposal of Kazarinov and Suris
in 1971 [83]. A hypothetical I-V for such a device is shown along with the conduction
band diagrams and location of the subbands in energy space at different bias condi-
tions. Electron transport in the electrically-pumped structure is through the process
of sequential resonant-tunneling.

is through the emission of LO-phonons to scatter from the excited state 2 to the
ground state 1 within a quantum well. Interwell transport is by coherent resonant-
tunneling through the barriers, where the tunneling probability is controlled by the
barrier thickness and the static electric field across the structure. This combination
of resonant- tunneling and intersubband scattering for electron transport in multiple
quantum wells is often described as sequential resonant-tunneling. At certain bias
conditions (such as V1 and V'2), there is a peak in the current transport as the levels
from different wells get aligned in energy space. The dominant current channel hap-
pens when the ground state of one well aligns with the excited state in the adjoining
well (i.e. bias V2). Due to the fast non-radiative relaxation, the ground state is
populated more than the excited state at all bias. The interesting situation happens
beyond the bias V2, when there is enough interaction between the ground state and
the excited state of the adjoining well to cause coherent electric-dipole oscillations
diagonally across the barrier. Light amplification at hw = FEys can be obtained since

a population inversion is maintained between levels 1’ and 2 due to a short lifetime of
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level 2 (« 1 ps for Ey 2 hwio), and a long lifetime of level 1’ (~ 1 — 10 ps depending
on the diagonality of the radiative transition). Moreover, the energy of the radiative

transition Eys5 is tunable with bias over a relatively wide range.

The scheme presented above sparked off intense interest to study electrical trans-
port phenomena, in semiconductor superlattices in the 1980s. However, the proposed
idea has never been realized, and in its original form has some profound limitations for
a practical implementation. The original idea proposed undoped superlattices, which
meant that electrons were to be injected in the periodic structure from the contact
regions at the either ends of the superlattice. This would cause formation of space
charge domains across the structure, which prevent the development of a homogeneous
static electric field across the structure, ultimately leading to electrical instability in
the device. This problem, which is caused due to the unipolar nature of the device
and the specific electrical-pumping scheme, can be solved by doping the superlattice
within each of its period, such that the positive charges on the ionized donors com-
pensate for the steady-state electron population within each quantum well. However,
a yet another bigger problem inherent to the operating principle of such a device ex-
ists. The operating bias point for a photon- assisted tunneling transport mechanism
at V3 is beyond the peak-current bias at V2, which is in a negative-differential resis-
tance (NDR) region on the I-V characteristics. A NDR region is inherently unstable
for an electrically-pumped superlattice that has multiple repeated modules, since the
modules break down into high-field domains in a NDR region [24]. This is because
of the lack of a mechanism that could strictly enforce a homogeneous field distri-
bution across the structure due to complex non-linear electron dynamics of charge
oscillations in the NDR. Hence, even though a population inversion is guaranteed at
V'3 bias, the superlattice could never be biased at that point. It may be noted that
even though a single quantum well structure could be electrically biased in the NDR,
a superlattice with multiple quantum wells is almost necessary to achieve sufficient

intersubband gain for lasing (for reasons mentioned in section 1.2.1).

While resonant-tunneling through a double-barrier was observed as early as 1974

[36] attesting to the high quality of molecular beam epitaxy (MBE) already achieved
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Figure 1-4: First observation of sequential resonant-tunneling in a semiconductor
(Ing 53Gag.47As/Ing 52Alp 4sAs) superlattice with 35 periods [33]. Conduction band
schematics corresponding to two different bias points in the 7-V are shown. The I-V
shown here is a qualitative sketch of the measured I-V in Ref. [33]. Note that, at all
bias, the ground state 1 in the quantum-wells will be the most populated due to fast
electron-LO-phonon scattering from levels 3 — 2,1 and 2 — 1.

at that time, it took several years before Capasso et al. were able to observe sequen-
tial resonant-tunneling through a semiconductor superlattice in 1985 [33]. Part of the
reason for this was the inherent difficulty in electrically biasing a superlattice beyond
the NDR regions. To ensure a rigorously controlled and spatially homogeneous elec-
tric field through the structure, the superlattice in Ref. [33] was placed in the i region
of a reverse- biased p* — i — n" junction. Electrons, generated as minority carriers
through photo-excitation in the p* — ¢ — n* junction, were measured as photocurrent
versus the applied reverse bias voltage. This scheme was critical to obtain the results
of their experiment since it was able to prevent domain formation in the NDR regions
of the I-V characteristics. Conduction band schematic of that structure and a qual-
itative sketch of the low-temperature I-V, similar to the one actually measured, is
shown in Fig. 1-4. The peaks corresponding to the two dominant resonant-tunneling
transitions were clearly resolved providing evidence of the high quality of material

growth, and paving way for unique device applications based on resonant-tunneling
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phenomena, in semiconductor superlattices.

Multiple proposals to achieve intersubband lasing were considered in the late 1980s
and early 1990s [52]. The structure of Capasso et al. based on the schematic in Fig. 1-4
merits further discussion since it bears the closest resemblance to the first superlat-
tice based intersubband laser (i.e. the QCL) that was invented a few years later. In
their subsequent paper [32], the authors considered the idea of achieving population
inversion between levels 3 and 2 within the same well. At 1’ — 3 resonance (bias
point V2) in Fig.1-4, the second excited state 3 in a well is selectively populated by
the ground state 1’ of the adjacent well through resonant-tunneling. If a population
inversion could be established between levels 3 and 2, stimulated emission is possi-
ble through a vertical intrawell radiative transition. Hence, the resonant-tunneling
through the barrier no longer needs to be coherent (the difference between coherent
and incoherent resonant-tunneling through a barrier will be explained in chapter 2).
It may be noted that such a scheme is significantly different compared to the original
Kazarinov and Suris proposal outlined in Fig. 1-3, where the radiative transition is
an interwell diagonal transition, and the resonant-tunneling through the barrier must
be coherent. However, as Capasso et al. noted in their paper, it is difficult to obtain
population inversion in such a scheme because of fast (sub-ps) electron-LO-phonon

scattering times between levels 3 — (2,1) and 2 — 1.

The electron-LO-phonon scattering matrix element for two dimensional subbands
is proportional to 1/|Ak|, where |Ak| is the momentum exchanged in the scattering
process [52]. If the subbands in the scheme of Fig. 1-4 are designed with an energy
spacing such that FEsy; > hwro, the momentum exchange involved for an electron-
LO-phonon scattering event from level 3 — 2, 1 is an order of magnitude greater than
it is from level 2 — 1 (where Es; = hwyp). This is shown in Fig. 1-5 for parabolic
energy dispersion in Ings3Gag47As for F3p =~ 300 meV. Consequently, 7._ro from
level 3 — 2,1 (~ 2~ 5 ps) is an order of magnitude larger than that from level 2 — 1
(~ 0.2 — 0.5 ps), and a population inversion could be achieved between levels 3 and

2 at the 1’ — 3 resonance bias condition.

To obtain level spacings corresponding to a large Es;, Faist et al. [54] developed a
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Figure 1-5: Magnitude of the momentum exchanged through intersubband electron-
LO- phonon scattering events for level spacings such that E3; > hwpo and Ey =~
hwro. The E(k)) dispersion curves are plotted with Ings3Gags7As parameters
(hwpo =~ 34 meV). A parabolic dispersion is assumed for simplicity (although non-
parabolicity is not negligible). k& is magnitude of the reciprocal lattice vector in the
plane of the quantum-well layers.

structure in which levels 3, 2 and 1 are due to adjacent quantum wells that constitute
part of a superlattice period, which is then repeated multiple times to form the
superlattice. This allows control of level spacing by varying the corresponding well-
widths to obtain Es3y > hwio, as shown in Fig. 1-6. The barriers are kept thin
to have enough spatial overlap in between the levels. Additionally, a digital-graded
alloy, which is essentially a doped multiple quantum-well region, is implemented in
the superlattice period. Such a region forms a miniband of levels in the doped region,
which helps in extraction of electrons from lower levels 2 and 1 and inject them
into the excited state 3 of the next period through resonant-tunneling. This doped
region, termed as the injector, provides important additional functionality in this
design. Firstly, it acts as a Bragg reflector at higher energies to prevent electrons
from the excited state 3 to escape into the continuum over the barriers. This is
because the injector region forms a minigap just over the injector miniband where
no propagating states can exist [52]. Secondly, it limits current flow in the device

at fields much lower than the design bias, since the multiple levels in the injector
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Figure 1-6: Conduction band diagram and magnitude squared wavefunctions for the
first intersubband laser in a semiconductor (Ing 53Gag 47As/Ing 50Alp 45 As) superlattice
with 25 periods. The device, which lased at a wavelength of 4.3 um (v ~ 70 THz,
hw ~ E33 ~ 290 meV), was named as a “quantum cascade laser” by the authors in
line with its operating principle. The figure is reproduced from Faist et al. [54].

are misaligned with respect to each other at lower bias and hence do not conduct
current efficiently. Such a scheme (which is more critical for terahertz QCL designs
as will be shown in chapter 3) suppresses any current conduction channels and the
related resonant-tunneling peaks prior to the design bias. This prevents occurrence
of a NDR region prior to design bias in the device I-V characteristics, and maximizes
current flow in the device at design bias. Finally, the addition of the injector region
makes the superlattice period longer, which reduces the amount of static electric field
needed across the superlattice to obtain the desired alignment of levels at the design
bias. This is critical to limit the escape time of the electrons from level 3 into the

continuum, since level 3 is located close to continuum in the energy space.

With the aforementioned design, mid-infrared electroluminescence [53], and sub-
sequently lasing [54] was obtained for the first time at a wavelength of 4.3 um

(v ~ 70 THz, Aiw ~ 290 meV). Hence, the first semiconductor superlattice based
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intersubband laser, appropriately named as the “quantum cascade laser”, was devel-
oped and a new field was born. It is worthwhile to note that the radiative efficiency
for spontaneous emission, 7 ~ Te—L,o/Tspont, fOr such an intersubband laser is very
small (~ 1075 — 10~*) due to the fast intersubband non-radiative scattering mech-
anisms. Consequently, significant population of upper level is needed to observe
spontaneous emission in an intersubband device. It is then no surprise that the first
QCL was demonstrated within few months of observation of electroluminescence in

such a structure.
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Figure 1-7: Time line of significant developments related to the mid-infrared QCLs.
Figure adapted from Ref. [61]. Acronyms used: RT-room- temperature, CW-
continuous-wave, DFB-distributed-feedback, SL-superlattice, IR-infrared. Note that
“far-IR” in this schematic refers to a range of 20 um < A < 25 pm. Developments
related to terahertz QCLs (A > 30 pm) are not included.

Since their inception in 1994, remarkable progress has been made in the devel-
opment of mid-infrared (MIR) QCLs and the related applications. The reader is
directed to a comprehensive review article on the progress of MIR-QCLs until 2001
by Gmachl et al. [61]. A time line of some of the significant developments related
to MIR-QCLs until 2006 is shown in Fig. 1-7. Today, high-performance MIR-QCLs
covering a range of A ~ 4—10 pm with continuous-wave (cw) room-temperature oper-
ation, and optical power output of the order of 100 mW are available [50, 188]. QCLs
that are broadly tunable (~ 25% of center frequency) by the use of external-cavity
gratings have been demonstrated [112]. Until now, most high performance MIR-QCLs
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were demonstrated in the InGaAs/InAlAs material system grown by molecular-beam
epitaxy (MBE) (either strain-balanced or lattice matched to InP substrate). How-
ever, very recently structures grown by metal-organic vapor-phase epitaxy (MOVPE)
have been demonstrated with performance comparable to the best results obtained by
MBE material with both lattice-matched [43] and strained [44] crystal growth. This
has created a large commercial potential for these lasers since MOVPE is a widely
established platform for the high-volume production of reliable semiconductor-lasers.
Finally, it is worth to mention that MIR-QCLs, which do not use the conventional in-
jector minibands in their periodic structure, have been demonstrated with impressive
temperature performance [57]. Within a few years of their introduction, such designs
have already demonstrated record-low threshold current densities for any MIR-QCL
at room-temperature [58], and may provide an alternative to the current state of the
art bound-to-continuum two-phonon resonance designs that have injector minibands

[21], similar to the original QCL design shown in Fig. 1-6.

1.2.3 Terahertz QCLs: challenges and first developments

The operating condition of a QCL can be conceptually described by the conduction
band schematic in Fig. 1-4 at bias V2 (henceforth termed as the design-bias). This
simple schematic serves as a good model-system to describe the operation of a QCL.
In this model, the upper radiative level 3 is populated by resonant-tunneling and/or
intersubband scattering from injector level(s) of the previous module. Whereas the
lower radiative level 2 is depopulated by a combination of various intersubband scat-
tering mechanisms into level 1 from where the electrons are recycled to complete the
electrical transport process in a cascade scheme. In real-space the subbands could
be designed to have different degrees of overlap, which affects the scattering cross-
sections (form-factors) for various intersubband scattering mechanisms. However, in
k-space the subbands overlap with each other since QCLs have so far been demon-
strated in n-type direct band-gap semiconductors only, and all the electrons reside in
the I'—valley of the conduction band.

Most work related to the development of terahertz QCLs has been done almost
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Figure 1-8: Some of the possible intersubband scattering mechanisms for terahertz
QCLs. Levels 3 and 2 correspond to the upper and lower radiative levels, respectively,
based on the schematic of Fig. 1-4. The E (k) dispersion curves are plotted with GaAs
parameters (fuwpo ~ 36 meV). A parabolic dispersion is assumed. See Fig. 1-5 for a
comparison with MIR-QCLs. Note that F5; may be designed to be < hwio.

exclusively in the GaAs/AlGaAs material system. This is because of the high level
of maturity attained in this system over years of developments related to interband-
diode lasers. The small conduction band discontinuity (AE, in Fig. 1-2, ~ 130 meV
for Alp15GaggsAs) for GaAs/AlGaAs works well for terahertz QCL designs due to
a relatively small energy separation required between the subbands (of the order of
10 meV). This is in contrast to mid-infrared QCLs where for shorter wavelengths
(A ~ 5 pm corresponds to fw ~ 250 meV) the use of higher AE, materials such as

InGaAs/InAlAs becomes necessary.

Figure 1-8 shows the k-space diagram for the aforementioned three-level model
with energy spacings between the subbands typically corresponding to that for tera-
hertz QCLs. This diagram can be used to highlight the main challenges for designing
the active region of a terahertz QCL in comparison to a MIR-QCL. Due to the very
small energy spacing between radiative levels 3 and 2, various intersubband scatter-
ing mechanisms such as electron-electron, electron-impurity and electron- interface-
roughness scattering are activated, and hence reduce the amount of population in-

version that could be achieved. Moreover, a small E3; makes it hard to selectively
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populate level 3 by means of resonant-tunneling from the previous module (i.e. the ef-
ficiency of injection into the upper level suffers). Additionally, selective depopulation
of level 2 also becomes challenging. This is because the momentum exchange |Ak|
involved for electron-LO-phonon scattering from level 3 — 1 is almost similar to that
for level 2 — 1, unlike in mid-infrared QCLs, and hence this scattering process is also
very efficient. The fact that it took seven more years for the invention of a terahertz
QCL, after the first mid-infrared QCL was demonstrated, is a testimonial to the scale
of difficulty involved. As will be shown below, terahertz QCLs typically got around
these challenges by proper design of the overlap of the wavefunctions in real-space to
minimize the 3 — 1 scattering form-factors, or by making E»; < hwio to effectively

suppress the electron-LO-phonon scattering mechanism, or by a combination of both.

Besides the challenges associated with design of the active region, terahertz waveg-
uide design proved to be equally, if not more, challenging. This is corroborated by the
fact that the very first observation of intersubband electroluminescence in a semicon-
ductor superlattice was in the terahertz [68], which happened even before MIR-QCLs
were invented. From the year 1997 to year 2000, several groups reported narrow-
linewidth terahertz emission from quantum-cascade structures [183, 135, 182, 156,
177, 155]. The fact that intersubband emitters have inherently low radiative efficien-
cies (~ 107°) suggests that a large population of carriers is required in the upper
level before any spontaneous emission can be observed. This only makes it logical to
conclude that high-loss in the waveguides, which were being used for terahertz mode
confinement, was a major impediment to making a laser, even though population

inversion might have been achieved much earlier.

While conventional dielectric waveguiding worked well for MIR-QCLs, that scheme
can not be applied in the terahertz due to the long wavelengths involved (for example
AGaas at 3 THz is ~ 30 um), which would require impractically thick dielectric lay-
ers. For this reason, the so called “plasmon waveguides”, which are compatible with
the TM polarization required for intersubband emission (i.e. electric-field perpen-
dicular to the growth layers), were being used for these quantum-cascade structures.

Fig. 1-9(a) shows the schematic for such a waveguide. Mode confinement in the MQW
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Figure 1-9: (a) Schematic of a plasmon waveguide. A 10 pm thick MQW (loss-less)
active region is sandwiched between metal (Au in this figure) on one side and a thin
n*tt GaAs layer on a n* doped substrate on the other. (b) Mode-intensity for the
double-plasmon mode inside the waveguide at 5 THz. (c) Propagation loss (o)
and mode-confinement (T") for various n*+ layer thicknesses at different frequencies,
computed within a Drude model. A Drude scattering time of 0.1 ps and doping
densities of 5 x 10'® cm ™2 and 1 x 10'® cm™3 are assumed for the n** and n* doped
GaAs layers, respectively. This figure is reproduced from Williams [166].
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active region is obtained by metal on the top, and a thin n*t* doped GaAs layer on
a nt GaAs substrate at the bottom. At terahertz frequencies, real part of the di-
electric constant for both the metal and the highly doped semiconductor is negative.
Hence, surface-plasmon propagating modes that are bound to the top metal and the
bottom doped semiconductor layer can exist (more details on this in chapter 4). For
such a mode, the mode intensity is relatively uniform in the active region because
its thickness (~ 10 um) is sub- wavelength, as seen from Fig. 1-9(b). However, the
mode is heavily attenuated in both the metal and the bottom semiconductor due to
plasma- screening. While the plasma frequency in the metal is in the ultra-violet
(> 1000 THz), for the highly doped GaAs layer it is ~ 20 THz (cx /n, where n is
the doping-density), which makes it very lossy for the terahertz mode due the mode
frequency being very close to the plasma-resonance. Consequently, propagation loss
for the waveguided terahertz mode is ~ 50 cm™! as shown in Fig. 1-9(c), which is
many times higher than the cladding losses in mid-infrared waveguides (< 10 cm™!).
The limits to the lowest loss that could be obtained from this type of waveguide is
set by how high the n™t GaAs layer could be doped.
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Figure 1-10: (a) Conduction band diagram (for two- modules) at design bias for the
first terahertz QCL, which was based on a chirped-superlattice design. (b) Mode
shape for the semi-insulating surface plasmon waveguide used for mode-confinement.
The figure is reproduced from Kohler et al. [89].

After several years of trial by different research groups who had observed terahertz

electroluminescence in quantum-cascade structures, the first terahertz QCL was fi-
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nally invented in October 2001 by Kohler et al. in Alessandro Tredicucci’s group
at Pisa [89]. Their technique involved the combination of a “chirped-superlattice”
based active region first demonstrated in the mid-infrared by Tredicucci et al. [154],
and a “semi- insulating surface-plasmon” (SISP) waveguide first demonstrated for
a different (non-lasing) terahertz quantum-cascade structure by Ulrich et al. [155].
This laser operated at 4.4 THz (A = 67 pm), and pulsed operation was observed
up to a heat-sink temperature of 50 K. The conduction band diagram and waveg-
uided mode-shape for the QCL are shown in Fig. 1-10. Optical transition occurs
between levels 3 and 2, which lie at the edge of the upper, and the lower minibands
within a QCL period, respectively. This type of design has a high current-carrying
capability, since both the minibands provide an efficient conduction mechanism by
means of resonant-tunneling and intraminiband scattering. Moreover, a large oscilla-
tor strength is obtained because of a vertical optical transition and a greater spread
of the wavefunctions in real-space. The lifetime of the lower level is kept ultrashort
(< 1 ps) by intraminiband electron-electron scattering in the lower miniband, be-
cause of a large phase space that is available for the electrons to scatter into, and this
forms the main mechanism to achieve population inversion. The SISP waveguide is
obtained by growing the QCL on a semi-insulating (SI) GaAs substrate (as opposed to
a doped one for a plasmon waveguide), and by making the bottom n** GaAs contact
layer much thinner (0.8 pym). As can be seen from Fig. 1-10(b), the mode supported
in such a waveguide leaks out substantially into the substrate; however, its overlap
with the doped GaAs regions is much smaller compared to the scheme of Fig. 1-9,
which drastically reduces the waveguide loss o, (~ 5 cm™!). However, the waveguide
may seem unintuitive since the mode confinement factor I' also reduces considerably
(0.2 — 0.5). The laser gain threshold is determined by (aw + aw)/T’, where oy, is the
mirror loss. Assuming a negligible o, /T for long-cavity lengths with high-reflectivity
coated back-facets (< 5 cm™!), the oy /T factor for the SISP waveguide (< 20 cm™!)
stands to be less by a factor of 3 — 5 over that for the plasmon waveguide of Fig. 1-9
(> 50 cm™!) at terahertz frequencies, which was a determining factor towards the

realization of this laser.
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Figure 1-11: (a) Conduction band diagram for the first resonant-phonon terahertz
QCL, reproduced from Williams et al. [168]. The static electric- field across the
modules is from right to left. (b) Conduction band diagram for the first bound-to-
continuum terahertz QCL, reproduced from Scalari et al. [137]. The electric-field for
this diagram is from left to right. In each of the figures, two adjacent QCL modules

are shown.
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Once the SISP waveguide was proven effective for terahertz QCLs, two other
groups published distinctly different working designs in quick succession with the
same type of waveguide. This only confirms the importance (and challenge) of ob-
taining a low-loss terahertz waveguide, which could well have been the last hurdle
to achieve terahertz lasing in QCLs for several years. One of those two designs was
demonstrated by Williams et al. in Qing Hu’s group at MIT in November 2002 [168].
This laser operated at 3.4 THz (A = 87 um), and pulsed operation was observed up
to a heat-sink temperature of 65 K. The design was based on a “resonant-phonon”
depopulation scheme, and is shown in Fig. 1-11. The depopulation scheme employed
for this design is significantly different from the miniband based extraction scheme
of Fig. 1-10. Lasing transition in this design takes place between levels 5 and 4.
The lower level 4 is depopulated by a combination of resonant-tunneling into level 3,
and then fast electron-LO-phonon scattering down into the injector levels 1 and 2.
From the injector levels, which act as an electron reservoir, electrons are resonant-
tunneled back into the upper level 5 of next module. The key feature of this design
is fast selective-depopulation of the lower level, while maintaining a large upper-state
lifetime. The other significantly different design, which was based on a “bound-to-
continuum” transition [51], was demonstrated by Scalari et al. in Jéréme Faist’s group
at Neuchéatel in early 2003 [137]. This laser operated at 3.5 THz (A = 87 pm), and
pulsed operation was observed up to a heat-sink temperature of 90 K. This design
is characterized by an isolated upper laser level created in the minigap formed by a
superlattice within the QCL period, while the lower level lies at the edge of the first
miniband like in the chirped-superlattice design. The radiative transition is made
slightly diagonal, such that the coupling of injector levels to the lower miniband is

reduced, thus obtaining high injection efficiency into the upper level.

At this point, the reader is directed to the cited publications to learn more about
the chirped-superlattice and bound-to-continuum based designs. The brief introduc-

tion in this this section was meant to lay the groundwork for the discussions to follow.

50



1.3 Overview

The demonstration of the first resonant-phonon terahertz QCL by Williams et al. in
2002 [168] was a culmination of several years of investigation by Jiirgen Smet [151],
Bin Xu [182] and Benjamin S. Williams [166] in Qing Hu’s group at MIT. While
investigating terahertz electroluminescence from intersubband emitters, Bin Xu [182]
developed the so called “metal-metal” waveguides for their ability to provide lower loss
waveguiding in the terahertz as compared to plasmon waveguides. These waveguides
were later demonstrated, for the first time, to work effectively for terahertz QCLs
by Williams et al. [170]. These initial developments of both the active region and

waveguides for terahertz QCLs form the foundation for the work done in this thesis.

A theoretical model for transport behavior of these QCLs has been developed
by Hans Callebaut [28] in parallel during the course of this work. However, due to
the complexity of the transport processes involved that are unique to QCL operation
in the terahertz (as opposed to mid-infrared), the results from those models cannot
yet be taken at face value, although they provide valuable insights. This work com-
bines detailed experimental analyses of multiple types of active region designs (both
lasing and non-lasing) with the theoretical insights provided by the models of Hans

Callebaut, and also from work done elsewhere.

It is interesting to note that the first resonant-phonon design (Fig. 1-11a) offers
far richer physics than what it may appear intuitively, and continues to be devel-
oped for yet better performance. Also, the metal-metal waveguides have since been
much improved by the use of better fabrication techniques. Presently, some of the
record performances for terahertz QCLs have been demonstrated with variations of
the first resonant-phonon design in combination of the lower-loss metal-metal waveg-
uides, during the course of this work. These results include the highest pulsed oper-
ating temperature of 169 K, the highest cw operating temperature of 117 K [174], the
highest optical power output (248 mW in pulsed and 138 mW in cw at 5 K) [175],
and the second lowest frequency of operation at 1.59 THz (A = 188.5 um) without the

assistance of a magnetic field [91] (the lowest frequency of operation has very recently
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been obtained by a different research group, although the exact details are currently
unavailable). Several important experiments aimed towards developing these lasers
for practical applications have been demonstrated through collaborative work with
other research groups. Some of these include frequency and phase-locking of a tera-
hertz QCL to an external far-infrared gas laser for its precise frequency control [22],
and demonstration of a heterodyne receiver based on a terahertz QCL as a local-
oscillator [59]. Additionally, some applications have been demonstrated in-house,

such as real-time imaging over a distance of 25 m with a terahertz QCL as the light

source [100].

The key difference between the resonant-phonon depopulation scheme of this
design, and the miniband-extraction schemes of chirped-superlattice and bound-to-
continuum designs, is that the upper laser level for this design is spatially separated
from the injector states. Hence, according to the k-space diagram of Fig. 1-8, while
the electron-LO-phonon scattering mechanism from 3 — 1 becomes active in the
miniband based designs as carriers become hot (where levels 3 and 2 indicate the
laser levels and 1 the injector level), this mechanism is relatively suppressed with the
use of the resonant-phonon technique due to real-space delocalization. Additionally, a
large energy separation between the lower laser level and the injector levels (~ fiwLo)
in the resonant-phonon designs provides a thermal barrier against backfilling of the
lower laser level by hot electrons from the injector levels. Hence, a better tempera-
ture performance is achieved with the resonant-phonon depopulation scheme, despite
the fact that the oscillator strength for its radiative transition is about a factor of 2
smaller (= 0.85 for the design in Fig. 1-11) than that for bound-to-continuum and
chirped-superlattice based designs (= 1.95 for the designs in Figs. 1-10 and 1-11).

This thesis is organized as follows. Chapter 2 establishes a theoretical formulation
for treating intersubband transitions in quantum wells. Simplistic models to estimate
of electrical transport and optical gain spectrum in terahertz QCLs are developed.
These models can be very useful for analyzing experimental results, especially since
accurate computational models for electrical transport calculations in terahertz QCLs

are not yet available. The non-radiative scattering lifetimes are taken as parameters;
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theoretical investigations for estimating non-radiative lifetimes have been done by
Smet [151], and Callebaut [28]. Chapter 3 describes in detail the various different
types of terahertz QCL designs that were investigated during the course of this work.
Several designs are discussed to address the two primary goals for further development

of terahertz QCLs: high temperature operation, and long wavelength operation.

For higher temperature operation, the main challenge for terahertz QCLs stems
from the fact that as the carriers become hot, electron-LO-phonon scattering process
is activated from the upper laser level to the lower laser level, thereby reducing the
population inversion drastically. This is indicated by the 3 — 2 process in Fig. 1-8,
which will effectively reduce 73 to a value closer to 75 once electrons in the upper
laser level 3 gain a thermal energy equivalent to huwpo — E3z. Additionally, with
a design having such closely spaced subbands, it becomes challenging to suppress
various other parasitic current channels in the structure that arise due to tunneling
from the injector levels into some undesired levels (this will be explained in detail
in chapter 3). Such parasitic couplings become enhanced at higher temperatures,
thereby gradually pinching off the lasing dynamic range with temperature. From a
practical perspective, the first big step of obtaining cw operation above liquid-nitrogen
temperature was demonstrated during this thesis work in the year 2004 [94]. However,
a major goal is to achieve terahertz QCL operating above ~ 250 K, a temperature
range which is accessible by thermoelectric coolers. Feasibility arguments and some

possible design ideas for achieving that goal are presented in chapter 3.

The second primary goal for terahertz QCLs is to achieve lasing at a frequency
as low as 1 THz (A ~ 300 pm, fiw ~ 4 meV), to finally bridge the “terahertz gap”
that exists between the electronic and optical sources of electromagnetic radiation.
Besides a matter of scientific interest, the longer wavelength lasers have some specific
applications, as discussed in section 1.1. The primary challenge for QCL operation at
such a low frequency will be to maintain selective injection of electrons into the upper
laser level, and selective depopulation of the lower laser level, since the collisional
broadening of the subbands is of the order of radiative energy (~ few meVs) itself.
Towards this goal, a terahertz QCL operating at 1.59 THz (A ~ 190 um) was recently
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demonstrated as part of this work [91]. The design is based on a unique one-well
injector scheme [92], which significantly cuts down photon absorption-loss in the
active region, and provides improved injection selectivity into the upper laser level.
Chapter 3 discusses the one-well injector design in detail, whereby it will become

apparent that operation at even lower frequencies is possible with the same design.

Chapter 4 forms the second part of this thesis which is focused on waveguide
design for terahertz QCLs. The best temperature performance for terahertz QCLs
has been demonstrated in metal-metal waveguides since they provide lower propaga-
tion loss in the terahertz, as compared to the initially demonstrated semi-insulating
surface-plasmon waveguides. Additionally, they provide almost unity mode confine-
ment, even for very narrow (< 50 pum wide) ridges. Chapter 4 discusses the elec-
tromagnetic properties of metal-metal waveguides and discusses various fabrication
techniques that were developed to improve their performance significantly since the
first-demonstration. The improved thermal properties that are achieved due to sub-
wavelength width ridges, and high thermal conductivity of the metal-metal bonding
layers, has lead to the demonstration of record high cw temperature of operation in

such waveguides [174].

Due to sub-wavelength mode confinement in the vertical dimension, metal-metal
waveguides provide very tight mode confinement (or in other words high cavity
quality-factors or high reflectivity from the boundaries of the cavity). But as a conse-
quence, the radiation properties and light out-coupling efficiency for these waveguides
are poor. The operation of these waveguides is very similar to that of microstrip trans-
mission lines at the microwave frequencies, albeit with one big difference. While in
the microwave waveguides, the radiation properties can be improved by incorporat-
ing mode-matching structures such as a horn antennas, that is difficult to do in the
terahertz because of much shorter wavelengths involved. Towards this goal, surface-
emitting distributed feedback (DFB) terahertz QCLs using metal-metal waveguides
have been developed during the course of this work [95]. These DFBs have demon-
strated robust single mode operation with maximum temperatures within few Kelvins

of multi-mode Fabry-Pérot lasers. They additionally provide a single-lobed beam pat-
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tern and relatively higher amount of optical power. Implementation of such DFBs in
terahertz metal-metal waveguides had proved to be much more challenging than ini-
tially expected because of the unique properties of the metal-metal waveguides in the
terahertz. Hence, several new techniques had to be developed both for DFB design
and fabrication, to obtain successful operation. Extensive use of finite-element sim-
ulations was made during the design process. Chapter 4 describes the DFB designs,

and the corresponding experimental results in detail.
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Chapter 2

Intersubband transitions and
transport in multiple quantum

wells

This chapter describes some of the relevant theoretical aspects that are key to un-
derstanding the operation of a terahertz quantum-cascade laser (QCL). Some of the
concepts described here were routinely employed for design of the QCL active regions
as presented in chapter 3. The analyses presented here apply well to the electronic
intersubband transitions in the conduction band of multiple-quantum-well (MQW)
semiconductor heterostructures. All interband transitions are neglected and only
unipolar transport is assumed. Device operation is considered only in the steady
state. The electronic wavefunctions that are used in the analyses can be computed
within a slowly-varying envelope approximation in the MQW growth direction [27].
Within this approximation, the effective mass m* is the only parameter that de-
scribes the energy dispersion of the conduction band, albeit with a different value
for the quantum-wells, and the barriers, respectively. Two underlying assumptions
are made, which affect the electron energy dispersion in the plane of the MQW lay-
ers. First, the conduction band non-parabolicity [121, 147] is neglected. This is a
good assumption since the energy levels of the wavefunctions in a terahertz QCL are

located within an order of 10 meV from the conduction band edge, which is much
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less than the band-gap energy of the semiconductor. Second, coupling of electronic
wavefunctions in the plane and perpendicular to the plane of the MQW layers, which
happens due to different effective masses in the wells and the barriers and conduction
and valence band mixing effects [20, 184], is neglected. This is particularly valid for
terahertz QCLs (which may be grown in GaAs/Aly15Gag gsAs, for example) since the
effective mass in the barriers is not very different from that in the wells, and the
subbands are located close to the bottom of the quantum-wells in energy. Based on
these assumptions, electrons can be treated as two-dimensional (2D) free particles in
the plane of the MQW layers (i.e. with a parabolic £(k) dispersion, where kj is the
in-plane momentum), with a mass equal to the conduction band effective mass of the
semiconductor. These assumptions, as outlined in a greater detail by Williams [166],
afford a simple calculation of the electronic wavefunctions using a 1D Schrédinger
equation within the envelope function approximation. In contrast, for mid-infrared
(QCLs, non-parabolicity must be taken into account due to subbands that are lo-
cated higher up in energy in the conduction band. This is usually done by making
the effective mass energy dependent within the envelope function approximation [52].
Once the envelope wavefunctions and the corresponding energies for each of the sub-

bands are determined, most of the results derived here apply equally well to even

mid-infrared QCLs.

Even though the methods mentioned above seem plausible for calculation of sta-
tionary state electronic wavefunctions in MQWs, the time evolution of such wave-
functions in a real device, which eventually determines the “steady-state” transport
behavior in the device, is highly complex, and more so for terahertz QCLs. This is be-
cause of the presence of ultra-fast (order of 1 ps) scattering mechanisms that determine
electronic transport, such as electron-electron, electron-impurity, electron-interface-
roughness, and electron-LO-phonon scattering. Especially for terahertz QCLs, which
have small energy separation between the subbands (of the order of 10 meV), scat-
tering rates are greatly dependent on the in-plane kinetic energy distribution of the
electrons in the subbands (which is also of the order of 10 meV). Consequently, it

becomes hard to calculate the subband electron populations and the current flowing
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through the device in the steady-state, the two key parameters that determine the
operating characteristics of a laser. Additionally, the decoherence of electronic wave-
functions caused by these scattering mechanisms is extremely challenging to model,
which makes it hard to accurately determine the tunnel-coupling between various sub-
bands. These tunneling mechanisms, be it resonant-tunneling for electronic transport
between two levels in the neighboring modules of the quantum-cascade structure, or
the oscillator-strength of a photon-assisted optical tunneling transition between two
radiative levels, are extremely important for determining QCL parameters. While a
detailed analysis of electronic transport in terahertz QCLs was undertaken by Calle-
baut [28], the purpose of this chapter is to provide tools for the comparison and
evaluation of one QCL design with respect to another, which can provide valuable

insights when used in conjunction with experimental data.

2.1 Optical gain due to intersubband radiative

transitions

2.1.1 The light-matter interaction

This section provides a review for understanding the light-matter interaction. The
Electric-Dipole Hamiltonian, which couples two quantum-mechanical electronic states
to cause radiative transitions, is derived. The analysis presented here is standard and
is partially adapted from Chuang [40], and Williams [166].

In an isotropic homogeneous medium, with spatially invariant permittivity € and
permeability u, the Maxwell’s equations could be written in terms of the vector and

scalar potentials, A(r,t) and ¢(r,t), respectively, as

9 p
2 — . T e
Vg + (V- A) = -F (2.1)
V2A - e—aiA -V|(V-A+ egqﬁ = —nJ (2.2)
Kot Heqe?) = ~H '

where p(r,t) and J(r,t) are charge and current densities, respectively, produced by
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all charges other than those associated with the polarization represented in €, and

satisfy the continuity equation

0
'J - .
vV -f——tp 0 (2.3)

The electric and magnetic ficlds are determined from A and ¢ by

d
E=-V¢- aA (2.4)
B=VxA (2.5)

A and ¢ in the equations above are not uniquely specified. Within gauge transforma-
0
tions (A > A+ V¢ and ¢ — ¢ — &6 , where £(r,t) is an arbitrary scalar function),

the physically measurable quantities such as E and B remain the same.

A terahertz QCL conduction band diagram could be represented by an example
design shown in Fig. 2-1. Within the scheme of Fig. 1-4, this is the simplest possible
design with 3 levels per repeated module, since at least two quantum-wells are needed
to independently set the energy separation between the levels 3, 2, and 1, respectively.
(In fact, such a design could possibly be made to work successfully as a QCL, but for
reasons that will become apparent in chapter 3, it may not make a good laser.) As was
alluded to in section 1.2.3, such a prototypical structure is a good model-system to
describe the working principles behind a QCL. A terahertz QCL typically consists of
multiple (> 100) repeated modules. Hence, unlike in interband diode lasers, it is not
desirable to inject carriers from the contact regions. This is because, in steady-state
operation, each module will have finite electron density in various subbands that will
induce additional non-uniform static electric-field across the superlattice. This will
cause distortion to the linear conduction band diagram of Fig. 2-1, and hence to the
subbands and their corresponding energies. In general, this problem is avoided by
n-doping each of the modules, either partially or uniformly across their entire length.
However, a space-charge density p is still established since the location of the dopants

is not exactly where the electrons might be. In general, p(z) is kept small to keep the
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——-el(¢(z)+V(2))

Energy

z

Figure 2-1: (a) Conduction band diagram showing two modules of a simplest
possible 3-level terahertz QCL at the 1’ — 3 resonance bias. Square of the enve-
lope wavefunctions (|4, (z)|?, see equation 2.16) for various subbands are plotted,
displaced vertically by the subband energy (E,) in the quantum-wells. Subbands
3 and 2 correspond to the upper and lower radiative levels, and subband 1 acts
as an electron-reservoir, also termed as the injector. FE, may be designed to be
< hwro. (b) Schematic of the Ey k. V8. k|n parabolas for the three levels showing
a hypothetical distribution of electron populations for a design with population
inversion.
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conduction band potential profile linear in 2z, by doping in a location where most of
the electrons are expected to reside in the module (for example, in the wide well for

Fig. 2-1 since most electrons reside in level 1, which is localized in the wide well).

The Hamiltonian for the light-matter interaction is described more conveniently
by a particular choice of a gauge known as the Coulomb gauge, in which A(r,t) is
restricted to satisfy V - A = 0. The Maxwell’s equations (2.1) and (2.2) can then be
rewritten as

V2 = —g (2.6)

2

(VQA — ue%A) -V (ue%qﬁ) = —uJ (2.7)
Equation (2.6) is known as the Poisson’s equation, whereas equation (2.7) is the
classical wave equation. The two equations are de-coupled and can be solved in-
dependently. Without the light-matter interaction and in the absence of any other
perturbation to the electronic system, p, ¢, and J are all independent of time if the
external electric bias applied across the modules is static. When the light-matter
interaction is included, the space-charge density p remains independent of time in
steady-state operation (as will be explained further in 2.5.1). However, a time de-
pendent current density J is developed due to the induced electrical polarization in
the electronic system (= 0P /0t, where P is the induced polarization), which acts as
a source term to amplify or attenuate the optical field characterized by A, as will
be derived in section 2.5.1. Note that the induced J is a local displacement current
density at the frequency of the optical field and may not be measured in the exter-
nal electrical circuit. If only first order perturbation theory is to be considered, this
source term, which is a result of the perturbation (and not a cause of it), need not
be considered to derive the light-matter Hamiltonian. Hence, the wave equation to

derive the light-matter interaction Hamiltonian can be taken as

2 0

Note that since ¢ is also time independent (for a static external applied bias), the
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0
Lorentz gauge condition, V - A + ueéqu = 0, is also satisfied. The solution to equa-

tion (2.8) is the standard harmonic plane-wave
A=uAi, [e'i(k'r_“") + ei(k"“"t)] =u2A4ycos(k - r — wt) (2.9)

for a wave traveling in the direction of k, where u is a unit vector that specifies
the polarization of the plane wave, and is perpendicular to k (i.e. u-k = 0) such
that V - A = 0 is satisfied. For this to be satisfied, two orthogonal polarizations are
possible. Here, w = k/,/J€ is the dispersion relation for the plane-wave, and A, is an

arbitrary amplitude, taken as a real number for convenience.

Switching from classical to a quantum-mechanical description, the interaction of a

free electron with the electromagnetic field can be described by the Hamiltonian [40]
A==t (p+]e/A) - leld 2.10
= 5 (P+1elA) ~eld (210)

where e is the (negative) electronic charge, p (= —ihﬁ) is the momentum operator,
and A and g% are the electromagnetic scalar and vector potential operators, determined
from the optical field inside the cavity, and the charge-density distribution inside the
quantum-wells, respectively. Note that (5 is time-independent for a static external

applied bias as was mentioned previously.

For a conduction-band terahertz QCL in a direct band-gap semiconductor (con-
duction band-edge at the I' point), the electron wavefunction can be written as the
product of a slowly varying envelope wavefunction, and the conduction-band Bloch
wavefunction near the bottom-edge of the band, as U(r,t)ucx—o(r). Within an ef-
fective mass approximation, the free electron mass my in equation (2.10) can then
be replaced by the conduction band effective mass m* (m&,,, ~ 0.067mg). The
electrostatic potential due to the heterostructure’s conduction band edge profile, and
the externally applied static electric bias-field across the device can be combined into

V(2), which can be added as a separate term to the Hamiltonian. The Schrodinger
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equation for determining the envelope wavefunction ¥(r,t) is then written as

fI|\P)=ih§Z|\IJ), where, H =

[p+16A] ~ 1l [+ V()] )

2m*

For intersubband transitions, the electrons remain close to the bottom of the
conduction band, and hence, the Bloch wavefunctions do not change appreciably for
such transitions. For this reason, the electromagnetic quantities A and q3 couple
the envelope wavefunctions only, and can therefore be included in equation (2.11).

Expanding the Hamiltonian in equation (2.11) further

2

il = {_ g gl [qa(z)+v(z>]}+{_@ﬂ [ -A+A.Y] +_‘i_,42} (2.12)

2m* 2m* 2m*

In the Coulomb gauge (V - A = 0), the chain-rule of differentiation yields V - A =
- 0 ~ A .

MT + A -V = A - V. After neglecting the non-linear term with A2 as compared

to the terms linear in A, which is an appropriate assumption for the intensity of the

fields involved in a terahertz QCL, the Hamiltonian above becomes

H=H,+H (2.13)
where
N h? . 9 - N
Hy = =3V~ e [$(=) + V(2)] (2.14)

is the unperturbed Hamiltonian, and

gy _thlel 3 & _ el
H = A.-V=

- A.p (2.15)
m m*

is the perturbation due to light-matter interaction that induces radiative transitions.

Since the electrons are not confined in the plane of the quantum-wells, the station-
ary state solutions (i.e. the stationary envelope wavefunctions and the corresponding
eigen energies) to the unperturbed Hamiltonian Hy could be de-coupled in the di-

rections parallel (||), and perpendicular (z) to the quantum wells, respectively, to

64



yield
1

(B|0) = Up e, (1) = eXln T, (2) (2.16)
y Sxy
h2k2
Enyy = En+ B, = Bn + 522 (2.17)
' , 2m

where, n characterizes the subband index, kj , is the in-plane wavevector in the n-th
subband that determines the kinetic energy inside the subband, and E, is the energy
of the electrons at the bottom of the n-th subband. S, is the cross-sectional area
of the quantum-well layers in real-space, which is included for normalization. These
solutions are typically found through an iterative (self-consistent) solution of the

Schrodinger equation (2.14) and the Poisson equation (2.6).

Although, a quantum-mechanical description of the electrons has been formalized,
the electromagnetic field must also be quantized to fully describe the effect of light-
matter interaction on both the quantum-mechanical states of the electrons and that of
the electromagnetic modes. However, if only “stimulated emission” into a single cavity
mode is considered (which fittingly describes the steady-state operating condition of
a laser beyond threshold), the electromagnetic field can be treated classically. The
optical optical transition rates due to radiative emission of an inverted electron system
into a single cavity mode can be calculated accurately within such a semi-classical
treatment. In this case, the vector operator A in the expression for the perturbation

~

H’ can be replaced by the vector quantity A.

For a harmonic perturbation H' = V’£e*™! the rate of transitions (in sec™?)
induced between two quantum-mechanical electronic states of Hp, |i) (initial state)
and |f) (final state), can be determined using the Fermi’s Golden Rule (which was,
incidentally, developed by Dirac and not Fermi) [40], as

W 2m

= ViE*6(Es — E; & hw) (2.18)

where the et™* term causes stimulated emission and the e ** term causes stimulated
absorption. The distinction between the e*™! terms is dependent on the convention

used and is not absolute. Moreover, since the field is a real quantity, both terms are
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always present simultaneously, although only one of the terms satisfies the resonance
condition. The § in the expression is the Dirac delta function (with units of inverse of
energy in this case), which is a consequence of energy conservation in the transition

events. The optical matrix element Vf';t is given by
Vi = (FIV"*i) (2.19)

For the “classical” electromagnetic field specified by equation (2.9), the optical
matrix element due to the harmonic perturbation of equation (2.15) (with A instead
of A), when the perturbation is rewritten in the form H’ = V'=e*™! becomes

IelAO ikeral-
Vit = - u- (kg ple ™Dl Ka) (2.20)

where, k is the wavevector of the electromagnetic field, and kj ,, specifies the in-plane
wavevector for an electron in the n-th subband. The optical transition rate between
two electronic states is

__27r|

+ =+ 2

where, |n, k| ») specifies the n-th “stationary” state of the unperturbed Hamiltonian

I:IO, and Ey ), , its energy, as determined from equations (2.16) and (2.17).

While the optical matrix element in equation (2.20) is proportional to the mo-
mentum matrix element between the two eigen states of H,, it is instructive to
derive an expression that involves the dipole matrix element instead. This can be
done within the so-called electric-dipole approzimation, in which €T can be ap-
proximated as ~ 1, as will be argued next. The electromagnetic wavevector in-
side the semiconductor is of the order of 0.01 pm™! (Agaas = 28 pum at 3 THz,
kgaas = 1/Agaas = 0.036 pm™!), whereas the maximum z extent of 1,(z) in the
quantum wells is typically of the order of 0.01 um. Hence, for calculation of the
integral along the z direction, (k,2)max ~ 1074, €%*** ~ 1 in equation (2.20). For the

integral along the in-plane direction, r _  can be approximately taken as the in-plane
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diffusion length of the electrons, which is typically of the order of 0.1 um (as deter-
mined from the mobility of the semiconductor in the plane of the quantum wells).
Hence, eI ~ 1 also holds (where kj is the in-plane component of the electromag-
netic wavevector k, not to be confused by the electronic wavevectors k). It may be
noted that a similar approximation cannot be made for the electronic in-plane wave-
function, eI (equation 2.16), since kj, is typically much larger. For example, for
a kinetic energy of ~ 5 meV for an electron in a given subband, which corresponds

to an electronic temperature of ~ 60 K, the in-plane electronic wavevector k, is

[ﬁo, f} .

Using this, and the fact that T =~ 1, the momentum matrix element in equa-

~ 100 pm=1.

A - . im*
Using the commutation relation [P, ] = —ih, it can be shown that p =

tion (2.20) can be simplified as

.- im* N
(f kys|Dli k) = (f, kysl | Hos £ |3, kyp0)
h
im* A
= g (f kg sl Hot — £Hoi, Ky )
tm* -
~ h (Ef*“n»f - Ei,k”_z.) (f: Ky £l E]d, Koy i) (2.22)

Equation (2.22) expresses the momentum matrix element between two states in terms
of their dipole matrix element. The optical matrix element in equation (2.20), within

the electric-dipole approximation, can thus be rewritten as

‘/(f;’,:k”’f)(i,k”,i) = Iel (:FZWAO) u- <f7 k”rflf"?” k”ﬂ')
:Fz'lelEou . <f, k|[,f|f‘|i, k”’i> (2.23)

where, (Ef,k”, ;= E,-,k"'i) in equation (2.22) can be replaced by Fhw if the energy
conservation term in the optical transition rate is a  function, and Ey = wA, is the
amplitude of the time-harmonic component of the electric field, which is determined
from E = —-%A = u (FiwAy) e*™* (equations 2.4 and 2.9), in the electric-dipole
approximation e**T a~ 1. The optical matrix element above can be identified with

the classical expression for the potential energy of an electric dipole with a dipole-
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moment gr as —qE-r, where r is the displacement vector from point charge —q to +gq.
Since the perturbation Hamiltonian is given by H' = V'#e*®! equation (2.15) can

be rewritten in the more intuitive form (within the electric-dipole approximation) as

H =|e|B-f (2.24)

The dipole matrix element in equation (2.23) can be further simplified as

(i kysl®li kys) = (Fl2la) (kg plkye) + (Flo) Ky g8y 1Ky 4
= 2250 (Ky 5, K)) (2.25)

where, z is a unit vector in the z direction, and z;; is the dipole-matrix element
between the 2 component of the envelope wavefunctions (explicitly written in equa-~
tion 2.28). The second term in the equation vanishes for f # 4, which has to be true
for a finite energy of optical transition. The dipole-matrix element in equation (2.25)
is z directed, which indicates that only the z polarization of the time-harmonic elec-
tromagnetic field will couple the electronic states. This is known as the intersubband
polarization selection rule, which has been experimentally verified [106, 144]. Addi-
tionally, the result also indicates that the in-plane wavevector for the electrons needs
to be conserved in an optical transition, which is a consequence of momentum con-
servation (as indicated by the unitless Kronecker delta function). This is because the
field wavevector is much smaller than the in-plane electronic wavevectors, and hence

the field cannot impart much momentum to the electron in an optical transition.

Combining equations (2.25), (2.23), and (2.21), the following expression is ob-
tained for the optical transition rate (in sec™!), in which either + is used for emission,
or — for absorption, between two electronic states of the unperturbed Hamiltonian

H, (as formulated in equations 2.16 and (2.17))

27 r
W(:Ekll,i)—’(fskll,f) = |u . Z|2 —h-€2Eg|Zfz|2(S(Ef - Ei + hw) 5k (k”,f, k[],z) (226)
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where, the time-harmonic electric field is given by equations (2.4) and (2.9) as
E = u By [—ie7 k=) 4 jeilkr=D] = u2F;sin(k - r — wt) (2.27)

with u being the unit vector that determines the field polarization, z is the unit vector
in the z direction, and e¥** x 1 is assumed for calculation of the optical transition
rate (the electric dipole approximation). It may be noted that 6(Efx, , — Eix, , + fw)
in the original expression can be replaced by 6(E; — E; £+ hw), since the subbands
have the same E(k)) dispersion, and since the in-plane momentum is conserved in

the optical transition. The (scalar) dipole matrix element (in meter) is given by

= Ul = [ de w002 02) (2.28)

2.1.2 Expression for the optical gain

The net optical transition rate per unit active region volume V,. (in sec™! meter—3)
between the initial subband 7 and the final subband f (assuming that subband ¢
has higher energy, i.e. E; > Ey), accounting for both the stimulated emission and
absorption processes related to a single cavity mode, can be written by summing the

rates over all the in-plane electronic states as

Riy= R, — R}, = —‘ZZ{ tkp.)— (k) (k) [1 - f(Ef’kll.f)] -

ki ks

W(},k" f)_’(z k]| i)f(Ef’ku f) [1 - f(Ei’k]l,i)] }

— Ju-zp Zh PE2|z2:26(E; — E; + hw)
X——ZZ{ (g ko) £ (Bua) = £(Epe )] }
k||1 ks

= |u- z|2 - " 2B 2 20(Ey — E; + hw)(N; — Nj) (2.29)

where, the optical transition rate expression derived in equation (2.26) has been used

for transitions between the in-plane electronic states of the subbands. f(Enx,,) is
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the Fermi function that determines the occupation probability of a particular elec-
tronic state in the n-th subband, and a factor of 2 is included to account for electron
spin degeneracy in the occupation statistics. The double summation over the in-plane
electronic wavevectors k), which is equivalent to a single summation due to momen-
tum conservation, simply yields the difference of electron population densities N; and
Ny between the two subbands computed over V. (in meter‘3). This is because the
statement of energy conservation, §(Ey — E; + fw), is independent of the in-plane
wavevectors and hence can be taken out of the summation. In other words, all the
electrons in the subbands contribute to the optical transition at same w, equivalent
to saying that the joint density of states for the optical transition is delta-like in w. In
contrast, for interband transitions in quantum-wells, the energy conservation depends
on the in-plane wavevectors. Therefore, the joint density of states and consequently

the net transition rate, becomes dependent on w.

If a population inversion is established in the system (i.e. if V; > N;), the net op-
tical transition rate R;_,; from subband ¢ — f is positive, leading to a net stimulated
emission into the cavity mode being considered. Correspondingly, power would be
added to the field as it propagates through the system. Each optical transition adds
an energy equivalent of Aw to the field (the basis of this assumption is in a quantum
mechanical description of the field which will be explained in section 2.2). The optical
gain coefficient in the semiconductor material gpm,, (in meter~!), which is calculated
by assuming the cavity volume to be the same as that of the active region, can be

written as
_ hw [Joules] x R,y [sec™ meter—]
Ymat = EQTLrC(QEQ)z

2

where, the quantity in the denominator is the electromagnetic power flow density

(2.30)
[Watts meter™2]

in the semiconductor for a propagating plane-wave with an electric field of the form

E = u2Epsin(k - r — wt), with n, being the refractive index of the semiconductor.

Whereas a thermal distribution of the electron populations within the subbands
does not contribute to linewidth broadening for intersubband gain, the gain spec-

trum still has a finite linewidth. This is due to homogeneous (collisional) broadening
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(caused by “lifetime broadening”, and “pure dephasing” due to various scattering
mechanisms), as well as inhomogeneous broadening (caused by fluctuations in ma-
terial growth from one QCL module to another) of the subbands. The broadened
linewidth can be approximated by a normalized Lorentzian function, which could be
incorporated in the expression for the net rate R, ., by replacing the Dirac delta

(which, in this case, has units of Joules™) as

AE/(2m)

§(Ef — E;i + hw) — (E; — E; + hw)2 + (AE/2)?

(2.31)

where, AF is the full-width at half-maximum (FWHM) for the Lorentzian lineshape
(in Joules), and is a phenomenological parameter. The basis for this substitution
is purely quantum mechanical, and is related to the various relaxation/dephasing
mechanisms that can cause damping of the coherent oscillations of the electric-dipole
oscillators. It is interesting to note that such broadening mechanisms merely redis-
tribute the transitions strengths over a wider frequency space, while keeping their sum
constant. The peak transition strength at resonance is, therefore, lower for a larger
linewidth. Combining equations (2.31), (2.30), and (2.29), the following expression
is obtained for the optical gain coefficient (in meter™!) due to intersubband radiative
transitions between subbands i and f, where E; > Ey, and optical transitions due to

only a single electromagnetic mode at w are considered

AE/(27)
(B; — Bi % hw)® + (AEJ2P

melw
gmat(w) = Eonrclzfi|2AN3D (232)

E,—F
and the peak gain that is obtained at the resonance condition w = w;y 2 —i—h——f is

2¢? v;
peak __ ) — . 2AN Zif
Imat 9mat (wlf) heonrc szll 3D Av
e’ / fi
- % AN
2mm*egn.c DAY
GaAs [AN3D/(1015 cm_s)]

N TV TAL (U TH)]

fri (inem™) (2.33)
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In these expressions, v;y = wis/(27) (in Hz), ANsp = N; — Ny is the 3D popula-
tion inversion density between the subbands computed over V., and AE has been
replaced with Av = AE/h, which is the FWHM for the linewidth in frequency. The
last expression is to aid a quick estimation of gain in GaAs, where n, ~ 3.6 and
MGaas ~ 0.067mg. Also, the term fy; is defined as the oscillator strength of the
optical transition, and is written as

2m*(E; — Ey)

fri= lefi|2 (2.34)

It is instructive to write the expression for the peak gain in terms of the oscillator
strength, which is a unitless quantity, and is directly related to the strength of the
optical transition as is evident from the gain expression. In equation (2.33), there is

no explicit frequency dependence and g,‘,’,‘ftk only depends on three parameters: ANzp,

Al/, and ffi~

In classical electromagnetics, the oscillator strength of a single Hertzian dipole
is defined to be 1. For a system of oscillators that can interact with light at many
different resonant frequencies, the oscillator strength is used as a statistical weight
indicating the relative “number” of oscillators bound at those frequencies. For exam-
ple, the relative contribution to the electric susceptibility by different optical-phonon
modes in an ionic crystal, due to their coupling with light, is weighted by their oscil-

lator strengths [47].

For the quantum-mechanical system being considered, f;;, as defined in equa-
tion (2.34), is the relative strength of the optical absorption from the state ¢ — j
(conversely f;; determines the relative strength of optical emission from state ¢ — j).
In other words, if this system was irradiated with a spectrally uniform power density
over all its transitions, f;; percent of the total absorbed power would be due to tran-
sitions from state ¢ — j (assuming that the ensemble of the electrons is initialized
in the state i, which is taken to be the ground state). This holds regardless of the
linewidths of the individual transitions, which is one of the reasons why different op-

tical transitions can be characterized by their oscillator strengths only. For this case,
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an oscillator strength sum-rule can be written as
S fy -1 (2:39
J

where, the summation is over the complete set of eigenstates for a given Hamiltonian.
For the Hamiltonian of the form Hy in equation (2.14), the expression for the oscillator
strength in equation (2.34) can be shown to satisfy the sum-rule, by using simple

commutator relations, and also the completeness relation Z 17) (| = I, where I is

the unity operator. It may be noted that a particular value cJ>f the oscillator strength
fij can be > 1 within this definition. This can happen if the state i is not the
ground state, since in that case, the terms corresponding to the states below 4 in the
summation will be negative. For an ensemble of electrons initialized in state i, the
optical transitions corresponding to a negative oscillator strength would emit optical
power rather than absorb power, which makes the power absorbed by the ¢ — j
transitions greater than the net power absorbed by the system.

As a side note, it must be mentioned that sometimes in literature the free electron
mass my instead of the effective mass m* is used in the expression for the oscillator
strength (equation 2.34). In that case, the sum-rule summation in equation (2.35)

will give mo/m*, which can be much different than 1.

2.2 Spontaneous and stimulated emission lifetimes

The light-matter interaction was treated semi-classically in section 2.1, that is, while
matter (the electronic system) was treated quantum-mechanically, the interacting
optical field was described classically. This is accurate as long as changes to the optical
field are not considered as a result of interaction. Hence, the optical transition rates
derived in equations (2.26) and (2.29) are correctly described by the semi-classical
picture. A quantum mechanical description of the optical field was implicitly implied
when the gain was estimated from the net optical transition rate in section 2.1.2

because of two reasons. First, each optical transition was assumed to add an energy
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equivalent of iw to the field (since Aw appears in equation 2.30), a fact that cannot
be described semi-classically. Second, all optical transitions (for the cavity mode that
was being considered) were assumed to contribute coherently to the field. Both these
assumptions have their basis in a quantum mechanical description of the optical field.
Within these assumptions, the “semi-classical” derivation for gain due to stimulated
emission and absorption related to a single cavity mode in section 2.1.2 was accurate.
In this section, those assumptions will be justified by using a quantized description of
the field. This also allows an estimation of the rates of spontaneous emission, which

cannot be obtained from the semi-classical model.

In the Lorentz gauge, the full Hamiltonian for a quantized electromagnetic field

can be written as a summation of plane-wave Hamiltonians as [66]

ﬁemag = Z Z U, hwk(a’Lgak,U + 1) (236)
o k

where, k is the wavevector for a plane-wave, u, is a unit vector and ¢ (= 1, 2) symbol-
izes one of the two orthogonal polarizations that are required for a full description. a'
and & are the creation and the annihilation operators, respectively. The summation
includes cavity modes with all possible frequencies wy, each two fold degenerate for
the polarizations symbolized by ¢. In this description, the harmonic component of

the electric field operator E, which does not commute with f{emag, can be written as

- hwk ikra —ikr~
E(r) = ZZUG”ZVCMe(ek o +e 7k a}\w)
k

[Fan .. .
~ ;;ug m(ak’gﬂ'ak,a) (237)

where, Viay is the volume of the electromagnetic cavity, and ¢ is the dielectric constant

of the medium. Also, €T ~ 1 is assumed within the electric-dipole approximation,

as described in section 2.1.1.

A quantum mechanical state of the field for a cavity mode (k, o), which has n

(integer) number of photons, can be written as |n¥?). Whereas, for the electronic
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system |m, k| m) specifies a particular state in the m-th subband with an in-plane
electronic wavevector k| ,,,. The combined state for the coupled system can be written
as [nk? : a, k| ), where a is the index that characterizes the coupled state. For the
perturbation Hamiltonian of equation (2.24), the optical matrix element between
states |k : a,kj o) and |7 : b,k ) can be written as a product of two parts since
the operators E and # in the perturbation Hamiltonian act on different basis. In this
representation, the optical matrix element can be expressed as

V

k’ . m + L BN
by ) ai . = 1€ b KB - Fng s g Ky a)

k? n Y -
= u,-zle| (ny 7 |E|nk?) (b, kyplf|a, ko)

h&dk k,o ckr k,o o
Ve 4+ 16 (ny”, nle + 1)] 20 8 (Kjpo Kja)  (2:38)

where, 2, is the dipole-matrix element between subbands b and a, as specified by

equation (2.28). As can be noted from the Kronecker delta terms, the electric-field

operator only couples those field states, which differ in their photon number by unity.

While the electric field operator causes a state transition in the optical field by
creating or annihilating a photon, the position operator couples two electronic states
together causing charge dipole oscillation, thus allowing transfer of energy (a photon)
from one sub-system to another. The rate at which this process happens is determined
from the Fermi’s golden rule, as given by equation (2.18). The optical transition rate

(in sec™!) from state |nX7 : a,kj4) to In® - b, kj») becomes

abs/em _
(n&°:a k) o) (7 by )
2m o, hw
22t 2 k 25k (k0 k
[ - 2| ey 12l 0% (ki . ko)
0(Ey, — E, — huwy) (nfl“’) & (n:f’”, nko — 1) ... absorption
x (2.39)

0(Ey — E, + huwy) (nz" + 1) gkt (n}f’”, nkeo 4 1) ... emission

For this transition, the creation operator d}; »» Which is associated with the term e*#*xt
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(in the convention being used), causes a photon to be created in the mode (k, o),
and hence causes stimulated emission into that mode. The converse is true for the
(stimulated) absorption process. The electronic state populations determine which of
these two is the more dominant process. The emission process is slightly different than
absorption, as can be seen from equation (2.39). Even for no photons in the mode
being considered (n¥? = 0), a finite emission rate exists, which is the spontaneous
emission process. Even though a single cavity mode may be the dominant mode in
a laser, the spontaneous emission process happens into all the available cavity modes
(Wsp =Y ko :g},:o) corresponding to a given frequency wyx = (E, — Ep)/h, adding
noise to the coherent laser field in the cavity. It may be noted that the Fermi’s
golden rule is a consequence of the first order time-dependent perturbation theory
and cannot describe multi-photon processes. The non-linear perturbation term in the
original Hamiltonian (equation 2.12), will lead to two-photon processes at high field

intensities, and are not accounted for in this analysis.

For stimulated emission/absorption, the optical transition rate derived in equa-
tion (2.39) with the quantized electromagnetic field is the same as the semi-classical
result of equation (2.26). This can be noted from the fact that the energy density in

the lasing mode (k, o) besides the zero-point term is given by

TR 1 kY By
a —

Edens,(k,0) [Joules meter %] = = _—e4—2—= 2.40
dens, (ko) [Joules meter ™| v 5 € Ve (2.40)
k,o X
which makes —~—— in equation (2.39) analogous to E? in the semi-classical ex-

cav
pression of equation (2.26) (where 2Fj is the amplitude of the time harmonic electric

field), thus proving the validity of the argument.

Calculation of the net rate of stimulated transitions from subband a — b into an

electromagnetic mode (k,o) follows the exact same steps as in section 2.1.2, equa-
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tion (2.29). The net rate (in sec™!) becomes

e abs 2m m‘}k
Wa Sy (= —Wita o) = |us - 2> — . 22V |26a|*8( By — Eaq + hune)(ng — np)ns
Ng— Ny (n — np)nke

2.41
a—rb J(k,o) (hﬂ)k) a,—-»b , (K, a)(h‘u‘)k) ( )

Here, n, and n, are the electron population numbers in the respective subbands. For
a mode that is not entirely localized within the active region, a mode confinement
factor I', which specifies the fraction of the mode in the cavity that spatially overlaps
with the active region, should be multiplied into the expression above. A stimulated
emission lifetime 75° , ;) (Awi) can also be defined, which is proportional to Veay/ nke,

where nk a

is the number of photons in the mode (k, o), and Vi,, is the volume of
the cavity. Correspondingly, T a_,b (k a)(hwk) is the spontaneous emission lifetime into
the mode (k, o). Both these lifetimes are a function of the frequency of the mode wy.
To account for broadened linewidth in a real device, the Dirac delta function can be

approximated by a normalized Lorentzian function, as in equation (2.31).

In a laser, the photon number X builds up in only a single cavity mode (assuming
single mode operation). Hence, stimulated emission, which happens in only the lasing
mode, is unaffected by the cavity modal properties. However, calculation of the net
rate of spontaneous emission requires summation over all the available cavity modes,
since spontaneous emission is independent of the level population. The net rate of
spontaneous emission (in sec™!) from subband a — b is thus dependent on the cavity

modal properties. Assuming F, > Fj, the net rate can be written as

Wole" = ZZ Z Z { (na ‘akj,a) -*(nf’aibvku,b),nk"'=0f(E“’k"’°) {1 B f(Eb’k“”’)} }

k” a k” b ko'
271’ ]. T
= S _elzb“|2 X 22 Z {5k (kybr Kyja) f (Bayq) [1 - f(Eb,ku,b)]}
kn a Kb
Z {|us - 2| hwicd(Ey — Eq + hune) }
CaV ka
2T ﬁ,w b Na
~ B 6 2a Izbal2napcav(hwab) = E (242)
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= —_—_') and pcav(E) = (1/‘/cav) Zk,a {'ua * le ﬁl-dk(s(hwk - E)} is the

1

density of electromagnetic modes in the cavity (in Joules™ meter—3), which can

couple to the intersubband transitions. The spontaneous emission lifetime into all
available cavity modes is defined as 7.°,;. The population distribution of the photons
generated due to these transitions will have a §(hwy — hwgy) dependence in energy
space, which can be replaced by a Lorentzian for a broadened linewidth. For a
non-unity mode-confinement, the aforementioned factor I' should also be included in
equation (2.42). The final expression above is derived by neglecting “state-blocking”
in the lower subband, by assuming f (Eb,k”,b) <« 1. This is a good approximation
for terahertz QCLs, which typically are estimated to have a lower radiative state
population of less than 1 x 10'° cm™2 [29]. The 2D electronic density of states in
the subbands, gop = m*/(wh?), is approximately 2.8 x 10'° cm~2 meV ™' in GaAs.
The in-plane energy distribution of electrons can extend by much more than 10 meV
(Te ~ 115 K) above the bottom-edge of the subband even at liquid-helium operating
temperatures [31, 29]. Hence, the quasi-Fermi level in the subbands for a thermalized
electronic distribution is much below the bottom edge of the subband. As is evident

from Fig. 2-2, the electron distribution in the subbands becomes Maxwell-Boltzmann

like, and the occupation probability of an electron f(Eny, ) < 1.

The density of modes for a cavity, whose dimension is much greater than the wave-

length in the material Apai(= Ax/nr) in all the three-dimensions, can be calculated as

1

Pl (hwap) = v Z (s - 2[* 6(Awn — Fiwas)]
cav 'y o
1 27 T poo c
- W_/ A /0 dgb dé dk k2 sin305 (flk; - hwab)
0 T
(hwap)*n?
= 233 24
3m2h33 ( 3)

In this calculation, |u, - z|?> = sin? 8, is due to the intersubband polarization selection
rule (equation 2.25), which results in a value that is a factor of 3 smaller than a similar
calculation for a randomly polarized electric-field. If a Lorentzian is used instead of

the Dirac delta to account for a finite linewidth, the result of the calculation will not
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Figure 2-2: Fermi distribution of electrons in the 2D subbands, for GaAs parameters.
Subband populations and electronic temperatures, representative of typical terahertz

QCLs [31, 29|, are chosen. The fermi energy pup is measured with reference to the
bottom-edge of the subband.

Metal-metal waveguide S.1. surface-plasmon waveguide
metal GaAs/AlGaAs MQWSs

Lz""'150 j.Lm

| Intensity Intensity

Figure 2-3: Schematic and mode-shape plots at v ~ 3 THz (Agaas ~ 28 um) for the
two types of waveguides that are used for terahertz QCLs (details in section 3.6.1).
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change appreciably, as long as the linewidth Aw < wyp.

At terahertz frequencies (v = 1— 10 THz, A = 300 — 30 ym), the wavelength
inside the semiconductor (= A/n;) is typically greater than twice the thickness of
the active region used. Hence, the modes that have any significant overlap with
the active region, have a negligible value of the wavevector along the height of the
waveguide (in their plane-wave decomposition). Figure 2-3 shows the schematic and
the typical mode-plots for the two types of waveguides that are used for terahertz
QCLs. In a metal-metal waveguide, all the supported modes have k, = 0 due to its
sub-wavelength vertical dimension. For a semi-insulating surface-plasmon waveguide,
the “active” modes also have k, ~ 0 (all the rest of the modes are mostly localized
in the substrate rather than the active region, which makes the corresponding mode-
confinement factor I' ~ 0). Due to this reason, the density of available modes in a

terahertz QCL cavity can be determined from a 2D calculation as

k=0
1 1 1 z
THZ _ . )
Peav ( a,b) - -L_z cav(m}ab) - L—zAca,v g [|ua . Z' 5(hwk —_ hwab)]
1 2w

_ Z—(27r / / d8 dk ké(hk—r—-mab)

—_ 1 ( ) ( ab/nr)

B Lz 2rh2c? - 4 Lz cav(hwab) (244)

where, L, is the cavity dimension in the z direction, A,y is the area of the cavity
in the zy plane, Ay = (2wc/we), and |u, - 2|2 = 1 since for k, = 0 the electric-
field is polarized along the z direction, which automatically satisfies the polarization
selection rule. For metal-metal waveguides, the cavity thickness L, is smaller than
the wavelength inside the material Az/n,, which enhances the density of modes, and
hence the spontaneous emission rate. This is the so-called Purcell effect, which was
first analyzed in 1946 by Purcell [129], who predicted an enhancement in the rate
of nuclear magnetic moment transitions for a nuclear-magnetic medium placed in
a resonant electrical circuit. The alteration of spontaneous emission rate has since
been studied extensively in optical microcavities, in which at least one of the cavity’s

dimension is on the order of a wavelength. Optical confinement rearranges the usual
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free-space spectral mode density and the density of modes at some wavelengths is
increased, whereas at others, it is decreased depending on cavity resonances. For an
off-resonant cavity, the spontaneous emission can conversely be inhibited [85], instead
of being enhanced. For a planar microcavity surrounded by two metallic-mirrors in
the z direction the spontaneous emission rate is always enhanced for sub-wavelength
dimension in the z direction [26], as predicted by equation (2.44) for L, < (3/4)Ass/n:.

It is instructive to write expressions for the material gain g, (in meter—!), which
is defined as the increase in photon number in the lasing mode per unit length, in
terms of the stimulated and the spontaneous emission lifetimes, respectively. Using

equations (2.40), (2.41), and (2.42), the corresponding expressions become

(ne — ms) e (na — mp) N

Tt (Fw)mpn € o T (fw) ¢
(ne — ) e [ |Uo - 2|20 (Aw — Fuwgs)
_ 3 2.46
Tsp & V;:avpcav (h(*)ab) ( )

gmat(hw) (245)

where, 7 (Aw) = 720, o ,)(fAw) is the lifetime due to stimulated emission into the
lasing mode, 7/ (fw) = 7.2, (ko){fwi) s the lifetime due to spontaneous emission

into the lasing mode, 7, = 7.7, is the lifetime due to spontaneous emission into

k,o

all available modes, and ny, = nf

is the number of photons in the lasing mode.
While equation (2.45) is exact, equation (2.46) holds true within the assumption of
negligible state-blocking, as was done in equation (2.42). These expressions, which
are another form for equation (2.32), are written in terms of numbers rather than
densities to avoid any confusion between the volumes of the active region and the
cavity. Here, n, and n, are the respective electron numbers in subbands a and b, ny
is the photon number in the lasing cavity mode, n; is the material refractive index,
and c is the speed of light in vacuum. To account for a finite linewidth, the Dirac
delta function §(fiw — hwas) (Which also appears in the expressions for 7y and 77,)
should be replaced by a normalized Lorentzian, as in equation (2.31).

It may be mentioned that the microcavity effect, which reduces the spontaneous

emission lifetime 7, by increasing the density of available modes peay (fiwqs), does not

affect the gain in the active region. Gain, like loss, is a material property, which is
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due to a modification in (predominantly) the imaginary component of the electrical
susceptibility x(w) = x/(w) + ix"(w) of a medium, as will be shown in section 2.5.1.
For an electrical field £e“* propagating in such a medium, a polarization current den-
sity —wepx”Ee™* is induced which is 180° out of phase to the original field and hence
adds energy to the field. The lasing action is a linear process as opposed to the non-
linear processes of optical parametric oscillators (OPO), second-harmonic generation
(SHG), and Raman effect. As such, the gain coefficient is independent of the field
strength. Consequently, the modal properties of the cavity do not come into play in
this picture, and thus the microcavity effect should not change the material gain of the
active region. To verify this experimentally, terahertz QCLs in metal-metal waveg-
uide microcavities with different thicknesses (L,) have been experimentally tested,

the results of which will be presented in chapter 3 (section 3.3.2).

Using the expressions developed in equations (2.41) and (2.42), the values for the

spontaneous and stimulated emission lifetimes in GaAs can be calculated as

| 7 [/ (L THD)] (Ve /(10° )]

Ts,p (m}ab) = f

(in ms)

_ Tap(iwap) [Av/(1THz)] [ve/(3 THz)| .
) (= ) = 00 T (9
_ [L./(10 pm)]
o= A0 eTEg (e (247

where, 75 and Ts'p are evaluated at the resonance frequency w = wgp, and an electric

field of the form E = z FEympsin(k - r — wypt) is assumed inside the cavity, which

22
V;:av 6Oln‘r Ea,mp

2%(}1)
the expression in equation (2.44) is used to calculate the density of modes. f is the

corresponds to the number of photons ny, = . For evaluation of 7,
oscillator strength for a — b optical transition, V., is the modal volume in the cavity,

Vg is the lasing frequency, and Av is the linewidth of the optical transition.

Finally, it must be mentioned that expressions derived in this section need some
modification before they could be used for a real system. The material gain gpq; is
usually defined for a case when the entire electromagnetic cavity is filled with the

active gain medium. For a cavity where only a fraction (= I') of the mode overlaps
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with the active region, the stimulated radiative lifetimes derived in this section be-
come longer by a factor of 1/T', and consequently the actual gain is reduced by the
factor I'. Also, the expressions derived here are for plane-wave propagation inside the
material, therefore, the gain is for the direction of the propagation. In a waveguide,
the propagating mode along the waveguided direction could be a superposition of
plane-waves. In that case, the expression for gain in the waveguided direction should

be modified, as will be shown in chapter 4.

2.3 Rate equations analysis of a 3-level QCL

Ebias = vbias/ (N p Lm0d)

e DS " L moa .
- xN,
T~
h,
JY
i I Al
’ -*-—'\*;__ 5 i
=T =l

Figure 2-4: Schematic to describe rate equations analysis of a 3-level QCL.

Although, electron transport calculation in a terahertz QCL is a complex prob-
lem [28], simple rate equations can be written to solve for a coupled electronic and
electromagnetic system once certain parameters are available. Figure 2-4 shows the
schematic of a representative QCL, which was initially presented in Fig. 2-1. Dy-

namic electron and photon populations can be determined as a function of various
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non-radiative and radiative lifetimes, and the source term I, which is the current
flowing through the quantum-cascade structure. Here, 3 is the upper radiative level,
2 is the lower radiative level, and 1 is a reservoir (injector) level. 7 is the fraction of
the current injected into the upper level 3 and is a function of current I itself, which
in turn is a function of the static electric-field bias across the device Epas. In general,
I and n are much harder to determine computationally in an accurate manner, but
once they are taken as parameters, the rate equations describe the dynamics of the

coupled electron-photon system well. The rate equations are written as

dn3 ’l’]INp n3 (X} ng r /nph hw)

Rt SR A Ot A A A —n hdw 2.48

dt |6| 732 T3t 7'sp Np 2) sp(hw ( )

d’ng (1 - 'T])INP o F / nph

dny _ (1-m)IN, m ns I hdw 2.4

dt le] To + T32 + 7'sp Ny (s —ma) Np (249)
dnon(h) 13 L o) 4 (g — ) Tonlli) _ mgn(Puo) (2.50)

dt Tep Np Ny 73, (hw) Tph

P ‘sp

The symbols used in these expressions have the following meaning:

o [ is the electronic current (in the direction of electron transport) flowing through

the device.
e N, is the number of repeated modules in the QCL.

e n3 and n, are the electron population numbers in subbands 3 and 2, respectively,

summed over all QCL modules.
e ['is the fraction of the optical mode that overlaps with the entire active region.

o 7.,(Aw)N, /T is the spontaneous emission lifetime into a single cavity mode at
frequency w, and 74, NV, /T is the spontaneous emission lifetime into all available

cavity modes (as determined from equations 2.41, 2.42, 2.45 and 2.46).

® T33,73;, and Ty are the lifetimes due to non-radiative transitions 3 — 2,3 — 1,

and 2 — 1, respectively.
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e 7ph is the photon lifetime in the cavity, which can be expressed as

1
= oy + am) (2.51)
Tph Ny

where, a,, and oy, are the waveguide and the mirror losses (in meter—!), re-
spectively, c¢ is the speed of light in vacuum, and n, is the refractive index of
the active region. Typically ay, = apmail’, where ay, is the loss in the semicon-
ductor active region material, however, additional loss terms have to be added
if significant fraction of the mode propagates in a lossy inactive material. The
“mirror” loss is due to out-coupling of photons from the cavity, and is discussed
in greater detail in chapter 4. a,, is typically a slowly varying function of fre-
quency w. However, ay, can depend critically on both w (such as in a cavity

with frequency dependent feedback), or the direction of the mode propagation.

e npyn(Aw) is the number of photons per unit energy (in Joules™) generated into
all available cavity modes, due to both spontaneous and stimulated optical
transitions. [ npn(fw)hidw gives the total number of photons in the cavity, and
J Fwnpn(hw)om (¢/n,)hidw is the total amount of optical power emitted.

hAw/ (2)
(hw - ﬁw32)2 + (hAw/2)2

L{hw) = (2.52)

is the normalized Lorentzian lineshape function (in Joules™!), such that AAw is

the FWHM linewidth, and [ L(hw)hdw = 1.

It may be noted that all the lifetimes depend on the subband wavefunctions, which in
turn depend on E\;,, and hence on I. However, the bias does not change significantly
in the range of laser operation, therefore, the lifetimes are taken as constants. Also,
the lifetimes 7.,, 7p, and 7 are strictly derived only for plane-wave propagation
modes. For modes that can be represented as a superposition of plane-waves, their

expressions need to be slightly modified as shown in chapter 4.

85



2.3.1 Operation below lasing threshold

Below lasing threshold, any photons that are emitted are distributed amongst all
cavity modes and npn(fw) has a broad linewidth (as will be derived below). As

was estimated for GaAs in equation (2.47), the lifetimes due to radiative transitions,

L/ nph(ﬁw)m - and Ts—p]—vﬁ are typically many orders of magnitude greater
Np 'rs’p(ﬁw) T YD y y g g

than the non-radiative lifetimes. In the steady-state (d/dt — 0), equations (2.48) and

(2.49) yield for subband populations

mNp  T31T32

le| (7a1 + T32)
%7‘2(7’31 + (1 — n1)732)
le| (31 + T32)

TL3=I

n (2.53)

Below threshold, the current flowing through the structure I is not enough to develop
sufficient population inversion (nz — n2) for the gain to counter the losses for any
cavity mode. Thus, a population of coherent photons cannot be developed in any
cavity mode. However, depending on the electron population of the upper level
3, significant number of spontaneously emitted photons could build up inside the
cavity. Their distribution in frequency is determined by the population difference
(n3 — ny) (which determines whether there is gain or loss due to optical transitions
between subbands 3 and 2), and the photon lifetime in the cavity 7pn (which may
itself be frequency dependent). In steady state, npn(fiw) could be determined from
equation (2.50) as

3 0
_ sp {¥p
Tph Top(Aw) Ny

sp

- 1-B (n3 - TLQ) [,(hw)
— An %:7 £ () (2.55)
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where, using equations (2.42) and (2.41), A and B are written as

i = N, B ° 2 |223[" peav ()
_ I2ry, hw 9
B = Np B € 2V0av€|223| (256)

The Lorentzian in the denominator of equation (2.54) is due to the fact that
Top(fw) o< 1/L(Aw). Assuming 7y, A, and B to be slowly varying functions of fre-
quency (as compared to the Lorentzian £(fw)), equation (2.54) can be simplified

further and written in terms of a modified Lorentzian £'(hw), which has a linewidth

Au' = Aw \/ 1-— %@ where Aw is the linewidth of £(fw), which corre-

sponds to that of the radiative transition 3 — 2. The center frequency of L£'(fw)

remains the same as wss.
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Figure 2-5: mnpy(hw) distribution in frequency for three hypothetical cases.
(a) No population inversion, for which the linewidth Aw’ remains the same as Aw.

2B ,na — n2|
b),(c) With 1 d gai h that ————— = 0.99.
(b),(c) With loss and gain such tha T
The frequency distribution of the emitted optical power is approximately the
same as that of nyp(fw), which is shown for three hypothetical cases in Fig. 2-5.
The linewidth of the emission spectrum Aw’ is narrowed as population inversion

increases, and eventually Aw’ — 0, which characterizes onset of lasing (section 2.3.2).
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The total intensity of the spontaneous emission increases by an amount Aw/Aw’ due
to the gain in the active region. It may be noted that in case of ne > ngj, there is loss
due to intersubband absorption rather than gain, and the linewidth Aw’ conversely
becomes broader than Aw. This is because photons with frequencies close to the
center frequency wss encounter greater intersubband loss as compared to the photons
at frequencies on the wings of the Lorentzian L(hw). The broadening is typically
small even for a relatively large (ny — n3) as seen from Fig. 2-5. Moreover, it is
less likely for this broadening to be measured experimentally, since the spontaneous

emission power is bound to be low when population in level 3 is small.

2.3.2 Operation near lasing threshold

As the lasing threshold is approached, the linewidth for ny,(fuw) becomes infinitesi-
mally small and the photons at the peak frequency are all due to stimulated transitions
into a single cavity mode (the lasing mode). Hence, nyn(Aw) can be approximated as
1% 6 (hw — huwo) where, (hw) is the Dirac-delta function (in Joules™), and nf}, is the
total number of photons in the lasing mode (at some particular frequency wy which

may not necessarily be wsp). However, n¥j may not necessarily be a large number

Tslp(MO)N p
ns

still be many orders of magnitude greater than the non-radiative lifetimes (for exam-

and the lifetime due to stimulated transitions, which now becomes , can
ple, for the typical parameters given in equation 2.47, a value of ng“h = 1.7 x 108 is
needed for the stimulated lifetime to become as small as 10 ps). In the steady-state,

equations (2.48) and (2.49) yield for subband populations

MrnlNp  T31732

|e| (7’31 + 7'32)
%7'2(7'31 + (1 — Nren)732)
le] (T31 + T32)

— th

np=ns = Iy (2.57)

These expressions are similar to those in equation (2.53). Iy, identifies the current
as the threshold current, which establishes enough population inversion to satisfy the

threshold condition specified by equation (2.50) for a solution of the form n} (hw) =
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n%,0(fuw — Fuwo). In this case, the optical gain g (in meter™) in the cavity becomes
equal to the optical losses (as characterized by 7,n, which is typically in the range of

1 — 10 ps for terahertz QCLs), and can be written as

r 1 Ny
hwo) = (o —
g( 0) (nB n’? )Np Tép(h‘-‘)O) c
_ I (Tt — s — (L - m)reme) T e
le] (T31 + T32) 74, (Fwo) ¢
1 n,
= T — = \Ow m 2.
2 (ot o) (2.58)

Note that even though the linewidth for n,,(fiw) distribution becomes infinitesimally
small, the photons generated purely due to spontaneous emission, f—sNLC(hw), are
still present in the cavity. Although, the intensity of such photonsSli)s rl;lany orders
of magnitude lower compared to the photon intensity at the lasing frequency. The
expressions above allow determination of Iy, as a function of cavity losses. 7/ (ﬁwo)
in these expressions is equivalent to 7., (k,0)(fwk) of equation (2.41), which can be

used to evaluate it for subbands 3 and 2, respectively, after replacing the Dirac delta

with the Lorentzian L(fuwyp) of equation (2.52).

2.3.3 Operation above lasing threshold

Above lasing threshold, the photon number in the lasing mode n builds up signif-
Tep(Awo) Ny,
st F
cannot be neglected in comparison to non-radiative lifetimes. The solutions to equa-

tions (2.48), (2.49), and (2.50) in steady-state result in

icantly, and correspondingly the lifetime due to stimulated transitions

N, T2T31
ng = ngh + (I — ]th)ﬁm
N T9T3
Ny = ngh “+ (I — Ith)ﬁm‘
N,
ngy, = ﬁTph [(I = Itn)x + I(n1r — Nren)] (2.59)
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Figure 2-6: Population densities of the radiative levels n3 and ny as a function of
current per unit cross-sectional area. The following values are used for the plots:
Nrew = M1 = 1, T390 = 3 ps, 733 = 7 ps, fo3 = 0.8, and Av = 1.5 THz, where
the threshold gain gy, = (o + om) is related to the population inversion Angy, =
(nfh — nih) by equation (2.33). Lyoq = 50 nm is assumed to calculate 3D densities.
The discontinuity in the curves corresponds to the threshold current-density.

where,

_ (nIthT3lT32 — ToT31 — (1 - nIth)TQTIﬂ) (260)
(T2 + 731) 732

Above threshold, n3 — ny does not change from its value at threshold. However,
the populations of the individual subbands increase linearly with current as shown in
Fig. 2-6 for some typical parameter values corresponding to those for terahertz QCLs.
This increase is due to inefficient extraction of electrons from the lower subband (due
to a non-zero lower subband lifetime 73), which does not allow all the extra current
being pumped into the modules beyond threshold to be converted into photons, thus
reducing the optical efficiency of the laser. Note that no-I curves are piecewise linear
with two different slopes. The slope above Iy, is higher due to stimulated emission

transitions from 3 to 2. The power out-coupled from the laser becomes

— st i

Pout = hwony, Om .
Nbo o

- Tel 0 o) (I — In)x + I(nr — nrw)] (2.61)
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Correspondingly, the slope efficiency dP,y/dI becomes

dPout _ Nphwo am !

= 2.62
dI le|] (o + am) X (2.62)
where,
, d
X' =x+(m— ) + I% (2.63)

The slope efficiency can show discontinuities in the P-I (also known as L-I) char-
acteristics of the lasers, which have multiple injector levels, since the injection effi-
ciency n can change significantly at some particular bias resulting in a large dn;/dI.
The quantity x’ (= x at most bias conditions) is known as the internal quantum effi-
ciency, and a rough estimate of its value can be obtained from the I-V characteristics
of a laser. x is lowered from its ideal value of unity due to a non-unity injection
efficiency (7 < 1), and a non-zero lower level lifetime (72 > 0). x'Npom/(aw + am)
determines the differential quantum efficiency in number of photons generated per
electron, which for the best terahertz QCLs is reported to be ~ 10% of the total
value of N, [175]. This quantity is largely dependent on the type of waveguide used,
due to a big difference in the out-coupling efficiency am/(w + am) of metal-metal

and semi-insulating surface-plasmon waveguides.

Terahertz QCLs are typically made with a large number of periods (N, > 100).
For the metal-metal waveguides (section 3.6.1), a large N, reduces the fractional over-
lap of the desired waveguide mode with the lossy cladding layers in comparison to that
of the active region, thereby reducing o, and hence the threshold gain requirement
(equation 2.58). For the semi-insulating surface-plasmon waveguides (section 3.6.1),
a large N, increases the mode confinement factor I', which also effectively reduces
the threshold gain requirement (equation 2.58). Moreover, for a large N, the slope
efficiency is higher because it is proportional to N, and also because a,, is lowered
(equation 2.62). However, increasing N, comes at the cost of a higher voltage that
is required to bias the N, modules, which causes increased electrical power dissipa-
tion in the active region affecting continuous-wave performance of the laser due to

lattice heating. The wall-plug efficiency, which is the fraction of electrical power that
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is converted into optical power, is a combination of various factors that include the
slope efficiency, the value of the threshold current Iy, the range of the current above
threshold, and also the wvoltage-efficiency in the design (fwo/(E3 — E) in Fig. 2-4).
The best 5 K wall-plug efficiencies measured so far for terahertz QCLs are ~ 0.5%
in cw operation [12, 175] (see also section 3.6.2, Fig. 3-50), and ~ 4% in pulsed
operation [13].

All the experimental values mentioned in the preceding paragraphs were for tera-
hertz QCLs operating in continuous-wave mode at liquid helium temperatures. These
results have been obtained from QCLs developed during the course of this work, the

experimental results of which will be discussed in greater detail in chapters 3 and 4.

2.3.4 Small-signal modulation response above threshold

The small-signal current modulation response of a QCL can be characterized by the

time-harmonic steady-state response. This is done by assuming solutions of the form

It) = I+ Re(Ie™)
na(t) = nz+ Re(fze™™)
ne(t) = ng+ Re(fige™™)

n;th(t) = n;th—i-Re(ﬁ;themt) (2.64)

Assuming amplitudes of the time varying components to be much smaller than the
corresponding zero-frequency values, the cross terms for the small-signal components
could be neglected in the rate equations, which then become a system of linear alge-

braic equations. In steady state operation above threshold, ﬁffh becomes

=~ st 2
Mok Ny Ox

Tlw ™ (Qﬁ—mﬂ'm)
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where Q% and v are given by

I 1
- ()
Nithleh TphT3

nrl 1
Y = Ji p
Nithith / T3

731732
(731 + Ta2)

73 (266)

Equation (2.65) describes a two-pole response of the optical power (since optical power
oc n4 (t)) for a harmonic current modulation in a QCL, which is similar to that for
interband diode lasers. The parameter (2{2g)/7 characterizes the oscillatory behavior

of the response, and can be expressed as

I I\ 4
2R _ (Ulth th) (1 _ Nitw th) 473 (2.67)
g nil ml ) Ton

The frequency response is overdamped if 2Qr/y < 1. The maximum value of the

expression 2Qr /7 is obtained for n;] = 2npnlin when (2Qr/Y)max = +/73/Tph. In

either a terahertz or a mid-infrared QCL, typically 73 is of the order of 1 ps, whereas

Tph ~ 1 — 10 ps, for which 2Qr /v < 1 is always satisfied. Hence, unlike in interband
diode lasers, the fast non-radiative scattering times in a QCL do not allow occurrence
of relaxation oscillations in its modulation response. The 3-dB frequency, defined as
the frequency where the square of the magnitude of the frequency response goes to

half of the zero frequency value, becomes

2 2 2
U = \/(’g—%)ma—(%—n%{)

(2or/p<1 QF
~

_ (1 _ ﬂlthfth) 1 (2.68)

n 1 Tph

Hence, for QCLs the maximum 3-dB modulation frequency, fsgp should be limited

by the photon lifetime inside the cavity limiting it to the range of 10 — 100 GHz. The
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tion inversion Ang, = (ni —ni!) by equation (2.33). A, is the cross-sectional area of
the active region, which can be chosen arbitrarily once Ly,q is fixed. (345 is defined
as the frequency where the normalized modulation response becomes 1/ V2.

Figure 2-7: Normalized small signal modulation response

normalized small-signal modulation response for some typical parameters correspond-
ing to those for terahertz QCLs is plotted in Fig. 2-7. The conclusions derived above
agree with a similar calculation done for mid-infrared QCLs in Ref. [131], and puts
QCLs on the same footing as interband diode lasers with regard to the maximum

frequency of their modulation response.

The results derived here for the maximum modulation response are contrary to
some of the claims in literature, which have suggested that even faster modulation
response should be possible in QCLs [34, 125], possibly reaching even THz modulation
bandwidths [120, 52]. In Refs. [52, 34, 125], the following standard expression, as

derived in Yariv [187] for a vanishing lower state lifetime, is used

0%
o =0t m) @)
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where Q% and «y are expressed in terms of 7 instead of I as

1
2 =
TphTst
. (2.70)
7 T3 Tst .

The characteristic frequencies for the modulation response in equation (2.69) become

1/1 1 1 1/1  1)\?
o = (Lo D)l H(e D) )
2\13 Ta TonTst 4\ T3 Tat

The expressions in equation (2.70) correspond exactly to the ones derived in equa-
tion (2.66) (for 75 — 0). Typically 7 is much smaller than 73, and since 73 is of the
same order as Tph, the characteristic frequencies in the expression above will have no

real component implying absence of relaxation oscillations. In the limit 7oy < (Tph, 73)

Ut lryctrmmy = { 2" (2.72)

§—

Tst
which is same as the result derived in equation (2.68) for I >> Iy, implying that 7y
limits the 3dB bandwidth. However, in Refs. [62, 34, 125], this limit is incorrectly
calculated to be /713, which allowed for a conclusion that modulation bandwidth could
be increased further from 1/7,, by reducing the upper state lifetime. For the sake of
a physical argument, an upper limit for the fastest modulation response should be
obtainable by estimating the limiting mechanism for the photon density modulation.
Although 73 may be made smaller than 7y, it seems plausible that the limiting decay
rate for the photon density would still be the photon lifetime 7pn, which should thus

determine the modulation bandwidth.
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2.4 Resonant-tunneling through a potential barrier

2.4.1 Density matrix formalism

The Fermi’s golden rule (equation 2.18) for determining the probability of state tran-
sitions gives no information about phase relation between the initial and the final
states. This is insufficient to describe “coherent” phenomena, in which phase of the
interacting states plays an important role. The density matrix formalism is an elegant
way to include the phase information while determining the time evolution of quan-
tum mechanical states. Most importantly, compared to the wave function approach,
it allows a phenomenological description of a statistical ensemble of many states, such

as in a multi-electron system.

Suppose that there is a state (Hilbert) space, with a denumerable orthonormal
basis |¢,), where n is an integer. If the system is in state |¢/(t)) at time ¢, the following

is the expansion in this basis

(6) = 3 an(®lén) (2.73)

n

For an observable (self-adjoint operator) O, the matrix elements of O in this basis

can be written as

In this representation, the operator O can also be written as a Hermitian matrix O
with the above mentioned elements. The average (expectation) value of O at time t,

for the system in state |¢(t)) becomes
(0)(t) = (WDIO() = D Y~ (t)an(t)Omn (2.75)
Consider a self-adjoint (Hermitian) operator, 4(t), which is defined as

p(t) = [()) ()] (2.76)
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This is called the density operator. The elements of the density matriz p(t) become

pmn(t) = <¢m|p(t)|¢n> = a’m(t)a:z(t) (277)

The expectation value of the observable O can then be written in terms of 5(t) as

<O>(t) = ZZan(t)Omn

n

= T [5(1:)5] (2.78)

The time evolution of a state is given by the Schrodinger equation

HOW() = ih (1) (279)

Correspondingly, time evolution of the density operator (and the matrix) becomes

70 =3 [#0.50]
&5t =~ [A(0),7(0)] (280)

The density operator, unlike the state vector, has no phase ambiguity and it
remains the same under a phase transformation |(t)) — €*|y(¢)). Moreover, the
expectation values of observables are quadratic in |¢(t)), but only linear in A(t),
where p2(t) = p(t). It may be noted that the diagonal terms of the density matrix
pun(t) = |an(t)|? are real and positive, whereas the off-diagonal terms can be complex.
The real advantage of the density matrix formalism is in the fact that the matrix

element p,,,(t) can be defined as an ensemble average [186, 119]
Pmn(t) = am(t)ay,(t) (2.81)

for a statistical mixture of state vectors, such as in a multi-electron system, where each
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electron is described by its “independent” state vector within a statistical distribution.
The off-diagonal elements in this case are called coherences since their behavior with
time depends on how well the individual state vectors maintain their phase. The
diagonal elements determine the probability of finding a random state-vector in the

ensemble in a particular basis state, and therefore, the population of that basis state.

2.4.2 Current transport in the QCL with 3-levels per module

Injector barrier
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Figure 2-8: Plot of the magnitude squared envelope wavefunctions for the 3-level QCL
of Fig. 2-1 with two different sets of basis functions. Plot (a) is for the “extended”
scheme, where energy splitting due to the injector anticrossing A, is visible, and
the wavefunctions are calculated for a potential profile Hey as it appears in the
figure. Plot (b) is for the “tight-binding” scheme, where H, is formed by making
the potential barriers at the boundaries of a module infinitely thick to confine the
wavefunctions within that single module.

The density matrix formalism can provide an elegant way to include the colli-
sional broadening, as well as lifetime broadening of the states of a Hamiltonian in
the presence of a perturbation, such as the light-matter interaction, for a many-
body system [186]. Analogously, it can be used to estimate current transport in a
multiple quantum-well structure due to resonant-tunneling through a potential bar-
rier [166, 29]. For the best performing QCL designs, both in the mid-infrared and
in the terahertz, the injector barrier is intentionally set as the bottleneck for cur-

rent transport so that a high injection efficiency can be maintained and the current
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transport can be limited at an applied field below the design bias. In this section,
the current flow due to resonant-tunneling through the injector barrier in the 3-levels
per module QCL design of Figs. 2-1 and 2-4 will be calculated using density matri-
ces. This will allow determination of current I, which was used as an independent

parameter in the rate-equation description of such a QCL in section 2.3.

Figure 2-8(a) shows the conduction band diagram for the aforementioned design
at design bias, when the levels 1’ and 3 are lined up in energy for maximum tunneling
current through the injector barrier. The wavefunctions are calculated with the full
Hamiltonian ﬁext. At 1’ — 3 resonance, both subbands are extended on either side
of the injector barrier with an energy splitting A, which known as the anticrossing
gap. The wavefunctions are calculated again in a tight-binding scheme with a mod-
ified Hamiltonian Hy,, as shown in Fig. 2-8(b). H,, is modified from the original
Hamiltonian ﬁext to keep the wavefunctions confined within a module. Whereas the
wavefunctions for flext depend sensitively on the external static field Ey;,s near the
design bias, the wavefunctions for H,, do not change significantly, which keeps the
form-factors for various scattering rate calculations in between those wavefunctions

approximately independent of bias.

The tunneling mechanism is critically dependent on the energy broadening of the
levels since it is a resonance phenomenon. This broadening is caused by both lifetime
broadening and collisional broadening (dephasing), and is not easy to incorporate in
the scheme of Fig. 2-8(a) due to the sensitive dependence of the extended wavefunc-
tions on FEy.s. However, with the tight-binding wavefunctions as the basis states,
density-matrix formalism that allows a phenomenological treatment of level broad-
ening, is easier to implement. As will be shown next, Ag plays a critical role in

determining the current flow at resonance due to the effect of level broadening [29].

The density matrix for the 3-level problem at hand is a 3 x 3 matrix. To keep the
analysis simple, the current flow close to design bias will be assumed entirely due to
1’ — 3 tunneling. This is analogous to assuming a unity injection efficiency (n = 1).

Within this approximation, the time evolution of the density matrix with the basis
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states of Fig. 2-8(b) could be written as in equation (2.80)

d_ 1= i 0=, =
7Pexy = TF [Hextap(3x3)] % [Hlyp(:axs)] (2.82)

= , - . N "
where, H includes radiative and non-radiative perturbation terms. The expression

above can be expanded as

-A
prr Pr2 P13 _ Ey 0 =3¢ pry Prz2 Pra
i
7t | P2v P22 P23 = 3 0 Ey O || pa p2 pos
—A
P31 P32 P33 =L 0 Ej P31 P32 P33
3
ps3 y gz _— =P
731 T2 Ti
+ —— b puzpn _ pm — (2.83)
732 Tst T2
=Py L __ P33 __ P33—p22
Ty T3 Tst

where, (n|Hex|n) = (n|Hp|n) = En, (U|Hex|3) = (3| Hext|1') = —A¢/2, Tyt = Tap/ Moty
(> (73, 72) near and below lasing threshold), and 75 = 73;732/(731 + 732). The inter-
action with the optical field is included through 7, and the photon rate equation,
which determines the condition of lasing threshold, is assumed to be solved separately.
As described above, the diagonal terms of the density matrix are equivalent to the
population of the basis states, and the off-diagonal terms describe the coherences.
For this system, the coherences corresponding to level 2 (indicated by ——) do not
affect the population dynamics and hence need not be included [29]. 7 is the dephas-
ing time, which determines relaxation (damping) of the coherent interaction between
level 1’ and level 3. 7 includes terms due to both lifetime broadening and collisional
broadening as [29]
1 1 1 1 1 1
ﬁ=§7—;+—2?3+-f2;z%+§ (2.84)
The time T3 is the pure-dephasing time and is due to the destruction of phase
coherences between states that results from various scattering mechanisms (collisions)
such as interface-roughness (which reduces the specularity of tunneling through the

barriers), impurity scattering, and electron-electron scattering. Pure-dephasing is

100



exclusive of the level lifetime 73, which characterizes lifetime broadening due to the
uncertainty relation between the energy of a level and its lifetime. Lifetime broadening
can be explained by the time-dependent perturbation theory of which the Fermi’s
golden rule is a special case. The factor of 2 in the lifetime contribution to dephasing is
because population relaxation applies to the square of the amplitude of wavefunctions

whereas dephasing applies to the amplitudes directly [166)].

The finite off-diagonal terms in Hey, corresponding to levels 1’ and 3 are indicative
of coherent interaction in between those basis states. In other words, the phase
coherence of those levels is linked to their populations. Hence, the dephasing time
7) is included as a relaxation term for their corresponding off-diagonal elements in

equation (2.83).

Equation (2.83) is similar in many ways to the rate equations analyzed in sec-
tions 2.3. Additionally, it describes the resonant-tunneling process also, thus allowing
a calculation of the current flowing in the structure rather than it being taken as a
source parameter. The rate equations accurately describe the population dynamics
of level 2 since it does not have coherent interaction with the other two levels close
to the design bias (i. e. the bias for 1’ — 3 alignment). Hence, the results derived from
rate equations, which specify the population of level 2 (= pgg) in terms of that of
level 3 (= pa3), could be used to convert equation (2.83) to an equation with a 2 x 2

density matrix. The simplified equation becomes

d _ i Eq =Ag _ £33 p22 P13
—Pr3z = —F \ 2 Pra| + ™ & i (2.85)
dt’ hi\zae g ’ —hPa  _pss _ P2
2 3 al 731 T2
- P11 pPrs _ ) )
where, g, 3 = . Note that 22 4 282222 from equation (2.83) is replaced
P31 P33

by “Tl;—f + %2 since these terms are equivalent (both below and above threshold % =

b3y p3-P22), as a statement of current continuity. In the steady-state (d/dt — 0),

T32

the following solutions can be used for pso, as deduced from the results of section 2.3
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forn=1

-
33— (I < Iy)
Paz = 732 (286)

pszs —Dngy ... (I 2> Iin)

where, Any, = p33 — po2 is the population inversion, which is pinned to a constant
value above threshold, as derived in equation (2.58). Equation (2.85) can be solved
analytically in the steady-state using the expressions for py; from equation (2.86).
Solving for the current I (with the constraint (p1; + pea + p33) = Tot) the following

expressions are obtained

I = l]% (% + pT_222) (2.87)
) .
Nyt |€] (%1)2T”(7'31 + T39) < I
-y " b(%)2Tll731(2T32 +72) + 2(%&)2TI|2(T31 +732) + 2(7a1 + 7a2)
| el (5)'n (1 +7) - S 2r = 7)) (> In)
| M L3(%Q)ZTIIT3IT2 + 2(%5)27'“2(731 +72) + 2731 + 72) e

The I — Ey/3 expressions derived above have a Lorentzian lineshape, and the maximum

current flows through the structure at resonance (Ey3 = Ey — E3 = 0).

Figure 2-9 shows calculated I — Ey3 curves for typical parameters corresponding to
terahertz QCLs. A wealth of information can be obtained from these plots; however,
further discussions about these results are deferred to chapter 3, where results from
various terahertz QCL active regions will be analyzed. It may be noted that the
current I calculated in these plots is due to 1’ — 3 tunneling only, where 1’ is the
injector level and 3 is the upper radiative level. In reality, various parasitic current
channels also conduct current due to resonant interaction of the injector level with
levels other than the upper radiative level. In that case, the threshold current Iy
gets artificially enhanced from the calculated values in Fig. 2-9 and thus does not
accurately correspond to the 1’ — 3 current required to meet the gain threshold giy.

These issues will be discussed in detail in chapter 3 (section 3.2).
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Figure 2-9: Steady state current density (I/Aa.) versus bias plots for the 3-level
QCL, calculated using density-matrices and rate-equations for a range of param-
eters, typically corresponding to those for terahertz QCLs.
Mot/ (NpLmodAac) = 5 % 10" cm™ is used, where A, is the cross-sectional area of
the active region and is arbitrarily chosen. The expression for peak gain in GaAs, as
derived in equation (2.33), is used to relate population inversion Anyy to the threshold
gain gi,, with an oscillator strength fp3 = 0.8, Lorentzian linewidth Ar = 1.5 THz,
and a mode-confinement factor ' of unity. The red region of the curves corresponds
to I < Iy, while blue corresponds to I > Iy,.
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It is instructive to rewrite equation (2.87) for the case of ultra-short lifetime of

the lower radiative state (1, — 0). The expressions then become

r -

Purlel ( 1 ) (5) ims <Ly (a)

on \ - 2
Tirs ) = o AT/ (B0 mym + (B) o 41 2.88
|(r2—0) = [ Aa\2. (1. 28 (2.88)
(%) mims (1 — S

(I 2 L) (b)

Morle] (l)
2 AL (B e
Equation (2.88)(a) is the same as the one derived by Kazarinov and Suris [83] for their
superlattice scheme shown in Fig. 1-3, since for 75 = 0 (= pg2 = 0), the superlattice
with 3-levels per module essentially becomes equivalent to a superlattice with 2-levels
per module. It was later used by Sirtori et al. [148] to describe the resonant-tunneling
phenomena in mid-infrared quantum-cascade lasers. More recently, a time-domain
Monte-Carlo simulation of resonant-tunneling transport through a potential barrier
was demonstrated by Callebaut et al. [29], which was likened to the optical Rabi
oscillations caused by the electromagnetic coupling between the two electronic states.
While Q = (Ag/h) is the frequency of oscillation of the electron wavepacket across
the barrier (analogous to the optical Rabi frequency), ‘r”_1 corresponds to the damping
rate of the oscillation. Similar to the lineshape of optical emission, the I — Ey.3 curves

are Lorentzians with the FWHM linewidths given by

2h4/ (e 27'7'3-1-1
(&) (I < L)

AEy3pwaml,, o = oh l (2.89)

il

Typically, several current channels are active at any given bias in a QCL, hence the
shape of the experimental I-V curves cannot be used to estimate 7, and hence the
pure dephasing time 7. As will be shown in section 2.5, the spontaneous emission
linewidth is also determined from 73 and can provide a better estimate since it can

be directly measured in an experiment.

104



Discontinuity in differential resistance at the lasing threshold

A discussion about the discontinuity in the slope of the I — Ey/3 curves at the lasing
threshold is in order. The discontinuity is a manifest of the fact that the population
inversion gets pinned to a constant value above threshold, and the upper state lifetime
starts to decrease due to stimulated emission. The change in slope of the I — Ey3
curve at the discontinuity can be experimentally determined from the differential
resistance-voltage (dV/dI-V') characteristics of a device, and is shown below to be a
direct probe of the population inversion Ang, in the laser. The voltage applied across

the device Vi, is related to Eyi3 by

Ey3N,

Vias =
® fulel

(2.90)

where, fyv is the fraction of the applied voltage that appears as the energy difference
between levels 1’ and 3. fy is typically a non-linear function of the applied voltage
V and is a characteristic of a particular design. For the main result to be derived in
this section, the particular form of fyv is inconsequential. Using equation (2.90) the

differential resistance becomes

_ dVoies _ 1 NydEys

R==u ~ fvlel dl

(2.91)

To determine the value of R just below and above threshold, an expression for
Ey3.n can be derived, for which the population inversion condition nz — ng = Anyy,
is satisfied. From the steady state solution of the density matrix in equation (2.85),

the following expression is obtained

h \ﬁ%—f)rzﬂﬁs [ntot — 2Any, — (ntot + Anth)7‘2/7’32] — 2Angy, (2 92)

Eyzyg = ——
1'3,th T A

Substituting Eys = Eysgn in dEys/dl obtained from the I — Ey3 expressions in
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equation (2.87), the following expression is obtained for R just below threshold

_ Mot Npr3(1 — 7o/732) A0 \ 2
RI(ISIth) - (_El’B,th)fV ( |612Anth (293)
and
2An h 1- _;-_2_
Rzt = Rlrgm [1 s : ( 7 +2_Tz_31 (2.94)
o 731

for R just above threshold. Thus, the fractional change in the differential resistance

R at threshold becomes

ARth _ R‘(Islm)"Rl(IZIm)

R Rl 1<t
— T 2131 (2.95)
Mot 1+ ;321‘

The value of ARy, /Ry is plotted for some typical parameters in Fig. 2-10. It may
be noted that ny, = n1 + ns + n3 is assumed for these calculations where niy is the
doping in the active region. However, for a QCL design with more than 3 levels per
module, ny, in the above expressions must be replaced by n; + n, + n; (as will be
shown in section 3.3.4), where 4, u, [ specify the injector level, the upper radiative
level, and the lower radiative level, respectively. In that case, the observed value of
ARy /Ren will be enhanced as compared to the values calculated in Fig. 2-10 when
other parameters are kept the same, since n; +n,, +n; becomes smaller than the total

doping (number of electrons) available per module.

For the sake of completeness of discussion, it may be mentioned that it is theo-
retically possible for the slope of the I — Ey/3 to decrease beyond threshold, making
ARy /Ryn negative. This can happen for 2737 < 7 < 732, which is neither realizable
in a realistic design, and nor desired (since 3 — 1 is essentially a leakage channel
for current flow). For this case, the current I in a non-lasing structure is greater
as compared to that in a lasing structure above threshold. This happens because
more electrons get piled up in the lower radiative level in a lasing scenario (due to

onset of 3 — 2 stimulated transitions), which makes less population available in the
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Figure 2-10: Plots for the discontinuity in differential resistance at threshold
(ARh/Rin) according to equation (2.95). The following parameters are used:
gth = 50 cm™, ney/Vae = 5 x 101 em™3, fo3 = 0.8, Av = 1.5 THz, which results in
a value of Any, = 0.27ny. Here, equation (2.33) is used to relate gy, to Angy,.

injector and the upper radiative levels for the overall current flow, noting that 3 — 1
scattering is a faster channel for current flow as compared to the 2 — 1 scattering
for 273; < T < T32. Note that 75 < T35 is a general condition to obtain a positive

population inversion nz — n,.

Even though the expressions for R are relatively complex, the expression for
ARin/Run is remarkably simple and no approximations have been made. These ex-
pressions hold true regardless of whether the tunneling transport through the injector
barrier is coherent or incoherent (details to follow in section 2.4.3). The same expres-
sion is obtained even if the complete analysis is done with a non-unity injection effi-
ciency (n < 1), provided 7 is a slowly varying function of I near threshold (since n < 1
can be thought of as being equivalent to n = 1 but with a smaller 732). Since typically
Ty € 731, ARn/Rin gives an absolute measurement of the population inversion in
the laser as a fraction of the combined populations of the laser levels 3 and 2, and the
injector level 1 (nyo; = N1 + ng + n3). For the 3-level QCL, ny is determined from the
doping density; however, for a more complex design, populations of only the relevant
levels contribute in its expression. It is clear from equation (2.95) that the maximum

of Ang, = nyet/2 for AR, /Ren = 1, which corresponds to n; = ng and np = 0.
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In literature [148], it has been argued that R|;>7, will approach zero, and hence
ARin/Rin will approach unity as the lower state lifetime 7, — 0, making AR, /Rin
indicative of how fast the depopulation is. The underlying assumption for that ar-
gument is that dnz/dI o< dW,s/dI. However, this assumption is not strictly correct.

Even though dnj/dI above threshold, which is derived to be

dn3
al

N p To

A S B (2.96)
rora el (1+ ;’3)

does indeed approach zero as 7, — 0, the resistance dVjas/dI remains > 0 since the
current flow in the device keeps increasing with increased bias as it is still dictated
by resonant-tunneling through the injector barrier. Only for the case of coherent
tunneling (%Q)QT”T;), > 1, does (dVhias/dI)1>1,, — 0, since in that regime of operation

1 = n3 and populations in levels 1’ and 3 are in equilibrium sharing the same quasi-
Fermi level, and no extra voltage could be developed across the injector barrier once
the threshold condition is met. The exact expressions for the differential resistance

in the limit 7, — 0 are derived to be

(2.97)

5 2
1 (Np fi>2 ((éﬁu)?'rﬂ"?ﬂ + (Elﬁ’a) T||2 + 1)

RII Ip,m2—0 = 7T | T
<ltn,72 (—Ey3) funeor \ e 7| (éhQ)ZT”

and

1 (22 () 1) -

Rl5 1m0 =
|I>Ith1 g —0 (_E1,3)fv(nt0t _ 2Anth) Iel 7_” (%1) 7_”

The differential resistance R will be plotted for some particular cases in section 2.5.1.

108



2.4.3 Coherent versus incoherent tunneling

In the most general case, the following condition must be satisfied to obtain the

necessary population inversion Anyy, for lasing before the peak bias of Ey3 =0

AO 2 2Anch
B0\ o 2.99
< h ) s Ntot — 2Anth - (ntot + Anth)TQ/T'?’? ( )

This result is obtained from equation (2.92) as a necessary condition for Ey/34, to
exist. A rough estimate of the minimum value of Aq required to meet this condition
can be estimated from the plots in Fig. 2-11(b). Figure 2-11(b) can also be interpreted
in a different way, since it determines the maximum value of population inversion that
can be achieved (i. e. at Ey:3 = 0) for a given Ay in a non-lasing device. For example,

in the limit 7 — 0, a maximum of An = /2 can be obtained if (%Q)Qﬂ[Tg > 1.

The resonant-tunneling through the injector barrier is incoherent if the expression
(—Ahﬂ)z’rnTg < 1. In this regime, the Rabi oscillation of electron population between
levels 1’ and 3 is overdamped and the electron population on either side of the injector
barrier (i. e. in levels 1’ and 3 respectively) cannot maintain a coherent phase with
respect to each other, even at resonance. Consequently, as can be deduced from
equation (2.99), it is difficult to obtain population inversion to meet lasing threshold.
For incoherent tunneling, the following expressions hold for the current at resonance

(Evs = 0) and the corresponding level populations

I ———nmlel i -A—O 27‘7’
max 2N, \ 7 h) "

Q

ng = Mot —4—0 27’ T:
3 2 A |73
ny = Tot
...in the limit [(52)*ryrs<ct, ra<(@rs2)] , Tmax < Tn (2.100)

Thus, for incoherent injection, the maximum current is small and is o< A2, which
decreases exponentially with the thickness of the injector barrier. Also, almost the

entire electron population becomes localized in the injector level 1.
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Figure 2-11: (a) Plot of the factor (%3)21'“'@ to determine the regime of resonant-
tunneling transport through a potential barrier (>> 1 coherent, < 1 incoherent). 7y is
determined from equation (2.84). (b) Plot to determine maximum value of population
inversion that can be achieved (i. e. at Ey:3 = 0) for a given A in a non-lasing device,
calculated using equation (2.99). The top axis indicates the conversion of population
inversion Anmax to a gain g for the typical parameters of ny/Vae = 5 x 10 cm™3
fa3 = 0.8, Av = 1.5 THz, and using equation (2.33) for calculation.
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Figure 2-12: Plots of the maximum value of the current density (Imax/Aac) versus
injection anticrossing Ag, where calculations for a lasing device are indicated by
blue (dashed) lines, and for a non-lasing device they are indicated by red (solid)
lines. The exact expressions for current as derived in equation (2.87) are used, for
which the maximum value is obtained at resonance (Ey:3 = 0). The following typical
values are used for various parameters: 73; = 7 ps, 732 = 3 ps, T5 = 0.33 ps,
Mot/ Vac = 5 x 1015 em™3, fo3 = 0.8, Av = 1.5 THz. Equation (2.33) is used to
relate gy, to Angy,, and a module length L9 = 50 nm is used to convert densities to
numbers. The cross-sectional area of the active region A,. can be chosen arbitrarily.
For a fixed 3D doping density, the current density is o< Lyoq-
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In the opposite regime of (%)27'[173 > 1, resonant-tunneling through the injector
barrier is coherent. The maximum current is large and independent of Ay, and hence
the thickness of the injector barrier. As derived from equation (2.87), the maximum

current and the corresponding level populations for coherent transport are given by

I ~ ntotlel l
max 2Np T3

Mot
ng ~ N~ 5
...in the limit [(52)*ryms»1, (@) , Imax < Iin (2.101)

when the population inversion could not be obtained at any bias in the device, and

I ~ nt0t|€| i 1 . 2Anth
max 2Np 37’2 Ntot

A
ng ~ Ny~ (ng’t—k gth>

...in the limit [(52) "7 (3m2/2)1, 7'2<<'r31] y Imax > Tth (2.102)

for a lasing device. These expressions provides an important conclusion, in that for a
lasing device the maximum current in the coherent transport regime is limited by the
lower state lifetime, and not by the upper state lifetime as can be wrongly interpreted
from the expression for a non-lasing device, which is often the one mentioned in
literature {148, 166]. This is because after the onset of lasing, the upper state lifetime
(737st/ (73 + Tst)) is reduced due to increased stimulated emission (74 |), although it
still has to be greater than ~ 75 to sustain a population inversion. Note that in the
coherent transport regime, the electron populations gets equally localized on the either
side of the injector barrier, since tunneling through the barrier is not the limiting
mechanism for current transport. Whereas the expressions derived above were for
limiting cases, the exact expressions for the maximum current density obtained from

equation (2.87) at Ey3 = 0 are plotted for some typical parameters in Fig. 2-12.
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2.5 Calculation of optical gain spectrum using

density matrices (below lasing threshold)

In the previous sections a Lorentzian linewidth was phenomenologically chosen for
the optical gain spectrum in the laser. In the following two sections, the gain spec-
trum is analytically calculated by using the density matrices to describe the coherent
interaction between light and the electronic system. While in most cases, the gain
spectrum is Lorentzian; however, depending on the coherent or incoherent nature of
resonant-tunneling and the dephasing lifetimes, the gain spectrum can be significantly
modified. Moreover, the linewidth of the gain spectrum is shown to be sensitively
dependent on level lifetimes and the level anticrossings. For example, in calculation
of the I-V curves in Fig. 2-9, a constant value of 1.5 THz was assumed for the FWHM
linewidth. However, for certain cases the linewidth depends on the parameters itself
and the I-V curves need to be recalculated with correct linewidths to obtain a better

understanding of the transport behavior in a QCL.

2.5.1 Optical gain spectrum as a function of injector

anticrossing
xll
—Ay/2
v ; T T
le|€Z23 . . >
4y ®
2 E3—A¢/2 Es2+Ao/2

h h

Figure 2-13: Schematic showing the optical response of the simple 3-level QCL system
to an externally applied electric field £ in the absence of any dephasing or non-
radiative scattering. The optical gain (or loss) in the system is proportional to the
imaginary component of the electrical susceptibility (x”). The levels 3 and 2 are the
upper and the lower radiative levels, respectively, which coherently interact with the
radiation field £ through the light-matter interaction term. Additionally, the injector
level 1’ coherently interacts with level 3 through resonant-tunneling, in the presence
of which the optical response is split into two branches around the central frequency
of w = E3y/h (the linewidth is infinitesimal in the absence of scattering or dephasing).
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The optical gain spectrum for a given system can be calculated by solving the
density matrix for an electronic system coherently coupled with the electromagnetic
field through the light-matter perturbation term. The electromagnetic field can be
treated semi-classically, as in section 2.1. Using equation (2.24) for the time-harmonic
perturbation due to the electric field within the electric-dipole approximation, the
time evolution of the density-matrix p;,5 for the 3-level QCL of Fig. 2-8 (operating

below threshold) is written as

it —A
prr  pree” P13 ‘ Ey 0 52
. 1 , -
—_ +iwt +iwt — +iwt N
dt pPa1/€ (d P22 P23€ == h 0 Eg |€|223£6 sy P3x3
—iwt =A —iwt
p3v page " P33 =52 |e[zpz€e™™ E3
P33 4 p22 —pyrpe” ! U
731 T2 TY,2 7,3
+iwt g
4+ | Tewe™ ps pm cpmet™ (2.103)
T2 T32 T2 T|j,23
—P3y! —paze”*“'  pa3 _ pa3
71,3 7,23 731 732

where, p;; are slowly varying functions of time on the scale of the optical time period
27 /w, and ps, 5 in the commutator on the right is the same as the matrix operated
upon by the derivative d/dt on the left. The density-matrix equation above essentially
models the system shown in Fig. 2-13 but with scattering and dephasing terms in-
cluded. The dephasing times 7,2, 7) 23, and 7} 3 are determined from the level lifetimes

as in equation (2.84)

1 1 1
—_— = — 4 — 2.104
T2 2, T3 ( )
1 1 1 1 mer 1 1
—_— = — e T 2.105
7|23 2y 213 Ty 2, Ty ( )
1 1 1
_— = — — 2.106
T”,3 27'3 T2* ( )

where, T3 is the pure-dephasing time as described in section 2.4.2. T3 is a phenomeno-
logical parameter in the expressions above, and is taken to be the same for electrons

in all levels assuming that all the electrons see a similar scattering environment [29)].
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The time-harmonic electric field is written as
E =z&(et™ + 7™ = 22£ cos(wt) (2.107)

where, £ is taken as real, and the electric-field is assumed to be polarized in the growth
(z) direction for simplicity. The dipole matrix element 23 between the radiative levels
3 and 2 is given by equation (2.28). It may be noted that the dipole matrix element
between subbands 1’ and 2 is zero since the subbands are calculated in the tight-

binding scheme of Fig. 2-8(b).

The problem at hand is similar to that of the interaction between a two-level
atom (say levels 3 and 2) and a time-harmonic electromagnetic field, which has been
treated in numerous texts [185, 143]. As the field is turned on for such a system
that has a finite dipole moment z,3 between the two levels, a fraction of the level
populations oscillate between the two-levels at a frequency €2, which is close to the
Rabi-frequency Qr = |e|223€ /h. The exact frequency and the amplitude of the oscil-
lations is a function of (g, the detuning w — w3y, and also of the various dephasing
times involved. Consequently, coherences p3; and po3 are induced between the two
levels, which vary time-harmonically at the frequency of the driving field w, modu-
lated by a slowly varying amplitude at frequency 2. The amplitude and phase of
these coherences is also a function of Qr, w — w3y, and the various dephasing times,
and additionally of the difference in populations p33 — p22. The coherent oscillations
at frequency 2 eventually decay due to various dephasing processes, including that of
spontaneous emission. However a steady state effect persists, in which the level pop-
ulations pyy and ps3 become independent of time, whereas the coherences p3; and po3

vary as et

. The time-harmonic coherences lead to an induced polarization, which
can either dissipate or enhance the energy of the electromagnetic field. Hence, even
though the level populations remain independent of time, level transitions constantly
take place to account for the energy transfer between the atomic system and the

electromagnetic field. However, some secondary processes must be present to keep

the level populations constant and allow for conservation of energy. In QCLs, those
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secondary processes are the various transport processes such as resonant-tunneling
and non-radiative scattering. It may be noted that the coherences p3;, and ps3 be-
come zero as £ — 0, even though 2,3 may be finite and the levels may have finite
populations, since these coherences are defined for the ensemble and average to zero
due to dephasing in the absence of the driving field. Also this is inherently a non-
linear process and effects such as gain saturation can typically be observed at high
field intensities.

In the ansatz ps,5 of equation (2.103), the coherences corresponding to levels
1" and 3 (p13 and psy/) vary slowly with time in the transient state, and become
independent of time in the steady state. This is because these levels have resonant
interaction characterized by the anticrossing energy Ay, and the phase of the electrons
in levels 1’ and 3 have a fixed relationship with respect to each other at and close
to resonance. For this reason, the coherences between levels 1’ and 2 must also be
taken as time-harmonic, in addition to those for levels 3 and 2, despite the fact that
the dipole matrix element z;. = 0. For the case of coherent tunneling through the
injector barrier, the upper laser level becomes a superposition of levels 1’ and 3 close
to 1’ — 3 resonance. Consequently, an energy splitting takes place, which modifies the
gain spectrum as will be seen below.

Whereas in transient state, p;; are slowing varying with time, in steady state
dp;j/dt = 0. This, along with the rotating-wave approzimation |w — wss| K w [143],
which is essentially equivalent to ignoring the contribution of e*#w+ws2)t terms since
those terms approximately average to zero over time scales longer than 1/w, can be
used to solve equation (2.103) analytically. The induced electrical polarization z P(t)
in the electronic system due the optical field is specified by

P = ex(w)ée™ + ce.
lelt?)
Vac
= i‘il@ {{ps2(—w) + pas(w)] et™* + c.c.} (2.108)

where, po3(w) = pio(w), and V,. is the volume of the active region. The electrical
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susceptibility x(w) becomes

If

X (w) +ix"(w)

%c'—g [paa(@) + plg(~ ) (2.109)

x(w)

The optical gain coefficient g(w) (in meter™!) is related to x”(w) as

9(W)| o xn<nz = — (2.110)

Figure 2-14 shows plots of the calculated gain spectrum in the limit & — 0 (which
ensures absence of any stimulated transitions, and any non-linear saturation effects)
for various parameters. If transport through the injector barrier is not coherent, the
FWHM linewidth for the gain spectrum becomes Av & (77)23) ™! (in Hz), where 7 23
is given by equation (2.105). This is because 7). 23 determines the decay rate for the
coherences corresponding to the radiative levels 3 and 2. This result is derived for
a simple case of a two level atom in Yariv [185], and is applicable to this analysis
also. However, in the case of coherent tunneling such that (Ao/R)?r 375 > 1, the
linewidth gets additionally broadened due to energy splitting between levels 1’ and
3. Additionally, if (Ag/h) 2 (Av/2), two separate peaks are resolved in the gain

spectrum as can be seen from Fig. 2-14(a) for Ap = 4 meV.

Fig. 2-14(a) shows the effect of injection anticrossing on the gain spectrum for four
different values of Ag. As determined from Fig. 2-11(a), for the values of 73 = 2.1 ps
and 75 = 0.33 ps assumed in these calculations, resonant-tunneling through the injec-
tor barrier is coherent for Ag 2 1.5 meV. Correspondingly, n3 becomes approximately
equal to n;, and the population inversion n3 — ny and hence the peak gain start to
saturate with increasing Ag. For large values of Ay, when the energy splitting due
to 1’ — 3 anticrossing is resolved in the gain spectrum, the peak gain reduces since
the gain is spread over a larger frequency region. Although x”(w) is symmetric about
w = w3z = 2.90 THz, as can be seen from Fig. 2-15(a), the gain g(w) is higher for the

peak at w > wss since g(w) x x”(w)w (equation 2.110).
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Figure 2-14: Calculated gain spectrum in the limit £ — 0, for the 3-level QCL of

Fig. 2-8(b). The values of other parameters remain the same as in Fig. 2-9, and

Es -

the total population ney.

E; =12 meV (v = 2.90 THz), which makes zp3 = 6.16 nm for fo3 = 0.8. The
level populations n3 and ny are indicated by 1 and |, respectively, as a fraction of

and the level populations are independent of w.
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Figure 2-15: (a) Real and imaginary parts of the electrical susceptibility x corre-
sponding to the Ag = 4 meV calculation of Fig. 2-14(a). (b) Gain saturation and
broadening of the gain linewidth due to increased field intensity corresponding to the

Ag = 1.5 meV calculation of Fig. 2-14(a).
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Figure 2-16: (a),(b) Current density versus bias plots of Figs. 2-9(e),(f) recalculated
by including the variation of the gain linewidth as the parameters are changed. The
FWHM gain linewidths, as calculated for the set of parameters mentioned in the plots,
are: Av = 1.82 THz, 1.30 THz, and 1.185 THz for » = 0.2 ps, 0.6 ps, and 1.0 ps,
respectively, in (a), and Awv = 1.65 THz, 1.065 THz, and 0.90 THz for
Ty = 0.25 ps, 0.50 ps, and 0.75 ps, respectively, in (b).
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The gain spectra shown in Figs. 2-14(a), (c) and (d) are for the peak bias Fy/3 = 0.
In a laser, the gain threshold should be met at an earlier bias Ey3 < 0. Beyond
threshold, the population inversion gets pinned to a constant value and the extra
current goes into stimulated transitions, which increase the amplitude of the radiation
electrical field inside the cavity. With an assumption that the gain linewidth does
not change with increased intensity, a linear optical power versus current behavior is
expected, as derived in equation (2.62). However, in reality, the linewidth of the gain
spectrum changes with increased field intensity as calculated in Fig. 2-15(b). This is
due to the reduction in the upper state lifetime due to stimulated transitions, which
causes additional lifetime broadening. Consequently, the output power versus current
(L-I) slope is expected to deviate from its typical linear behavior near the peak bias,
as is indeed observed experimentally!. Also, this will result in a slight modification of
the I — Ey/3 curves in Fig. 2-9 by reducing the peak current densities from what plotted
since the population inversion An needs to increase with an increased linewidth. The
typical values of peak electric field amplitudes in terahertz QCL cavities are expected
to be in the range of 2€. ~ 1 — 3 kV/cm. This rough estimate is obtained from
the GaAs expression for 7y in equation (2.47) using the fact that 7, cannot possibly
become much smaller than ~ 1 ps (since typically 7, = 0.2 ps and the effective
upper state lifetime 737, /(73 + 7;) has to be kept greater than ~ 7, to sustain any
population inversion). This can also be confirmed from the experimentally measured

output powers in terahertz QCLs that will be presented in chapter 32.

The I — Ey.3 curves in Fig. 2-9 were plotted for a constant FWHM linewidth of
1.5 THz. However, as can be noted from Fig. 2-14, the linewidth changes significantly
with 7, and T5. The I — Ey/3 curves of Fig. 2-9 are plotted again in Fig. 2-16 after
including the variation in the linewidth for different parameters. The most notable

change is in Fig. 2-16(a), whereby the range of lasing in current becomes higher for

INote that the deviation of the L-I curves from linear behavior can also be caused by a change
in the slope efficiency (equation 2.62) since the level lifetimes can change as the bias changes.

2The power flow density, €gn,c(2Emax)?/2, is ~ 5 x 107 Watts/m? for 2,0 ~ 1 kV/cm in GaAs,
which, for a 10 gm x 100 um sized aperture and 10 % out-coupling efficiency, is equivalent to 5 mW
of output optical power. Note that the amplitude of the time-harmonic electric-field is taken as
2&max in this section (equation 2.107).
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Figure 2-17: Current density (I/A,.), and differential resistance (R) versus bias (Fy3)
plots for the 3-level QCL for two different values of 75, to show the dependence of
the discontinuity in differential resistance at threshold (AR,/Rin) on 7. Plot (a)
is calculated with a constant gain linewidth as in Fig. 2-9(e), whereas plot (b) is
calculated with correct linewidths calculated in this section as in Fig. 2-16(a). The

factor fyR = fv d?}i“ is equivalent to Npals

le|] dI

as given by equation (2.90).

7o = 0.6 ps as compared to that of 75 = 0.2 ps, for the chosen set of parameters. Ad-
ditionally, the lasing threshold can be obtained even for a 75 as large as 1.0 ps since
the population inversion Any;, required to reach the gain threshold gy, is smaller for a
smaller linewidth!. This behavior is analyzed further by plotting the differential resis-
tance vs. Eys3 in Fig. 2-17, corresponding to the plots of Fig. 2-9(e) and Fig. 2-16(a),
respectively. As can be seen from Fig. 2-17(b), the discontinuity in differential resis-
tance at threshold ARy, /Ry is larger for a smaller 7. This is because a greater value
of population inversion Anyy, is needed to reach the gain threshold due to a larger
gain linewidth, thereby making ARy, /Ry large according to equation (2.95).

The analyses presented in section 2.4.2 and the present section bring forth im-

portant features that are key to the understanding the operation of terahertz QCLs

in general. Several of these will become more apparent in chapter 3. One of the

1A longer lower state lifetime 7 will only work if the upper state lifetime 73 remains sufficiently
greater than 7,. However, at higher temperatures, 73 decreases rapidly (as will be shown in sec-
tion 3.3.4), in which case a design with a more coherent injection mechanism and a smaller 7, may be
the only option to obtain lasing at high-temperatures. The longer lower state lifetime may be needed
for designs where injection anticrossing Ay cannot be made large, for example in the low-frequency
(v < 2.0 THz) QCL designs (section 3.5).
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most important parameters in the design process is the value of the injection anti-
crossing Ag. As was shown in this section, for relatively small values of Ag such
that (Ao/h)?7) 373 being close to 1, making 72, the lifetime of the lower laser level, as
small as possible (~ 0.2 ps) may not provide the maximum range of current operation
beyond threshold, and a moderate value (~ 0.5 ps that is neither very large nor very
small) may provide the best performance. This typically applies to long wavelength
(v £ 2 THz) resonant-phonon QCLs (section 3.5). However, for v > 2 THz, a larger
value of Ag can be afforded (as will be discussed in chapter 3), in which case 7, can
be made smaller. For (A¢/h)27 373 > 1, a value of 7, as low as possible is preferred,
since the maximum lasing current is o< 7; ! as is evident from equation (2.102).

For analyzing a QCL design, one of the most important measurable parameters
is arguably the differential resistance R. The behavior of R versus bias is in itself
very informational as will be discussed in chapter 3. The more relevant parameter
to the current discussion is ARy, /Ry, which was shown to be a direct probe of the
absolute value of the population inversion at threshold (equation 2.95). The variation
of ARy, /R with temperature, along with the corresponding behavior of the I-Vs,
can tell about the parameters that determine the temperature performance of the
QCL. An important finding in this section was the fact that AR, /Ry is large for a
design with small 75, not because the lower state population may be smaller as has
been conventionally believed, but because the population inversion required to reach

the gain threshold in such a design will be greater due to a larger gain linewidth.

2.5.2 Optical gain spectrum as a function of collector

anticrossing

Although the 3-level design of Fig. 2-8 captures the essentials of QCL operation,
it needs to be modified further for a practical implementation. In that design as
such, it is difficult to maintain a large dipole matrix element zy3 for the radiative
transition, while simultaneously keeping 73; large. A modified technique with the

so-called resonant-phonon depopulation scheme [168, 72], as shown in Fig. 2-18, has

121



A Injector barrier A Collector barrier
H ext
™~ ™
"-.._._-
ho [ 5 :
mTr o= J Aco J/'ql“ .,i
J-_-|.=J‘/-_‘\"-—d - - / o) <a{/£ "
~— i
St
Ebias - :
(a) (b) o toemmenneneees =

Figure 2-18: Plot of the magnitude squared envelope wavefunctions for a 4-level
QCL in the (a) extended, and (b) tight-binding schemes similar to those of Fig. 2-8.
In comparison to the design in Fig. 2-8, the lower laser level 2 in this design is
depopulated by resonant-tunneling into level 2/, which itself is depopulated by fast
electron-LO-phonon scattering into level 1. This scheme is termed as the resonant-
phonon depopulation scheme [168, 72|, and the resonant-tunneling through the
collector barrier is characterized by the anticrossing energy Aj. For the tight-binding
calculation in plot (b), one QCL module is further divided into two sub-modules to
describe the resonant-tunneling transport through the collector barrier.

shown the best performance for terahertz QCLs until the time of writing of this
thesis. In the tight-binding calculation of Fig. 2-18(b), the upper radiative level 3
is kept spatially isolated from the injector level 1 by introducing an additional well
and a barrier, while it still maintains a large spatial overlap with the lower radiative
level 2. This makes both 73; and zp3 large as desired. The depopulation of level 2
is facilitated by resonant-tunneling through the collector barrier into level 2/, which
has an ultra-short lifetime due to fast electron-LO-phonon scattering. The energy
spacing of the levels is such that the injector resonance 1’ — 3 happens at the same

bias as the collector resonance 2 — 2’ to maximize the current flow at the design bias.
When comparing the 3-level QCL design of Fig. 2-8, which features a diagonal
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interwell radiative transition, to the 4-level QCL of Fig. 2-18, which has a more ver-
tical radiative transition, it should be pointed out that the former may offer a better
performance at higher temperatures, once the LO phonon scattering mechanism is
thermally activated from level 3 to 2. In that case, the 3 level design can maintain a
larger value of 73, due to its diagonality, and thus might be able to sustain enough
population inversion to reach the gain threshold. However, the temperature degra-
dation mechanisms in terahertz QCLs are not yet fully understood and there could
be other issues that are important. More will be discussed about this in chapter 3,

where experimental results from both types of terahertz QCLs will be presented.

The main objective of this section is to analyze the effect of resonant-tunneling
transport through the collector barrier on QCL operation below threshold. In a sim-
plified model, it is assumed that (732/,731) > T30, such that 73 & 735,. The current
I flowing in the device is taken as a parameter, rather than modeling the transport
through the injector barrier as in section 2.4.2, since only the effect of collector trans-
port is sought after here. The gain spectrum calculated by making this simplification
will not be able to incorporate the coherent effects due to a large injector anticrossing,
as in Fig. 2-14(a) for Ay = 4 meV. Even though some mid-infrared QCLs may operate
in that regime, the terahertz QCLs that have so far been demonstrated do not have
such large values for the injector anticrossing. Analogous to equation (2.103), the
density matrix for levels 2/, 2, and 3 of the tight-binding model of Fig. 2-18(b), when

coupled with the electromagnetic field, is written as

ot N
P22 pr2  prset™ ‘ Ey =52 0
i _
= iwt | - 2 —-A jwt =
Paoy P22 pagett | = =2 E, le|zosEe™™ |, P3xs
dt h 2
3218—zwt 2e—zwt 0 e 223ge—zwt E3
3 33
_ by —Pal2 —pygett
T2 T2 T),2'3
+ Pzl £33 —pgaetivt (2.111)
T2 73 71,8
—Pgpre Wt _paje=ivwt IHP_ . P33
URE i3 le] 3

The definition of the symbols in the equation above is similar to that in sec-
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tion 2.5.1, equation (2.103). The corresponding dephasing times are

1 1 1

—_— = + = 2.112
T“,Q/ 27‘2/ TQ* ( )
1 1 1 1 r<zms 1 1
= —t= R — (2.113)
7,23 27Ty 27‘3 T2 27y T2
R (2.114)
7'”’3 2’7‘3 T2* )

Following the argument in section 2.5.1, the coherences corresponding to the levels
2" and 3 should be taken as time-harmonic, even though the dipole matrix element
zor3 = 0. Expressions for the electrical susceptibility x(w) and the optical gain coeffi-

cient g(w) remain the same as in equation (2.109), and equation (2.110), respectively.

Figure 2-19 shows plots of the calculated gain spectrum, analogous to those in
Fig. 2-14, for different values of the collector anticrossing A§, and the energy alignment
Eso (which is a function of applied bias Vi;,s similar to that in equation 2.90). For
a typical collector anticrossing of A§ =4 meV in Fig. 2-19(a), it can be noticed that
the peak gain for a bias corresponding to Esy as low as —4 meV is almost the same
as that for the resonant condition of Foyr = 0 meV. This suggests that in a resonant-
phonon QCL design, it may be advantageous to design for the collector anticrossing
energy alignment (E» = 0) to occur at a bias smaller than that for the injector
anticrossing energy alignment (FEy,3 = 0). This will allow the threshold condition to
be reached earlier in bias, leading to a greater lasing range from Iy, to I.. For such
a design, the output power versus current slope can deviate from its linear behavior
near the peak bias of Fy3 ~ 0, when Fs > 0, which leads to a reduction in the peak
gain as seen from Fig. 2-19(a). However, this effect is expected to be smaller than
the one caused by broadening of the gain linewidth due to increased field intensity,

as discussed in section 2.5.1.

The effect of the collector anticrossing A§ on the gain spectrum in shown in
Fig. 2-19(b). For a small A§ such that (A§/R)*r 270 < 1 (which can be estimated
from Fig. 2-11(a) by using 7o instead of 73), the resonant-tunneling transport through

the collector barrier is increasingly incoherent. This is reflected in the relatively
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Figure 2-19: Calculated gain spectrum versus various parameters, for the 4-level
QCL of Fig. 2-18(b), in the limit £ — 0. Following values are chosen for the various
parameters: E3 — Ey = 12 meV< 2.90 THz, 73 = 3 ps, 7o = 0.25 ps, Ty = 0.33 ps,
faz = 0.8, and for3 = 0. The values of m* = 0.067mo and n, = 3.6 corresponding
to those for GaAs are used. A current density of I/A,. = 800 A/cm? is assumed,
which, for a chosen module length of Ly.q = 50 nm and the above mentioned level
lifetimes, gives nz/(Volume) = 3 x 10'® cm™ and ny/(Volume) = 0.25 x 10'5 cm™3.
The population of the lower laser level ny, which is a function of the energy alignment
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Figure 2-20: Plots for the effective lifetime of the lower laser level 2, which is
also equivalent to tunneling time through the collector barrier due to the resonant-
tunneling transport, as expressed by equation (2.115).

large population of level 2 as compared to that of level 2/, as shown in Fig. 2-19(b).
However, the peak gain does not change as drastically, since for a smaller Af the
gain linewidth is narrower, which keeps the peak gain relatively unchanged even for a
reduced population inversion. This is analogous to the behavior in Fig. 2-14(c) since a
small A§ reduces the effective lifetime of the lower laser level, which is also equivalent
to the tunneling time through the collector barrier. The expression for Ty in the

limit £ — 0 becomes

T2
Toeff = Tor—
Tor
£\ 2 2
(éﬁn) T2 72 /2 + (JLEF;’) Ty +1
Ty (2.115)

(%a)z’fn,zfﬁ'/?
This expression is derived assuming that the transport through the collector barrier
is only through the 2 — 2’ resonant-tunneling. It may be noted that levels 2 and 2’
are calculated in the tight-binding sense as shown in Fig. 2-18.

The expression derived in equation (2.115) is true in general for resonant-tunneling
transport through a potential barrier, and thus, also holds true for transport through

the injector barrier to determine 7y g, once the relevant parameters are replaced.
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Although for the case of injector transport, the reduction in lifetime of level 3 due
to stimulated transitions should also be taken into account. The expression for T3 eg
is plotted for various values of A§ in Fig. 2-20. This value can be used instead of
T, in section 2.5.1 to maintain the validity of the derived expressions, provided 73 ¢
does not change rapidly with V.. As can be noted, even for a value of Af as large
as 5 meV, the minimum value of 7 is about a factor of ~ 2 larger than the raw
LO-phonon scattering time 7o of ~ 0.25 ps. This justifies the use of a typical value
of 75 = 0.5 ps for most of the plots in section 2.5.1. The best resonant-phonon QCL
designs have typically been obtained with values of Aj ~ 4 meV, which maintains a
small 75 ¢ Over a relatively large bias range. For terahertz QCLs, Af is not preferred
to be designed much larger than 4 meV, the reasons for which will become apparent

in chapter 3.
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Figure 2-21: FWHM gain linewidth for some typical parameters, plotted at the col-
lector anticrossing resonance (Fyy = 0). Equation (2.116) is used for this plot, which
is valid when tunneling through either the injector or the collector barrier is not
coherent, and the lineshape can be approximated by a single Lorentzian.

If tunneling through both the injector and collector barriers is not coherent, the
gain linewidth (below threshold) will have the shape of a Lorentzian. Its FWHM

value is modified from the one mentioned in section 2.5.1 by replacing 7 with 75 .g as

1 1 1 1
T (2Ter 213 T3

Av & (2.116)
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This expression is plotted for some typical parameters in Fig. 2-21 (note that 7 g
varies with A§ according to equation 2.115). The gain linewidth is additionally broad-
ened for (A§/h)?ry 27> > 1, similar to the case of coherent tunneling through the
injector barrier. In that case if (A/h) 2 (Av/2), the collector anticrossing is re-
solved in the gain spectrum, as shown for A§ = 5 meV in Fig. 2-19(b). In general,

equation (2.116) will always give a lower limit for the gain linewidth.

2.6 Summary

In this chapter, starting from a description of the light-matter interaction Hamilto-
nian, various radiative scattering times due to intersubband optical transitions were
derived from first principles. Transport in QCLs was first described using simple rate
equations, which allowed a description of photon and electron number densities below
and above lasing threshold as a function of the current flowing in a device. The cur-
rent flow in a QCL below and above the lasing threshold was then determined using a
density matrix formalism. Density matrices were further used as a tool to analytically
evaluate the gain spectrum in a QCL, by incorporating coupling of the optical field
with the electronic system. Some of the results derived in sections 2.4.2, 2.5.1, and
2.5.2 are relatively new and have not yet been applied. They may provide additional
insight into the operation of terahertz QCLs and their further development.

In all the aforementioned transport and gain analyses, the various non-radiative
lifetimes were taken as parameters. In general, these lifetimes have a complex de-
pendence on the electronic temperature, the electron distribution in the subbands,
the wavefunctions corresponding to those subbands, and dephasing rates that that
describe the coherence of the wavefunctions. The wavefunctions, when described in a
tight-binding formalism, do not change significantly with bias in the range of interest,
which allows a reasonable description of transport behavior with bias using the tech-
niques presented in this chapter. However, the behavior of transport with temperature
cannot be described within this scheme. The calculation of non-radiative lifetimes

needs a detailed treatment, and a mathematical formulation can be found in the
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previous work by Smet [152, 151] as applied to intersubband transitions. A detailed
description of QCL transport in the form of Monte-Carlo simulations was undertaken
by Callebaut [28, 29], which allows a calculation of electron temperatures and electron
distribution self-consistently using the aforementioned mathematical formulation of
the non-radiative scattering-rates, while some parameters related to dephasing are in-
cluded phenomenologically. A non-equilibrium Green functions based model for QCLs
has recently been developed by the group of Andreas Wacker [18, 104, 103}, to which
more functionality was added by Callebaut [28]. This formalism self-consistently in-
corporates a description of the wavefunction coherences; however, much still remains
to be done before such computational results could reliably be used for QCL design.

Even though the simplistic 3 or 4 level models described in this chapter can be
used to describe gain in a particular QCL design since only the radiative and the
injector levels need be modeled, the calculation of loss is a much more complicated
problem. A QCL design can in general have many subbands per repeated module, and
a density matrix formulation of such a multi-level system, which includes coherent
interaction between all the levels, may become very computationally intensive [29].
For this reason, loss due to various intersubband resonances can be phenomenolog-
ically treated separately [14]. The “free-carrier” contribution of the loss, which is
affected by electron scattering in the plane of the layers of the quantum-wells, can-
not in general be described by bulk semiconductor mobility parameters due to two-
dimensional confinement of the electrons in the quantum-wells. Hence, a simplistic
Drude-model [16] cannot be used to estimate the free-carrier contribution to the loss.
For QCLs this problem is further complicated by the fact that the electric-field is
polarized perpendicular to the quantum-wells (due to the intersubband polarization
selection rule), and hence does not directly couple to the in-plane electronic motion.
Although some work has been done on estimation of the free-carrier absorption loss

in QCLs [158, 110}, uncertainties still remain due to the complexity of the problem.
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Chapter 3

Terahertz QCL active region:

designs, experiments, and analyses

This chapter describes the various terahertz QCL active region designs that have
been experimentally realized during the course of this thesis. This includes designs
that made a laser, and also others that did not. As will become apparent, the im-
provement of an existing design is intrinsically linked to the experimental analyses of
previous designs that are characteristically different, and that differ only marginally
from it alike. A computational tool for modeling the electrical transport in a QCL to
the desired accuracy is not yet available; however, the simplistic theory of electrical
transport presented in chapter 2 was routinely used to analyze QCL operation. Some
additional insight that has been developed during the course of writing of this thesis
will also be discussed in this chapter. Although significant progress has been made
in the development of terahertz QQCLs since their inception in the year 2001, further
improvement, particularly in their temperature performance, will possibly require a
paradigm shift from the design methodology of the present best performing QCLs.
This will become progressively more evident from the following discussions.
Numerical calculations of the bound state wavefunctions and their eigenenergies
for the one-dimensional multiple quantum-well (MQW) problem were performed using
a Schrodinger solver called SEQUAL [113], and a Poisson solver called FISH1D [109].

The operation of these softwares is described in a greater detail in chapter 2 of
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Ref. [182]. Band-bending, which arises due to spatial separation of the positively
charge dopant impurities and the negatively charged electrons, is neglected due to
relatively low doping densities in the terahertz QCLs discussed in this thesis. This is
equivalent to assuming ¢(2) =& 0 in equation (2.14), and a self-consistent solution of
the Poisson equation (2.6) with the Schrédinger equation (2.14) is not necessary. The
experimentally measured laser frequencies often correspond well with those calculated

by neglecting band-bending, which is the primary basis for this assumption.

A uniform conduction band (I" valley) electron effective mass of m* = 0.067 my,
corresponding to that of GaAs, is assumed for the GaAs/Al,Ga,_,As MQW struc-
ture following the introductory remarks in chapter 2. The potential barrier height for
the heterostructure is taken to be AE, = 0.894x eV [150]. This value is equivalent
to AE, = 0.72AE,, where AE, = 1.247z €V [8] is the difference in the bandgaps
of GaAs and Al;Ga;_;As. The factor of 0.72 relating AE; to AE, is not a defini-
tive value since several different values in the range of 0.6 — 0.9 have been used in
literature for this material system. For the designs presented in this thesis, this value
was found to agree well with the experimental results, although values of 0.65 and
0.80 have also been used in the past as detailed in chapter 6 of Ref. [166]. The bar-
rier height affects several important design parameters, such as energy anticrossings
and energy alignment of the subbands, which directly influence both the optical and
electrical transport properties of a terahertz QCL. It is even more critical for long
wavelength (v < 2 THz, A 2 150 pm) terahertz QCLs, as will become more apparent
in section 3.5. Barring a few particular cases, non-parabolicity is ignored for calcula-
tion of the wavefunctions and their eigenenergies, as per the introductory discussion
in chapter 2. Calculations that deviate from the aforementioned assumptions will be

explicitly stated in the following discussions.

The earliest of the terahertz QCL designs developed in Qing Hu’s group at MIT
were by Bin Xu and are discussed in his PhD thesis [182]. Subsequently, Benjamin
S. Williams carried the work forward and demonstrated the first terahertz QCL from
this group in the year 2002 [168]. Chapters 6 and 7 of Williams’s PhD thesis [166]

discuss the non-lasing, and the lasing terahertz QCL designs, respectively, developed
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in this group up to August of the year 2003. The present thesis focuses on terahertz
QCL designs developed from the year 2004 onwards up to the end of the year 2006

in the same group.

The layer thicknesses in the following sections will be mentioned in the units of
a monolayer (ML). In the GaAs/Al,Ga,_;As material system, 1 ML = agaas/2 =
2.825 A [8], where agaas is the lattice constant of GaAs. The wavefunction plots
at the “design-bias”, which is defined as one of the bias points at which some in-
jector level lines up in energy with the upper radiative level, will be shown for a
tight-binding calculation similar to that in section 2.4.2, Fig. 2-8(b). This is because
resonant-tunneling through the injector barrier in terahertz QCLs is not coherent, and
thus, the wavefunctions calculated in the extended scheme are a less accurate repre-
sentation of the spatial extent of the electron distribution near the injector barrier.
A Schroédinger solver developed by Hans Callebaut [29] is used for the tight-binding
calculations. However, for the “parasitic-bias”, which will be defined in section 3.2,
the wavefunction plots will be shown in the extended scheme despite the parasitic-
bias resonant-tunneling transport being even more incoherent than the design-bias
transport through the injector barrier. This is just to “visibly” show the parasitic

anticrossing so it is more apparent.

The MBE wafers V0416 (OWI180B) and V0418 (OWI185-M3) discussed in sec-
tion 3.5.2 were grown by Dr. Z. R. Wasilewski at the National Research Coun-
cil, Canada. All the other MBE wafers discussed in the chapter were grown by
Dr. J. L. Reno at the Sandia National Laboratories, USA. The experimental setup
and fabrication details for the measurement results presented in this chapter are
discussed in detail in chapter 5 of Williams [166]. Additional experimental details
pertaining to the fabrication of metal-metal waveguides using the Cu-Cu thermo-
compression wafer bonding technique will be discussed in chapter 4. For the results
reported in this chapter, the substrate thickness for the metal-metal waveguide de-
vices is typically (200 + 50) ym. The metal-metal waveguides are fabricated using
a dry-etching technique [170], which yields a vertical profile for the sidewalls of the

ridges (chapter 4). The number of modules in the active region are chosen to keep its
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thickness to approximately 10 pm for all the devices (except for the ones discussed
in section 3.3.2 where the thickness will be explicitly noted) so that the processing
recipes need not to be altered from wafer to wafer. All the optical power measure-
ments are for power as collected at the detector (ScienTech model AC2500H) without
correcting for power lost to non-unity collection efficiency, or due to losses in the
optical path including those due to non-unity transmission from the polypropylene
dewar window (Ref. [166], Fig. 5-1). All results are for Fabry-Pérot ridge cavity lasers
with cleaved facets at both ends of the cavity unless high-reflectivity (HR) coating is
explicitly mentioned. Any other exceptions to the aforementioned will be explicitly

noted.

3.1 A sample of two early designs: M100 and T'65

(a) (b)

Design bias (46 mV/module, 14.7 kV/cm) Design bias (19.8 mV/module, 4.1 kV/cm)
______________________ —
~ %100 i E.=17.4 meV
E,=141meV . - a2
Elcaamev| i loa .. 7 : Ey=2:4 meV
82131 mev| | 28N s A Ayg=0-44 meV
3" | = | A,,,=0.62 meV
A,,.=0.66 meV| . &)
2 7 VTV P i A, =2.30 meV 6
] 5
"l 4
= 3
T65 f
GaAslAIo_ 1 5Gao_85As

Figure 3-1: (a) Conduction band diagram for a design named M100 [183]. The
barrier height AE, = 0.72 AE, = 0.27 eV for the GaAs/Aly 3Gag 7As material system.
Various relevant parameters along with the layer thicknesses (in ML) are indicated.

(b) Conduction band diagram for a design named T65 [167]. The barrier height
AFE, =0.72AE,; = 0.135 eV for the GaAs/Aly15Gag ssAs material system.

Whereas a comprehensive survey of the early terahertz QCL designs that were
developed in this group is presented in chapter 6 of Williams [166], this section briefly
discusses two contrastingly different designs that were developed before a working

terahertz QCL was demonstrated.
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Figure 3-1(a) shows one of the very first designs that were developed in this
group [183]. This design, named as M100, has 3-levels per module where the lower
radiative level 2 is depopulated by LO-phonon scattering (E3; =~ hwro). This design
is identical to the simple model design discussed in chapter 2 (Figs. 2-1 and 2-8) albeit
the 2 — 1 transition is a diagonal interwell transition. This makes 7a; 10 ~ 1 ps, a
value that is relatively long compared to a value of < 0.25 ps, which can be obtained
with a vertical intrawell transition. The upper state lifetime 73 is expected to be
> 10 ps for this design [183]. It appears that a population inversion should be
established in this design at the indicated bias; however, lasing was not observed in
any of the measured devices. There are two likely reasons for this. First, these devices
were implemented in plasmon waveguides of the type shown in Fig. 1-9, which have
a high loss at terahertz frequencies. Second, and perhaps a more critical reason is
that enough gain is unlikely to be established in this design, even with a population
inversion, due to a low oscillator strength for the 3 — 2 radiative transition (fi.q =
fos = 0.27), which is due to the very diagonal nature of the transition. Additionally,
the more diagonal a radiative transition is, the greater is the dependence of the
radiative energy separation F..q = F32 on the applied bias due to the Stark effect.
Since a QCL typically has growth fluctuations from module to module, different
modules get biased differently, which will cause a greater inhomogeneous linewidth
broadening for a more diagonal radiative transition. A relatively broad spontaneous
emission linewidth Avpwam ~ 2 THz was measured experimentally for this design,
which confirms this argument. In comparison, successful terahertz QCL designs with
E.q ~ 12 meV (Vaq ~ 3 THz) and LO-phonon based depopulation have typically
been designed with a radiative oscillator strength fr.q 2 0.7 [168, 174].

The conduction band diagram in Fig. 3-1(b) is for T65, which is one of the few
designs developed in this group that does not use LO-phonon scattering as a depop-
ulation mechanism [167, 166]. Although a narrow linewidth spontaneous emission
(Avrwum ~ 1 THz) was measured for devices fabricated into metal-metal waveguides
for this design, no lasing was observed. It was believed originally that population in-

version could be established between the radiative levels 3 and 2 due to fast electron-
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electron scattering (as will be explained below). However, as a better understanding
of resonant-tunneling transport through the injector barrier has been developed, it is
finally concluded that population inversion will be difficult to establish in this design
in a regime where transport through the injector barrier is not coherent [29]. In that
case, the population in upper radiative level 3 will always be smaller than the popu-
lations in the injector levels 1’ and 2’ (which are same as those in levels 1 and 2 due

to the periodicity of the structure). This can be deduced from the expressions

( [ Ay 2 i
CIEEL
n (/_\. 5 Py ...for Ey3=0
=+ ) 7)373/2 +
g d  RVP : (3.1)
(222) myome/2
N9 5 ...for Ey3 =0
\ (é%i"") T”,3T3/2+1

where equation (2.115) is used to relate the population in level 3 to that in levels
1" and 2’ assuming that only a single injector level contributes to majority of the
current transport at the specified anticrossing bias, and the dephasing time 73 is
expressed as 1/73 = 1/213 + 1/T5. In contrast, for the case of coherent resonant-
tunneling, n3 is approximately equal to n;, or ng, depending on the bias. For a
thermalized electron distribution in levels 1 and 2 (due to fast intersubband electron-
electron scattering inbetween the closely spaced injector levels), ny < m;, and hence
population inversion can be obtained at the bias Ey/3 = 0 for which n3 = n, (provided
the device could be biased up to this point). Realizing this, the injector barrier was
thinned down to 10 ML in a subsequent design named T150C [166]; however, T150C
had an unreasonably high current density and no meaningful optical emission was
observed. This behavior was ascribed to the presence of an upper level parasitic
current channel in this design (section 3.2.1, Fig. 3-2), which reduces the upper state

lifetime and makes it less likely to obtain population inversion.

The problem of parasitic current channels, which can occur below or close to the
design bias, is a major challenge towards design of terahertz QCLs. That is the pri-

mary reason why resonant-tunneling transport through the injector barrier cannot be
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made fully coherent in a terahertz QCL, as will become apparent in the next section.

3.2 The parasitic current channels

For terahertz QCLs, the radiative energies involved (hw ~ 4—20 meV, v ~ 1—5 THg,
A ~ 300 —60 um) are much smaller than for mid-infrared QCLs (fuw ~ 60 —415 meV,
A ~ 20 — 3 um). Consequently, the bias at which any spurious level alignments
may take place are not significantly below the design bias, which makes the said
resonant interactions (characterized by the anticrossing energy at resonance) of the
same order as the anticrossings at the design bias. Those unwanted level alignments
constitute parasitic leakage channels for current flow in the device, and can severely
limit the amount of population inversion that could be achieved. In the worst case,
such parasitic current channels may prevent the device from reaching the design
bias due the occurrence of an early negative differential resistance (NDR) region
and the consequent formation of high-field domains, as was described in section 1.2.2.
However, for mid-infrared QCLs the parasitic level couplings (particularly those due to
injector levels coupling with lower energy levels in an adjacent module) are relatively
insignificant since they happen at a bias much lower than the design bias. In that
case, the parasitic anticrossings are negligible since the wavefunction energies are
much lower in the quantum wells as compared to what they are at the design bias,
which makes the potential barriers more effective in localizing the wavefunctions in
their respective quantum wells.

Primarily, there are two different types of parasitic current channels that can exist

in terahertz QCLs. These will be discussed next in the following sections.

3.2.1 Parasitic current channels due to higher energy levels

Figure 3-2 shows the conduction band diagram of T150C, a design similar to T65
except with a much thinner injector barrier. The calculation in Fig. 3-2(a) is for
the design bias, whereas the calculation in Fig. 3-2(b) is for a bias slightly above

the design bias, at which the upper radiative level 3’ anticrosses with level 4 in the
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Figure 3-2: Conduction band diagrams of T150C at (a) the design bias, and (b) the
upper level parasitic bias, respectively.
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Figure 3-3: Conduction band diagrams of the simple 3-level QCL design of sec-
tion 2.4.2 at (a) the design bias, and (b) the upper level parasitic bias, respectively.
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adjacent module. Due to a thin injector barrier, this parasitic coupling is enhanced
and constitutes an additional leakage channel from level 3’ to the injector levels 2 and
1, thereby reducing its lifetime. Moreover, since resonant-tunneling due to such an
energy alignment transports the electrons to the next module, the lifetime of level 3
is effectively reduced by twice that of the calculated value, as will be shown below.
Since any current due to level 4, which lies above the radiative level 3, constitutes
leakage current, this channel is attributed as an upper level parasitic channel.

A similar parasitic current channel due to 3’ — 4 coupling exists for the simple
3-level QCL design of chapter 2 (section 2.4.2, Fig. 2-8) as shown in Fig. 3-3(b). For
this design the upper level parasitic coupling happens at a bias slightly lower than
the design bias. The effective lifetime of level 3’ due to resonant-tunneling into the

parasitic level 4, T3 para, can be written similar to that in equation (2.115) as

R I g
(—?r"‘) 73474/ 2 + (—n“) Tiaa 11

A X2
(—%A) 7)|,3474/2

(3.2)

T3,para — T4

where the dephasing time 7y 34 = (1/2713 + 1/274 + 1/T3)™' = (1/274 + 1/T3)~", and
the level lifetimes 73 and 74 are calculated in the tight-binding scheme of Fig. 3-3(a).

/2 (ps)

Ta.para

Figure 3-4: The effective lifetime of the upper radiative state 73 para/2 due to coupling
with a higher energy parasitic level, where 73 para is given by equation (3.2).

Close to the parasitic bias, assuming only the 1’ — 3 and 3’ — 4 resonant-tunneling
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channels are active, the current I in the device can be written by modifying equa-

tion (2.87) as

e
1=I_I<@+@+ pa s ) 63
N, p \731 T2 T3,para T3,para

where ps3/73 para is included twice since it has to account for current flow through
both the channels across the injector barrier. In physical terms, the 3’ — 4 channel
transports the electrons into the injector level of the next module instead of the
same module, which makes its contribution to the current flow twice as much. For
below threshold operation paa/7s = pss/732. In that case, the population in the upper

radiative level 3 becomes

N,
ps3 = I="T3 e (3.4)
le]
where 73 ¢ is specified by the expression
1 1 1 1

= — 3.5
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Hence, 73 para/2 determines the effective reduction in the lifetime of the radiative level
3 due to a coupling with the upper parasitic level 4. Figure 3-4 shows plots of 73 para/2
for some typical parameters at the resonance condition Fs4 = 0. As seen from the
plot (a), its value is approximately independent of the lifetime of level 4 because the

3’ — 4 resonant-tunneling is incoherent (section 2.4.3).

The injector transport in terahertz QCLs cannot typically be made coherent, as
will become apparent in section 3.2.2. Therefore, the current flow in the device
depends less critically on the lifetime of the upper radiative level. However, as can be
noted from equation (3.4), for a given current I, the population in the radiative level
3 is proportional to its lifetime. Consequently, any reduction in the lifetime of the
upper level directly limits the possibility of obtaining population inversion in a given
design. This is reflected in the plots of Fig. 2-9(b), where the performance of a laser
is shown to depend critically on 737, which is essentially the parameter that becomes
smaller due to T3 para/2. From a practical perspective Agy is best kept < 0.5 meV for

any such parasitic couplings in GaAs/Al,Ga;_,As terahertz QCL designs.
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3.2.2 Parasitic current channels due to lower energy levels

For injector transport that is not coherent, a parasitic current channel due to coupling
with higher energy levels, as discussed in section 3.2.1, primarily reduces the lifetime of
the upper radiative state without increasing the current flow in the device significantly.
Hence, even if the parasitic resonance happens below the design bias, as shown in
Fig. 3-3, the device could still operate at the design bias. This is in contrast to a
yet another, and often the more critical, type of parasitic coupling that exists for
terahertz QCLs, which was first identified for resonant-phonon terahertz QCLs with
the aid of Monte-Carlo simulations [30]. As the applied bias is increased from zero
in a QCL, the injector level(s) first get aligned with energy levels that are below the
upper radiative level in the adjacent module, before the desired alignment with the
upper radiative level could be obtained. If at some particular lower bias the current
flow in the device is greater than that at the design bias, the operating bias point
for the QCL will lie in a NDR region, which is intrinsically unstable for a MQW
structure as discussed in section 1.2.2. Even if such a lower level parasitic channel
does not cause an early NDR, it may still conduct appreciable current close to the
design bias, thereby artificially increasing the current density required to reach the
lasing threshold. If such a channel is due to coupling of the injector level to the
lower radiative level, it makes the threshold current density actually higher since the
population of the lower radiative level is increased by direct injection. Moreover, any
parasitic current close to the design bias makes fewer number of electrons available
for current transport through the desired channel (i. e. the injector level to the upper
radiative level tunneling), thereby reducing the maximum possible operating current

beyond the lasing threshold.

The conduction band diagram at the lower level parasitic bias for the simple 3-level
QCL design of Fig. 3-3 is shown in Fig. 3-5. For this design the parasitic coupling,
which is characterized by the anticrossing energy A/, is relatively large due to only
two barriers and a well that lie between the injector level 1’ and the lower radiative

level 2. The value of the current due to this parasitic channel follows the result derived
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Figure 3-5: Conduction band diagram of the simple 3-level QCL design of section 2.4.2
at the lower level parasitic bias. The design bias diagram is shown in Fig. 3-3(a).

:

g

[s)]
S

00t R

-
8

:

Maximum current density (Alcmz)

Maximum current density (A/cmz)

2

0.2 06 08 1 %

2 3
%, (ps)

0.4
A, (meV)

Figure 3-6: Current density (I/A,.) at resonance (Eys = 0) for the lower level
parasitic current channel, plotted for some typical parameters and a doping density
Mot/ Vac = 5 X 10'° cm ™3 according to equation (3.6). A module length Lyoq = 50 nm
is used. The cross-sectional area of the active region A,. can be chosen arbitrarily.
For a fixed 3D doping density, the current density is o< Lyoq.
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in equation (2.88)(b), and is written as

;o (mAnlel (1
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(3.6)

where, 1y + ny & ny at this bias assuming the population in level 3 is negligible,
T2 = (1/272+1/T5)~?, and the level lifetime 75 is to be determined for wavefunctions
calculated within a tight-binding scheme. The current density at resonance (E;/o = 0)
as calculated from this expression is plotted from some typical parameters in Fig. 3-6.
For terahertz QCLs in GaAs/Al,Ga;_,As material system with optical phonon based
depopulation, the anticrossing energy for the lower level parasitic current channels is
typically kept < 0.4 meV. For a small value of anticrossing energy Ay, the current
density is relatively independent of 7, for 7, 2 0.5 ps, as can be seen from Fig. 3-6(b).
This is because resonant-tunneling in this case is incoherent, which makes the current
density depend more on Ay, rather than 7, (section 2.4.3). In general, the operation
of a QCL depends critically on the anticrossing energies of various level couplings and
there is always a trade-off between how low the parasitic anticrossings could be made
without compromising on the peak current density and thus the maximum operating

temperature for a given design.

The simple 3-level QCL of Fig. 3-3(a) has two relatively strong parasitic current
channels as discussed in this and the previous section. Although lasing in this design
cannot be ruled out (this design has not been experimentally realized yet), it is
unlikely that this design will make a laser with a better temperature performance than
the more complex designs that will be presented in the following sections. All of the
designs discussed next are based on an optical phonon scattering based depopulation
mechanism. The best performing designs out of those have so-far been with the
resonant-phonon extraction scheme of Fig. 2-18, which allows an efficient selective
depopulation of the lower radiative level while still maintaining a relatively large
oscillator strength for the radiative transition. The primary challenge then is to

keep the various parasitic couplings low, while still maintaining a large peak current
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density, as will become more apparent from the upcoming discussions.

3.3 Terahertz QCLs with two-well injector,
two-well active region, and resonant-phonon

depopulation: the “FL” design

3.3.1 The FL design optimized for temperature performance:

FL-C series

This first terahertz QCL from this group was named as FL175C and was developed by
Benjamin S. Williams [168] after a few iterations of the so called “FL” designs where
“F” stands for four wells per module, and “L” for LO-phonon depopulation (although
this acronym has since lost this meaning, and subsequent modifications to the FL
series have also had more than four wells per module). The FL175C design, and
the subsequent designs in the FL-C series discussed in this section, are based on the
resonant-phonon depopulation scheme as described in section 2.5.2. The conduction
band diagram of the design is shown in Fig. 3-7. This design is a modified version of
the one in Fig. 2-18 with an additional injector well (and correspondingly an additional
injector level), which primarily helps in reducing the parasitic coupling of the injector
levels 1’ and 2’ to the phonon-depopulation level 3. These couplings correspond to
the lower level parasitic current channels of the type discussed in section 3.2.2, and
are shown in Fig. 3-8. As will become apparent in the following discussions, each of
the four barriers, as named in Fig. 3-7(b), play an important role in the optical and
electrical behavior of the QCL and even 1 ML thickness variations can significantly
change the laser characteristics.

Table 3.1 summarizes the experimental results obtained from various FL-C de-
signs. Each entry in the table corresponds to a different MBE wafer and provides
a range of values, which represent the majority of devices that were fabricated and

tested for that wafer. “Mn” signifies the n-th modification in the FL-C series of

144



(a)

The two-well injector, two—well active region i —e-ci = -t; _____________ .
“FL") design in GaAs/ material syst jector barrier H
Bt ioae 4 A.15%%.a5% AR adiative barrier '

Collector barrier Ii

|
~ %N : - |
\ : ] ntra-injector barrie
1 ] I ]
I ( : | fv :
= Vi i
- f o : ™6 l” R r' \ | e
2Lzl B S = s 21 K | 5 i
“?-" S = . s 11---."-—' J I
Design bias | : : '
| 2 i [ N_
: =1 i !
] 1 1 - . I
Extended b i e o : Tight-binding + Active region —J
wavefunctions wavefunctions 1 Injector region |

Figure 3-7: Conduction band diagram for the two-well injector, two-well active region
“FL” design calculated in (a) the extended scheme, and (b) the tight-binding scheme
at the design bias. For the tight-binding scheme, a module is further divided into
three submodules, one for each of the two injector wells and the third for the two
wells that form the active region.
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Figure 3-8: Conduction band diagrams for the two dominant (lower-level) parasitic
current channels, corresponding to the (a) 2 — 3 and (b) 1’ — 3 transport, for the
FL design in Fig. 3-7.
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l FL-C series summary

Device Jin, 5K Jinax Thaxpul | Tmax,cw v Waveguide
(A/em®) | (A/em®) | (K) (K) (THz)

FL175C 800-900 | 950-1000 87 — - 3.35-3.55 | SISP

FL178C-M1 625—675 | 1050-1150 137 67 3.75-3.90 | MM (In-Au)

FL176C-M4 375-425 | 600-700 130 84 2.80-3.05 | MM (Cu-Cu)

FL177C-M5 400-475 | 650-750 134 93 3.10-3.30 | MM (In-Au)
FL176C-M4-2 || 325-400 | 450-600 119 98 2.70-2.95 | MM (Cu-Cu)

FL178C-M6 | 400-450 | 700-775 | 131 83 | 2.80-3.10 | MM (In-Au)
FL178C-M7 || 425-500 | 650-850 | 164 117 | 2.85-3.20 | MM (Cu-Cu)
FL178C-M7-P | 425 625 115 | n.a. 2.90 | MM (In-Au)
FL177C-M8 350 500 100 50 3.05 | MM (In-Au)
FL179C-M9 650 1000 135 | na | 2.65-2.90 | MM (In-Au)

FL179C-M9-2 || 500-600 | 800-1000 163 85 2.50-3.10 | MM (Cu-Cu)
FL178C-M10 350-450 | 575-825 169 109 | 2.60-3.00 { MM (Cu-Cu)

Table 3.1: Summary of experimental results from FL-C series of terahertz QCLs.
Each entry in the table corresponds to a different MBE wafer. “-2” implies second
growth of the same design. The devices are listed in chronological order of develop-
ment from top to bottom. FL175C was never fabricated in MM waveguides, hence
only SISP waveguide data is reported. Taxew for FL178C-M7-P and FL179C-M9
is not available, although these devices did operate in continuous-wave (cw) mode.
FL178C-MT7-P is the same as FL178C-M7 except that the former had layers that
were growth thicker by 2.5% as compared to the latter, and that two growth
interrupts of 15 seconds each per module were incorporated during its growth. For
all other wafers there were no such growth interrupts. FL176C-M4 is the same
as FL176C-M4-2 except that its layer thicknesses were smaller by 3.5% to that of
FL176C-M4-2, whereas its doping was kept the same. FL179C-M9-2 was grown
with similar layer thicknesses to FL179C-M9 except that the former was doped to
2.3 x 10'® cm™2 in the wide-well of the injector, as opposed to 1.9 x 10'® ecm™2 for
the latter; however, there seems to be an ambiguity in the doping values since both
devices had similar experimental results. All the results shown are for a ~ 10 pm
thick active region. It may be noted that the doping values used for these designs
(typically 5.5 x 10'® cm™3 average 3D doping or 3 X 10'° cm~2/module average
2D doping) are a carry-over from previous work by Xu [182] and Williams [166]
with non-lasing designs, although these values have since been shown to be close to
optimum for obtaining the best temperature performance in an experimental study,
which was conducted on terahertz QCLs based on the FL177C-M5 design, albeit
with different doping values [107].

146



Design bias (64mV/module, 12.1kV/cm)

FL175C (EA0924) Anticrossings

7 r T
E xi7s i A, =6.41 meV
rcs E54—13.7meV :X Doped 1.9x1 015cm_3 ! 6+ 12
(3.32 THz) ! 8.6 J A34=5.61 me
E,,=37.9meV i - \ : st
f .=1.07 ! ’ i
54 8.6 1 =
E 92 B4t
- E
i wat
: A 2.13 meV
A, = me
21 Aye=1.72 meV
;| A5=1.36 meV
FL175C A1,4=0.7O meV A1,3=0.84 meV
GaAs/Al, ,Ga, o % 10 20 30 40 50 60 70
' ’ Bias per module (mV)
FL178C-M1 (EA1000) Anti i
Design bias (63mV/module, 11.8kV/cm) 7 ( ) An |r,:rossm?s
=13 X178
~Ess4 (;2:?:\2’) | Doped 1.9x10'%cm 2 | o
> 1 1 34
‘-:-.27_78'6 134 ! 5r A
I < 105 1 <
! 526 . 191 B4t
: 335 E
: BT ‘ U ‘H I'ga”
IJ_;‘\-‘U A_\=7— \ ] é A i
.ﬁ/_" ’\/\:-—-*?g =
} el /\ : 1k 23
FL178C-M1 ) ? A,.,;=0.63 meV A,.,;=0.87 meV
GaAs/Al  Gay g AS . b % 10 20 30 40 50 60 70
) ¥ «——53.2nm — Bias per module (mV)
FL177C-M5 (EA1036) Anticrossings
Design bias (59mV/module, 10.9kV/cm) 6 . : ( ' ) : g
77
~E —143meV | Doped 1.9x10"6cm™3 | 5_A12=':'>.24 meV i
54~ : ' A, =4.68 meV
(345THz)! ,087 145 ! S
! 55 19.3 [}
; 31.8 Eg3l .
LA ViNe “
2 N r <l A,.=2.13 meV
== -~ 5 2F By5=e: i
1 ' _— tst A,..=1.70 meV
FL177C-M5 : /\-2 1 fgaml 20 meY A..=0.42 meV]
3 ; T1 : Ap=042mev—/ =A™
TV TP T W B W | 0O 10 20 30 40 50 60 70
) - «—54.0nm —> Bias per module (mV)

Figure 3-9: Conduction band diagram and the anticrossing plots for the FL-C series
of devices for layer thicknesses as grown.
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Figure 3-10: Conduction band diagram and the anticrossing plots for the FL-C series

of devices for layer thicknesses as grown (contd.).
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Figure 3-11: Conduction band diagram and the anticrossing plots for the FL-C series
of devices for layer thicknesses as grown (contd.).
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designs'. The conduction band diagrams at the design bias and the corresponding
anticrossing plots for each design are shown in Figs. 3-9, 3-10, and 3-11. The an-
ticrossing plots of the type shown in these figures were first used by Williams [166]
to show the behavior of various level-anticrossings with respect to the applied bias
compactly in a single figure. Such plots are often useful in the design process since the
location of various anticrossings in bias space is one of the more important criteria,

in addition to their values, which determine the performance of the laser.

Whereas various different designs from the FL series have achieved lasing in the
spectral range of 2.1 —-5.0 THz, the FL-C series of designs were all designed to operate
close to 3 THz since they were based on successive modifications to improve their tem-
perature performance. The center frequency of the gain bandwidth for these designs
is approximately determined by the radiative energy Fs4 in the tight-binding scheme
of Fig. 3-7(b). The radiative transition from level 5 — 4 is close to being vertical
since the design bias is close to the 5 —4 anticrossing bias. Consequently, Fsq (~ Agy)
depends strongly on the thickness of the radiative barrier. All the FL-C series designs
were designed with a 9 ML radiative barrier, but due to overgrowth/undergrowth in
MBE, the actual thicknesses for each design were different and so are the experimen-
tally measured lasing frequencies. All these designs were grown in the same MBE
machine; consequently, a very good correlation can be noticed between the measured
and the designed laser frequencies. The measured values are typically centered at a
value 0.1 — 0.2 THz smaller than that predicted by the design bias calculation (this
is true for all designs except in FL175C and FL178C-M1, which have a considerably
different level alignment as compared to the other designs). Note that the various de-
sign parameters such as level anticrossings and their location in the bias-space depend
critically on the barrier height, which can vary from one MBE machine to another
due to slightly varying calibrations of Al concentration in the Al,Ga;_,;As barriers.
Thus, a terahertz QCL design optimized for growth in one MBE machine may not

work as well when grown in a different one.

INote that a design named as FL177C-M3 was never grown and another design named as
FL180C-M2 was grown but the processed devices did not conduct current for an unexplored reason.
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The results reported in Table 3.1 are for devices fabricated with metal-metal

(MM) waveguides [170], except for FL175C devices which were only fabricated with

semi-insulating surface-plasmon (SISP) waveguides [89]. The electromagnetic char-

acteristics of both types of waveguides for terahertz QCLs are discussed in greater

detail in Ref. [88]. Most of the results in this thesis focus on MM waveguides since

they have been shown to provide lower waveguide loss and better mode confinement

for terahertz QCLs as compared to SISP waveguides, and hence a better temperature

performance. The fabrication and operating principles of MM waveguides will be

discussed in chapter 4. It may be noted, however, that much greater power can be

out-coupled from SISP waveguides, which is why terahertz QCLs for higher optical

power are developed using SISP waveguides, as will be discussed in section 3.6.

(a) FL175C (SISP)
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Figure 3-12: Pulsed (duty-cycle < 0.05%) light-current (L-I) and current-voltage
(I-V) characteristics measured from (a) a 200 gm x 2.56 mm SISP FL175C ridge laser
with its rear facet high-reflectivity (HR) coated [169], and (b) MM FL178C-M1 ridge
lasers of different dimensions [171] (without HR coating). The L-Is were recorded
with a He-cooled Ge:Ga photodetector. The peak power in plot (a) was measured
using a calibrated thermopile detector (ScienTech Model 360203).

Figure 3-12 summarizes the experimental results from the best of FL175C and

FL178C-M1 lasing devices. Detailed results for these devices can be found in chap-

ter 7 of Williams [166]. It was determined from Monte-Carlo electrical transport

simulations [30] that the relatively high threshold current densities in these devices
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(Jtnsx ~ 800 A/cm2 for FL175C and Jy, sk ~ 625 A/cm2 for FL178C-M1) were
due to the strong lower level parasitic current channel caused by 1’ — 3 coupling as
shown in Fig. 3-8(b). This can be seen as a shoulder in the I-Vs just before lasing
threshold for both of these devices. The intra-injector barrier in FL178C-M1 was
thickened by ~ 2 ML as compared to FL175C, which reduced this parasitic cou-
pling slightly, thereby reducing the threshold current densities (Jin5x) and allowing
a greater range of lasing in current (Jmax — Jinsk). Consequently, a modest increase
in temperature performance was observed for FL178C-M1 SISP devices, which had
a Thax = 92 K in pulsed mode as compared to Tyax = 87 K for FL175C. However,
the pulsed Tinax for FL178C-M1 increased radically to 137 K by the use of more
efficient metal-metal waveguides, as shown in Fig. 3-12(b). Note that a phenomeno-
logical fit of the variation of Jy, with the heat-sink temperature T to the expression
Joh = Jo + J1 exp(T/Ty) is also indicated. Although no physical justification for such
a fit has yet been determined, such an expression typically expresses Ji;, — T variation
well for both mid-infrared and terahertz QCLs, and the characteristic temperature Tp,
along with the lasing range in current Jma.x — Jyh sk are the two key parameters that
characterize the temperature performance of a given design. The low temperature
threshold current density (~ Jy + J;) for mid-infrared QCLs is usually a good mea-
sure of the waveguide and the mirror losses. However, for the phonon-depopulated
terahertz QCLs discussed in this thesis, this value is artificially enhanced by the
parasitic current channels, and hence is not indicative of the losses in the structure.
Consequently, devices with varying cavity dimensions typically have the same low-
temperature threshold current densities. For a given terahertz QCL design, the value
of Ty is larger for a lower frequency design, the reasons for which will be explained in

section 3.3.4.

The original two of the FL-C lasers (FL175C and FL178C-M1) had relatively
high threshold current densities, which, in addition to the fact that SISP waveguides
typically needed to be wider than 100 m to keep the waveguide losses low {88], did
not allow continuous-wave operation in SISP waveguides for both of these lasers. The

maximum duty-cycle obtained from FL175C SISP devices was ~ 60%, whereas some
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(a) FL177C-M5 (MM In-Au)
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Figure 3-13: CW I-V and L-I characteristics measured from (a) a FL177C-M5 ridge
laser of dimensions 40 pum x 1.35 mm fabricated with a In-Au MM waveguide, and
(b) a FL176C-M4-2 ridge laser of dimensions 25 pym x 0.67 mm fabricated with
a Cu-Cu MM waveguide. The L-I characteristics are measured with a room-
temperature pyroelectric detector (Molectron model P4-42), and the peak power
is calibrated using a room-temperature thermopile detector (ScienTech model
AC2500). Typical cw spectra are also shown in the inset on a linear scale, which are
measured with a Nicolet Magna-IR 850 spectrometer in linear scan mode using a
room-temperature deuterated triglycine sulfate (DTGS) pyroelectric detector. The
linewidth of the laser modes is limited by the instrument resolution of 0.125 cm™*
(3.75 GHz). The substrate thickness was 140 pym for the FL177C-M5 laser, and
210 pum for the FL176C-M4-2 laser. Without any corrections in the detected
power, the single-facet wall-plug efficiency for the FL177C-M5 laser is ~ 0.05%, and
the slope-efficiency is ~ 12 mW/A (~ 1 photon/electron). For the FL176C-M4-2
laser, the wall-plug efficiency is ~ 0.1%, and the slope efficiency is ~ 35 mW/A
(~ 3.2 photons/electron).
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of the FL178C-M1 SISP lasers operated in cw mode for a few seconds only before
eventually being destroyed due to heating. The MM FL178C-M1 devices (processed
using the newly developed In-Au fabrication technique [170]) typically stopped lasing
after the first 10 — 20 us of the applied pulses due to a high thermal resistance of the

In-Au metal-metal bonding interface.

In the next batch of FL-C designs, which included FL177C-M5 and FL176C-M4,
the injector doublet consisting of levels 1’ and 2’ was brought more into anticrossing
at the design bias, rather than being “downwards-diagonal” (as can be seen from
the anticrossing plots in Figs. 3-9 and 3-10). Moreover, the collector barrier in both
these new designs was thickened by ~ 1 ML. As a consequence of these modifications,
the parasitic anticrossing A3 became smaller, which in turn reduced the threshold
current densities in these designs. This, in addition to an improved In-Au wafer
bonding technique, which will be discussed in chapter 4, helped realize the first QCL
operating above the technologically important liquid nitrogen temperature [94] with
the FL177C-M5 design, as shown in Fig. 3-13(a). The original FL178C-M1 devices
also lased in cw mode when reprocessed with this improved In-Au bonding technique;
however, the maximum temperature of cw operation was low due to their higher cur-
rent densities as indicated in Table 3.1. Subsequently, an even more robust technique
using Cu-Cu thermocompression wafer-bonding, which had been already developed
elsewhere for Silicon wafer boding [38], was used to realize MM waveguides for tera-
hertz QCLs. As compared to In-Au, Cu-Cu fabrication is more demanding yet a more
reliable fabrication process and has an inherent advantage due to the higher thermal
conductivity of Copper. Hence, an improved cw performance was obtained from
FL176C-M4-2 devices, which were fabricated with the Cu-Cu bonded MM waveg-
uides, as is evident from Fig. 3-13(b). Note that the threshold current densities for
FL176C-M4-2 lasers were typically lower than for FL177C-MS5, since the intra-injector
barrier in FL.176C-M4-2 was thicker by ~ 2.5 ML as compared to FL177C-M5, which
further reduced the parasitic anticrossings. However, the advantage of low Jy, sk in
FL176C-M4-2 was offset by lowering of Jj,,x as well due to the occurrence of an early

NDR, the reasons for which will be explained later in this section.
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(a) FL177C-M5 (In-Au), 40 pm x 1.35 mm  (b) FL176C-M4-2 (Cu-Cu), 40 pm x 0.47 mm
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Figure 3-14: (a) V-Is and R-Is (R = differential resistance) for the same FL177C-M5
laser as in Fig. 3-13 measured at heat-sink temperatures of 5 K, and 78 K, respec-
tively. R is experimentally measured by superimposing a small (~ 10 mV peak-peak),
low-frequency (40 kHz) sinusoidal signal on the applied DC (zero-frequency) bias, and
by measuring the time-varying small-signal current flowing through the device with
a lock-in-amplifier. The discontinuity in R at the lasing threshold is also indicated,
which is characterized by the parameter AR, /Ry, as defined in section 2.4.2.

(b) V-Is and R-Is for a FL176C-M4-2 laser immersed in liquid Helium in a super-
conducting magnetic dewar, measured at different values of the magnetic field B
applied perpendicular to the layers of the MQWs.

The differential resistance R in a laser could be measured much more easily in cw
operation as compared to pulsed operation. A direct experimental measurement con-
siderably reduces the noise in the data when compared to the values obtained from a
mathematical derivative of the measured I-V's, thereby revealing finer features in the
slope of the I-V. The results obtained from one such measurement of a FL177C-M5
laser are shown in Fig. 3-14(a). The discontinuity in differential resistance at thresh-
old, which was discussed in sections 2.4.2 and 2.5.1, can be directly measured, thus
providing valuable insight into the performance of the QCL design. The variation of
AR, /Ry with temperature will be discussed further in section 3.3.4. The valleys
in the R plots that occur below the lasing threshold are indicative of the various
parasitic current channels. These valleys happen at a bias slightly below the bias at
which the corresponding parasitic resonance happens, as determined by the bias at

which the slope of the Lorentzian that models the resonant-tunneling current goes
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to zero. The two of the dominant parasitic current channels of Fig. 3-8 that happen
for the FL-C designs, are believed to be the ones as indicated in Fig. 3-14(a). As
can be noticed, the device does not need much more current past the parasitic bias
points before it starts to lase, which indicates that the parasitic current channels put
a lower limit on the threshold current densities that could be obtained in this design.
As can be noticed from the 78 K measurement in Fig. 3-14(a), the fine features in the
‘R-I disappear at the higher temperature since the valleys becomes broad. Possible

reasons for this will be discussed in section 3.3.4.

Figure 3-14(b) shows results from a similar measurement for a FL176C-M4-2 laser,
when a magnetic field is applied perpendicular to the layers of the MQWs. For this
measurement, only the transport results are available since the magnetic dewar used
in this measurement did not have provisions for coupling out the light. The in-plane
electronic dispersion is split into discrete energy levels (Landau levels) upon appli-
cation of B, field due to in-plane quantization. The modification of the scattering
times due to Landau levels has been exploited to achieve lasing in QCL structures
down to a frequency of 1.39 THz [138, 139]. Landau level splitting has also been used
to do magnetotunneling spectroscopy of the energy anticrossings in the T65 struc-
ture of section 3.1 {167, 166]. However, such a spectroscopy is difficult to perform
on the more complex FL design since many different resonances are active at a given
bias. Nevertheless, the enhancement of the features due to parasitic current channels
upon application of a high magnetic field, which is possibly due to reduced intersub-
band scattering and dephasing, can be seen from the R-I plot for B, = 6.0 T in
Fig. 3-14(b). Even though the upper state lifetime may be enhanced for some par-
ticular B, the performance of this laser was found to monotonically degrade as B
increases, and eventually lasing ceased, as seen from the B, = 6.0 T measurement.
The sharp decline in Jyax with B, possibly due to the pinching of the design bias
current channel, is believed to be the cause of this behavior. Hence, for an upper ra-
diative state that is populated by resonant-tunneling, application of B is less likely
to aid lasing in a QCL structure. In contrast, the transport in the low frequency ter-

ahertz QCL of Ref. [138] is more likely determined by intersubband scattering rather
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than resonant-tunneling, in which case in-plane quantization can help in obtaining a

longer upper state lifetime and narrower linewidths, which aids lasing.

(a) FL176C-M4-2 (Cu-Cu) (b) FL176C-M4-2 (Cu-Cu)
Pulsed and cw L-Is CW I-V, R-V, and L-Vs
Current Density (A/cm?)
] 0.12f ’
Pulsed 4 i 3 ™ 70g
41 K -u.ag . 5K ]60
g 56 K & zoos 50
s ok Pof g Jod
o / ok [ S L
300 97 K 4
0 30 60 90 120 150 104K 102§ o002 -10%
Ti
T / //, 1 :
] cw cw
. (106.4 pm 24 K i | 0.6
210 oY o g
107 61K|[ 8 B
Joa 13K {0.4
£10° k| & §
T 79K| B
102.5 26 27 28 29 3 31 85 K'0.2g 62K o.2§
FL176C-Ma—2 Froeny (TH2) iz gg i —— o7k 83K
0 002 004 006 008 0. 012 0 2 s 6 8 10 2 0
Current (A) Voltage (V)

Figure 3-15: (a) Pulsed and cw L-Is measured from a 25 pm x 1.04 mm FL176C-M4-2
(MM Cu-Cu) ridge laser. A cw spectrum taken close to the maximum operating
temperature with a room-temperature DTGS detector is shown in the inset of the
lower panel on a log scale. (b) The upper panel shows cw I-V and R-V measured
at 5 K for the same device as in (a). The lower panel shows light-voltage (L-V)
characteristics, as opposed to the L-I characteristics of plot (a). Note that the L-I
curves in plot (a) correspond only to the lower-bias (< 10 V) lasing region.

FL176C-M4-2 had a relatively thick intra-injector barrier, which made the injector
doublet consisting of levels 1’ and 2’ “tighter” as characterized by a smaller anticross-
ing energy Ajs. To obtain the maximum lasing range in current, the current should
keep increasing monotonously as the device is biased up from 2’ — 5 anticrossing to
the 1’ — 5 anticrossing, although it is not easy to quantify the minimum values of
these anticrossings unless full transport calculations are done with the inclusion of
optical feedback, similar to that in section 2.4.2. It is believed that FL176C-M4-2
devices had an early NDR that occurred before the 1’ — 5 alignment could be reached,
thereby limiting Jax to a low value. This can be seen from Fig. 3-15, which shows
the light-voltage (L-V') characteristics of one of the FL176C-M4-2 lasers that had
two separate lasing regions. This was typical of many such devices tested and is

attributed to the fact that once NDR is reached even for only a few of the modules
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in a QCL, a uniform bias cannot be maintained across the structure due to high-field
domain formation within the multiple-quantum wells. Consequently, beyond the first
NDR, the device behavior is unpredictable and any lasing afterward, even if it is due
to 1’ — 5 injection, does not last to higher temperatures since all the modules do not

contribute to gain beyond the first occurrence of the NDR region.

The FL177C-M5 and FL176C-M4-2 lasers achieved record high cw operating
temperatures at the time of their development [94]. This was primarily because
the threshold current densities were lowered by cutting down the parasitic current
channels, and also because of significant improvement in MM waveguide fabrication.
Moreover, MM waveguides could be made much narrower without significantly af-
fecting either the waveguide or the mirror losses, thereby improving heat-removal
from the cavities during cw operation. For example, for a 10 um thick active region,
MM waveguides down to ~ 40 pm widths do not cause any significant reduction in
Jmax — Jinsx. However, Jyax — Jin sk typically reduces by 50 — 150 A/ cm? for ~ 25 pm
wide waveguides, which is less so because of increase in Jy, 5k but more because of a
reduction in Jpax. These and other results from very small MM cavities will be dis-
cussed further in chapter 4. In contrast, SISP waveguides are typically designed to be
wider than 100 um to keep their waveguide losses low [88], and thus their temperature

performance in cw operation is limited as will be shown in section 3.6.2.

Despite improvements in cw performances of FL177C-M5 and FL176C-M4-2 lasers,
their maximum temperatures in pulsed operation (FL177C-Mb: Ty ~ 125 — 135 K,
FL176C-M4-2: T, ~ 110 — 120 K) were worse than those for the previous gen-
eration FL178C-M1 design, since their peak current densities were also reduced in
conjunction with the threshold current densities. In the next generation of lasers,
FL178C-M7, FL179C-M9-2, and FL178C-M10, the injector barrier was thinned by
2 — 3 ML, whereas the collector barrier was further thickened by 0.5 — 1 ML to make
the injection process more coherent, while still keeping the parasitic current channels
in check. Significant improvement in temperature performance has since been ob-
tained for all the three latter designs as can be noted from Table 3.1, although it is

debatable whether the improved results were entirely due to the design modifications
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as will be discussed in section 3.3.3.

Pulsed and ¢w measurement results from the best performing FL178C-M7 laser
are shown in Fig. 3-16 [174]. The inset in Fig. 3-16(b) shows the cw spectra taken
at T ~ 10 K for different bias points. It is typical to see changes in the measured
spectrum corresponding to the changes in the slope of the L-Is. These are possibly
due to a shift in the peak-gain frequency as the injection switches from 2' —5 to 1'—5
with higher bias, or they can also be caused by changes in the gain spectrum due to the
injector and collector anticrossings as described in section 2.5. Any such changes in
the optical behavior also induce relatively small variations in the -V that are caused
due to re-adjustments of the population inversion. Such variations are more clearly
noticed in the differential resistance measurements (for this laser the R-I plots are
shown in Fig. 3-23). The value of Tiaxew = 117 K for FL178C-M7 is the highest such
reported value for any terahertz QCL. CW measurement results from a yet another
FL178C-M7 laser are shown in Fig. 3-17. As will become apparent in section 3.6.1,
a shorter cavity device yields better values of the slope-efficiency and the wall-plug
efficiency. The corresponding values of ~ 55 mW/A and ~ 0.2% for the laser in
Fig. 3-17 are the highest measured values for resonant-phonon QCLs with metal-
metal waveguides. The subsequent modifications to the FL178C-M7 design did not
yield any significant improvements. In pulsed operation a value of Thaxpu = 169 K
for a FL178C-M10 laser (section 3.3.2, Fig. 3-18a) is the highest such reported value
for any terahertz QCL. It is difficult to pick the best design out of FL178C-M7,
FL179C-M9-2, and FL178C-M10 since the variations in their results (Table 3.1) are

well within the processing and growth fluctuations.

3.3.2 Terahertz QCLs with active region thinner than 10 um

Terahertz QCLs are typically made with a much thicker active region (10 — 15 pm)
as compared to that for mid-infrared QCLs (2 — 4 pm) due to the longer wavelengths
involved. For SISP waveguides, a thicker active region obtains a greater value for
the mode-confinement factor I', which keeps the mirror losses ay,/I" low, and it also

limits the waveguide losses o, by minimizing mode overlap with the semi-insulating
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Figure 3-16: (a) Pulsed L-Is measured from a 48 pym x 0.99 mm FL178C-M7 (MM
Cu-Cu) ridge laser. This device lased up to 98 K in cw mode with maximum cw
power of 2.1 mW at 5 K. (b) CW L-Is, I-V, and linear-scale spectra measured from a
23 um x 1.22 mm FL178C-M7 (MM Cu-Cu) ridge laser. The values of Tiyax cw ~ 117 K
for this laser is the highest such value reported for any terahertz QCL. The optical
power was collected from a single facet, and the reported value is as measured by the
thermopile detector without correcting for any losses from the device to the detector.
This device lased up to 158 K in pulsed mode. The substrate was lapped down
to a thickness of 170 um to improve heat-sinking. Without any corrections in the
detected power, the single-facet wall-plug efficiency for this laser is ~ 0.1%, and the
slope-efficiency is ~ 27 mW/A (~ 2.3 photons/electron).
FL178C-M7 (Cu-Cu), 0.23 pm x 0.61 mm, CW data
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Figure 3-17: CW L-Is from a shorter cavity FL178C-M7 laser (Timax,pu ~ 147 K and
Tmaxew ~ 111 K) that had higher slope-efficiency and wall-plug efficiency. Without
any corrections in the detected power, the single-facet wall-plug efficiency for this

laser is ~ 0.2%, and the slope-efficiency is ~ 55 mW/A (~ 4.6 photons/electron).

160



(a) FL178C-M10 (Cu-Cu), 100 pgm x 2.1 mm, 10 pm thick
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(b) FL178C-M10 (Cu-Cu), 60 pzm x 1.03 mm, 5.1 pm thick
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Figure 3-18: Experimental results from three different FL178C-M10 (MM Cu-Cu)
lasers with 10 um, 5.1 pum, and 2.8 um thick active regions, respectively. The 10 pm
thick laser has the highest reported value of Tiax pu ~ 169 K for any terahertz QCL.
The lasers with active regions thinner than 10 ym were processed by wet-etching in
a H3POy : HyOg : HoO 1: 1 : 25 solution (GaAs etch rate: 200 — 250 nm/min), and
a mechanical profilometer was used to measure the final thickness.
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substrate that could be lossy at terahertz frequencies due to impurity absorptions.
For MM waveguides, a smaller fraction of the mode overlaps with the lossy metal
for a thicker active region, thereby minimizing the waveguide losses ay, (as will be
shown in chapter 4). To determine the effect of the active region thickness on laser
performance, FL178C-M10 lasers with different active region thicknesses were pro-
cessed in MM (Cu-Cu) waveguides. Experimental results for three such lasers are
shown in Fig. 3-18. For the 10 um thick active region, several different lasing devices
were tested, which had a range of Thaxpu ~ 160 — 169 K. For the thinner active
regions, only one of each type of lasers were tested; hence, the Tipax pul reported in
Fig. 3-18 should not be taken as an upper limit for those devices. Nevertheless, it is
apparent that for a thinner active region, the threshold current density is higher, and
correspondingly Taxpu is smaller. A device with active region as thin as 1.35 um
lased only barely before becoming electrically shorted during operation, possibly due
to a non-uniform etch profile for the thickness of the active region. These experiments
prove experimentally the absence of any microcavity effect for gain enhancement, as
was discussed in section 2.2 (the vertical dimensions of the metal-metal waveguides,
and correspondingly the vertical modal confinement in these lasers is much smaller
than the wavelength since Agaas ~ 30 pm at the lasing frequencies). However, the
performance of the 2.8 um thick active region laser is encouraging since a thinner
active region has better heat removal, which directly improves cw performance of the
laser. Moreover, the thinner active regions are easier to process, which is beneficial for
demanding applications such as implementation of distributed feedback in the waveg-
uide structures. [t may be noted that the bias voltage for the devices in Figs. 3-18(b)
and (c) does not scale down according to their thickness even after subtracting a pos-
sible ~ 2 — 3 V voltage drop across the metal-semiconductor Schottky contact. The
reasons for this are not clear; it could possibly be related to a non-uniform thickness

profile after etching,.
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3.3.3 Effect of the highly doped top contact layer on

temperature performance

metal-metal waveguide
-+

metal

nt+ GaAs

|- GaAs/Al,Gay.xAs
MQWs

nt GaAs

LTG GaAs

metal

Figure 3-19: Schematic showing the layer sequence in a terahertz QCL fabricated with
a MM waveguide. A scanning electron-microscope (SEM) image of the cleaved facet
(10 pm x 25 pm active region) of a MM Cu-Cu laser is shown on the upper right.

Low resistance ohmic contacts to n-GaAs are difficult to obtain due to a high
energy depletion layer Schottky barrier (~ 0.8 — 0.9 eV) associated with the metal-
GaAs interface [114, 134, 17]. Alloyed ohmic contacts [25], where thin metal film(s)
are deposited on the surface and then annealed to allow dopants to diffuse into the
semiconductor, are often used; however, it is difficult to control the extent of dopant
diffusion and there can be potential loss due to high free carrier losses at terahertz
frequencies. To obtain a non-alloyed ohmic contact, the following two techniques are
most commonly used. In the first technique, a layer of very highly doped n*t GaAs
is grown on the top of the active region (for which the maximum doping density is
typically limited to ~ 5 x 10'® cm™3). This gives rise to a very narrow depletion
barrier width (~ 100 A) between the metal and the semiconductor. Increased con-
duction is then obtained due tunneling through the barrier. In another technique, a
n-In,Ga;_,As epitaxial layer is grown with a graded composition to obtain a near
ohmic structure, since the Schottky barrier height for the metal-In,Ga;_,As interface
is nearly zero [179)].

Figure 3-19 shows the layer structure for the terahertz QCLs with MM waveguides

discussed in this thesis. The fabrication procedure will be described in detail in
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chapter 4 (section 4.2). A MBE machine dedicated only to GaAs/Al,Ga;_,As growth
is typically used to grow terahertz QCLs to keep the machine “clean” and to minimize
the background doping in the grown material. This is because terahertz QCLs are
usually doped low (< 7 x 10'® cm™) to minimize free-carrier losses in the active
region. Hence, the option of In,Ga;_;As to form non-alloyed ohmic contacts is not
available. As indicated in the figure, the bottom most layer of the stack is a thin
(~ 35 A), low-temperature (250°C) grown (LTG) GaAs layer on top of which there
is a ~ 500 A thick n** GaAs layer. The LTG layer has mid-gap defect states, which
assist in the tunneling process to create a low-resistance contact [127]). However, there
is no LTG layer for the top-contact since a low-temperature is not available during
the growth of this layer (the MBE growth sequence is from top to bottom in Fig. 3-19
since the MBE stack gets inverted for MM waveguide fabrication). Thus, only a n*+
GaAs layer (which is ~ 0.1 um thick and is doped to ~ 5 x 10'® cm™?) is used for the

top contact.

The role of the top contact layer (and to some extent, even the LTG layer for
the bottom contact) on the laser performance is not clearly understood. This is due
to some of the more recent observations from the experimental results as shown in
Fig. 3-20. In the figure, experimental data from lasers of roughly the similar widths,
and fabricated with, and without the heavily doped top contact layer, respectively,
are reported. The temperature performance of lasers with MM waveguides depends
weakly on the cavity dimensions (this will be explained in chapter 4), and hence
length variations in the devices can be disregarded. As is evident from the figure, the
devices without the top contact layer consistently have a Jmax — Jin sk value larger by
50 — 150 A/ cm® as compared to that for devices with the contact layer, which leads
to their Tiaxpw being higher by 15 — 30 K correspondingly. It may be noted that
due to etching uncertainties, exact widths of the cavities are not known, hence, it is
more appropriate to compare Jmax — Jinsk (0T Jmax/Jensx t0 be even more accurate),
rather than just Jya.x or Jinsk, for different devices to compare their temperature
performance. It is also likely that QCLs with the top contact layer have a larger

waveguide loss, since large fringing fields can exist at the top corners of the waveguide
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Figure 3-20: Experimental results from terahertz QCLs with MM waveguides, fab-
ricated with, and without the highly doped top contact layer, respectively, for three
different QCL designs. Wheres the L-Is are for pulsed operation, the I-V's are for cw
operation since pulsed I-V's for all devices were not available.
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if any part of the contact layer is not well covered by metal at the edges, which then
induces extra propagation loss. In general, the contribution to the waveguide loss by
the doped contact layer, when it is covered by metal, is an order of magnitude smaller
than due to the metal itself as shown through Drude model calculations in chapter 4

of Williams [166].

The reasons for the aforementioned increase in Jpax — Jin sk for devices without
the top contact layer are, as of yet, unclear. One possibility could be dopant diffusion
from the highly doped top contact layer into the adjacent active region QCL modules,
which could make the doping profile for the first few modules different as compared
to the rest. Since the current density has to be same across all the modules during
device operation, this would then cause a non-uniform static electric field to develop
across the first few modules (since each module will have a different J-V characteristic
due to a different doping profile), which could trigger an early NDR in the cascade

of modules, thereby limiting the value of Jy,y.

For devices without the top contact layer, the parasitic voltage drop is typically
higher, which causes greater electrical power to be dissipated in the device during cw
operation. This behavior can possibly be explained by the fact that the tunneling
barrier will be thicker for a direct metal contact on the lightly doped active region,
which therefore will increase the contact resistance. However, this behavior has been
observed to be more random with some lasers being affected by a larger increase in
operating voltages while the others behaving the same as those with the top contact
layer, the reasons for which are also unclear. Finally, it may be noted that no definitive
record exists for the FL178C-M7 lasers whose experimental results were shown in
Fig. 3-16, about whether or not the top contact layer was removed for those devices.
It is believed that at least a part, if not full, of the top contact layer was removed
for those devices, since many devices tested with the top contact layer had similar
results to those in Fig. 3-20(al), which are significantly different than those presented
in Fig. 3-16. All the devices in Fig. 3-18, however, are without the top contact layer

due to their specific fabrication procedure that involved etching of the active region.
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3.3.4 Temperature degradation mechanisms in terahertz QCLs

with the FL design

This section describes the various mechanisms perceived to be the cause of temper-
ature degradation in QCLs based on the FL design. Most of the discussion in this
section is also applicable to terahertz QCLs in general. The discussion on the issue of
thermal backfilling of the lower radiative level as the electrons in the injector level(s)
become hotter, which is also one of the possible temperature degradation mechanisms,
will be deferred until section 3.4.1, since it has been experimentally determined that
it is not the primary temperature degradation mechanism in the single-phonon de-

populated FL designs at their present operating temperatures.

0 20 40 60 80 1‘](()% 120 140 160 180 200

Figure 3-21: Semi-logarithmic plot of the Jy,-T variation for three different terahertz
QCLs fabricated with metal-metal (Cu-Cu) waveguides and based on the FL design,
operating close to the frequencies of 2.2 THz (FL175M-M3), 3.0 THz (FL178C-M7),
and 4.2 THz (FL183R-2), respectively. A phenomenological fit of the high-T' data
points to the expression Ji, o exp(T'/Ty) is also indicated. The data is for pulsed
mode operation, when Tyetive ~ 1", where T is the heat-sink temperature.

Figure 3-21 shows the variation of the threshold current density Ji, with the heat-
sink temperature T' (~ Tyetive in pulsed operation) for three different terahertz QCLs
based on the FL design of Fig. 3-7. Whereas FL178C-M7 (v ~ 3.0 THz) was discussed
in section 3.3.1, FL175M-M3 (v ~ 2.2 THz) and FL183R-2 (v ~ 4.2 THz), which are

minor variations of the FL-C series of designs will be discussed in section 3.5.1, and
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section 3.6.2, respectively. Since the lower level parasitic current channels deter-
mine Ji, at low-temperature in these designs, rather than fitting the entire curve to
the phenomenological expression Jy, = Jy + J; exp(T'/Ty), only the high-temperature
data points are fitted to determine a more representative value for the characteristic
temperature Tp. It may be noted that even though Tj is the highest for the 2.2 THz
laser, the Tmaxpu (~ 130 K) for it is relatively small since its Jmax — Jinsk is much
smaller compared to the other two designs, the reasons for which will be explained in

section 3.5.1.
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Figure 3-22: Semi-logarithmic plot of the 754 10-T. variation for three different FL
designs with Es4 (~ hw) values of 9.1 meV, 12.4 meV, and 17.4 meV corresponding
to frequencies of 2.2 THz, 3.0 THz, and 4.2 THz, respectively. The value Té}fio
is calculated to be ~ 0.5 ps for all the three designs, and equation (3.7) is used
for the plots in the figure with hwpo ~ 36 meV corresponding to the value in bulk
GaAs. Here, T, is the electronic temperature that characterizes the thermal (Maxwell-
Boltzmann like) distribution of the electrons in the upper radiative state 5.

One of the primary temperature degradation mechanisms in LO-phonon depopu-
lated terahertz QCLs is believed to be the reduction in the upper state lifetime due
to thermally activated LO-phonon scattering from the upper radiative state u to the
lower radiative state [. This is because the radiative energy separation E,; < hwio
for terahertz QCLs, and hence, only the electrons in level u with kinetic energy E(kj)
(= h?kfi/2m*) that is greater than fwpo — Ey can scatter into the lower level I by
emitting an LO-phonon. The dependence of the LO-phonon scattering rate on the
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electron wavevector k|| is weak, and is calculated in chapter 2 of Williams [166] for
some specific cases. In that case, the lifetime 7,;,0 due to LO-phonon emission from

the level © — [ can be determined approximately from the following simple expression

T:
Tul.LO & T&‘,‘f{o exp (%) (3.7
€

where,
thO - Eul

T s

(3.8)

In the expression above, state-blocking in level [ is neglected and T, is the char-
acteristic temperature for the electronic distribution in level u, which is typically
Maxwell-Boltzmann like, as was discussed in section 2.2 (Fig. 2-2). 70} is the life-
time for the electrons with the kinetic energy E(kjLo) = Awro — Eu, which is the
lowest kinetic energy in level u for which such a scattering is possible, and exp(7T;/Te)
is the fraction of the electrons that have a kinetic energy greater than E(kj 10). ngto
can be analytically calculated [151, 166], and is a function of the overlap of the elec-
tron wavefunctions and the momentum of the LO-phonons that can be emitted. It
may be noted that T, increases with the heat-sink temperature T although it is a
much difficult problem to determine its exact value. Numerical simulations as well
as experimental measurements suggest that T, may be 50 — 100 K higher than Tpctive

(which is ~ T in pulsed operation) during device operation [31, 29, 157].

The reduction in the upper state lifetime 754 1,0 with the electronic temperature T,
for three different terahertz QCLs based on the FL design, and operating at different
frequencies is shown in Fig. 3-22. Even though the 754 1,0-T variation in Fig. 3-22
might qualitatively explain the Jy,-T variation in Fig. 3-21, it is not quite consistent
quantitatively. Note that 754 1.0 o exp(T1/T,), whereas, Ji, x exp(T'/Tp) as obtained
experimentally. Firstly, both these expressions have a different dependence on the
temperature in the exponent, which is difficult to explain mathematically for any
algebraic relation between Ji, and Ts410. Secondly, Ji, increases more rapidly with
T for a higher frequency design; however, 754 1,0 decreases less rapidly with T for the

same, thus contradicting the observed experimental behavior. Clearly, then, some

169



Differential Resistance (Q)

other complex temperature degradation mechanisms are also at play.
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Figure 3-23: Differential resistance R versus current I plots measured at three dif-
ferent heat-sink temperatures in cw operation. Plot (a) is for a FL176C-M4-2 laser,
same as the one in Fig. 3-13(b), and plot (b) is for a FL178C-M7 laser, same as the
one in Fig. 3-16(b). The discontinuity in R at threshold specified by the expression
ARn/Rin (as defined in section 2.4.2) is also plotted in the corresponding insets.

Figure 3-23 shows the variation of the differential resistance R with the heat-
sink temperature T for two different FL-C series lasers in cw operation. Note that
the features corresponding to the lower level parasitic current channels occur at a
larger value of R for FL176C-M4-2 as compared to FL178C-MT7 since the related
parasitic anticrossings are smaller for FL176C-M4-2 (Fig. 3-10). The active region
temperature T,ive in cw operation can be much greater than 7' due to Joule heating
caused by the electrical power dissipated in the device. For example, Thaxcw = 117 K
and Tipaxpu = 158 K for the FL178C-M7 laser in Fig. 3-23(b), which suggests that
Tactive ~ T+ (30 — 50) K for this particular laser in its operating range. Nevertheless,
the ARyn/Rin-T variation, as plotted in the insets, is directly indicative of how
ARn/Run changes with the active region temperature.

An expression for ARy, /Ry for the FL design of Fig. 3-7 can be derived similar
to the one derived for a simple 3-level QCL in section 2.4.2. For the tightbinding
wavefunctions of Fig. 3-7(b), a density matrix similar to that in equation (2.85) can

be written for the levels 5, 4, and 1’ by replacing 73; with 75 par (= T5—(6,3.2,1)), and 7
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with 74 ¢ (which can be derived as in equation (2.115) assuming that the current flow
through the collector barrier is primarily by 4 — 3 resonant-tunneling). The result

in equation (2.95) is then modified for the FL design to be

ARth _ ZAnth 1 - 21’;'45:::r (3 9)
Rin (n1 + g + ns) 1_’_71_2‘% '

Note that the expression for AR, /Ry is independent of 754 since the discontinuity
in R occurs only when the required population inversion is achieved, even though the

current density that is required to reach the threshold depends critically on 7s4.

For the tightbinding wavefunctions of Fig. 3-7(b), ny > n; > ns > ngy > ng
during laser operation, assuming resonant-tunneling is the primary mechanism for
current conduction across the intra-injector, the injector, and the collector barriers,
respectively. Note that the total doping ny in equation (2.95) is replaced by a smaller
value (n; +n4+ns) in equation (3.9). To find the value for ny, a 5 level density matrix
must be solved; however, an estimate can be obtained from the three level solution
(i. e. forlevels 1, 4, and 5) and the fact that nyot = (2n1+n4+ns) since ny = ny >> ns.
Also note that ARy, /Ru, is larger for FL178C-M7 as compared to FL176C-M4-2.
This is because FL178C-M7 has a thinner injector barrier, which makes the gain
linewidth broader, thus requiring a larger amount of population inversion Any, to

obtain a given value of the peak gain (as was shown in section 2.5.1, Fig. 2-14a).

The expression for ARy, /Ry, in equation (3.9) is derived without any major ap-
proximations when using the tightbinding wavefunctions of Fig. 3-7(b). ARin/Rin
can be measured experimentally and is plotted in the insets of Fig. 3-23. As temper-
ature increases Anyy, needs to increase due to increased losses in the metal claddings.
Also, any change in the value of (n; + n4+ng) is likely to be small. Hence, 744 1T and
Ts.par | Témain the only two mechanisms that can cause ARy, /Ren | as T' 1. As can
be deduced from Fig. 2-10(b), a rather large reduction in 75 s is needed to explain
the observed behavior in Fig. 3-23. This could then very well be an equally important
temperature degradation mechanism in terahertz QCLs, in addition to the reduction

in the lifetime 754 due to thermally activated LO-phonon scattering.
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Whereas an increase in 74 ¢ can be caused due to increased dephasing for resonant-
tunneling across the collector barrier, the causes for the reduction in 75 psr are more
ambiguous and difficult to explain. With an increased temperature the electrons
in a subband acquire larger values for the in-plane wavevectors k. In the simplest
case, the tunneling probability through a barrier is considered independent of k|, as
in the original model proposed by Esaki and Tsu [49]. However, the in-plane and
z-directed electron motion cannot be de-coupled in a heterostructure as simply as
was assumed in equations (2.16) and (2.17), which makes tunneling kj dependent
in the most general case. Simple models for tunneling transport that incorporate
the effect of different effective masses in the wells and the barriers, which also makes
tunneling k; dependent, have been reported [141]. However, much more complex phe-
nomena, which involve interface-related effects lying outside the scope of conventional
envelope-function theory [56], are likely to make resonant-tunneling dependent on k|
additionally. Considering these effects, a reduction in the lifetime 75 5, as the average
ky increases in the level 5 could be due to enhanced tunneling into the phonon level
3 and the upper parasitic level 6, which would have otherwise been negligible due to

relatively large detuning energies Esg and Fs3 close to the operating bias range.

Figure 3-24 shows the typical variation of the I-V's and differential resistance
R with the heat-sink temperature for a FL178C-M10 laser in cw operation. The
lasing threshold is characterized by a kink in the I-V, which also corresponds with a
discontinuity in R. As was discussed in section 3.3.1, the low temperature threshold
current densities (Ji,) are artificially enhanced due to the presence of lower bias
parasitic current channels. Besides 754 |, T5par |, and Taeg T, Which all cause Ji, T,
an enhancement in the current due to the lower bias parasitic current channels is
also believed to be a major cause for the Jy, to increase with temperature. This is
because an increase in parasitic current causes a pinch-off in the lasing bias range,
and therefore, a corresponding pinch-off in Jyax — Jin. This is deduced from the fact
that the current in the device increases uniformly at all bias, rather than just close
to the design bias as T' 1. A higher average value of the in-plane wavevectors in

each subband can cause tunneling into levels that are otherwise sufficiently detuned
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Figure 3-24: (a) Variation of the /-V's and the differential resistance R with the heat-
sink temperature T for a FL178C-M10 (Cu-Cu) laser in cw operation. Plot (a) is the
same as plot (b), except that R is plotted versus current in (a), and versus voltage
in (b). Note that the active region temperature Tpctive ~ T+ (30 — 50) K, as deduced
from the values of Tiyax pul and Tinax,cw for this laser.

from the resonance condition, which might possibly explain this behavior. This is
also evident from the I-V and R-V plots in Fig. 3-24(b), which become broader in
bias space as temperature increases. It is less likely for increased dephasing to be
the primary cause of this broadening, since that should also cause a reduction in the

current flow, which is clearly not observed.

Further improvement in temperature performance of FL-C designs?

After multiple iterations in the FL-C series of designs, it may seem as if there has
been a saturation in their temperature performance (which is so far the best temper-
ature performance from any terahertz QCL design). However, it is believed that this
design scheme has more to offer. As discussed in section 3.3.3, the higher temperature
performance for the FL178C-M7, FL179C-M9-2, and FL178C-M10 lasers might be
more due to issues other than those related to the design itself. It is perceived that
thickening of the collector barrier to reduce the collector anticrossing might reduce

the rate of increase of parasitic current with temperature (as noticed from Fig. 3-24).
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Moreover, making the injection somewhat “downwards-diagonal” as in FL175C and
FL178C-M1 (Fig. 3-9) to make the 1" — 5 injection stronger than the 2’ — 5 injection,
thinning the intra-injector barrier to make available a larger range in voltage for las-
ing, and thinning the injector barrier to make injection more coherent might help in
obtaining a larger Jyax, while keeping the parasitic channels in check due to a thicker
collector barrier. These suggested changes are somewhat against the paradigm estab-
lished in the designs developed after FL178C-M1, whereby the injection was made
more “upwards-diagonal” and the intra-injector barrier was thickened to limit the
lower level parasitic current channels. This was needed since the collector barrier was
always kept relatively thin. However, as was argued in section 2.5.2 (Fig. 2-19b), the
peak gain is not affected by the collector anticrossing critically even though the lower
state lifetime is. It then becomes a question of whether a smaller lower state lifetime,
or instead a more transparent injection mechanism but with a longer lower state life-
time will obtain a better temperature performance. In that regard, smaller values
for the collector anticrossing are worth trying. The FL177C-M8 design (Fig. 3-11,
Table 3.1) was a step in this direction with its collector barrier ~ 1 ML thicker than
the other three best performing designs (FL178C-M7, FL179C-M9-2, FL178C-M10);
however, its temperature performance was a worse due to a inexplicably low value of
the peak current density (~ 500 A/ cm2). Hence, a constructive conclusion cannot be

drawn from its experimental results.

3.4 Towards an active region design to better the
temperature performance of the FL-C series

designs

This section describes many different types of terahertz QCL designs that have been
tried in this group to obtain a better performing design as compared to the FL design
of section 3.3. Several designs that are significantly different from each other have

achieved lasing, which in part is due to an improved understanding of the transport
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properties of phonon-depopulated QCLs obtained by studying the operation of the
FL-C series lasers. This is not a mean feat considering the fact that only a handful
of different types of designs that have been developed elsewhere are known to exist,
despite continued efforts around the world to develop terahertz QCLs. However, none
of the designs presented in this section have bettered the temperature performance
of the FL-C series designs, even though some of these designs are believed to hold
promise with future design iterations. Nevertheless, every new design is a step towards
better understanding of the operating principles of this class of devices, as will become

apparent in the following discussions.

3.4.1 Designs with two-phonon depopulation: FTP series

It was recognized early in the development of mid-infrared (IR) QCLs that thermal
backfilling of the lower radiative state by carriers from the heavily populated injec-
tor states could effectively lengthen the lower state lifetime and degrade population
inversion. This can happen due to excitation of the carriers from the injector states
by reabsorption of non-equilibrium LO-phonons (the hot-phonon effect) [108, 84].
The injector regions were therefore typically designed with large energy separations
(A > 100 meV) between the lower lasing level and the ground state in the injec-
tor [149]. More recently, quantum-cascade active regions with doubly resonant LO-
phonon depopulation schemes have been used to demonstrate room-temperature cw
operation [21, 43], and are by-far the are the best performing mid-IR QCL designs.
In terahertz QCLs the energy levels have to be much more closely spaced than in
mid-IR QCLs. In that case, thermal backfilling can also arise due to other scattering
mechanisms such as electron-electron scattering, and electron-impurity scattering.
While this is a bigger problem for the miniband extraction based designs such as
those discussed in section 1.2.3, this type of backfilling is possibly reduced in the
single-phonon depopulated designs such as the FL designs presented in section 3.3.1
due to a relative large thermal barrier between the injector and the lower radiative
states (A ~ 36 meV ~ kg -420 K). This is one of the main reasons why phonon-

depopulated terahertz QCLs have demonstrated a better temperature performance.
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This section discusses terahertz QCLs with two-phonon depopulation schemes to
investigate whether thermal backfilling due to the presence of non-equilibrium LO-
phonons limits the QCL performance. These designs are categorized as the FTP series
designs (“F”-FL, “TP”-two-phonon) because of their similarity with the FL design
in terms of the resonant-phonon depopulation scheme, and because of a two-phonon
depopulation mechanism. Three such designs were tried, namely FTP, FTP-B, and
FTP-C, and all three of them achieved lasing. Whereas FTP and FTP-C lased in the
first try, FTP-B lased only in the second design iteration.

The design details and experimental results for the first of such designs, named
as FTP104 because of 104 repeated modules in its MBE growth, are shown in
Fig. 3-25 [176]. This is the first terahertz QCL that has been developed in the
GaAs/Alp 3Gag 7As material system. The greater Al percentage in the barriers makes
the barrier height larger (~ 0.27 eV), which allows for a bigger voltage drop per
module that is needed for the two-phonon depopulation scheme. For this design,
the LO-phonon depopulation scattering events take place in two separate wide wells,
which are connected by a four-state miniband with a bandwidth of approximately
14 meV. The thickness of the barriers in this miniband were chosen in an attempt to
provide fast transport between the wide wells, but thick enough to suppress parasitic
coupling between the upper radiative level 9 and levels a and b that are close in energy
(Agq ~ 0.25 meV, Agy ~ 0.42 meV). In terms of energy level design and applied field
(~ 10 kV/cm at design bias), this design is very similar to the four-well FL design
of section 3.3.1, except with three extra wells per module added to allow a second

phonon depopulation event.

Fig. 3-25(c) shows pulsed and cw measurement results from a MM (Cu-Cu) ridge
laser. In pulsed mode the threshold current density at 10 K is Jiy, = 170 A/ cm?® and
Tax,put ~ 140 K. The threshold current density in this design, along with one-well
injector designs to be described in section 3.5.2, are the lowest of all resonant-phonon
terahertz QCLs developed so far. However, the low value for this design may not
necessarily be due to intrinsically better depopulation or more gain, but rather a

better suppression of lower level parasitic current channels due to the misalignment
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Figure 3-25: Design details and experimental results for FTP104. (a) One module
calculation at the design bias. Levels 9 and 8 are the upper and the lower radiative
levels, respectively. Level 8 is depopulated by a resonant-phonon scheme down into
the 3 —6 miniband, from where there is another LO-phonon depopulation event down
into the injector levels 1 and 2. (b) Anticrossing plots for a two-module calculation.
(c) Experimental results from a MM Fabry-Pérot ridge laser.
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of energy levels in the four-level miniband at low bias, which thus limits current
transport. At higher temperatures, the Fermi distribution of the electrons becomes
broader and transport through the miniband becomes more efficient, which pushes up
the parasitic current, and consequently the Jy,. This is also likely to be the reason why
a strong increase in Jp.y is observed for this design with temperature as compared to
the FL-C designs of section 3.3.1, for which Jm,x remains approximately unchanged

up to the maximum lasing temperatures.

The second in the series of FTP designs were the FTP-B designs. The second
iteration of the FTP-B design, named as FTP160B-M1, is shown in Fig. 3-26(a).
The operating bias field for this design is almost twice as high as the FTP104 design
(~ 20 kV/cm) because of the absence of the intermediate miniband, whereby, the
two LO-phonon depopulation relaxation events take place vertically within a region of
several quantum wells (as determined from the spatial extent of level 3 in the module).
This is done to remove any bottleneck to current transport that may be caused by that
miniband. The depopulation region is composed of three wells with very thin barriers,
which push up any low-lying parasitic energy levels to higher energies. Moreover, by
adjusting the well and barrier widths in the triplet of the depopulation wells, the
energy separation Ey3 and E3y could independently be adjusted close to the desired
value of hwyo. This design features a four-well active region that helps obtain a large
value for the oscillator strength (~ 0.82) by spatially extending the radiative levels.
For injection, a doublet of levels is used in this design similar to that in the FL designs

of section 3.3.1.

Note that lasing was not observed in a preceding design named as FTP159B, which
is similar to FTP160B-M1 except with two additional wells in the injector region to
have a quadruplet of injector levels. It is speculated that the injection mechanism
in that design was not efficient since the electron population gets divided amongst
the injector levels as the number of levels are increased. A yet another design named
as FTP174B-M2, which succeeded FTP160B-M1 and was similar to FTP160B-M1
except with a two-well active region, did not achieve lasing either. This was possibly

due to a small value of the oscillator strength (~ 0.57), which arises because the active
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Figure 3-26: Design details and experimental results for FTP160B-M1. (a) One
module calculation at the design bias. Levels 6 and 5 are the upper and the lower
radiative levels, respectively. Level 5 is depopulated by a resonant-phonon scheme
down into level 3, which itself is depopulated by another LO-phonon scattering
event down into the injector levels 1 and 2. (b) Anticrossing plots for a two-module
calculation. (c) Experimental results from a MM Fabry-Pérot ridge laser.
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region wells in the two-well active region design had to be made narrow (15 ML and
17 ML as compared to ~ 25 ML and ~ 30 ML in the FL-C designs) to push the

energy levels higher as is required for the two-phonon depopulation scheme.

Experimental results from a 100 um wide FTP160B-M1 MM (In-Au) ridge laser
are shown in Fig. 3-26(c). This device had a very small lasing range in current,
and consequently a low value for the maximum temperature in pulsed operation
(Tmax,pu ~ 57 K). Lasing in cw mode was not observed, possibly due to the fact
that the active region temperature in a 100 um wide ridge could be higher than the
heat-sink temperature by at least 100 K even if a conservative value of 5 K/W is
used for the thermal resistance of the active region [94]. This is because of the high
electrical power dissipated in the device (~ 18 W close to peak bias) due to a large
voltage drop per module required for the two-phonon depopulation scheme. For the
absence of any additional parasitic levels, and for the values of various anticrossings
and the radiative oscillator strength, the FTP160B-M1 design looks at least as good
as the FL-C designs of section 3.3.1. Also, from the measured differential resistance
plot shown in Fig. 3-26(d), it seems as though the design could be biased well past
the lower level parasitic current channels to the designs bias. The poor performance
of this design is then more likely due to a large linewidth that could arise due to
inhomogeneous broadening. The radiative energy Fgs in this design depends critically
on the thickness of the barriers in the active region, which in this case are as narrow as
4 ML. Since growth fluctuations from module to module can induce a large fractional
change in the barrier widths for such narrow barriers, the radiative levels 6 and 5
are perceived to be affected by inhomogeneous broadening much more than the FL-C

designs in this case.

The last design in the FTP series of designs was named as FTP185C and is shown
in Fig. 3-27(a) [176]. This design is similar to the FTP160B-M1 design except that the
wide well for phonon depopulation is a single well without any further sub-divisions,
and a two-well active region is used instead of a four-well active region (since for this
design, an oscillator strength as large as ~ 0.69 could be obtained even with two wells

in the active region unlike in the FTP-B design where more number of wells had to
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Figure 3-27: Design details and experimental results for FTP185C. (a) One module
calculation at the design bias. Levels 6 and 5 are the upper and the lower radiative
levels, respectively. Level 5 is depopulated by a resonant-phonon scheme down into
level 3, which itself is depopulated by another LO-phonon scattering event down into
the injector levels 1 and 2. In concept, this design is similar to the FTP160B-M1
design. (b) Anticrossing plots for a two-module calculation. (c) Experimental results

from a MM Fabry-Pérot ridge laser.
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be used). Because of the intrinsic energy level spacings in a single quantum well, the
subband separations in the wide quantum well are not exactly equal, but their sum
is kept close to 2hwro. Note that due to the absence of the thin barriers, a parasitic
level a appears in this design, which is close in energy to the upper radiative level 6.
For the calculation shown in the figure, which does not include corrections in the
level energies due to non-parabolicity (that can be empirically included by taking an
energy-dependent effective mass [121, 97, 147]), Egq ~ 21 meV. However, including
the corrections due to non-parabolicity, which mainly affect the levels with energies
high above the bottom of the quantum wells (such as the level a), Eg, becomes
~ 12 meV, whereas all the other relevant energy separations and values of energy
anticrossings remain approximately the same. Consequently, the Ag, anticrossing
moves much closer in bias space to the Ay anticrossing (the design bias). As will be

discussed below, this has important implications on the performance of the laser.

Fig. 3-27(c) shows the experimental results from a FTP185C MM (Cu-Cu) ridge
laser. In pulsed operation, Jy, ~ 350 A/ em? at 5 K and Tnaxpul = 109 K. Despite a
relative high peak voltage (~ 20 V) this device lased up to ~ 72 K in cw operation,
which is due to the improved thermal properties of the Cu-Cu bonding interface. Ex-
amination of the cw transport characteristics in this device reveals that the parasitic
current channel indicated by the minimum in the dV/dI-I at I ~ 0.05 A barely in-
creases in current between 7 K and 74 K, by which point lasing already ceases. Hence,
an additional strong temperature degradation mechanism must be active, which is
believed to be due to a large value of the parasitic anticrossing between levels 6 and a
(Ags ~ 1.9 meV). The lifetime of the upper radiative level 6 in this design is small
even at 7 K, as is apparent from a low value of AR, /Ry (~ 0.32), which depends
critically on the upper state lifetime (section 2.4.2). As the temperature increases, the
6 — a coupling will be enhanced further due to the reasons mentioned in section 3.3.4,
which explains the relatively smaller Tiax pu for this design. The roll-off in the L-1
curves that occurs before the NDR for this laser is also possibly due to this parasitic

coupling since level 6 moves closer in energy to level a as the applied voltage increases.

The two-phonon depopulated designs discussed in this section show no particular
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Figure 3-28: Semi-logarithmic plot of the Ji,-T" variation for the FTP104, FTP185C,
and FL178C-M7 lasing devices fabricated with MM (Cu-Cu) waveguides. A phe-
nomenological fit of the high-T" data points to the expression Ji, o exp(T/Tp) is also
indicated. The data is for pulsed mode operation, when Tyctive ~ T, where T is the
heat-sink temperature.

temperature improvement compared to the single-phonon depopulated FL-C series
designs, which typically lased up to 130 — 170 K in pulsed mode. Whereas the
FTP160B-M1 and FTP185C designs are perceived to have additional problems that
might be the cause for their worse performance, the FTP104 design should have
performed better compared to the FL-C designs should thermal backfilling due to
reabsorption of hot-phonons be the primary temperature degradation mechanism in
these lasers. The highly doped top contact layer was not removed for the FTP104
results shown in Fig. 3-25(c); moreover, scope for further improvement in this design
exists since it was only the first try, unlike the FL-C designs that went through many
iterations. Regardless of this fact, FTP104 does not appear to be a better design as
seen from the Ji,-T variation in Fig. 3-28, since it has a lower T when compared to
the FL178C-M7 design, and consequently, has a smaller Tax pu despite the fact that
both designs have a similar dynamic range in lasing current (Jmax/Jtn ~ 2).

Table 3.2 summarizes the experimental results from FTP series of devices. Note
that FTP104-M1 was designed to be a minor modification of FTP104 by making
the injector barrier thinner by 1 ML and by thickening one of middle the barriers in

the module to limit the lower level parasitic current channels. These changes were
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lﬁ F'T'P series summary

Device Jih 5K Jmax,5K | Tmax,pul | Tmax.cw v Waveguide
(A/em®) | (A/em®) | (K) (K) (THz)

FTP104 170-210 | 330-380 140 110 2.65-2.80 | MM (Cu-Cu)
FTP104-M1 210-240 | 400-420 128 97 2.35-2.70 | MM (Cu-Cu)
FTP159B No lasing | 240-260 - — - - - = MM (In-Au)
FTP160B-M1 650 720 57 - — 4.38-4.47 | MM (In-Au)
FTP174B-M2 || No lasing 820 -— - - - - MM (Cu-Cu)
FTP185C 340-360 | 600-630 109 72 3.40-3.90 | MM (Cu-Cu)

Table 3.2: Summary of experimental results from FTP series of terahertz QCLs. Each
entry in the table corresponds to a different MBE wafer.

meant to increase the dynamic range Jyax/Jin. However, the wafer was overgrown by
3.6%, which made all the layers including the barriers thicker and thus nullified those
changes. Consequently, no performance improvement were observed as compared to

FTP104 (which was grown approximately to the same thickness as designed).

3.4.2 Designs with direct-phonon depopulation and a

diagonal radiative transition: DSL series

As was discussed in section 3.3.4, the upper state lifetime due to LO-phonon emission
Tu,Lo depends critically on the electron temperature T, in the upper state v due to
thermally activated LO-phonon scattering. As T, 1, Twro — Tsﬁio (equation 3.7),
where Ti‘fio depends critically on the spatial overlap of the upper and lower radiative
states. A more diagonal radiative transition has a larger value for TSE{O and thus can
maintain population inversion up to higher operating temperatures. For example,
for the FL-C designs in section 3.3.1 (Fig. 3-7) that have a more vertical radiative
transition, 7o ~ 0.5 ps, whereas for the simple 3-level QCL design in Fig. 3-3(a)
that has a diagonal radiative transition, 7%t , ~ 0.75 ps. The DSL series designs are
similar in concept to the 3-level QCL design of Fig. 3-3(a) but with additional wells in
both the injector as well as the active region to improve the design characteristics. As

in the 3-level design, the lower radiative state is directly depopulated via LO-phonon

emission as opposed to the resonant-phonon depopulation scheme for the FL designs,
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| DSL series designs ]
| [ 2-well injector region | 3-well injector region |
1-well active region DSL228G-M1 DSL190G
e DSL222G-M2
2-well active region e DSL209F-M1 DSL176F
DSL209F-M2
e DSL209F-M3
DTP113*
3-well active region DSL210E
e DSL203E-M1
4-well active region DSL184
DSL201D
DSL207D-M1
5-well active region DSL201C

Table 3.3: Number of quantum-wells in the active and the injector regions for the
various DSL series terahertz QCL designs that were experimentally realized. The
bulleted designs achieved lasing.

*DTP113 is a design with a two-phonon depopulation scheme similar to that of
FTP104 (Fig. 3-25), whereas all others are designed with single-phonon depopulation.

and the radiative transition is diagonal (i. e. involving two states that are primarily
localized in two different quantum-wells). Consequently, for the DSL designs, 7
is lowered and 7,; is increased, both of which aid in obtaining a large population
inversion. However, a diagonal interwell transition affords a smaller value of the
radiative oscillator strength as opposed to a vertical intrawell transition, and also
can lead to greater inhomogeneous broadening of the gain linewidth as was discussed
for the M100 design in section 3.1. Therefore, it is challenging to obtain lasing in
such a design. But once a robust DSL laser with a low-temperature dynamic range
Jmax — Jin rivaling that of the best FL-C lasers can be obtained, a DSL design should
provide a more robust temperature performance.

The “D” in “DSL” stands for diagonal radiative transition, whereas “SL” sig-
nifies a superlattice based active region. The original DSL designs were designed
with multiple wells in the active region within a QCL module (thus forming a sub-
superlattice within each module of the overall QCL superlattice) to obtain a large
radiative oscillator strength; however, this acronym has since lost its meaning because

the most successful DSL series lasers are the ones with fewest number of wells in the
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Figure 3-29: Design details and experimental results for DSL203E-M1-2. (a) One
module conduction band diagram at the design bias. The radiative transition is from
4 — 3. (b) Anticrossing plots for a two module calculation. (c),(d),(e) Two module
conduction band diagrams at various upper level parasitic anticrossings. (e) Pulsed
measurement results from a MM (In-Au) ridge laser. No cw lasing was observed.
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active region, the reasons for which will become apparent in the following discussions.
Table 3.3 lists the names of different DSL designs that were experimentally realized.
Only a selected few of these designs, predominantly the lasing ones, will be described
in the following paragraphs. The designs to be discussed are chosen so as to cover

the underlying operating principles of all the DSL designs.

The design details and experimental results for DSL203E-M1-2 (the second MBE
growth for the DSL203E-M1 design), which was the first design in the DSL series to
achieve lasing, are shown in Fig. 3-29. This design features a 3-well active region and
a 2-well (2-level) injector. Due to multiple wells in the active region, the upper radia-
tive level 4 is spatially extended across the module yielding a relatively large radiative
oscillator strength (f43 ~ 0.86) for a diagonal transition. Notice, however, that very
thin barriers have to be used in the active region, which might cause greater inhomo-
geneous level broadening of level 4 due to growth fluctuations. This design has three
high energy parasitic levels a, b, and c as seen from Fig. 3-29(a). All of these parasitic
levels have relatively large parasitic anticrossings with the upper radiative level 4’ in
the adjacent module as determined from the anticrossing plots of Fig. 3-29(b). These
parasitic anticrossings are analogous to the ones described in section 3.2.1 and thus
have a detrimental effect on QCL operation. This can be seen from the experimental
results shown in Fig. 3-29(f), whereby, lasing was observed for only a small region in

the I-V and the overall performance of these lasers was poor.

The second design to achieve lasing in the DSL series was DSL209F-M1, which
featured a two-well active region and a two-well injector. The next modification of
that design, named as DSL209F-M2, had a 1-ML thicker collector barrier as com-
pared to DSL209F-M1, and failed to lase. Note that, unlike in the FL designs, the
collector barrier in the DSL designs also influences the radiative energy separation,
which reduces for a thicker barrier due to a smaller anticrossing splitting between the
radiative levels. Additionally, the radiative oscillator strength also decreases for a
thicker barrier due to a reduced spatial overlap between those levels. In the next de-
sign modification, named as DSL209F-M3, the collector barrier thickness was restored

to original, whereas, predominantly, the intra-injector barrier was made thicker by
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Figure 3-30: Design details and experimental results for DSL209F-M3. (a) One
module conduction band diagram at the design bias. The radiative transition is
from 4 — 3. (b) Anticrossing plots for a two module calculation. (c) Pulsed and cw
measurement results from a MM (Cu-Cu) ridge laser. For this device, cw L-Is were
not measured and thus Ty cw is not available.
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2-ML. DSL209F-M3 performed only marginally better as compared to DSL209F-M1

as can be noted from the results summary in Table 3.4.

Fig. 3-30 shows the design details and experimental results for DSL209F-M3. This
design has a significantly smaller oscillator strength (fs3 ~ 0.62) as compared to that
for DSL203E-M1 (fs3 ~ 0.86) due to one fewer wells in the active region. However,
since the wavefunctions are less spatially extended, the barriers in DSL209F-M2 are
thicker for similar set of design parameters. This reduces the upper level parasitic
anticrossings in this design as compared to those in DSL203E-M1. Consequently,
DSL209F-M3 lasers performed much better than the DSL203E-M1-2 lasers, as shown
in Fig. 3-30(c). However, when compared to the FL-C designs with similar values of
Jmax — Jin (Tables 3.1 and 3.4), the performance of DSL209F-M3 lasers was worse.
This is attributed to the aforementioned parasitic current channels due to levels a, b,
and ¢, respectively, which, despite being less prominent than in DSL203E-M1, are still

significant as can be noted from the corresponding anticrossing values in Fig. 3-30(b).

The gain linewidth for DSL designs is expected to be larger as compared to that
for the FL-C designs due to enhanced lifetime broadening of the direct-phonon de-
populated lower radiative state, and also due to a inhomogeneously broadened in-
terwell radiative transition. Therefore, the discontinuity in the differential resistance
at threshold ARy,/Rin, which is proportional to the population inversion needed to
meet gain threshold (section 2.4.2), is also expected to be higher. However, a low-
temperature value of AR, /Ry = 0.36 was measured for a DSL209F-M3 laser, which
is smaller than the typical values obtained for the FL-C lasers. This confirms that

the upper state lifetime in this design is small as predicted by equation (2.95).

The aforementioned upper level parasitic couplings can be significantly weakened
by reducing the number of wells in the active region to just one. This was done for
a subsequent design, named as DSL228G-M1, the design details and experimental
results for which are shown in Fig. 3-31. DSL228G-M1 features a two-well injector
and a one-well active region. The upper parasitic level b in the DSL203E-M1 and
DSL3209F-M1 designs was due to the second excited state in the quantum-wells that
constituted their active region. For DSL228G-M1, this level is not a confined state
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Figure 3-31: Design details and experimental results for DSL228G-M1. (a) One
module conduction band diagram at the design bias. The radiative transition is from
4 — 3. (b) Anticrossing plots for a two module calculation. (c),(d) Two module
conduction band diagrams at the dominant parasitic anticrossings. (e) CW I-V's and
R-V's from a MM ridge laser immersed in liquid Helium in a superconducting magnetic
dewar, measured at different values of the magnetic field B, applied perpendicular to
the layers of the MQWs. No lasing was observed for any of the DSL228G-M1 devices.

190



anymore since its energy is pushed over the top of the barriers due to a narrower
active region. Consequently, the parasitic levels a and ¢ are not drawn towards the
upper radiative level 4’ in the adjacent module, like they are for DSL203E-M1 and
DSL209F-M3 due to a resonant interaction with the level b. This can be seen from
the parasitic anticrossing conduction band diagrams by comparing Figs. 3-31(c,d) for
the DSL228G-M1 design to the Figs. 3-29(c,d) for the DSL203E-M1 design. Conse-
quently, the parasitic anticrossings Ay, and Ay, for DSL228G-M1 are much lower
and well within the acceptable range, and therefore, not likely to cause degradation

in the lifetime of upper radiative level 4 (section 3.2.1, Fig. 3-4).

Despite the absence of any strong parasitic current channels, DSL228G-M1 did
not achieve lasing, which is likely due to two reasons. First, the radiative oscillator
strength in DSL228G-M1 is low (~ 0.56) compared to the previous two successful
DSL designs due to its narrower active region. Second, the 2’ —4 injector anticrossing
occurs very close in bias space to the 1’ — 3 parasitic anticrossing, which can enhance
current flow at that bias (~ 40 mV/module) and thus cause an early NDR before
enough population inversion is established. This can be seen from the experimentally
measured I-Vs and R-Vs for a MM ridge laser at 5 K as shown in Fig. 3-31(e).
For this particular device, the measurements were performed in a magnetic dewar
for various values of the magnetic field B, applied perpendicular to the layers of
the MQWs. As was explained in section 3.3.1 (Fig. 3-14), application of B limits
intersubband scattering thereby decreasing the lifetime broadening of the levels, and
makes resonant-tunneling more specular due to reduced dephasing. Consequently, the
valleys in R-V's due to various current channels are enhanced. It is speculated that
the lower bias valley in the R-Vs of Fig. 3-31(e) is due to 2’ — 3 resonant-tunneling,
and the higher bias valley is due to 2’ — 4 resonant-tunneling, beyond which the

device gets biased into the NDR region.

The DSL228G-M1 design was modified to DSL222G-M2 in the next iteration.
The design details and experimental results for DSL222G-M2 are shown in Fig. 3-32.
This design was primarily modified in two ways. First, the intra-injector barrier was

thickened significantly (A1s decreased from 5.2 meV in DSL228G-M1 to 3.3 meV in
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Figure 3-32: Design details and experimental results for DSL222G-M2. (a) One
module conduction band diagram at the design bias. The radiative transition is from
4 — 3. (b) Anticrossing plots for a two module calculation. (¢) CW I-V and R-V
measured at 5 K from a MM (Cu-Cu) ridge laser. This device lased up to ~ 27 K
in cw operation. No lasing was observed in pulsed operation due to a very small
lasing range in current, which may not be accessible by short pulses. This is because
a small overshoot typically exists at the beginning of a pulse, which can push the
device into the NDR region at the beginning of the pulse itself when the current in
the pulse reaches close to the lasing threshold.
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DSL222G-M2), which brought 1’—4 and 2’ —4 anticrossings closer to each other in bias
space, and also reduced all the parasitic anticrossings. Second, the 1 — 2 anticrossing
was brought closer to the design bias (i. e. the 1’ — 4 anticrossing) in bias space by
changing the relative width of the two injector wells so that the current flow at the
design bias is maximized. This can be seen from a comparison of the anticrossing
plots in Figs. 3-31(b) and 3-32(b). With these changes, lasing was achieved for the
DSL222G-M2 design as shown for a MM ridge device in Fig. 3-32(c). The relatively
low threshold current density in this device (Ji 5x ~ 180 A/ sz) is due to a significant
reduction in both the lower and upper level parasitic current channels. The fact that
any prominent valleys are absent in the measured R-V indicates negligible lower
level parasitic couplings. A large value of AR.,/Ry, in DSL222G-M2 (~ 0.74) as
compared to that in DSL209F-M3 (~ 0.36) indicates a relatively long lifetime of the
upper radiative state in DSL222G-M2, which is suggestive of negligible upper level
parasitic couplings. It may be noted that a value of ARy, /Rin ~ 0.74 is believed to
be the maximum such value recorded for any terahertz QCL, which is possibly due
to a broad gain linewidth in this laser that requires a large population inversion to

obtain lasing threshold (equation 2.95).

The fact that such a low value of Jiy, sk is obtained for DSL222G-M2, even though
it has a small radiative oscillator strength (fs ~ 0.49) and perceivably a large gain
linewidth, bodes well for the operating principle of this design. However, two facts
about its experimental results are not clearly understood. First, the peak current den-
sity Jmax ~ 200 A/ cm? for this laser is much lower than expected even if it is assumed
that the NDR happens prematurely right after the 2’ — 4 anticrossing. As a conse-
quence, the lasing range in DSL222G-M2 is extremely small (Jmax — Jin ~ 20 A/cm?),
which leads to its poor temperature performance (Tyaxew ~ 27 K). In contrast, the
FL176C-M4-2 lasers that had a similar injector design as in DSL222G-M2 (Fig. 3-10)
showed typical values of Jyax ~ 450 A/ cm?® even though they were believed to have
a premature NDR right after the 2' — 5 anticrossing (Fig. 3-15). Second, the ob-
served lasing frequency for DSL222G-M2 (~ 3.85 THz) is much greater than that

estimated from the band diagram (~ 3.35 THz). This behavior was also observed
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Figure 3-33: Design details and experimental results for DSL190G. (a) One module
conduction band diagram at the design bias. The radiative transition is from 5 — 4.
(b) Anticrossing plots for a two module calculation. (¢) CW I-V and R-V measured
at 5 K from a MM (In-Au) ridge laser. No lasing was observed either in pulsed or
cw operation for any of the DSL190G devices that were tested. Also, no NDR region

was observed in these measurements, the cause of which is not well understood.
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for DSL209F-M3, but not for DSL203E-M1-2. For the FL-C and FTP series lasers,
the experimentally measured values are typically well within 10% of simulated values.
The cause for this discrepancy is not yet clear. A self-consistent Schrédinger-Poisson
calculation for the band-diagram yielded negligible band-bending and the calculated
value of F43 remained approximately the same. It is possible that this is due to some
unknown effect caused by -doping in the DSL series wafers. A continuous doping in
the wide injector well, like in the FL-C devices, should probably be tried in a future
design iteration of the DSL222G-M2 design. Also the intra-injector barrier can be
thinned, but not as thin as that for DSL228G-M1, since the parasitic current chan-
nels are not large for the DSL222G-M2 design. Also, to maximize the lasing range in

current, the injector doublet may not need to be designed as upwards diagonal as in

DSL228G-M1.

[ DSL series summary

Device Jin 5K Jmax5K | Tmax,pul | Tmax,cw v Waveguide
(Afem®) | (Afem®) | (K) (K) | (THz)

DSL203E-M1 In NDR 1150 - - - - 3.2 MM (In-Au)
DSL203E-M1-2 || 970 1030 41 - 32 | MM (In-Au)
DSL209F-M1 450-475 | 650-675 88 28 3.80-3.85 | MM (In-Au)
DSL209F-M2 No lasing 675 - - - —— MM (In-Au)
DSL209F-M3 450 700 105 a8 3.80-3.90 | MM (Cu-Cu)
DSL228G-M1 | No lasing | 500-600 | - - - - - - MM (In-Au)
DSL222G-M2 180 200 - = 27 3.85 MM (Cu-Cu)

Table 3.4: Summary of experimental results from DSL series of terahertz QCLs.

Only the most relevant designs are included. Each entry in the table corresponds to
a different MBE wafer.

[t may be noted that a three-well injector, one-well active region design, named
as DSL190G, has also been tried but no lasing was observed. The design details and
experimental results for DSL190G are shown in Fig. 3-33. From a design perspective,
the DSL190G design is similar to the two-well injector designs DSL228G-M1 and
DSL222G-M2, but with the lower-bias parasitic anticrossings even smaller due to an
additional well in the injector. Also it does not have any dominant upper level par-
asitic channels. However, no lasing was obtained for the DSL190G lasers. Moreover,

no NDR was observed in the I-V's, which is rather inexplicable but for an error in
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the MBE growth. A slight variation of this design with a somewhat less downwards
diagonal injector alignment can also be possibly tried in a future a iteration. Since a
three-well injector region affords smaller parasitic couplings, the radiative oscillator

strength can be further increased for such a design by thinning the collector barrier.

3.4.3 Modified FL design with a four-well active region:
FL-L series

The oscillator strength of the radiative transition in the FL design of Fig. 3-7 can be
enhanced considerably by increasing the number of wells in the active region, which
spatially extends the radiative levels over a greater length. The first of a design with a
four-well active region and a two-well injector was named as FL148L and is described
in chapter 6 of Williams [166]. Although no lasing was obtained from that design,
a super-linear L-I and narrow linewidth (Avpwam ~ 0.42 THz) electroluminescence
was measured, which was indicative of gain in the device. After two design iterations,
lasing was achieved in FL163L-M2, the designs details and experimental results of
which are shown in Fig. 3-34. FL163L-M2 improved upon FL148L by making the
barriers in the active region as well as the collector barrier thinner, which made both
the injector and collector anticrossings larger.

As seen from Fig. 3-34(a), the oscillator strength in FL163L-M2 (fs4 ~ 1.24) is
much larger than for the FL-C designs (fs4 ~ 0.9). However, this design requires
very thin barriers in the active region, which possibly leads to greater inhomogeneous
broadening of the radiative levels. Moreover, additional upper parasitic levels (levels
7 and 9) are introduced in the band diagram, which leads to an increase in the
parasitic current channels of the type discussed in section 3.2.1. Hence, the operating
differences between FL163L-M2 and the FL-C designs are similar to those between
DSL203E-M1 and DSL222G-M2 that were discussed in section 3.4.2. For example,
the parasitic anticrossing Agg ~ 0.5 meV for FL163L-M2 is relatively large when
compared to the analogous value of Ag7 ~ 0.17 meV for the FL178C-M7 design,
where the level numberings are according to Fig. 3-34(a), and Fig. 3-36, respectively.
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Figure 3-34: Design details and experimental results for FL163L-M2. (a) One

module conduction band diagram at the design bias. The radiative transition is
from 5 — 4. This design is similar to the FL design in Fig. 3-7, except that it has a
four-well active region even though the number of relevant levels remain the same.
(b) Anticrossing plots for a two module calculation. (c) Pulsed and cw measurement
results from a MM (In-Au) Fabry-Pérot ridge laser.
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A value of Tiax put ~ 111 K was measured for one of the FL163L-M2 lasers, as shown in
Fig. 3-34(c). But the high oscillator strength advantage in FL163L-M2 is seemingly
offset by its aforementioned negative features, leading to a worse performance as
compared to that of the FL-C designs. A value of ARy,/Rin ~ 0.35, which is lower
than the typical value of AR, /R 2 0.5 observed for the FL-C lasers is indicative

of a small upper state lifetime in the FL163L-M2 laser.

3.4.4 Modified FL design with a three-well injector region:

FL-I series

A multiple-well injector region can prevent current flow in the QCL prior to the design
bias since the injector levels are misaligned with respect to each other at low bias. This
can minimize the lower level parasitic current channels, thereby potentially increasing
the lasing range in current. This forms the basis for the FL-I series designs, which
have a three-well injector region and correspondingly three injector levels. The first
successful laser from this series of designs was named as FL148I-M1 and is discussed
in chapter 7 of Williams [166]. Whereas a value of Tiax pui ~ 78 K was obtained for
FL148I-M1, the performance has since been improved in a subsequent design named
as FL1571-M4 with Tipaxpu ~ 109 K, as shown for a MM ridge laser in Fig. 3-35(c).
For FL157I-M4, the injector levels 1 and 2 are in anticrossing at the design bias (as
specified by the 1’ — 6 anticrossing), whereas for FL.1481-M1, the injector levels 2 and
3 are in anticrossing at the design bias. This could be the reason why FL157I-M4
performed better, since each of the levels 1 and 2 are stipulated to have a greater
population than the level 3 due to their lower energy, and hence, an injector doublet
consisting of levels 1 and 2 is likely to produce more population inversion.

Even after multiple iterations in the FL-I series, the best performing FL1571-M4
design is far worse in performance as compared to the FL-C designs. This is despite
the fact that the two dominant lower level parasitic anticrossings due to the 1’ — 3
and 2’ — 3 couplings are markedly reduced for the FL-I designs. One possible reason

for its worse performance could be the additional optical loss in this structure due
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Figure 3-35: Design details and experimental results for FL157I-M4. (a) One module
conduction band diagram at the design bias. The radiative transition is from 6 — 5.
This design is similar to the FL design in Fig. 3-7, except that it has three wells in
the active region, and thus it has three injector levels instead of two. (b) Anticrossing
plots for a two module calculation. (c) Pulsed and cw measurement results from a
MM (In-Au) Fabry-Pérot ridge laser. No cw lasing was observed for this device due
to a poor metal-metal (In-Au) bonding interface. The device was destroyed due to
over heating in cw operation before it could be biased up to the NDR.
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to the 1 — 3 intersubband absorption, since the value of Es3; ~ 12.4 meV is close
to the radiative energy (hw =~ 16 meV). Moreover, since the injection into the up-
per state 6 still happens via resonant-tunneling rather than intersubband scattering,
the additional injector level 3 has a lesser role to play at the design bias; rather,
it causes a smaller population of electrons to be available for injection through the
1 — 2 doublet. Comparing the pulsed L-Is for FL157I-M4 in Fig. 3-35(c) to those
for the FL-C designs in, for example, Fig. 3-20, the value of the characteristic tem-
perature Ty ~ 30 K for FL157I-M4 is significantly smaller than the typical values of
To ~ 40 — 60 K for the FL-C designs. This is likely due to a large 3' — 4 parasitic
coupling (Ag4 ~ 2.5 meV) in FL157I-M4, which can possibly cause the low-bias par-
asitic current to increase more rapidly with temperature due to a possible increase in
the population of the injector level 3' at higher temperatures. In that case, the thresh-
old current densities are artificially enhanced, rather than caused by a reduction in

the population inversion or an increase in the optical losses.

3.4.5 FL designs in GaAs/Aly3Gag7As material system:
FL-P and SFL series

FL-C design, Two modules, Design bias
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Figure 3-36: Design bias conduction band diagram for a typical FL-C series design
of section 3.3.1 (two module calculation).

Figure 3-36 shows the design bias conduction band diagram for a typical FL-C
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series design. Due to a relatively small barrier height in the GaAs/Al15GaggsAs
material system (~ 0.135 meV), it is possible for the electrons in the upper radiative
level 5’ to tunnel into the continuum over the top of the potential barriers as they
gain enough thermal energy at higher temperatures, thus leading to a reduction in the
upper level lifetime with increasing temperature. Also, scattering into the low-lying
upper parasitic levels is also a possibility, for example, Fgs ~ 19 meV in Fig. 3-36
for the FL178C-M7 design of Fig. 3-10. This section discusses two different types
of FL designs that were implemented in the GaAs/Aly 3Gag7As material system to

investigate the role of barrier-height and the upper parasitic levels on QCL operation.

FL184P-M1

( _FL-P design, Two modules, Design bias
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Figure 3-37: Design bias conduction band diagram for the FL-P design (two mod-
ule calculation). This is similar to the FL-C design of Fig. 3-36, except for the
GaAs/Alp3Gag7As material system that has a barrier height twice as much as in
GaAs/Aly15GaggsAs. Levels with energies higher than that of level 6’ are not shown.

Figure 3-37 shows the design bias conduction band diagram for the FL-P design,
which is similar to the FL-C design of Figs. 3-7 and 3-36, except that it is in the
GaAs/Aly3Gag7As material system. This material system offers two distinct advan-
tages. First, the possibility of electrons tunneling to the continuum states is much
reduced due to a higher potential barriers (barrier height ~ 0.27 meV). Second, the

separation between the upper parasitic level 8 and the upper radiative level 5’ is in-
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Figure 3-38: Design details and experimental results for FL184P-M1. (a) One module
conduction band diagram at the design bias. The radiative transition is from 5 — 4.
This design is similar to the one in Fig. 3-7, except that it is in the GaAs/Aly 3Gag 7As
material system. (b) Anticrossing plots for a two module calculation. (c) Pulsed and
cw measurement results from a MM (Cu-Cu) Fabry-Pérot ridge laser. Note that
the lasing frequency for this design (~ 2.35 THz) is considerably lower than for the
FL-C series designs in section 3.3.1 (~ 3 THz).
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creased (Fgs ~ 27 meV for the FL184P-M1 design of Fig. 3-38), since for the FL-C
designs, the upper parasitic levels are pushed lower in energy as their energies get
closer to the top of the barriers. However, the higher barriers in GaAs/Alg3Gag 7As
also have a disadvantage. Due to the reduced tunneling probability through such
barriers, they have to be designed approximately twice as thin as compared to that
for the GaAs/Alg15GagssAs designs, which makes the energy levels more prone to
inhomogeneous linewidth broadening due to thickness variations during MBE growth.
Figure 3-38 shows the design details and experimental results for FL.184P-M1,
which was the second design to be tried in the FL-P series. The first design, named
as FL184P, lased only in the NDR possibly because of processing problems since the
etch-stop layer (which is discussed in chapter 4) was not grown by mistake for the
FL184P wafer. A FL184P-M1 device lased up to ~ 125 K in pulsed operation as shown
in Fig. 3-38(c). However, this temperature performance cannot be directly compared
to that of the FL-C series QCLs because the lasing frequency for FL184P-M1 is lower
(~ 2.35 THz). At these low frequencies, the lower level parasitic current channels be-
come more severe for the FL designs thus limiting their temperature performance, as
will become apparent in section 3.5.1. Hence, it is more appropriate to compare the
FL184P-M1 design to the FL175M-M3 design (to be discussed in section 3.5.1), which
was implemented in the GaAs/Alg 15Gag g5 As material system and lased at similar fre-
quencies (~ 2.2 THz). Comparing the Ty ~ 195 K obtained for the FL184P-M1 design
(Fig. 3-38c), to the Ty ~ 210 K for the FL175M-M3 design (Fig. 3-21), the temper-
ature performance obtained for the FL-P design (GaAs/Alp3Gag7As) does not seem
to be significantly different than that for the FL-M designs (GaAs/Aly 15Gag gs5As).

SFL228

To push the upper parasitic levels higher up in energy, a thin barrier could be in-
troduced in the wider of the two injector wells of the FL design, while other design
parameters could be kept the same by appropriately adjusting the width of the other
wells and barriers. Such a design has to be designed in a material system with a greater

barrier height than that in GaAs/Alj 15GaggsAs, since introduction of a thin barrier
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Figure 3-39: Design details and experimental results for SFL228.

(a) One module

conduction band diagram at the design bias. The radiative transition is from 5 — 4.
This design is similar to FL184P-M1 in Fig. 3-38, except that the wide injector well
is split into two by a 3 ML wide barrier, which pushes the upper parasitic levels
higher up in energy. (b) Anticrossing plots for a two module calculation. (c) Pulsed

and cw measurement results from a MM (In-Au) Fabry-Pérot ridge laser.

No cw

lasing was observed for this device, which is most likely due to a poor metal-metal
(In-Au) bonding interface that can cause over heating during cw operation.
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in the injector well pushes up all the energy levels in the module, which could not be
afforded in the FL-C designs of section 3.3.1. SFL228 which is such a “split-well” FL
design for the GaAs/Aly 3Gag7As material system, is shown in Fig. 3-39. Due to the
introduction of a thin (3 ML thick) barrier in the wider injector well, the upper para-
sitic levels 6 and 7 are pushed up much higher in energy (Egs ~ 100 meV). However,
note that the radiative dipole matrix element in this design is considerably reduced
(254 ~ 4.6 nm) when compared to that in the FL-C designs (254 ~ 6 nm), which di-
rectly translates into a smaller oscillator strength. This is because the quantum-wells
in SFL228 have to be designed narrower than those in the FL-C designs such that the
subbands are energetically located higher in the wells to allow for the introduction of

“split-off” barrier that is not very thin. Even the chosen value of 3 ML can cause

a
significant inhomogeneous broadening of the injector levels 1 and 2 due thickness
fluctuations of the order of a ML that can occur during the MBE growth from one
module to another. For a yet thicker split-off barrier, the radiative oscillator strength
will get reduced even further.

SFL228 did achieve lasing, as shown by the experimental results from a MM
Fabry-Pérot ridge laser in Fig. 3-39(c). However, the temperature performance of
this design does not suggest any improvement over the FL184P-M1 or the FL-C
series designs. The thin split-off barrier, which determines the anticrossing state of
the injector doublet consisting of levels 1 and 2, is the most likely cause of the worse

performance in this design since it possibly reduces the specularity of the injection

due to increased dephasing for the resonant-tunneling injector transport.

3.5 Low frequency terahertz QCLs

As was mentioned in section 1.1, the solid-state electronic sources of radiation are
limited to operation below the frequency of approximately 1 THz. Due to several
applications that exist for coherent sources in the frequency range of 1—2 THz, alimost
immediately after the invention of terahertz QCLs, efforts were under way to extend

their frequency of operation below 2 THz (wavelengths longer than 150 pm). However,
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the design of QCLs for such low frequencies becomes increasingly challenging since the
intersubband energy separations become extremely small, essentially of the order of
the broadened linewidth of the subbands itself (1 THz corresponds to hw ~ 4 meV).
In that case, it becomes difficult to achieve the selective injection and removal of
carriers necessary to obtain an intersubband population inversion. Furthermore, for
subbands closely spaced in energy, intersubband optical absorption may significantly
increase the optical losses inside the injector region. This makes the design of the
injector region more challenging since most of the electrons reside in the injector, and
for multiple level injectors, the subband spacings in the injector typically correspond
to frequencies on the order of 1 THz. For waveguiding, the semi-insulating surface-
plasmon waveguides become exceedingly inefficient in confining the optical mode for
v < 2 THz [88]; however, to the contrary, the metal-metal waveguides only become
more favorable (chapter 4). This section describes terahertz QCLs based on the FL
design, which has a two-well injector region, operating at v ~ 2 THz. For operation
below 2 THz, a different design based on a one-well injector region is described,

whereby lasing down to v ~ 1.6 THz (A ~ 190 pm) is demonstrated.

3.5.1 Low frequency FL designs: FL-M series

The radiative barrier in the FL design of Fig. 3-7 can be thickened to reduce the
anticrossing energy between the radiative levels 5 and 4, and thus the radiative energy
Es4 at the design bias'. The radiative barrier for the FL-C designs in section 3.3.1
was ~ 9 ML thick, which yielded Es4 ~ 12 meV (v ~ 3 THz). The FL-M series of
designs are the low frequency analogs of the FL-C designs with a thicker radiative
barrier. By thickening the radiative barrier to 11 ML, the radiative energy is reduced
to a value of Esy ~ 9 ~ 10 meV (v ~ 2.2 — 2.4 THz).

The design details and experimental results from the first of the FL-M designs,
named as FL173M, are shown in the left column of Fig. 3-40. This design achieved

Tt may be noted that the width of the two wells in the active region also affects E5y4, although
for most of the FL designs reported in this chapter the width of the active regions wells has been
kept the same.
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Figure 3-40: Design details and experimental results for the FL173M (left column) and
FL175M-M3 (right column) low-frequency terahertz QCLs. The substrate thickness
was ~ 350 pum for the FL173M laser, and ~ 150 um for the FL175M-M3 laser.
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lasing at v ~ 2.1 THz [172], a low frequency record for terahertz QCL that stood for
almost two years since its first demonstration, which is testimony to the challenges
associated with the low frequency designs. However, the FL173M lasers were not
robust. Out of many different devices tested, only a small fraction lased; the others
had an early NDR with peak current densities in the range of 500 — 600 A/cm®.
For the low-frequency FL designs, the 2 — 5 injector anticrossing happens very close
to the 1’ — 3 parasitic anticrossing in bias space. Consequently, the current flow in
the structure close to the A3 bias becomes large due to simultaneous conduction
by the 1’ — 3 and 2' — 5 current channels, and it becomes more challenging to avoid
the occurrence of an NDR before the required population inversion is achieved. The
problem of the early NDR cannot simply be remedied by lowering the 1’ — 3 coupling.
For the FL design that has a doublet of injector levels, the relative location of Ags
and Ay with respect to Ay in the bias space must be carefully designed due to the
closely spaced energy levels for a low-frequency design. Moreover, the design is made
more challenging because there always exists a small uncertainty in the percentage
of Al in the barrier material, which determines the height of the barriers and thus

critically affects the bias location of various anticrossings with respect to each other.

For the lasing FL173M devices, the lasing range in current was small, as shown
in Fig. 3-40(a) for a device that had a value of Jmaxsx — Jinsx ~ 70 A/cm2, and
thus a relatively small value of Tinaxpu ~ 72 K. A subsequent modification of this
design, named as FL175M-M3, lased at v ~ 2.2 THz and obtained a much more
robust temperature performance with Tpax pu ~ 128 K, as shown in the right column
of Fig. 3-40. Moreover, all the devices that were measured from the FL175M-M3
wafer lased robustly. The differences between the FL173M and the FL175M-M3 de-
signs are rather marginal as deduced from their anticrossing plots Fig. 3-40. Hence,
the principal cause for the radically improved performance of FL175M-M3 is not
believed to be design related. For the devices processed from the FL175M-M3
wafer, the highly doped top-contact layer was partially etched for ~ 10 sec in a
NH4OH : H,0, : HyO 10:6:480 solution (etch rate of 200 — 300 nm/min) with an ob-

jective of cleaning up the top surface after the removal of the etch-stop layer. This
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wafer had a top contact layer thickness of 100 nm, and thus it is likely that a sig-
nificant portion of that layer was removed since the etch rate can be faster in the
initial stages of the etch. As was discussed in section 3.3.3, this could very well
be the reason why a higher value of Jyaxsk — Jinsx ~ 140 A/cm2, and therefore
Thaxpu ~ 128 K, was obtained for the FL175M-M3 lasers when compared to the
FL173M lasers (Jmaxsk — Jensi ~ 70 Afem®, Traxpu ~ 72 K).

Terahertz QCLs based on a FL design for v < 2 THz?

A modification of the FL173M design with a 12 ML radiative barrier (Fsq ~ 8 meV,
vsy ~ 1.9 THz), named as FL173N, failed to achieve lasing and the measured devices
had I-V's similar to that for the non-lasing FL173M devices with peak current densi-
ties in the range of 500 — 600 A/ cm®. This might lead to a conclusion that FL designs
may not operate at frequencies below 2 THz. However, the two following completely
different design schemes, which are yet to be tried, might lead to operation at even
lower frequencies. In the first scheme, a downwards-diagonal injector design can be
tried such that the A, anticrossing happens at a bias lower than the design bias.
For some particular alignment, the 2’ — 5 coupling can be made smaller as compared
to the 1’ — 5 coupling such that Ays < Ays. For such a design, the current should
continue to increase beyond the Ay bias, and hence the occurrence of an early NDR
can possibly be prevented. However, the values of the parasitic anticrossings Ay/3 and
Ay increase for a downwards diagonal design. This can be countered by thickening
the collector barrier at the cost of a reduced the collector anticrossing Asy4, which may
not affect the performance of the laser severely, if lasing can indeed be obtained. In
the second scheme, the intra-injector barrier could be made much thicker such that
A1; is reduced down to a value as low as ~ 2 meV. The basis for such a design is
discussed further in section 3.5.2. In this case the 2’ — 5 and 1’ — 5 anticrossings hap-
pen closer to each other in the bias space, and can be well separated from the 1’ — 3
parasitic anticrossing. For such a design, the collector barrier need not be made much
thicker since a thicker intra-injector barrier also reduces the parasitic 1’ — 3 coupling.

It may be noted that for designs with small collector or intra-injector anticrossings,
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an accurate knowledge of the height of the potential barriers becomes important,
since the barrier height sensitively affects the alignment of various anticrossings with
respect to each other in bias space. Hence, the calibration of the fraction of Al in the

Al,Ga;_,As barriers is of utmost importance for the low frequency QCL designs.

3.5.2 The one-well injector designs for v < 2 THz (A > 150 pm)

operation: OWI series

The FL designs, which have a two-well injector region, primarily face two challenges
for operation at frequencies below 2 THz. The first problem is that of poor injec-
tion selectivity into the upper radiative level since the energy separation between the
injector levels (Ey2 ~ 4 meV), and also the linewidth broadening of the individual
levels (2 4 meV) become similar to the radiative energy separation (Esy < 8 meV
for v < 2 THz). A doublet of injector levels also causes an additional problem as
explained in section 3.5.1, whereby the current flow below the design bias can get en-
hanced leading to an early NDR, thus preventing device operation at the design bias.
The second potential problem is due to the increased optical losses in the structure
at lower frequencies. This is caused by photon absorption in the injector region due
to the 1 — 2 intersubband transition as the photon energy becomes comparable to
E5;. Since the injector levels 1 and 2 are anticrossed at the design bias, the dipole
matrix element zjp is large (for example 213 ~ 7.5 nm for FL175M-M3 in Fig. 3-40
as compared to the radiative value 254 ~ 6.8 nm). The problem of intersubband
absorption becomes more severe as the number of levels increase in the injector. The
chirped superlattice based designs (section 1.2.3) are one such example, for which
QCL operation down to a frequency of 1.94 THz has been demonstrated [180].

For a two-well injector, the anticrossing energy Ajs for the doublet of injector
levels can be reduced to improve the injection selectivity and minimize the possibility
of intersubband optical absorption from 1 — 2. This scheme has very recently been
realized in a terahertz QCL that operated down to a frequency of 1.6 THz [161]. That

design has a two-well injector region and a miniband based depopulation scheme. The
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key enabling mechanism for that design is perceived to be the “tight” injector doublet
such that Fy5 ~ 1.6 meV at the design bias. Such low values of the intra-injector
(A12) anticrossings have not yet been tried for the FL designs, a scheme that seems
to hold good promise for realizing QCLs based on the FL design at frequencies below

2 THz as was discussed in section 3.5.1.

In this section, a terahertz QCL design based on a one-well injector is presented.
Based on that design, a QCL operating at v = 1.59 THz (A = 188.5 um) is demon-
strated. The following paragraphs discuss the operating principles for this design and

the sequence of design iterations that led to this resuit.

The intersubband dipole selection rule in QCLs (section 2.1.1, equation 2.25)
requires the electric-field to be polarized perpendicular to the quantum-well layers
(parallel to the growth direction) and hence precludes it from coupling to the in-plane
electron motion directly. Since most of the carriers reside in the injector region, the
lack of additional subbands in a one-well injector will prevent reabsorption of terahertz
photons due to intra-injector intersubband transitions'. The one-well injector design
has an additional advantage in that it provides the best injection selectivity that there

could be since it has only one subband for injection.

The first of the modified? one-well injector (OWI) designs was aimed for operation
at v ~ 2.2 THz. Fig. 3-41 shows two different designs that were considered, with two,
and three wells in the active region, respectively, and both with a resonant-phonon
depopulation scheme (section 2.5.2) similar to that in the FL designs (section 3.3.1).
Both the designs in Fig. 3-41 are designed for similar values of the radiative energy Fys,
the radiative oscillator strength f43, the injector anticrossing A/, and the collector

anticrossing Ags. With all other relevant parameters being equal, the design with a

!Note that this is contrast to very low frequency QCLs (operating down to v = 1.39 THz),
which have been demonstrated by using strong magnetic fields applied perpendicular to the layers.
A perpendicular magnetic field increases the modal gain by increasing the lifetime of the upper
radiative state, and decreases the free carrier absorption in the structure by in-plane localization of
carriers and subsequent quenching of intersubband scattering channels {138, 139].

2This section will focus mostly on the series of the one-well injector designs that were tried since
June, 2005 onwards. A previous series of one-well injector designs were tried in April-June, 2003
but none of them had achieved lasing; the design details and experimental results from two of those
early designs are shown in Fig. 3-42.
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(a) A terahertz QCL design with a one-well injector, and a two-well active region
Design bias (48.5 mV/module, 10.3 kV/cm)
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(b) A terahertz QCL design with a one-well injector, and a three-well active region
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Figure 3-41: Terahertz QCL designs with a one-well injector, and (a) a two-well active
region (OWI-2Wac), or (b) a three-well active region (OWI-3Wac), respectively. In
both the designs the radiative transition is from 4 — 3. Level 3 is anticrossed with
level 2, whereby it is depopulated by the resonant-phonon scheme (section 2.5.2). As
compared to the doublet of levels for injection in the FL design (Fig. 3-7), the OWI
design has only a single injector level (i. e. level 1). Both the designs in (a) and (b) are
designed for similar values of the radiative energy Ej3, the radiative oscillator strength
fas, the injector anticrossing A4, and the collector anticrossing Ay3. That, however,
results in different values for their lower level parasitic anticrossings Ay and Aysg.
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Figure 3-42: Design details and experimental results for OS171B and O161C. No
lasing was observed from either of these designs. The unusually high current density
for OS171B is most likely due to a doping error during the growth. It may be noted
that both OS171B and 0161C were designed much earlier (April-June, 2003) than all
the other one-well injector designs discussed in this section (June, 2005 onwards). In
the earlier stages the role of the parasitic current channels was not well understood.
Hence, the 1’ — 2 parasitic couplings in both of these designs are relatively large (as
characterized by the anticrossing energy Ay;) as compared to the values typically

desired (Ayp < 0.4 meV).
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three-well active region (OWI-3Wac) has a considerably smaller value of the lower
level parasitic anticrossing Ays = 0.35 meV as compared to a value Ay/g = 0.48 meV
in the design with a two-well active region (OWI-2Wac). The 1’ — 2 coupling is
the cause of the dominant parasitic current channel in this design (section 3.2.2).
The current flow due to this parasitic current channel at the 1’ — 2 resonance is
approximately oc A}, for the typical values of the lower state lifetime (72,1.0 ~ 0.2 ps)
and the pure dephasing time (75 ~ 0.33 ps [29]) as specified by equation (3.6) and
plotted in Fig. 3-6. Consequently, OWI-3Wac was finally selected in preference to
OWI-2ac. Note that the additional well in the active region of OWI-3ac introduces
a higher energy level 5 above the upper radiative level 4 such that Ess ~ 15 meV.
Even though the level 5 does not cause any additional parasitic current channels in
the structure, it is likely to share some of the electron population with level 4 as the
electrons become hot, thus reducing gain at higher temperatures. In theory, designs
with more than three wells in the active region could further reduce the 1’ —2 parasitic
coupling but those designs introduce additional undesirable higher energy levels in
the active region, which are potential source of parasitic current channels and make
the design more complex. Two of such (non-lasing) designs are shown in Figs. 3-42.
The relatively large 4 — 6 coupling (of the type discussed in section 3.2.1) can be
observed from the anticrossing plots, which happens due to the introduction of the

upper parasitic level 6 in these designs.

An important parameter for a QCL design is the radiative oscillator strength
(equation 2.34). The OWI-3Wac design in Fig. 3-41(b) was designed with a value
of fraa = 0.62, which is much smaller than that for the FL-C designs (for example,
fraa = 0.92 for the FL178C-M7 design in Fig. 3-10). This decision was based on the
understanding that the gain could potentially be sacrificed in exchange of a better
A/ Ay ratio, so as to lower the value of the parasitic current relative to the design
bias current to avoid the problem of an early NDR. If OWI-3Wac is re-designed for
a value of fr.g = 0.92 while keeping all the other relevant parameters approximately
the same, the value of the parasitic anticrossing Ay, increases to 0.47 meV, as shown

in Fig. 3-43. This will make the 1" — 2 parasitic current approximately a factor
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Figure 3-43: Modified version of the OWI-3Wac design (Fig. 3-41b) with a larger
value of the radiative oscillator strength f43. The values of the radiative energy Fys,
the injector anticrossing A4, and the collector anticrossing Aoz are kept similar to
those for OWI-3Wac. A higher value of the oscillator strength causes the lower level
parasitic anticrossings Ay, and Ajs3 to increase as compared to OWI-3Wac.

of (0.47/0.35)? ~ 1.8 larger as compared to that in the original OWI-3Wac design.
The particular value of f;.q = 0.62 was chosen for the OWI-3Wac design to keep its
radiative dipole matrix element 2z,,4 ~ 6.1 nm similar to that for the FL-C designs (for
example, 2,59 ~ 6.2 nm for FL178C-M7). While there is no strict theoretical basis for
this choice, the fact that the diagonality of a radiative transition is better represented
by the dipole matrix element rather than the oscillator strength, the OWI-3Wac
design should not have any larger inhomogeneous broadening of the gain linewidth
as compared to that for the FL-C lasers despite having a considerably smaller fiaq.
A qualitative reasoning for the dependence of the inhomogeneous broadening on the
diagonality of the radiative transition is provided in section 3.1.

The OWI-3Wac design of Fig. 3-41(b) was the first one-well injector design that
was grown and tested. The MBE grown wafer, named as OWI185, was overgrown in
thickness by approximately 6% as compared to the design, which is a relatively large
deviation for a terahertz QCL design. For the closely spaced energy levels in a tera-
hertz QCL any variation in the energy level alignments, which depend critically on the
width of the wells and the barriers, can significantly alter the design characteristics.

Nevertheless, the OWI185 devices were able to achieve lasing (v ~ 2.1 THz). The
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design details for the structure as it was grown, and the CW I-V | R-V, and spectra
from a MM (Cu-Cu) Fabry-Pérot ridge laser are shown in the left-column of Fig. 3-44.
In spite of a relative small lasing range in current (Jmaxsk — Jinsk ~ 35 A/cm2,

Jmax,5K/ Jin sk ~ 1.19) all the OWI185 devices that were tested made a laser.

The second design in the OWI-series was named as OWI185-M1, which was de-
signed for a slightly lower frequency operation as compared to OWI185. Its design de-
tails, and the CW I-V's; R-Vs, and spectra from a MM (Cu-Cu) ridge laser are shown
in the second column of Fig. 3-44. The OWI185-M1 lasers had a slightly better dy-
namic range in the lasing current (Jnaxsx — Jinsx ~ 40 A/ cm?, Imax,5x/ Jensx ~ 1.29)
as compared to that in OWI185, in spite of the fact that the operating frequency in
OWI185-M1 was lower (v ~ 1.9 THz). The slightly better characteristics for the
OWI185-M1 lasers are not clearly understood, since the anticrossing plots and design
parameters for both the devices look similar. The worse performance in OWI185
could possibly be due to a non-uniform growth rate that is likely to have happened
since its growth rate was significantly off-target. The lower absolute values of current
densities in OWI185-M1 are most likely due to its smaller overall doping, which is
approximately 85% of that in OWI185.

Pulsed and c¢w L-I characteristics measured from the same OWI185-M1 laser as
in Fig. 3-44(b) are plotted in Fig. 3-45. For this device Jypsx ~ 140 A/cm2 and
Jmax sk ~ 180 A/cm2 in both pulsed and cw operation. Fabry-Pérot cavities with
several different dimensions (varying widths and lengths) were tested and were found
to have similar values of Ji,s5x. The insensitive dependence of Jihsx on the cavity
dimensions strongly indicates that Jiy, sk is determined by the 1’ — 2 parasitic current
channel rather than the optical losses in the cavity. A relatively small Ji,-T variation
manifests this fact. Thus, notwithstanding a very small lasing range in current, a
reasonably good value of Tinax pul ~ 110 K was observed for this laser.

The fact that Jip sk for the OWI185-M1 lasers is the lowest measured value from
any resonant-phonon QCL attests to the low optical losses in the one-well injector
designs. It is difficult to accurately determine the waveguide losses (ay,) for these

lasers. However, an order of magnitude estimate can be obtained as follows. Due
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Figure 3-44: Design details and experimental results for the OWI185 (left column) and
OWI185-M1 (right column) low-frequency terahertz QCLs. The 0.1 um thick highly
doped top-contact layer was partially etched for ~ 15 sec in a NH4OH : HO, : H2O
10:6:480 solution (etch-rate: 200 — 300 nm/min), similar to that for the FL175M-M3
lasers (section 3.5.1).
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Figure 3-45: Pulsed and cw L-I characteristics from a OWI185-M1 laser operating at
v ~ 1.9 THz. CW I-Vs and spectra for the same device are shown in Fig. 3-44(b).

to sub-wavelength dimensions of the waveguide aperture in the growth direction, the
mirror losses (au,) in the Fabry-Pérot ridge waveguides are expected to be low [88].
A finite-element simulation for an infinite-width waveguide yielded oy ~ 1.3 cm™!
for a 1 mm long cavity (both facets open), corresponding to a mirror reflectivity of
~ 88%. Ridge lasers with cavity lengths of ~ 0.5 mm, 1 mm, and 2 mm, and the
same width were tested, and all had a value of Jyax sk — Jinsx ~ 40 A/ cm?. However,
the longer devices in general had more cw output power. For a constant value of
the lasing range in current densities, the peak power output from a ridge laser of
length L is o< 1/(aw + am), where ay o< 1/L. The increase of cw power in going
from a length of 0.5 mm to that of 1 mm was typically 50% — 100%, whereas further
increase in the length led to diminishing gains. These observations suggest that o,
is of the order of o =1 mm ~ 1 cm™! for these lasers. A Drude model calculation
yielded surface losses of ~ 5 cm™! in the metal claddings, and < 0.5 cm™ in the
thin doped contact layers at the top and bottom of the active region. This suggests

that losses in the active region itself are small for this design, as is expected from a

one-well injector scheme.
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Figure 3-46: Design details and experimental results for the OWI185-M3 (left column)
and OWI180B (right column) low-frequency terahertz QCLs. The 0.1 pm thick highly
doped top-contact layer was completely removed for both these devices. The value
of v ~ 1.59 THz for the OWI180B laser is presently the second lowest frequency
for any solid-state laser that operates without the assistance of a magnetic field.
Without any corrections in the detected power, the single-facet slope-efficiency for
the OWI185-M3 laser is ~ 18 mW /A (~ 2.6 photons/electron), and for the OWI180B
laser it is ~ 28.5 mW /A (~ 4.3 photons/electron).
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Figure 3-47: Scanning tunneling microscope (STEM) image of the OWI180B wafer
showing top few modules of the active region. The dark layers correspond to
Alg15GaggsAs. (Image courtesy of Dr. Z. R. Wasilewski and Dr. X. Wu, National
Research Council, Canada.)

The ratio of an injector anticrossing to a low-bias parasitic anticrossing (for exam-
ple, Ayr4/Ayro in the OWI-3Wac design) decreases as the radiative frequency is lowered
in a particular QCL design. As the applied bias is increased in a QCL structure, the
subbands are located at higher energies relative to the bottom of the quantum-wells,
and hence they couple more strongly to the subbands in the adjacent wells. For a high
frequency design, the bias at which the lower level parasitic anticrossings happen is
considerably smaller compared to the design bias, which confines the subbands deeper
in the quantum-wells at the parasitic bias. Therefore, the interwell coupling of the
subbands is weakened at the parasitic bias as compared to that at the design bias.
This is the primary reason for the absence of the low-bias parasitic current channels
in mid-infrared QCLs. However, these parasitic channels are an inherent feature of
the resonant-phonon terahertz QCLs that artificially enhance the threshold current
densities at low temperatures, as has been discussed throughout this chapter. The en-
hancement of these low-bias parasitic current channels in the lower frequency designs
becomes the foremost impediment to obtain lasing at low frequencies.

Figure 3-46 shows the design details and experimental results for OWI185-M3
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and OWI180B, two subsequent iterations of the OWI-3Wac design for even lower-
frequency operation. As compared to OWI185-M1, the radiative oscillator strengths
in both these designs were lowered; however, in spite of that, their injector anticrossing
to the parasitic anticrossing ratios (Ay4/Ay+2) were further reduced due to the reasons
explained in the previous paragraph. This is manifested into an extremely small lasing
range in current (Jmaxsk — Jinsx ~ 30 A/ cm2) for both these lasers. Nevertheless, it
is worthwhile to note that these wafers achieved lasing in their first attempt. Both
of these wafers were grown in a different MBE machine than the one that was used
to grow the rest of the devices discussed in this chapter. Hence, these designs will
possibly need to be readjusted for an optimum performance, for differences as small
as 0.5% in the Al concentration of the Al,Ga;_,As barriers can change the design
characteristics significantly. The operation of the OWI180B QCLs at a frequency
of 1.59 THz (A = 188.5 um) is presently the second lowest reported value for any
solid-state laser that operates without the assistance of a magnetic field (the lowest
frequency of operation has very recently been obtained by a different research group,
although the exact details are currently unavailable). Taking cue from these results,
it is reasonable to predict a more robust operation at even lower frequencies in the

subsequent design iterations of the OWI-3Wac design.

3.6 High power terahertz QCLs

For some applications such as providing a local oscillator signal for a cryogenic hetero-
dyne receiver, optical power levels of few milli-Watts are often sufficient. Whereas for
other applications that involve significant material penetration, propagation through
atmosphere, or illumination of a large area while still maintaining a good local signal-
to-noise ratio, such as in imaging or some of the spectroscopic applications, large
amount of optical power is the topmost priority. For terahertz QCLs, the best temper-
ature performance has been obtained in the metal-metal (MM) waveguides [170], the
properties of which will be discussed in greater detail in chapter 4. Most of the exper-

imental results presented up to this section were therefore from MM QCLs. However,
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terahertz QCLs with the highest power have been developed in the semi-insulating
surface-plasmon (SISP) waveguides [89] that were discussed briefly in section 1.2.3.
This section first describes the key differences between the two types of the waveg-
uides, and then focuses mainly on the experimental results. Detailed electromagnetic

modeling and analyses of the two types of waveguides can be found in Ref. [88].

3.6.1 Metal-metal waveguides versus semi-insulating

surface-plasmon waveguides

The following expressions can be written for a laser operating above threshold:

Lgmat(w) = oy + o (3.10)
dPout QO
dl hwaw + o (3:11)

Equation (3.10) is the well known condition that the gain must be equal to the losses
during laser operation. This condition was previously derived using QCL rate equa-
tions in section 2.3.2. In this expression, I is the fraction of the mode that propagates
in the active medium (also known as the mode confinement factor) and gna is the
material gain of the active medium as was derived in section 2.1.2 (equation 2.32)
and also in section 2.2 (equation 2.45), therefore, I'giat(w) becomes the modal gain.
Also, oy is the modal propagation loss in the waveguide, and oy, is the out-coupling
(mirror) loss in the resonator cavity. For a current I flowing in the device, the slope
efficiency dPou/dI can be written as in equation (3.11) following the derivation in
section 2.3.3 (equation 2.62), where B, is the power out-coupled from the cavity and
hw is the photon energy for the lasing mode. In a Fabry-Pérot ridge cavity of length

L, the expression for the slope efficiency can be rewritten as

dPout Q. f
’ 3.12
dl Oy + Qg + Qmr ( )
1
Cm f/r —2-[-; loge(Rf/r) (3.13)
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where Ry, is reflectivity of mode from the front/rear facet of the cavity, aum ¢ /r is the
mirror loss due to the corresponding facet, and the output power P, is assumed to

be collected from the front facet only.

To bring about the key differences between MM and SISP waveguides, the mode
shapes and the propagating mode parameters calculated at two different frequencies
for typical waveguide geometries are shown in Fig. 3-48. As can be noticed, the MM
waveguides confine the mode in sub-wavelength dimensions in the vertical direction,
by virtue of a double-plasmon mode that is bound to both the bottom and the top
metal cladding. This leads to a large mismatch in the mode shapes of a mode that
can propagate in free-space and the mode inside the waveguide. Consequently, the
mirror reflectivity in MM waveguides becomes very high (R ~ 0.7 — 0.9 [88]), as
opposed to that expected for plane wave reflection at a normal air/GaAs boundary
(Ruorm = (%)2 ~ 0.32). In contrast, even though the mode in a SISP waveguide
is also a double-plasmon mode, which is bound to the top metal and the thin n* GaAs

layer at the bottom, it is not confined within sub-wavelength dimensions. Hence, the

mirror reflectivity in SISP waveguides is approximately the same as Ryorm ~ 0.32 [88].

As can be noticed from the calculated values in Fig. 3-48, MM waveguides have
a smaller value of the waveguide losses o /I" in comparison to the SISP waveg-
uides. It may be noted that the semi-insulating GaAs substrate is likely to con-
tribute additional losses for SISP waveguides that have not been included in Fig. 3-48.
These losses can occur due to impurity absorption at terahertz frequencies caused
by shallow donors and acceptors in the nominally semi-insulating substrate. Also,
/T ~ 0.5 —2 cm™! per facet for a 1 mm long cavity in MM waveguides (calculated
for R ~ 0.9 — 0.7), as compared to ay/T' ~ 15 — 30 em™~! per facet for a 1 mm long
cavity in SISP waveguides (calculated for I' ~ 0.4 — 0.2). Hence, even for relatively
long cavity lengths, the mirror losses in SISP waveguides are an order of magnitude

greater than those in MM waveguides.

The aforementioned arguments indubitably suggest that the overall losses in SISP
waveguides are significantly higher as compared to those in MM waveguides. Hence,

QCLs realized in MM waveguides show much improved temperature performance.
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Metal-metal waveguides
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Figure 3-48: Two-dimensional electromagnetic mode calculations for the fundamental
lateral modes in the MM and SISP waveguides (schematic shown in Fig. 2-3). The
calculations are done within a Drude model [16] at v = 3.0 THz, and v = 4.4 THz,
respectively. For SISP waveguides, the 3 THz design (FL178C-M10) has a 0.7 pym
thick n* GaAs layer doped to 2 x 10'® cm~3, whereas the 4.4 THz design (FL183R)
has a 0.4 um thick n* GaAs layer doped to 3 x 10'® cm™3. The total energy density
across the crosssection of the waveguide for a mode propagating perpendicular to
the plane of the figure is plotted. A Drude scattering time of 7 = 50 fs and a doping
density of 5.9 x 10?2 cm~3 is used for metal (Au) [4], and a 7 = 0.1 ps is used for the
nt GaAs layer [170, 88]. The refractive index of GaAs is taken to be ngaas = 3.6.
neg is the effective index of the propagating mode. The values in parentheses are
the results for infinitely wide waveguides. The highly-doped top contact layer is not
included in these calculations. For these calculations the active region is taken to
be lossless, and so is the semi-insulating GaAs substrate for the SISP waveguides.
These calculations are performed using a finite-element solver [2].
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This will be shown distinctly through experimental results in section 3.6.2 by com-
paring results from QCLs with the same active region and implemented in both
MM and SISP waveguides. In contrast, the factor aw_l_—:;“;;—a: < 0.1 for MM
waveguides as compared to the values of ﬁ;—a; > 0.2 — 0.3 that are pos-
sible for SISP waveguides. This suggests that the slope efficiency for MM QCLs
is expected to be considerably smaller than that for SISP QCLs. This has in-
deed been observed experimentally. The highest measured values of the differen-
tial quantum efficiency (= %d—%}m, section 2.3.3) for the resonant-phonon terahertz
QCLs have been ~ 4.5 photons/electron for MM waveguides (Figs. 3-17 and 3-46)
and ~ 16.5 photons/electron for SISP waveguides (Fig. 3-50) calculated for power as
measured at the detector. Hence, notwithstanding a smaller lasing range in current
for the SISP waveguides due to a higher value of Ji;,, significantly greater amount
of power (> 100 mW) can be obtained from the SISP lasers as compared to that
obtained from the MM lasers (< 10 mW, without the use of an output coupling lens),

as will be shown next.

3.6.2 High frequency FL designs for high power output:
FL-R series

It serves well to design the resonant-phonon terahertz QCLs for operation at relatively
higher frequencies (v ~ 4—5 THz) to obtain the highest power output. This is because

of the following reasons:

e A higher frequency design has smaller low-bias parasitic couplings for reasons
explained in section 3.5.2. Consequently, Jy sk is lower, and hence the lasing
range in current Jp.x sk — Jin sk is higher. This directly leads to higher optical

power output for a given slope efficiency!.

e The SISP waveguides are able to confine a higher frequency mode better. Con-

sequently, a thinner bottom n* GaAs layer can be used in the waveguide design.

INote that a higher value of Jmax, 5k — Jih,5k does not imply higher Tinax pul, since Jyy, increases
more rapidly with temperature for QCLs operating at higher frequencies (section 3.3.4, Fig. 3-21).
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Therefore, ay, is reduced in addition to an already high value of I, thereby sig-
nificantly lowering the overall loss a, /T" in a higher frequency design (Fig. 3-48).

e The increased slope efficiency due to higher photon energy (d—";‘f‘-t x hw, equa-~
tion 3.12) in a high frequency laser also increases the output power. Moreover,
the voltage efficiency (section 2.3.3) is also improved in such a design, which
causes a more efficient electrical to optical power conversion (i. e. a better wall-

plug efficiency of the laser).
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Figure 3-49: One module conduction band diagram at the design bias (left) and
anticrossing plots for a two-module simulation (right) for FL183R-2, a high frequency
FL design (the FL design is described in section 3.3.1).

The FL design of section 3.3.1 was modified for higher frequency (v ~ 4.5 THz)
operation and the resulting design named as FL183R-2, the design details of which
are shown in Fig. 3-49. The primary change in this design as compared to the
FL-C series designs is a thinner (6 ML) radiative barrier, which increases the ra-
diative anticrossing and hence the radiative energy Es4 at the design bias. This wafer
was processed into semi-insulating surface-plasmon waveguide ridge structures with a
standard recipe [166], with the exception that the ridges were dry etched like for the
metal-metal waveguides (chapter 4) and the lateral contacts were non-alloyed (Ti/Au
20/200 nm) without any extra thermal annealing step. The devices were lapped to a

substrate thickness of ~ 170 um to improve heat-sinking, ridges were cleaved, and an
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Al;03/Ti/Au/Al; O3 high-reflectivity (HR) coating was evaporated on the rear facet
of a few selected devices. The HR coating was done in two steps to make the devices
robust under cw operation, during which such a coating is often prone to failure due
to electrical shorting. In the first step, only a part of the ridge near the cleaved facet
was covered with Al,O3 by a uniform deposition (300 nm thick) with a shadow mask.
In the second step, the wafer was turned over and a directional deposition was done at
a slanted angle to coat the facets only with the Al;O3/Ti/Au/Al;O3 sequence (layer
thicknesses: 200/20/200/100 nm).

FL183R-2 (SISP), 198 pm x 1.21 mm, substrate thickness ~ 170 pm
rear-facet HR coated, dry-etched ridges
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Figure 3-50: Experimental results from a FL183R-2 SISP waveguide laser that emit-
ted the high reported optical power for any terahertz QCL in both pulsed and cw
operation. In pulsed operation, the device was biased with pulse trains of 200 ns
pulses repeated at 100 kHz, modulated by a 1 kHz square wave for an overall duty
cycle of 1%, and the L-Is are measured with a room-temperature pyroelectric detector
(Molectron model P4-42). The peak optical power values are as measured at a cal-
ibrated thermopile detector (ScienTech model AC2500H) without correcting for the
collection efficiency (estimate unavailable) or the transmission losses (~ 85 —90%) of
a polypropylene dewar window [166]. The single-facet slope efficiency of 300 mW /A
corresponds to a value of ~ 16.5 photons/electron.

Pulsed and cw measurement results from a FL183R-2 Fabry-Pérot SISP ridge laser
with the rear-facet HR coated are shown in Fig. 3-50. The cavity length for this device
was kept relatively short (1.21 mm) to obtain a higher mirror loss (m¢ ~ 4.7 cm™?)

and hence a higher slope efficiency (equation 3.12). By choosing a relatively wide
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(198 pm) waveguide, the confinement of the mode is improved and the waveguide
losses are reduced for the SISP waveguides (Fig. 3-48). However, note that even
though the peak power increases monotonously for longer cavities, the increase in peak
power is diminishing as the cavities become longer since the slope efficiency decreases
monotonously with cavity length. For the laser in Fig. 3-50 the cavity length was
chosen keeping in consideration the maximum electrical current that could be supplied
by the pulsed power supply (Imax ~ 2.5 A at ~ 12 V using a 50 2 to 12.5 2 impedance
transformer with an Avtech Electrosystems model AV-1011-B power supply). The
values for both the slope efficiency and the peak optical power obtained for this device
are presently the highest such reported values for any terahertz QCL in both pulsed

and cw mode of operation.

A narrower cavity laser has better heat removal in the lateral (width) direction,
and consequently its temperature performance in cw operation is improved. As com-
pared to the device in Fig. 3-50, a somewhat more efficient cw performance was
obtained from a narrower width (98 pm) device as shown in Fig. 3-51(a). For a nar-
rower waveguide, the mode confinement factor I' also reduces (Fig. 3-48), therefore,
the device in Fig. 3-51(a) had to be made almost twice as long as the one in Fig. 3-50
to maintain a similar lasing range in current. The longer cavity device had a slightly
better cw performance (Taxcw ~ 40 K), which is significant for practical applications.
Using a closed-cycle pulsed tube cryorefrigerator with a few watts of cooling power
at 30 K (Cryomech PT60), a peak power of 50 mW was obtained in quasi-cw mode
operation (~ 25% duty-cycle) for this laser at ~ 33 K. That was sufficient to perform
real-time terahertz imaging using a microbolometer focal-plane array as the detec-
tor [101], the first such reported imaging demonstration for any terahertz solid-state
laser. This device has been cumulatively operated for more than 100 hours in the

cryorefrigerator with over 25 thermal cycles without showing any signs of degradation.

An estimate for the waveguide loss a, in the 98 ym wide FL183R-2 laser can be
obtained by comparing the slope efficiency of the laser in Fig. 3-51(a), which has HR
coating on its rear-facet, to another laser of similar dimensions but without any HR

coating on its rear-facet. The measurement results from the latter device are shown

228



(a) FL183R-2 (SISP), 98 um x 2.15 mm, substrate thickness ~ 150 ym
rear-facet HR coated, dry-etched ridges
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(b) FL183R-2 (SISP), 98 pm x 2.00 mm, substrate thickness ~ 150 pm
no HR coating on the rear-facet, dry-etched ridges
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Figure 3-51: Experimental results from two high-power FL183R-2 SISP waveguide
lasers, (a) with, and (b) without an HR coated rear-facet, respectively. Both these
devices have similar dimensions, are from adjacent locations on the wafer, and were
processed as part of the same die. These measurement results can be compared to
determine the effect of HR coating the rear-facet on the operation of the laser. The
laser with the HR coated rear-facet has been operated in quasi-cw mode (~ 25%
duty-cycle) at ~ 33 K in a cryorefrigerator, whereby a peak power of 50 mW
was obtained that was sufficient to perform real-time terahertz imaging with a
microbolometer focal-plane array detector [101].
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in Fig. 3-51(b). Since both these devices were from the same die, the fluctuation of
oy from device to device is expected to be small. Unlike the MM QCLs, the optical
power measurements from the SISP QCLs are more consistent and repeatable from
device to device, since, for these waveguides, just a single type mode is excited in the
direction along the width, and also their radiation pattern is much more directional
as compared to that from the MM waveguides [73, 9]. Hence, the output power
variation from device to device can be primarily attributed to the characteristics of
the device itself, rather than fluctuations in the fraction of power collected at the
detector. Using equation (3.12), a value of @y, ~ 12.7 cm™! is obtained for the lasers
in Fig. 3-51, which is a factor of ~ 3 higher than that obtained from the Drude
model calculation in Fig. 3-48. The extra loss is most likely due to losses in the
semi-insulating substrate as well as in the active region, which were both assumed to
be lossless in the calculation of Fig. 3-48; although an underestimation in the losses
due to the top metal and/or the highly doped “plasmon” layer at the bottom cannot
be entirely discounted. For a 2 mm long cavity, oy ~ 2.2 cm™! per facet. For a

value of I' = 0.34 (Fig. 3-48), the threshold gain (gy, = =%y j5 estimated to

be approximately 45 cm™! and 54 ¢cm™! for the lasers in Figs. 3-51(a) and 3-51(b),
respectively. In spite of a relatively large difference in the threshold gains, the values
of Jinsk (510 A/ch, 550 A/cmz) and Tax pu (105 K, 113 K) for these two lasers are
not significantly different from each other!. One possible explanation for this behavior
is the fact that Ji, increases exponentially with temperature for the FL-series lasers
(section 3.3.4), and hence, even though the difference in the overall losses for the two
lasers is seemingly large, a rather small difference in their temperature performance
is observed. It is also likely that the ratio of the threshold gains for the two devices
in Fig. 3-51 approaches unity at higher temperatures (~ 100 K) since «,, should
increase with temperature. It may also be noted that the low-temperature Jy, for the

FL designs is predominantly determined by the low-bias parasitic current channels,

! Jmax for the laser in Fig. 3-51(a) is ~ 60 A/cm2 higher than that in Fig. 3-51(b) at high
temperatures, which contributes partially to the higher Tiax pul for the former. If their Jpax values
were to remain the same, the difference in the Tiax pul values would have been even smaller. Note
that such fluctuations in Jy,x from device to device are commonly observed, although their cause
is not well understood.
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FL183R-2 (Cu-Cu), 80 um x 1.94 mm, wet-etched ridges
highly-doped top contact layer completely removed
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Figure 3-52: Experimental results from a FL183R-2 MM waveguide laser operating
in pulsed mode. The optical power output from this laser is the highest reported
value for any MM waveguide terahertz QCL. CW measurements were not performed
for this device. In pulsed operation, Ji, sk ~ 255 A /cm2, Jmax,sx ~ 1000 A /cm2, and
Tmax,pul ~ 165 K. Without any corrections in the detected power, the single-facet
wall-plug efficiency for this laser is ~ 0.14%, and the slope-efficiency is ~ 28 mW /A
(~ 1.6 photons/electron).

and hence is less representative of the threshold gain g, in the device (section 3.3.1).

The FL183R-2 devices were also fabricated with the MM waveguides. Pulsed
measurement results from one of the best performing MM Fabry-Pérot ridge lasers are
shown in Fig. 3-52. In spite of a considerably small Tj (section 3.3.4, Fig. 3-21) for the
FL183R-2 lasers as compared to the FL-C series lasers, the temperature performance
of this device is at par with the best of the FL-C series lasers (Fig. 3-16a, Fig. 3-18a).
This device had a monotonously increasing power versus current relation up to the
peak-bias (NDR) region even at temperatures close to the Tpnaxpu value, which is
indicative of the fact that the peak current density is still the limiting factor for
the temperature performance of this design. The peak optical power output from
this laser (~ 24 mW) is a factor of ~ 2 greater than that obtained from the best
of the FL-C series lasers (~ 12 mW from a FL179C-M9-2 laser), and is the highest
such reported value for any MM waveguide terahertz QCL. Both the high-power and
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high-temperature performances of this laser can be attributed to a large value of
Jmax, sk — Jinsk ~ 750 A/cm2 for the FL183R-2 devices, wherein Jiy, 5k is lowered
due to weaker low-bias parasitic current channels in this design because of its higher
radiative energy as was discussed in the beginning of this section. This is the highest
value of the lasing current range for any terahertz QCL discussed in this chapter.
Also, the facet-reflectivities of the Fabry-Pérot MM waveguides are smaller for higher
frequencies (chapter 4, Fig. 4-10b), which also causes a greater amount of optical
power to be out-coupled from the FL183R-2 lasers. It may be mentioned that recently
the peak power output from the device in Fig. 3-52 was increased by approximately
6 times to ~ 145 mW by the use of a hyper-hemispherical Silicon lens abutted to the
emitting facet [98]. A value of Thaxpu ~ 160 K was obtained in that configuration,
which is not significantly lower than the value Tinax pu ~ 165 K obtained without the
lens. It is likely that the increase in optical power with the lens is due in part to an
improved collection of optical power by the lens, and also to a reduction in the mirror
reflectivity of the facet in contact with the lens. More analysis on the effect of the

lens is currently being pursued.

The relatively large difference in Jip sk between the SISP and the MM waveguide
implementations of the FL183R-2 QCLs cannot be simply explained due to lower
losses in the MM waveguides (as calculated in Fig. 3-48). A reduction in the thresh-
old gain gy from approximately 54 cm™! to 45 cm™! for the SISP waveguide lasers
in Fig. 3-51 reduced the Jin sk by only 40 A/cm2 to a value of 510 A/cm2. This
would imply that the optical losses for the MM waveguides need to be an order of

1, otherwise a value of 255A/ cm? for Jin sk would seem

magnitude lower than 50 cm™
disproportionately small. However, there is more to the low value of the threshold
current densities in the MM waveguide lasers than just a lower value of the threshold
gain. Fig. 3-53 shows cw I-V's and differential-resistance versus voltage plots (R-V's)
for both types of lasers. Whereas lasing starts only beyond the 2 — 5 injector anti-
crossing for the SISP device, it starts right after the 1’ — 3 parasitic anticrossing for

the MM device, which is when the 2 — 5 level alignment starts to happen. This fact

is also confirmed by the fact that the lasing frequencies for the MM device are lower,
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(a) FL183R-2 (SISP), 98 pim x 2.15 mm (b) FL183R-2 (MM), 80 zm X 1.10 mm
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Figure 3-53: CW I-V, R-V, and spectra from (a) a SISP waveguide FL183R-2 laser,
and (b) a MM waveguide FL183R-2 laser to compare their transport characteristics.
The R-V in plot (a) is calculated by taking the derivative of the I-V as compared
to the one in plot (b), which is measured experimentally as detailed in section 3.3.1.
The following values were measured for the device in plot (b): Thaxpu ~ 159 K,
Tmax,ew ~ 77 K, and peak cw optical power output of ~ 5.3 mW at 5 K.

which is because the radiative energy Es4 is smaller at the Ags bias as compared to
the A5 bias due to the Stark effect. For QCLs based on the FL design, this dif-
ference in the spectral characteristics of the SISP and the MM waveguide lasers was
observed in all the designs that have been realized with both types of the waveguides
i. e. FL178C-M10, FL183R, and FL179R-M1 (except for FL178C-M1, which lased at
much higher frequencies than expected for both types of waveguides, possibly due to
high-field domain formation due to strong low-bias parasitic current channels [166]).
Even though the current flowing through the structure might increase appreciably
from the Ay bias to the Ays bias, the gain in the device is not likely to increase
proportionately. As the predominant injection mechanism changes from 2’ — 5 to
1’ — 5, the gain linewidth in the active region is expected to increase without signif-
icantly increasing the peak gain. Consequently, it is possible that the value of gy, in
the MM waveguides is not an order of magnitude smaller than 50 cm™! at v ~ 4 THz
as the Juy, sk values might suggest. Hence, the experimental results in this section

are not sufficient to provide a rough estimate for gy, in the MM waveguides, and any
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FL178C-M10-2 (SISP), 148 pm x 2.10 mm, substrate thickness ~ 300 pm
rear-facet HR coated, dry-etched ridges
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Figure 3-54: Experimental results from a FL178C-M10-2 (wafer EA1252) SISP waveg-
uide laser. The corresponding results from FL178C-M10 (wafer EA1253) MM waveg-
uide lasers are shown in Fig. 3-18. Even though no metal-metal devices were fabri-
cated from the EAL1252 wafer, the wafers EA1252 and EA1253 were grown to within
a thickness of ~ 0.3% with respect to each other, hence their characteristics are ex-
pected to be very similar. For the pulsed measurement results in plot (a), a value of
the peak optical power is not available.

value in the approximate range of 5 — 30 cm™! is possible at v ~ 4 THz.

When fabricated with the MM waveguides, the best of the FL183R-2 lasers had
almost a similar temperature performance (Tiax,pu = 165 K, Fig. 3-52) as for the best
of the FL178C-M10 lasers (Tax,pu = 169 K, Fig. 3-18a). However, when fabricated
with the SISP waveguides, the FL183R-2 devices performed considerably better. Ex-
perimental results from the best performing FL178C-M10-2 SISP waveguide laser are
shown in Fig. 3-54. As can be noted, the value of Tmaxpu ~ 94 K for this device
is approximately 10 — 15 K lower than that for the FL183R-2 devices. The worse
temperature performance for this laser is attributed to the lower radiative frequency
in this design (v ~ 2.9 THz). This is because the SISP waveguides have better mode
confinement and lower losses at higher frequencies, as was described in the beginning

of this section and is also apparent from the Drude model calculations of Fig. 3-48.

INote that the Drude model calculations in Fig. 3-48 cannot be taken in an absolute measure
due to the uncertainties in the values of the Drude parameters used and also due to the uncertainty
in the contribution of the active region to the optical losses.
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FL179R-M1: A QCL operating in the frequency range of v ~ 4.7 — 5.0 THz

FL183R-2 (SISP), 98 um x 2.15 mm
same device as the one in Fig. 3-51(a)

g
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Figure 3-55: CW I-Vs and L-Vs for the FL183R-2 laser of Fig. 3-51(a) shown to
highlight the thermal runaway phenomenon that quenches lasing in the device before
the peak bias could be reached during cw operation.

The FL183R-2 QCLs had a problem due to the premature quenching of lasing
before the peak bias could be reached during cw operation, which became worse as
the operating temperatures increased. This problem surfaced particularly in the SISP
waveguide lasers due to their bigger cavity dimensions and correspondingly a larger
current requirement that lead to greater amount of electrical heating during operation.
To highlight this problem, the cw I-Vs and L-Vs versus temperature for one such
laser are shown in Fig. 3-55. As can be noticed, the maximum lasing bias in the L-V's
corresponds with an upward kink in the /-V's at the same bias. This is perceived
to be caused by a thermal runaway phenomenon due to which the current increases
rapidly in the device, possibly due to the hot electrons leaking out energetically over
the top of the potential barriers into the continuum. A s;,rong upper level parasitic
current channel of the type discussed in section 3.2.1 due to the 5’ — 8 inter-module
coupling in the FL183R-2 design (Asg ~ 1.3 meV, Fig. 3-49) is likely to be the cause
of this effect. This problem is difficult to avoid in the higher frequency FL designs,
due partly to the fact that the upper radiative state is energetically located close to
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the top of the barriers as the radiative energy Fs4 is made higher, and also that the
radiative barrier is thinner for such a design, which brings the upper parasitic level
8 closer in energy to the radiative level 5’ of the adjacent module (see Fig. 3-36 for a

two-module conduction band diagram at design bias for a typical FL design).

A modified design, named as FL179R-M1, was grown in attempt to obtain higher
frequency operation, nearer to the 4.7 THz neutral oxygen line (important for moni-
toring the cooling of interstellar dust), and the atmospheric transmission window at
4.8—4.95 THz. The design details for FL179R-M1 are shown in Fig. 3-56. When com-
pared to the FL183R-2 design, the radiative barrier in FL179R-M1 was thinned by
0.5 ML to increase the lasing frequency, and the injector barrier, the intra-injector bar-
rier, and the collector barrier were all increased by 1 ML, respectively, in an attempt
to suppress the aforementioned 5’ —8 parasitic coupling. This modification did prevent
any runaway current phenomenon, but at the cost of a reduced Jyax (~ 500 A/cm?®) as
compared to that for the FL183R-2 lasers (~ 1000 A/cm®) as shown in the experimen-
tal results from two different lasers in Fig. 3-58. Consequently, the peak optical power
and the temperature performance of these lasers turned out to be worse then that for
the FL183R-2 lasers. Nevertheless, since their lasing frequencies (v ~ 4.7 — 5.0 THz)
lie close to a low-absorption atmospheric transmission window at v ~ 4.8 —4.95 THz
(Fig. 3-57), transmission mode imaging over a distance of 25 meters in air was pos-
sible with the FL179R-M1 devices [100]. The FL179R-M1 SISP waveguide devices
typically lased at frequencies around 4.75 THz or 4.9 THz, depending on the lasing
threshold of the cavity, which determines the electrical bias at which the device starts
to lase. The device in Fig. 3-58(b) lased at a higher frequency (v ~ 4.94 THz) due to
its slightly higher threshold current density as compared to the device in Fig. 3-58(b)
(v ~ 4.77 THz). Also, the device in Fig. 3-58(b), which had better thermal properties
due to it being narrower, emitted higher optical power of ~ 17 mW at the cryore-
frigerator temperature of ~ 30 K as against a value of ~ 7 mW for the device in
Fig. 3-58(a) when operated in a quasi-cw mode (~ 25% duty-cycle). This is in spite
of the fact that the narrower device had smaller amount of optical power at 5 K. Due

to its favorable thermal and spectral properties, transmission-mode real-time imag-
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Figure 3-56: One module conduction band diagram at the design bias (left) and
anticrossing plots for a two-module simulation (right) for FL179R-M1, the highest
frequency design from amongst the FL-series of designs (section 3.3).
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Figure 3-57: Atmospheric path loss in dB/m (mostly caused by absorption due to
water vapor) calculated from HITRAN 2004 [3] at 7' = 293 K, 30% relative humidity,
and 1 atm pressure for a continuous frequency range of 4 — 5 THz.
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Figure 3-58: Experimental results from two different FL179R-M1 SISP waveguide
lasers. The laser in plot (b) has been recently used to demonstrate real-time terahertz
imaging at a standoff distance of 25 meters [100] due to its lasing frequency being in
a low-absorption atmospheric transmission window that occurs from 4.8 — 4.95 THz.

ing over a standoff distance of > 25 meters could be demonstrated with the laser in
Fig. 3-58(b) [100]. It may be noted that FL179R-M1 wafer was also fabricated with
the MM waveguides. The MM waveguide lasers (fabricated by completely removing
the highly-doped top-contact layer) obtained values of Taxpu ~ 125 — 130 K, which
are considerably lower than that for the FL183R-2 MM waveguide lasers due to a
smaller lasing range in current. However, it is likely that the performance of the
FL179R-M1 lasers could be improved significantly in a subsequent design iteration
by making the injection mechanism more transparent and by making the radiative

transition more diagonal to reduce the aforementioned 5 — 8 parasitic coupling.

3.7 Conclusions and summary

This chapter discussed many different aspects of the design and the operating prin-
ciples of the active region of a terahertz QCL. A multitude of different designs were

discussed, with each one of them aimed towards a slightly different functionality or to
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better the performance of the similar designs that had been tried in the past. Apart
from the common characteristic of an electron-longitudinal-optical (LO) phonon scat-
tering based depopulation mechanism, other design characteristics were changed by
varying degrees from one design to another, often yielding contrasting experimen-
tal results. These have cumulatively led to a better understanding of the electrical
transport mechanisms in these devices, which have otherwise only been partially un-

derstood by the aid of complex theoretical models.

For the various possible applications of terahertz sources which were described in
section 1.1, the most important requirement for terahertz QCLs is high temperature
of operation such they become easily accessible for a wide range of operating envi-
ronments. After the first terahertz QCL was demonstrated [89], the second major
development happened when continuous-wave operation was demonstrated above the
liquid-nitrogen temperature. This was achieved in a design based on LO phonon
depopulation (Fig. 3-13a). The next, and a significantly more important milestone
would be to obtain lasing at 7" = 250 K, a temperature at which operation with ther-
moelectric coolers is possible. This will greatly enhance the practical usability of such
a laser source and also might lead to a much greater economic interest in the terahertz
field in general, which will bode well for rapid research and development related to

this otherwise unexplored region of the electromagnetic spectrum.

The first LO phonon depopulation based terahertz QCL, and the first from this
research group, resulted from the so-called “FL” designs, which utilize a unique
“resonant-phonon” based depopulation mechanism [168]. The operating principles
of the FL design are described in great detail in section 3.3.1. Since its first devel-
opment, more then ten variations of that design have been developed in the past
four years, and significant performance improvements have be obtained. Currently,
the modified versions of the first successful FL design hold the record for the highest
pulsed and cw operating temperatures of 169 K (Fig. 3-18a) and 117 K (Fig. 3-16b),
respectively. The temperature degradation mechanisms in these designs are discussed
in detail in section 3.3.4. Several different variations of the FL design with some com-

pletely new designs were also implemented and many of them achieved lasing. These
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designs were mainly aimed towards obtaining an improved temperature performance
and are described in section 3.4. Whereas none of those designs bettered the tem-
perature performance of the FL designs, the DSL designs described in section 3.4.2
currently hold the best promise for an alternative design. A value of Ty pu ~ 200 K
for future design iterations of the FL design is perceivable; however, to reach close to

a value of 250 K, a different design technique is deemed likely to be needed.

Another important goal for terahertz QCLs is to achieve lasing at a frequency
as low as 1 THz (A ~ 300 pm, Aiw ~ 4 meV), to finally bridge the “terahertz gap”
that exists between the electronic and optical sources of electromagnetic radiation.
Besides a matter of scientific interest, the lower frequency lasers have some specific
applications as were discussed in section 1.1. The primary challenges for QCL oper-
ation at such a low frequency are the increased intersubband absorption losses in the
active region, and also reduced selectivity of injection into the upper radiative level,
or depopulation from the lower radiative level, since the radiative energy becomes of
the order of the collisional broadening of the subbands (~ few meVs). Towards this
goal, a design based on a one-well injector scheme was developed, which significantly
cuts down photon absorption-loss in the active region, and provides improved injec-
tion selectivity into the upper radiative level as was described in section 3.5.2. A
terahertz QCL operating at 1.59 THz (A ~ 190 pm) was demonstrated with such a
design (Fig. 3-46), which is the second lowest reported frequency for any solid-state
laser that operates without the assistance of an external magnetic field. Although it
is difficult to speculate the lowest frequency that can be obtained from the specific
one-well injector designs discussed in this chapter, it can be expected that operation
at v ~ 1 THz might be possible with future design iterations, especially since the
one-well injector QCLs operating at frequencies of 2.1 THz, 1.9 THz, 1.7 THz, and
1.6 THz, respectively, were all obtained with the first designs that were tried (as

discussed in section 3.5.2).

The development of the metal-metal (MM) waveguides for terahertz QCLs have
had an equally significant role to play as compared to the design of the active region,

in obtaining the existing record temperature performances and operation at lower
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frequencies. This is primarily due to their lower waveguide loss and stronger mode
confinement at the terahertz frequencies as compared to the semi-insulating surface-
plasmon (SISP) waveguides, which are other types of waveguides that are commonly
used for terahertz QCLs. A comparison of the MM waveguides to the SISP waveguides
was done in section 3.6.1. The MM waveguides will be discussed in a much greater
detail in chapter 4.

It may be noted that despite their worse temperature performance due to a higher
waveguide loss, the SISP waveguides can out-couple greater amount of optical power
in comparison to the MM waveguides. Hence, for high-power operation, terahertz
QCLs have so far been demonstrated with the SISP waveguides only, as described
in section 3.6. Record high optical power output with a value of 248 mW in pulsed
operation and 138 mW in cw operation (Fig. 3-50) has been demonstrated with
the aforementioned FL designs when fabricated with the SISP waveguides. High
optical power and good beam properties are critical for important applications such
as terahertz imaging. Various techniques to improve the radiative properties of the
MM waveguides will be described in chapter 4, with the objective of obtaining high-
power operation with good radiation patterns while retaining their better temperature

performance as compared to the SISP waveguides.
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Chapter 4

Metal-metal waveguides for

terahertz mode confinement

Metal-metal waveguide S.l. surface-plasmon waveguide
metal GaAs/AlGaAs MQWs

Mode Intensity Mode Intensity

Figure 4-1: Schematic and mode-shape plots at v ~ 3 THz (Agaas ~ 28 pm) for the
two types of waveguides that are used for terahertz QCLs (reproduction of Fig. 2-3).

Figure 4-1 shows the schematics of the two types of waveguides that are used
for terahertz QCLs. Some of the key distinctive electromagnetic properties of these
waveguides were discussed in chapter 3 (section 3.6.1). Terahertz QCLs with the
best temperature performance have been demonstrated in the metal-metal waveguides
(Tmax,put ~ 169 K in Fig. 3-18a, Tnax,cw ~ 117 K in Fig. 3-16b). A more conclusive ev-
idence of this was shown by comparing the temperature performance of a v ~ 4.2 THz

QCL gain-medium (wafer FL183R-2, section 3.6.2) that was fabricated with both
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types of waveguides. Whereas a value of Tip, i ~ 113 K was obtained for a semi-
insulating surface-plasmon (SISP) waveguide laser (Fig. 3-51a), a much higher value

of Tnax,pul ~ 165 K was obtained for a metal-metal (MM) waveguide laser (Fig. 3-52).

The MM waveguides, which are similar to the microstrip transmission lines com-
monly used at the microwave frequencies, have efficient waveguiding properties at
the terahertz frequencies primarily due to two reasons. First, they inherently have a
lower waveguide loss ay, as compared to the SISP waveguides. Second, they provide
near unity mode confinement even in cavities with length or width dimensions of the
order of the wavelength of light inside the semiconductor material. This is due to
the fact that the terahertz mode is confined in a sub-wavelength thickness inbetween
the metal claddings, which causes a large mode mismatch between the waveguided
mode and any free-space propagation modes, thereby leading to a negligible leakage
of the waveguided mode into the free-space. However, this leads to poor out-coupling
of light from the facets (and correspondingly high facet-reflectivities [88]), highly di-
vergent radiation patterns from the edge emitting lasers, and easy excitation of the
higher order lateral modes (i. e. along the width of the waveguide) that makes the
lasers multi-moded even for very narrow waveguides. This, then necessitates the use
of other techniques, such as implementation of distributed feedback, to modify the
spectral and radiation properties of these waveguides for them to be useful for most

of the practical applications.

This chapter discusses many different aspects of the MM waveguides including
the pertinent fabrication methods. Following the discussion in section 3.6.1, the
electromagnetic properties of the Fabry-Pérot ridge waveguides will be described in
greater detail. Subsequently, various techniques for implementing both first-order and
second-order distributed feedback (DFB) structures to improve the spectral and/or
the radiative characteristics of these waveguides will be described. Many techniques
of the conventional DFB theory, which have otherwise been successfully applied to
the mid-infrared QCLs, are no longer applicable to the MM waveguides at the ter-
ahertz frequencies. Hence, the analysis and design of the DFB structures has to be

significantly modified, as will become apparent in the following sections.
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4.1 Surface-plasmon electromagnetic modes

Plasmons are quanta associated with longitudinal waves propagating in matter through
collective motion of large numbers (i. e. a plasma) of electrons. Surface-plasmons
(SP) are a subset of these charge oscillations, which are bound to regions at the in-
terface between a dielectric and a conducting medium. In the low frequency limit,
these surface charge oscillations, which carry an electric field of their own, can couple
with the external electromagnetic fields to yield a polariton type excitation. These
collective excitation modes are referred to as the surface-plasmon-polariton (SPP)
modes [130, 19], by means of which the electromagnetic energy can propagate at
the interface. Although not strictly correct, the SPP modes are often just called
the surface-plasmon electromagnetic modes in literature, which is what they will be

referred to in this chapter as well.

4.1.1 Single surface-plasmon electromagnetic mode

propagation

Surface-plasmon electromagnetic mode

T u k1fk2 = ‘81I 82

z-propagation = Re {g,} and Re {g,} need to have
opposite signs

® Field amplitude peaks at interface and
e-kzlxl : decays exponentially on either side

= Electromagnetic energy propagates
along interface

= TM polarized (H, = H, = 0)

x=0

Figure 4-2: A schematic showing the concept of surface-plasmon electromagnetic wave
propagation at the interface of a dielectric and a conducting medium.
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The electromagnetic fields associated with a SP electromagnetic mode decay ex-
ponentially with distance from the interface into each of the bounding media. Such a
mode is transverse-magnetic (TM) polarized and is shown schematically in Fig. 4-2.
For the mode to exist, the real part of the dielectric constant on either side of the
interface must have opposite signs. This condition can be satisfied at the interface of
a highly conducting layer (such as a metal or a highly doped semiconductor) and a
dielectric medium (such as a low-doped semiconductor, an insulator, or air). Accord-
ing to the Drude model [16], the contribution of the “free” electrons to the complex

relative permittivity (in SI units) of a conducting medium can be included as

ner

€& = €core t+ ( ;
eowm*(1 — iwr)

wir? w2
e (1o Y 41
€core ( 14 w22 +2w(1 +w27'2)> (4.1)

where, € is the relative permittivity of the material excluding the contribution due

to the free electrons, m* is the electron effective mass, €j is the permittivity of vacuum,

n is the electron concentration in the conducting medium, e is the electronic charge,

7 is the effective (Drude) scattering time for the electrons, and w is the frequency of

the electromagnetic wave. wy, is the plasma frequency in the material and is given by
ne?

wp = 4| — (4.2)

€p€coreM™

For example, in Au w,/2m ~ 2000 THz (A, ~ 0.15 pum) and for highly doped
GaAs (n ~ 5 x 10'® ecm™®) w,/2m ~ 20 THz (A, ~ 15 pm). At frequencies below
approximately the plasma frequency, the real part of the dielectric constant becomes
negative in the conducting medium, and therefore a SP electromagnetic mode can be
sustained at the interface. For a metal with a complex relative permittivity €, and a
dielectric with a complex relative permittivity €4, and for spatially varying magnetic

field Hy(x,y, ) of the form e~*=|=1+i:% in the metal and e~*al=l+%:7 in the dielectric,
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Dispersion relations for the surface-plasmon electromagnetic wave propagation
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Figure 4-3: Dispersion relations for a surface-plasmon electromagnetic mode propa-
gating at the interface of a metal (Au) and a dielectric (GaAs). The values of various
parameters used in the calculation are mentioned in the caption of Fig. 4-4. Note that
the wavevectors (3,, km, and kyq are complex quantities. While 3, is predominantly
real at all frequencies, the quantities k,, and k4 have comparable real and imaginary
components for wr < 1 (for wr > 1, the real components dominate).

respectively, the following relations are obtained by solving the Maxwell’s equations

kd €4
i P ] 4.
. - (4.3)

w €4€m
B o= / 4.4
z ' ¢4 €4 =+ €m ( )

where ¢ is the speed of light in vacuum, and

2

w
kg = ﬁz——c?fd

2

w

Equation (4.4) leads to a polariton like dispersion and is plotted in Fig. 4-3. As
can be noticed, the wavevector k;, in metal is much larger than that for the light-
line (k = w/c), which means that the electromagnetic energy is confined within a
dimension that is much smaller than the wavelength. This is the primary reason why

surface-plasmon electromagnetic modes can propagate at subwavelength dimensions.
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Single surface-plasmon electromagnetic mode
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Figure 4-4: Schematic, mode propagation parameters, and field extinction lengths on
either side of the interface for a single surface-plasmon electromagnetic mode. The
values of n = 5.9% 10?2 cm ™3, 7 = 50 fs, m* = My, €mcore = 1 are taken for Au [4, 166],
and eg = 12.9, m* = 0.067 my are taken for GaAs, respectively. It may be noted that
these calculations are solely due to the free-carrier losses as calculated using a Drude
model (equation 4.1), and contributions due to photon-phonon (polariton) coupling
(i. e. the Reststrahlen band in the semiconductor), for example, are not included.
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The other relevant propagation parameters for the single interface SP electro-
magnetic mode are plotted in Fig. 4-4. The mode propagation wavevector (3, has a
small imaginary component that is caused by the free-carrier losses in the conducting
medium (due to a finite Drude scattering time 7), which causes the mode intensity
to decay exponentially as it propagates. The mode propagation loss is written as
a = 2Im{f,} and the effective mode index becomes n.s = Re{B.} c/w. The field
extinction lengths (1/e decay lengths) are given by 1/Re{ky} and 1/Re{ky}, for the
metal and the dielectric, respectively, and are also plotted in Fig. 4-4. The extinction
length in the metal is extremely small, and thus almost all of the modal volume exists
in the dielectric medium. However, for a lossless dielectric, all the loss contribution

is due to the small fraction of the mode that propagates in the metal.

Evaluating equation (4.4) for w < wgp, the following relations are obtained

Re{fB:} o« w (4.6)
Im{B3,} « w? (4.7)
Re{f.} > Im{B.} (4.8)

where wy, is the surface-plasmon resonance frequency given by

Wp

= (4.9)

Wep =
vV 1 + ed/fm,core

For the Au/GaAs interface ws,/2m ~ 600 THz. For w < wsp, the mode propagation
loss @ = 2Zm{B,} x w? and the effective mode index n.g = Re{B,}c/w = /eg;

however, as w — wsp, €m — (—€q) and thus (3,, neg, o) — oo (equation 4.4).

The variation of the skin-depth in dielectric 1/Re{kq} with w can be obtained

from equations (4.4) and (4.5). For w <« wgp, the following expressions are derived

2
w42—€d—2 x Wl w1

kg ~ & 6m,core‘-‘)p (410)
12 Re{B,}Im{S,} x w? LT Kl
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which explains the frequency variation of 1/Re{kq} in Fig. 4-4. It may be noted that
Im{k3} = Re{k2} for wr = 1. The variation of the skin-depth in metal 1/Re{kn}
with w can be determined using equation (4.3) and the following expressions for the

relative permittivity of metal

wf) 1
— €m,core "4 x Lowr > 1
€m w‘gTQ “1) (4.11)
4 €m core ]; x — wr k1

The frequency variations of the skin-depths 1/Re{kq} and 1/Re{kn} so determined
(Fig. 4-4) explains the a o« w? variation since the fraction of the mode in the metal,
which is the lossy medium, continually increases with frequency as w? for w < wep.
It may be noted that the dominant component of the electric field in the metal
is in the longitudinal (z) direction, since |E,| = |E, 8,/km| — 0, and E, = 0 due to
the TM polarization. However, in the dielectric medium, the transverse component
E, is much larger than the longitudinal component E, (since |E.| = |E, 3,/k4|),
which is compatible with the intersubband polarization selection rule (section 2.1.1,

equation 2.25) for the QCLs.

4.1.2 Double surface-plasmon electromagnetic mode
propagation

Although the single SP mode as shown in Fig. 4-4 promises very low propagation
losses at the terahertz frequencies, there is no practical way of making a QCL with
such a waveguide, especially since the extinction length in the semiconductor is very
large (of the order of 1 mm). However, the semiconductor region can be sandwiched
between metal layers on its either side to obtain the so-called metal-metal waveguides,
which have a double surface-plasmon electromagnetic mode propagation as shown
schematically in Fig. 4-5. Such a waveguide is particularly suited for QCLs since it
is compatible with the requirement of the electromagnetic field to be TM polarized
for intersubband transitions (section 2.1). By writing the double SP mode as a

superposition of two single SP modes the following dispersion relation is obtained
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Double surface-plasmon electromagnetic mode
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Figure 4-5: Schematic of a double surface-plasmon electromagnetic mode and the
corresponding calculations of the mode propagation loss for different parameters.
7 is the Drude scattering time in the metal. The values for the various other
parameters remain the same as in Fig. 4-4. Similar to the calculations in Fig. 4-4,
these calculations show the contribution due to the free-carrier losses only, neglecting
other effects such as the photon-phonon (polariton) coupling (i. e. the Reststrahlen
band in the semiconductor).
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from a solution of the Maxwell’s equations

B-er A [14ehdy?
__32—‘”—36 = 9 \ T ha (4.12)
z o2 tm m
where,
2
w
kg = z—-(—:E(:'d
2
w
ko = Bi— gém (4.13)

The dispersion relation in equation (4.12) is a transcendental expression that can
be solved analytically, the results of which are plotted for various parameters in

3/2 for lower

Fig. 4-5. The skin depth in the semiconductor increases as 1/w? or 1/w
frequencies (Fig. 4-4). For a typical value of d ~ 10 pm, the skin depth in the semicon-
ductor becomes larger than d at the terahertz frequencies and the mode propagation
loss a no longer varies as w?. At frequencies for which wr < 1, the conductivity of
the metal (%}-) is a weak function of w, the skin depth varies as 1//w (Fig. 4-4),
and thus the sheet resistance of the metal, and consequently «, vary as /w. How-
ever, for a typical value of 7 ~ 50 fs for the metal at the cryogenic temperatures, the
@ X /w variation happens for frequencies well below the terahertz frequencies, as can
be seen from Fig. 4-5. Nevertheless, the losses decrease monotonously over the entire
frequency range. Also note that « varies as 1/d at the terahertz frequencies since the
mode almost uniformly fills the semiconductor region, whereby any reduction in the

thickness of the semiconductor increases the fraction of the mode overlapping with

the metal, and thus the propagation loss «, proportionately.

4.2 Metal-metal waveguide fabrication: In-Au and
Cu-Cu bonding techniques

The MM waveguide fabrication process is relatively challenging since it involves sub-

strate removal of the MBE grown wafer after a flip-chip wafer to wafer bonding step.
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The substrate removal step typically involves a combination of mechanical lapping
and wet-chemical etching during which the wafer to wafer bond should not degrade.
Also, a good etch-stop layer is needed to stop the substrate removal immediately be-
fore the etchant reaches MBE grown layers. Once the entire fabrication is completed,
the metal-metal bonding region must be robust not only mechanically (since wire-
bonding on the fabricated devices puts significant strain on the bonding layers) but
also a good conductor both thermally and electrically. Moreover, the metal layer(s)
to be used in proximity of the active region should have a low loss at the terahertz

frequencies, or in other words, should have a high electrical conductivity.

Figure 4-6 summarizes an In-Au reactive bonding based fabrication technique
for the MM waveguides, which was used for the first demonstration of a terahertz
QCL with MM waveguides [170]. The fabrication procedure is described in detail
in chapter 5 of Williams [166] and only a brief description will be provided here.
The original In-Au metallic wafer bonding was done by preparing the MBE-grown
wafer with a Ti/Au layer sequence, and an n* GaAs receptor substrate wafer with
a Pd/Ge/Pd/In/Au layer sequence (with the corresponding layer thicknesses as in-
dicated in Fig. 4-6). The purpose of the Pd/Ge/Pd multilayer was to improve the
electrical contact to the receptor substrate [162]. The topmost gold layer on the re-
ceptor substrate was included to minimize indium oxidation, which happens when the
In surface is left open to the ambient atmosphere. Wafer pieces of about 1 cm? size
were cleaved, aligned, and bonded on a hot plate at 250°C for 10 min while pressure
was applied to the stack manually. In this process, bonding takes place above the
melting point of In (156.6°C) as it wets the surface to fill in any crevices, and then
diffuses into the gold layer to reactively form a variety of In-Au alloys [163, 102]. By
careful choice of layer thicknesses, all the Indium is consumed, and the bonding layer

remains robust up to the melting points of the In-Au alloys (~ 450°C).

After the wafer to wafer bonding, the metal-metal waveguide fabrication proceeds
with the following steps, which have remain standard even as the metal-metal bonding
techniques have evolved during the course of this work. The GaAs substrate on the

MBE-grown wafer is mechanically lapped down to a total thickness of ~ 50 um.
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(a) In-Au low temperature reactive bonding
(200-250 C)

Alg 55Gap.4sAs
(100-200 nm) (b) Remove substrate via lapping
— and selective etching

Ti (20 nm
< AR08 )

< Au (120 nm
=in (5200 nm))
d (25 nm
Ge (10 nm
Pd (25 nm

(d) Fabricate ridge structures
/TIIAU (20/400 nm) (c) Remove Al ;:Ga, 45As etch stop layer

n+ GaAs receptor substrate
In-Au bonding interface

Figure 4-6: Schematic showing the fabrication process for terahertz QCLs with
metal-metal waveguides based on a In-Au reactive bonding method. This was the
process used for realizing the first terahertz QCL with metal-metal waveguides [170].
An SEM picture of a cleaved facet from a Fabry-Pérot ridge waveguide is also shown.
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Afterwards, it is chemically etched in a NH4OH : HoO2 1:19 solution (etch rate of
1—3 pum/min). This is a selective etchant that stops at the Alg 55Gag 45As layer, which
is subsequently removed in HF acid. In the next step, the highly-doped top contact
layer may or may not be completely removed (using a NH4OH : H,O4 : HoO 10:6:480
etchant with an etch rate of 0.2 — 0.3 ym/min), as was discussed in section 3.3.3.
Ti/Au contacts are then evaporated using a lift-off process and then used as self-
aligned etch masks to define ridge structures of various widths. Electron cyclotron
resonance reactive-ion etching (RIE) in a BCl; : N, gaseous plasma is then used to
etch down to the underlying metal. The processed wafer is then mechanically lapped
again to thin the substrate of the receptor wafer, which improves heat-sinking during
cw operation. After lapping the wafer down to a final thickness of ~ 150 — 250 um,
Ti/Au is deposited on its backside and the devices are ready to be cleaved into desired

lengths to obtain Fabry-Pérot cavities.

Terahertz QCLs fabricated with MM waveguides using the layer sequence outlined
in Fig. 4-6(a) achieved a value of Ty pu ~ 137 K with the FL178C-M1 design [171]
(Fig. 3-12b). This was a maximum temperature record for terahertz QCLs in pulsed
operation that stood for over a year and a half from the time of its demonstration.
However, lasing in those devices would cease after the first 10—30 us of pulse duration,
and thus operation above a duty-cycle of few percent was never obtained. This was
mainly attributed to poor thermal conduction at the In-Au bonding layer interface.
The electrical properties of the bonding layer seemed to be much less affected since the
lasers with the MM waveguides led to a significantly better temperature performance

as compared to those with the SISP waveguides (Timax,pu ~ 92 K).

The thermal properties of the In-Au bonding layer improved dramatically with a
minor modification to the layer sequence, as shown in Fig. 4-7(a). In this case, the
topmost Au layer on the receptor wafer stack (Fig. 4-6a) was omitted. Although this
layer was intended to minimize In oxidation, it was found to reactively consume much
of the In prior to bonding, whereby, the resulting In-Au alloys had high melting points
(2 450°C) and prevented the remaining In from wetting the interface uniformly dur-

ing the wafer bonding. This led to the incorporation of voids at the bonding interface,
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(a) (Modified) In-Au low temperature reactive bonding
(200-250 C)

Alg 55Gap.4sAs
(100-200 nm)

A A

Ti (20 nm)
<—Au (1000 nm)

Pd (25 nm

n+ GaAs

In-Au bonding interface
(In-Au alloys)

(b) Cu-Cu thermocompression bonding
(400 C, 60 min, 5 MPa, in vacuum)

B

Alg 55Gap 45As
(100-200 nm)

Ta (30 nm
< &8

Cu (500 nm)
Ta (30 nm)

Cu-Cu bonding interface

Figure 4-7: Layer sequences for (a) a modified In-Au reactive wafer bonding
process [94], and (b) a Cu-Cu thermocompression wafer bonding process [174]. SEM
pictures of cleaved facets from Fabry-Pérot ridge waveguides fabricated with each pro-
cess are also shown. The height of the waveguides remains the same as in Fig. 4-6(e).
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which possibly caused the large thermal resistance to prevent cw operation. Based on
the modified layer sequence of Fig. 4-7(a), cw performance above the technologically
important liquid nitrogen temperature of 77 K was achieved for the first time for tera-
hertz QCLs [94] with the FL177C-M5 design (Fig. 3-9, Fig. 3-13a). The FL177C-M5
QCLs obtained a value of Tpaxew ~ 93 K even though their Thaxpu ~ 134 K was
similar to the value of Tyaxpu for the FL178C-M1 lasers, which had failed to lase in

cw mode originally®.

The thermal quality of the In-Au bonding layer depends largely on the metallurgy,
and careful control of layer thicknesses as well as their composition is needed to
prevent the formation of voids in the bonding layer. The In-Au bonding results were
generally found to be less repeatable from one processing run to another. Moreover,
void formation was present even in the devices fabricated with the modified technique,
as can be seen from a SEM picture in Fig. 4-7(a). Therefore, an alternative wafer-
bonding technique based on Cu-Cu thermocompression bonding was investigated [38],
which has the potential for allowing improved cw operation due to the high thermal
conductivity of copper. In this method, both the device and the receptor wafers
are prepared by evaporating Ta/Cu layers as shown in Fig. 4-7(b). The Ta layer
serves as an adhesion layer and prevents Cu diffusion into the GaAs/AlGaAs epitaxial
layers [37]. Compared to the In-Au reactive bonding method, which can be performed
by hand on a hot plate, the Cu-Cu method is considerably more demanding in terms
of the high pressures and temperatures required and is more sensitive to particulate
surface contamination. For bonding, an EV Group 501 wafer bonder machine has
been used under vacuum at 400 °C for 60 min at a pressure of approximately 5 MPa.
Following cooling, the devices are typically annealed for 30 min at 400°C in an N,
atmosphere. Devices that undergo the post-bond anneal display noticeable fewer
stress cracks and defects in the epitaxial layer, which is consistent with previously

observed strain relaxation in the copper layer [38].

1The FL178C-M1 devices were re-fabricated with the modified In-Au bonding technique and cw
performance was eventually obtained with a value of Tipax,cw ~ 67 K. This value is lower than that
for the FL177C-MS5 lasers due to larger current densities in FL178C-M1 devices that cause extra
electrical heating during cw operation.
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(a) FL177C-M5, In-Au (ref. Fig. 3-13a) (b) FL178C-M7, Cu-Cu (ref. Fig. 3-16b)
Tmax,cw =93 K, Tmax,pul =130 K Tmax,cw = 117 K} Tma.x,pul =158 K

k=0.1 W/cmK

23 ym x=0.5 W/icmK
t-——>

40 pm

x=0.5 W/cmK

x=0.1 W/emK

140 um

Figure 4-8: Two-dimensional heat flow calculation using a finite-element solver for the
best performing In-Au and Cu-Cu lasers in cw operation. The metal-metal bonding
layer is ~ 2 um thick for FL177C-M5 and ~ 1 pm thick for FL178C-M7. The thermal
conductivity of the MQW active region is modeled as Kaetive ~ 0.5 W/cm-K to corre-
spond with measurements of Kqtive ON & similar device [35], and the n* GaAs substrate
is modeled with an approximate value of kK ~ 1.5 W/ecm-K (Kgaas ~ 2 —1 W/cm-K
for 100 — 150 K [23]). The « for the bonding layer is arbitrarily chosen to match the
active region temperature to Tmaxpu for a heat-sink temperature of Trax cw-

In order to evaluate the thermal properties of the bonding interface, heat-flow out
of the laser ridge was modeled by solving the heat-equation in two dimensions using a
finite-element solver [2]. A calculation for the best performing In-Au and Cu-Cu lasers
is shown in Fig. 4-8. The thermal conductivity of the bonding layer is selected to
match the results of the calculation with the observed experimental results. A value
of Kk ~ 0.1 W/cm-K is obtained for both types of interfaces, which is considerably
smaller than that for the respective metals (k;, ~ 1 W/em-K, kgy ~ 4 W/em-K).
In spite of there being an uncertainty in the value Ku.ive, the calculations roughly
suggest that the the bonding interface is not yet optimum for efficient heat-removal.
By increasing the thermal conductivity of the bonding interface by a factor of ~ 10
the estimated value of Thaxcw goes up by ~ 10 K for both devices, and by making
the bonding interface perfectly conducting Tiaxcw goes up by additional ~ 5 K. The
calculations in Fig. 4-8 are done for the best devices for each type of bonding; in
general the experimental results from the QCLs fabricated with the Cu-Cu method

have consistently shown improved, or similar results as compared to the best devices

258



fabricated by the In-Au method. This is mainly attributed to the Cu-Cu method

being more consistent and robust as compared to the In-Au one.

Finally, it may be noted that during the initial development phase of the Cu-Cu
thermocompression technique, a similar Au-Au bonding method was also tried. How-
ever, very thick (~ 1.1 pm) Au layers were deposited during that processing run,
which caused cleaving problems after the devices had been processed. This is shown in
the SEM pictures of two different cleaved facets from those devices (wafer FL177C-M5)
in Fig. 4-9. Only a few of those devices were experimentally tested. Although the de-
vices achieved lasing their transport characteristics were not optimum, which makes
it is difficult to draw any conclusions from their temperature performance. Use of
thinner Au layers would possibly solve the cleaving problem, however, due to the
development of the relatively robust Cu-Cu bonding technique the Au-Au method

has not yet been tried again.

. Facet of a ridge waveguide B

Figure 4-9: SEM pictures of badly cleaved devices fabricated using an Au-Au thermo-
compression bonding method, with a process similar to that of the Cu-Cu bonding
method. The Ta/Cu (300/5000 A) layer sequence in Fig. 4-7(b) was replaced by
a Ti/Au (200/11300 A) layer sequence. The bad cleaves are believed to be due to
the use of very thick layers of Au, which did not break along the cleave but tore off
uncontrollably at a random location due to Au being very malleable.
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4.3 Electromagnetic characteristics of metal-metal

waveguides due to subwavelength waveguiding

The MM waveguides for terahertz QCLs confine the terahertz fields in a subwave-
length vertical dimension (Agaas = A/NGaas ~ 17— 83 pm for v ~ 5 —1 THz, whereas
the thickness of the waveguides is typically ~ 10 ym). This is made possible by
some unique properties of the surface-plasmon electromagnetic modes as discussed
in section 4.1.1. The subwavelength mode confinement causes the electromagnetic
properties of these waveguides to be distinctively different than those of the conven-
tional dielectric waveguides that are commonly used at shorter wavelengths. This
section discusses some of these pertinent characteristics with the aid of finite-element

calculations that are performed using a commercial software [2].

4.3.1 Strong mode confinement: lasing in microcavities

(a) (b)
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Figure 4-10: Finite-element facet-reflectivity calculations for Fabry-Pérot MM waveg-
uides. Plot (a) is for waveguides of infinite width that have different thicknesses. The
value of the facet-reflectivity corresponding to the normal incidence of a plane-wave

2
at the air/GaAs boundary (R = (m““_—l) ~ 0.32) is indicated by a dashed line.

NGaAs+1

Plot (b) is for a 10 um thick waveguide for different waveguide widths. The dashed
lines are the corresponding values for a waveguide of infinite width. Both of these
plots are reproduced from Ref. [88].
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The computation of facet-reflectivities for the waveguided modes is a complex
problem to which analytical closed form solutions are often not available. This prob-
lem has been treated with various different methods for the semiconductor dielectric
waveguides at the optical frequencies, and for the metallic parallel-plate waveguides
and microstrip transmission lines at the microwave frequencies. A selected few of the
representative techniques could be found in Refs. [75, 69, 77, 79]. Due to a large mode
mismatch between the waveguided mode and any free-space propagation modes, the
electromagnetic mode in terahertz QCLs has negligible leakage from the facets of a
Fabry-Pérot MM waveguide. Kohen et al. [88] calculated the facet-reflectivities of
such cavities using a finite-element method. The results of their calculation deviate
significantly from the value predicted by assuming plane-wave propagation as shown
in Fig. 4-10'. Due to the high reflectivity values, the facets of the MM ridge waveg-
uides need not be high-reflectivity coated, and lasing can be obtained in cavities with
lengths down to the the order of the wavelength inside the semiconductor. Addi-
tionally, for Fabry-Pérot waveguides, the cavities can be made much narrower than
the wavelength while still maintaining a near unity value of the mode confinement
factor I'. These characteristics allow lower lasing thresholds in terahertz QCLs fab-
ricated with MM waveguides. Also a smaller volume of the active material lowers
the energy requirements for electrical biasing, allows high temperature cw operation
without the need of complicated techniques such as electroplating for heat removal,

and allows multiple lasers to be fabricated in a relatively small area.

Experimental results from a FL178C-M7 (In-Au) laser that had a width of ~ 13 pum
are shown in Fig. 4-11. A relatively large value of I' ~ 0.80 is calculated for this laser
even though the waveguide width is smaller than half of the wavelength inside the
material. The temperature performance of this laser (Thaxpu ~ 124 K) is not as
good as that from the corresponding wider devices (Tmaxpu ~ 148 K, Fig. 3-20a2).

This can be partially attributed to a large surface to volume ratio in this laser. The

1Tt may be noted that the facet-reflectivities for MM waveguides depend (weakly) on the outside
environment of the laser, which determine the mode-matching conditions for the waveguided mode
to the outer propagating modes. Hence, these calculations are strictly valid only for the geometries
similar to the one described in Ref. [88].
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(a) Subwavelength width Fabry-Pérot cavity laser operating at v ~ 3.0 THz
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Figure 4-11: Experimental results and finite-element electromagnetic mode calcula-
tions for two different types of metal-metal waveguide terahertz QCLs with small
cavity dimensions. The mode calculation in (a) is for two dimensions (i. e. infinite
length waveguide), whereas the calculations in (b) are for three dimensions. The
device in (a) is from the same processed die as the one in Fig. 3-20(a2), and the laser
in (b) is from the same processed die as the one in Fig. 3-44(b). Hence, the value of
Jmax 5K — Jin sk for the “microcavity” lasers in this figure can be compared to the cor-
responding values for the larger devices referred above. L-Is for the laser in (b) were
not measured hence no information is available about its temperature performance.
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dry-etching causes surface roughness of the order of ~ 10 nm in these waveguides,
which, along with the possible surface damage induced by the physical nature of the
etching could reduce gain in the quantum-well regions close to the sidewalls. More-
over, the value of Jy., in the narrower ridges is typically lowered due the occurrence
of an early NDR, possibly due to a non-uniform current density distribution along

the waveguide height since the sidewalls of the cavities are not perfectly vertical.

Figure 4-11(b) shows the experimental results and eigenmode calculations for a
cylindrical cavity (“microdisk”) laser from the OWI185-M1 wafer (section 3.5.2).
These circularly symmetric cavities can lase in many different kinds of modes including
the so called “whispering-gallery modes” that propagate around the edges of the
cavity [60]. The laser in Fig. 4-11(b) supports approximately Area/\%,,, =~ 4 modes
close to its operating frequency of ~ 2 THz. For this waveguide configuration, two
doubly-degenerate pairs of modes, as shown in Fig. 4-11(b), exist in the frequency
range of 1.9 — 2.1 THz (which is the typical spectral range for OWI185-M1 lasers).
It is likely that one of the pair of modes is represented by the two closely spaced
modes in the lasing spectrum of this device. The value of Jy,s5x ~ 138 A/cm2 for
this device is similar to that obtained from a larger device (Fig. 3-44b), which is due
to the fact that the value of Jin sk is determined by the low-bias parasitic current
channels in this design, as was discussed in section 3.5.2. The smaller value of Jpax sk
for the device in Fig. 4-11(b) as compared to the one in Fig. 3-44(b) is attributed to
its larger surface to volume ratio, which can reduce the lasing range in current, as

was mentioned in the preceding paragraph.

It is noteworthy that attempts to find the shortest/narrowest Fabry-Pérot MM
waveguides to suppress lasing at T= 5 K from a lasing QCL active region did not
succeed. This fact conforms to the strong mode confinement provided by the MM
waveguides at terahertz frequencies, due to which the out-coupling losses in a cavity
cannot be made large simply by reducing its dimensions. The fundamental mode for
the MM waveguides with open ended sidewalls is TEM like, and thus, there is no
cut-off width for such a mode to not exist at a given frequency. Waveguides narrower

than 13 pum could not be tested since any attempts to bond wires on such ridges
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destroyed them mechanically due to the relatively large size of the bonding wires
(diameter 2 25 pm). To test shorter cavities, a FL177C-M5 laser with dimensions of
100 pm x 100 um was tested at the liquid nitrogen temperature in cw mode, at which
point it was still lasing. The best of the FL177C-M5 lasers tested (with a dimension
of 40 pm x 1.35 mm) had a value of Trax cw ~ 93 K (Fig. 3-13a), which suggests that

the laser with a 100 pm long cavity did not suffer much of a performance degradation.

4.3.2 Effective mode index and frequency spacing of the
Fabry-Pérot cavity modes
Corresponding to a given lateral mode of an infinite length waveguide, the resonance

frequencies vy, and the longitudinal mode spacing Av in a finite length Fabry-Pérot

cavity are given by

mc
o= _me 4.14
g Neft 2Lcav ( )
AV = Vm+1 -V
C
= — 4.15
Neft 2L cay ( )

where, neg = Re{B,} ¢/w is the effective mode index for an electromagnetic mode
propagating in the z direction with the z dependence as e€%:?, L., is the length of
the cavity, c is the speed of light in vacuum, and m is an integer that specifies the
number of half-wavelengths along the length of the cavity for the mode at frequency
Vm (m may not be strictly an integer depending on the phase of the fields at the
end-facets, however, this fact is irrelevant to the discussions that follow). Thus, the

effective mode index can be estimated experimentally using the expression

&

Avol (4.16)

Neft

In Fabry-Pérot cavity terahertz QCLs with widths < Agaas, a significant fraction
of the electromagnetic mode may propagate outside the active region, thereby making

the effective mode index n.gq much smaller than ng,as. This can be seen in Fig. 4-11(a)
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Figure 4-12: Estimation of the effective mode index for two different terahertz QCLs
from the frequency spacing Av of the lasing modes according to the equation (4.16).
From the uniformly spaced frequency spectrum and due to the narrow width of the
waveguides, the modes can be attributed to the Fabry-Pérot cavity modes correspond-
ing to the fundamental lateral mode (mode shape for the energy density is shown in
Fig. 3-48 and for the vertical component of the electric-field is shown in Fig. 4-11a).
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Figure 4-13: Effective mode index (n.g) and mode confinement factor (I') for Fabry-
Pérot MM waveguides of different widths, calculated for v = 1 — 5 THz using a
finite-element mode solver. The ridge waveguides are taken to be 10 pm thick and
with open ended sidewalls. For a given waveguide width, different curves are for
different lateral modes where the lower valued curves (for both n.; and I') are for
progressively higher order lateral modes. Mode shapes for the different lateral modes
in a MM ridge waveguide, albeit a one that has metal coated sidewalls, are shown in
Fig. 4-30. For a n-th order lateral mode, the number n is indicated for each curve
in plot (a), where n = 1 implies the fundamental mode. ngaas = 3.6 is assumed for
these calculations.
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where neg ~ 3.0 for a ridge width of 13 um, and in Fig. 3-48 where neg ~ 3.35 for a
ridge width of 25 um, when calculated at a frequency of v = 3.0 THz (Agaas ~ 28 pum)
and for ngaas = 3.6. However, the values measured experimentally by using the
expression in equation (4.16) are much higher, as is shown for two different MM
waveguide lasers in Fig. 4-12!. To understand this behavior better, finite-element
calculations for neg and I' versus v are shown in Fig. 4-13. It is noticeable that there
is a significant frequency dispersion in the value of ney, especially for the narrower
waveguides, which is due to the subwavelength width dimension in those waveguides.

Hence, the equations (4.14) and (4.15) need to be modified as

mc

L _ 417
™ neff(Vm) 2Lcav ( )
Av = VUpy — VUp
¢ [(m +1)2ettends — )
neﬁ(Vm+1)

neff(Vm) 2Lcav

A dn,
¢ [1- Jmhr dua |

Q

neﬂ”(Vm) 2Lca.v (418)

Consequently, the experimentally calculated value of the effective mode index appears

“enhanced” according to the expression

n’ ¢
eff Av2Lcay
Neff

[1 — m_Azéﬁaﬁ]

X

(4.19)

Nef dV

Due to a relatively large frequency dispersion in n.g, the factor —Tl%d——zlﬁﬁ can be a

exptt

few percent, which can modify the experimentally observed effective mode index n g

appreciably. Moreover, the enhancement factor depends on the length of the cavity
(through m and Av), and also on the width of the waveguide as well as the order of

the lateral mode (through %), Using equation (4.19), the values of n%; = 3.70 and

1Tt is typical to observe multi-mode behavior in MM waveguides as shown in Fig. 4-12. However,
MM waveguides with widths 2 25 um typically excite higher order lateral modes also, the most
common evidence of which is a non-uniformly spaced frequency mode spectrum for the laser. The
higher order lateral modes are discussed further in section 4.5.3.
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nts = 3.58 are calculated for the lasers in Fig. 4-12(a) and Fig. 4-12(b), respectively,
which are closer to those experimentally observed (nS5*" = 3.94 and n*" = 3.86).
The cause for the remaining discrepancy is not well understood; it is likely that the
refractive index of the active region, which is assumed to be the same as the static
value for GaAs (ngaas = y/€Gaas,pc = 3.6) in these calculations, has to be modified
due to the vicinity of the operating frequencies to the Reststrahlen band in GaAs
(hw ~ 33 — 36 meV, v ~ 8 — 9 THz) [117, 126, 166).
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Figure 4-14: Plot of the maximum width of a rectangular MM waveguide that does
not support the n-th lateral mode (calculated using equation 4.20 for ngaas = 3.6).

Finally, it may be mentioned that an empirical relation has been derived through
finite-element simulations for the maximum width of a rectangular MM waveguide
with open ended sidewalls that does not support the n-th order lateral mode (exclud-
ing the fundamental mode n = 1, which is always supported). At this width, the
effective mode index for the n-th lateral mode approaches a value of 1 (the waveguide
is assumed to be surrounded by vacuum/air). The empirical expression, as given
below, is valid irrespective of the thickness of the waveguide (assuming only the fun-

damental transverse mode is supported in the vertical direction).

Cutoff width for the n—th lateral mode =~ /\G;AS (n—0.9) (4.20)

where, Agaas = A/NGaas is the wavelength inside the semiconductor. This expression

is plotted in Fig. 4-14 for the terahertz frequencies. For a rectangular waveguide with
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metal on the sidewalls, where the n-th lateral mode is commonly referred to as the

aAs

A
TE, ¢ mode, the expression in equation (4.20) becomes ¢

4.3.3 Radiation patterns from Fabry-Pérot cavity lasers

(a) Semi-insulating surface-plasmon waveguide (b) Metal-metal waveguide
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Figure 4-15: Two-dimensional (infinite waveguide width) finite-element calculations
for the far-field radiation patterns from edge-emitting Fabry-Pérot cavity lasers with
(a) the SISP, and (b) the MM waveguides. The thickness of the waveguides is 10 ym.
Interference effects due to emission from the rear-facet are not included. These plots
are reproduced from Ref. [87].

The aperture of an edge-emitting Fabry-Pérot MM waveguide has a subwavelength
dimension at the terahertz frequencies. This makes the aperture highly reflective as
was discussed in section 4.3.1. The small amount of radiation that does get out-
coupled through the aperture is highly divergent. The radiation pattern of the emitted
light is not simply a case of Fraunhofer diffraction, even though the problem might
appear to be similar to that of a plane-wave uniformly illuminating an aperture (since
the mode in a MM waveguide is TEM-like). The difference arises because the surface
currents on the metal claddings and also excitation of the higher order lateral modes
in the vicinity of the emitting aperture introduce additional boundary conditions. The
problem at hand is somewhat similar to that of the metallic parallel-plate waveguides
or the microstrip transmission lines (for example, see Ref. [181, 160]); however, none of

those results are directly applicable to the frequency range and geometries of interest.
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Radiation patterns measured Radiation patterns measured
in the forward direction over the top of the waveguide
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QCL device in plots (b): FL176C-M4-2 (Cu-Cu), 25 ym x 0.67 mm, v ~ 2.92 THz
QCL device in plots (¢): FL176C-M4-2 (Cu-Cu), 25 pm x 1.50 mm, v ~ 2.75 THz

Figure 4-16: Experimentally measured far-field radiation patterns from Fabry-Pérot
MM waveguide terahertz QCLs of two different cavity lengths [9]. The details of the
experimental setup are described in the cited reference. The waveguides have open
ended (cleaved) facets at both the ends. The thickness of the waveguides is 10 m and
that of the n* GaAs substrate is ~ 210 um. The device corresponding to plots (b)
is the same as the one for Fig. 3-13(b), although the frequency of its lasing mode is
different in that figure due to a different operating temperature.
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Figure 4-15 shows finite-element simulation results obtained by Kohen [87] for
the far-field radiation patterns of the SISP and the MM waveguides at some specific
terahertz frequencies. Whereas the radiation pattern for the SISP waveguides are
similar to that expected by Fourier optics (i. e. a spatial Fourier transform of the
mode shape inside the waveguide), they are highly divergent for the MM waveguides,
wherein significant amount of optical power is directed both towards the substrate
(0 — —90°) and back above the top metal contact (6 > 90°). This is believed to be
due to a strong diffraction from the emitting aperture, and also due to strong coupling
to the surface-plasmon electromagnetic modes of the type discussed in section 4.1.1,
which can travel in vacuum at the interface of the top metal and the bottom doped
substrate. Consequently, the already low optical power from the MM waveguides is
reduced further since only a small fraction of it can be collected. This is why much
higher optical power is measured from terahertz QCLs with SISP waveguides despite

their smaller lasing range in current (section 3.6)?.

Far-field radiation patterns from terahertz QCLs with MM waveguides have been
experimentally measured. The results from the first of such measurements [9] for
two nominally similar QCLs, but with different cavity lengths, are reproduced in
Fig. 4-16. As is noticeable, significant amount of radiation is measured over the top
of the waveguide, which agrees qualitatively with the calculation in Fig. 4-15(b). How-
ever, the measured radiation patterns show ring-like intensity maxima, which was not
predicted by the calculation in Fig. 4-15(b). In the forward direction measurements,
the observed rings are centered on the longitudinal axis of the QCL (i. e. o = 8 = 0°).
The rings are incomplete, appearing only in the upper part of the pattern (8 > 0°).
The angular distance between the first two maximum intensity rings for the shorter
cavity laser (~ 20°) is larger than that for the smaller cavity one (~ 9°). For the
radiation measured from the side of the waveguide, a set of approximately parallel
lines of maximum intensity is observed. Just as for the other orientation, the angular

distance between the lines is larger for the shorter cavity laser (~ 9°) as compared to

INevertheless, the significantly better temperature performance of the MM waveguide terahertz
QCLs makes them preferable for many applications of interest as will be discussed in section 4.4.
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that for the longer cavity one (~ 5°). Note that lasing in a higher order lateral mode
can be ruled out in these lasers due to their narrow waveguide widths and a relatively
low operating frequency, which makes the mode confinement factor small for such a
mode (Fig. 4-13b). Moreover, a higher order lateral mode will not cause a ring-like
radiation pattern by symmetry arguments.

The experimentally measured radiation patterns for these MM waveguide QCLs
show strong intensity modulations where the directions of the extremes form cones
around the longitudinal axis of the waveguide. In the simplest sense, these interference
patterns could be explained as a result of two coherent point source situated at the
two laser end-facets, radiating into the free space at a wavelength A [9]. In that case,
cone like intensity maxima will occur for directions such that

A

cos(f,) =m (4.21)

where m is an integer, 8,, is the angle of elevation with respect to the x axis, and L
is the length of the waveguide. Using the data on L and A in Fig. 4-16, the angular
distance between the first two maximum intensity rings for the short cavity and the
long cavity laser are calculated to be 17° and 10°, respectively, in the forward direction
(6 ~ 180°), and 10° and 4°, respectively, when measured directly over the top of the
waveguides (#,, ~ 90°). These simplistic estimates fit remarkably well to the angular
distribution in the observed intensity pattern.

To investigate this further, the radiation pattern calculation of Fig. 4-15 was
redone for some specific cases by using a different technique, which allowed calcu-
lation of the interference effects due to emission from the rear facet. Figure 4-17
shows the results of the simulation for Fabry-Pérot modes occurring approximately
at v~ 4.35 THz in a 1 mm long MM waveguide (plots a and b), and a 0.2 mm
long SISP waveguide (plot ¢)!. These calculations were done with slightly improved

boundary conditions, in that, whereas the absorbing far-field boundaries used for the

!The simulation was performed for only a small length of the SISP waveguide due to some
convergence problems in the simulations for waveguides of practical lengths, mostly due to the fact
that a large mesh is required to model the highly doped “plasmon” layer at the bottom of the active
region. The metal is modeled as a perfect electrical conductor for both types of waveguides.
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Calculated radiation pattern for the metal-metal waveguide
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Figure 4-17: Two-dimensional (infinite waveguide width) finite-element calculations
for the power flow around the waveguide, and the far-field radiation patterns in the
frontal half-plane for the MM and the SISP waveguides, respectively. Unlike the
calculations in Fig. 4-15, interference effects due to emission from the rear-facet are
included. The plots on the left are for the magnitude of the Poynting vector. Although
its direction is not indicated, it points approximately radially outwards from the facets
on either side of the waveguide. Only a partial range of the magnitudes is plotted to
better highlight the power flow; the regions with values over the maximum plotted
range appear as white in color. The calculation of plot (c) is done for a SISP waveguide
with a thin highly doped GaAs layer at the bottom of the active region with the layer
parameters same as those for the FL183R-2 design (Fig. 3-48).
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Far-field radiation patterns from adjacent Fabry-Pérot modes in a MM waveguide
(as obtained from finite-element calculations similar to that in Fig. 4-17b)
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Figure 4-18: Far-field radiation patterns for three adjacent longitudinal modes in
Fabry-Pérot MM waveguides of lengths 1 mm and 0.5 mm, respectively. The results
are obtained from finite-element calculations similar to that in Fig. 4-17(b).
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calculations in Fig. 4-15 could absorb only plane-waves, the absorbing boundaries
used for calculations in Fig. 4-17 could attenuate arbitrary waveforms more effec-
tively, thereby minimizing spurious reflections at those boundaries (more is explained
about this in a following paragraph). The simulation in Fig. 4-17(a) is done with a
HR coated rear-facet and no interference fringes occur in the radiation pattern. How-
ever, for the geometry in Fig. 4-17(b) where the rear facet is also emitting, a radiation
pattern that is qualitatively similar to the experimentally one was obtained. In com-
parison, for the SISP waveguide, the relative strength of the interference fringes is
small and most of the power is concentrated in the forward direction in spite of an

open rear-facet!.

Figure 4-18 shows far-field radiation patterns calculated for three adjacent Fabry-
Pérot cavity modes from MM waveguides of length of 1 mm and 0.5 mm, respectively.
The simulations predict sparsely spaced fringes for the shorter cavity laser, as is
indeed observed in the experimental results of Fig. 4-16. Furthermore, the angular
distribution of the fringes changes with the frequency of the cavity mode, which is
because the ratio A\/L changes (as applied to the simple expression in equation 4.21,

and the corresponding arguments therewith).

Note that the relative amplitude of the interference fringes in Fig. 4-18 is not any
smaller for the longer waveguide as compared to the shorter waveguide. The origin
of these fringes can be explained by the strong diffraction of light emitted from the
end apertures of the waveguide, which then couples into the single surface-plasmon
propagating modes at the metal-air interface on the top-metal. These modes have a
negligible propagation loss as can be deduced from Fig. 4-4. Thus, for waveguides
that are few milli-meters long, the relative intensity of the interference fringes is likely
to depend very weakly on the length of the waveguides.

The calculations presented above are for infinite width waveguides and include
effects due to emission from the end-facets only. However, for terahertz QCLs with

MM waveguides the ridge widths are often of the order of the wavelength, in which

Tt may be noted that weak interference fringes have indeed been observed experimentally in the
radiation patterns for terahertz QCLs with SISP waveguides [73].
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case significant evanescent mode exists outside the waveguide. Hence, for accurate
calculation of the beam-pattern from such a waveguide the effect of the longitudinal
field distribution inside the waveguide must be included, especially for waveguides of
subwavelength widths. Orlova et al. [124] accounted for these effects by expressing
the far-field radiation field in terms of equivalent current sources inside the volume
of the cavity and obtained a close match to the experimental results in Fig. 4-16.
An interesting phenomenon is predicted for a case when the effective mode index
inside the the waveguide becomes close to unity, whereby emission in a very narrow
beam is possible even though the emitting aperture is of subwavelength dimensions.
However, this condition is difficult to meet in terahertz QCLs even with very narrow
MM waveguides. For example, a 10 um thick and 5 yum wide MM waveguide has a

value of neg ~ 2.25 at v ~ 3 THz, which is still much greater than unity.

A discussion about the methods of the finite-element simulations that are used
for these calculations is in order. The calculations in Fig. 4-15 were done using a
“Harmonic-Propagation” solver [87], wherein a wave is launched using a fixed source
boundary condition at one end of the waveguide towards the emitting facet. Any
power that is reflected back towards the source is completely absorbed by the source
boundary. This is relatively simple to do mathematically for a guided mode with a
known propagation index [2]. The power radiated outside the waveguide is terminated
into a boundary placed several wavelengths away from the facet. For the calculations
in Fig. 4-15, that boundary was defined such that it would absorb any plane-waves
impinging on it completely, whereas boundary reflections would arise for any other
types of waves. The simulations in Fig. 4-17 and Fig. 4-18 were instead done using an
“eigenfrequency” solver, which calculates the eigenmodes for the complete specified
geometry. Out of the several modes that are obtained as a solution, a few of them
correspond to the desired waveguided modes (i. e. the Fabry-Pérot resonances in the
cavity). However, for this simulation to work, the boundaries have to be close to
perfectly absorbing for any radiation, otherwise accurate results are not obtained.
For the simulations corresponding to Fig. 4-17 and Fig. 4-18, an absorbing region of

a thickness of ~ 5 A was placed outside the boundaries that are shown in the plots
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of Fig. 4-17. The dielectric constant in that region was linearly graded with distance
by adding a complex component proportional to the radial distance in the absorbing
boundary. This gradually attenuates any power that enters the absorbing region
and minimizes any spurious reflections. Since this relatively simple model for the
absorber region gave good results (which could be confirmed by the absence of and
interference ripples in the electromagnetic fields close to the absorbing boundaries),
more sophisticated “Perfectly Matched Layer” (PML) [81] implementations were not

used for these two-dimensional simulations?.

4.4 First-order edge-emitting distributed feedback
(DFB) lasers

One of the more immediate application for terahertz QCLs is as local oscillators in
heterodyne receiver systems for operation above 2 THz [59, 73], which are of great
interest in astronomy and space science. In such systems, high optical power is not
necessarily a requirement since only a few microwatts of optical power is needed
to pump superconducting mixers. However, stable, narrow-linewidth, single-mode
continuous-wave operation is required from the laser. For mid-infrared QCLs single
mode operation is typically accomplished using a distributed feedback (DFB) grating,
where index or gain/loss modulation is introduced via etching into the upper waveg-
uide cladding or gain region, sometimes in combination with a metalized grating [62].
Recently, a corrugated lateral grating fabricated using high aspect-ratio dry-etching
was demonstrated for a QCL operating at 11 pum [63]. The use of lateral distributed
feedback allowed the grating to be defined lithographically and decoupled from the
design of the vertical waveguiding structure and epitaxial growth.

This section describes the operation of first-order DFB terahertz QCLs fabricated

using lateral corrugation in a metal-metal (MM) ridge waveguide [173]. The opera-

1Note that the the radiation pattern in Fig. 4-17(a) for a waveguide with HR coated rear-facet
should have been identical to the corresponding result in Fig. 4-15 because of the similarities in the
geometries used; however the slightly different results are due to the different boundary conditions
used in these two calculations.
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tion and design of such a DFB structure in MM waveguides is significantly different
from the loss-coupled DFB QCLs that have been demonstrated in the semi-insulating
surface-plasmon (SISP) waveguides [111, 11].

4.4.1 Grating design and experimental results

The FL176C-M4-2 design (section 3.3.1) was used as the active region for the DFB
lasers presented in this section. DFB fabrication proceeded as follows. The MM
waveguides were fabricated using the Cu-Cu thermocompression wafer bonding tech-
nique as described in section 4.2. Following wafer bonding and substrate removal,
corrugated Ti/Au metal contacts (200/5000 A) were defined on the 10-pm-thick epi-
taxial active region using contact lithography. The corrugated ridge waveguides were
then defined by dry etching by using the top metallic contact as a self-aligned etch
mask (section 4.2) and the receptor substrate was lapped to 180 pm to improve heat
sinking.

Distributed feedback lasers are often designed with anti-reflection (AR) coatings,
in order to prevent reflections from the cleaved facets from competing with the grating
feedback, which can alter the relative lasing thresholds of various modes and cause
lasing of unwanted modes. The precise effect is related to the phase ~2nf/A of
the effective complex facet-reflectivity, where ¢ is the facet length with respect to
the grating period A (see Fig. 4-19b). The problem is potentially more severe in
the terahertz, since AR coatings are more difficult to fabricate. Furthermore, due
to the the tightly confined subwavelength mode, metal-metal waveguides have much
larger cleaved facet-reflectivities (R ~ 0.7 — 0.9 for 10-um-thick active region) as was
described in section 4.3.1 (Fig. 4-10). However, because of the longer wavelength
of terahertz radiation it is feasible to define the waveguide facet (and its reflectivity
phase) in a controllable way using dry etching (see Fig. 4-19a).

For testing, the receptor substrate was cleaved approximately 100 um away from
the facet, and the device was indium soldered on a copper chip carrier in a vacuum
cryostat, and wire bonds were made directly on top of the corrugated ridges. The

ridges were 49-um wide at the widest sections, with 10-um lateral corrugations in
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Figure 4-19: (a) Scanning electron micrograph of metal-metal corrugated ridge DFB
with dry-etched facets of extension length £. (b) Schematic showing part of the DFB
structure near its end-facets. (c) Spectra from A = 15.0 pm, £ = —A/4 device at high
bias. (d) Spectra from DFB devices with several grating periods A, with £ = A/4
taken at 8 K at moderate bias. The inset contains spectra taken at multiple biases
from the A = 15.5 um device.
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either side. The corrugation duty cycle was nominally 50%, but due to limitations
of the lithography, a duty cycle of approximately 44% was obtained. All ridges were
roughly 1.0 mm long. Spectra were taken under a nitrogen gas purge with a Nicolet

Fourier transform spectrometer (resolution = 3.75 GHz).

Devices were tested for several different facet lengths and several different grat-
ing periods. At low bias, single mode behavior was observed for most devices, but
some of the best results were obtained from devices with a facet length of £ = A/4.
Continuous-wave spectra taken at moderate injection current at a heat-sink temper-
ature of 8 K from three devices with A = 15.0, 15.5, and 16.0 pym are shown in
Fig. 4-19(d). These devices lased at 2.935 THz, 2.853 THz, and 2.776 THz respec-
tively, which scales well with the grating period. For comparison, Fabry-Pérot devices
fabricated from the same wafer tended to lase between 2.7 and 2.95 THz (Table 3.1).
The peak power emitted from the DFB devices was relatively low (100-300 pW per

facet) in comparison to similar Fabry-Pérot devices, which typically emitted ~1 mW.

As the bias was increased far beyond threshold, most devices lased in additional
modes due to spatial hole burning. This can be seen in the spectra shown in the inset
of Fig. 4-19(d) taken from the device with A = 15.5 um, with a facet extension of
£ =29 um. As is discussed below, the principal mode at 2.853 THz and the higher
frequency mode at 3.085 THz can be associated with the edges of the grating stop-
band, which gives a bandgap of approximately A f = 0.23 THz. Stopbands of similar
magnitude (Af = 0.21 THz for A = 15.0 um, Af = 0.25 THz for A = 16.0 pm) were
observed for devices with different grating periods. The size of the stopband can be
used to estimate the coupling coefficient « used in the coupled-wave model [86] accord-
ing to |k| = mnesAf/c, where the effective refractive index is nes = Ap/2A =~ 3.26 and
Ap is the Bragg wavelength taken at the center of the observed stopband. This expres-

sion gives a value of |k| = 79 cm™

, which indicated a much “stronger” grating than
expected from the usual estimate of k &~ 2An.z /Ao = 23 cm™!, where An.gs = 0.12
is the difference in effective mode indices in the wide and narrow regions of the
waveguide (as determined using finite-element calculations). However, this perturba-

tive calculation fails because the surface-plasmon modes are strongly coupled to the
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metallic corrugation, and thus there is a large mode mismatch at each grating step,
which causes a much stronger grating feedback. An additional high bias spectrum
from a A = 15.0 um, £ = —A/4 device is plotted in Fig. 4-19(c), which supports
modes separated by 0.55 THz. This large gain bandwidth suggests the potential for

large tunability if the gain medium is placed in a tunable cavity.
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Figure 4-20: CW optical power versus current for device with A = 15.0 ym and
¢ = 6.75 pm, which lased in a single mode over entire bias range (inset). The upper
inset displays the frequency tuning achieved by changing the heat-sink temperature.

Single-mode behavior over the entire bias range was observed in a different device
with A = 15 pm and ¢ = 6.75 um. The collected single-facet optical power is plotted
versus current for several heat sink temperatures in Fig. 4-20. In cw operation, the
threshold current density for this device was 370 A/cm? at 8 K, and it lased up to
a heat sink temperature of 97 K, over which 12 GHz of temperature tuning was ob-
tained. This performance, which was typical for all the grating devices tested, was as
good as or better than comparable Fabry-Pérot devices (for example, see Fig. 3-13(b)
and Fig. 3-15 for experimental results on the best Fabry-Pérot cavity lasers that were
tested from this wafer). This is unlike the case for loss-coupled gratings where the
waveguide losses for the DFB lasers are relatively higher, and thus the temperature

performance is worse as compared to that of the Fabry-Pérot cavity lasers.
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4.4.2 Finite-element calculations

A more complete picture of the DFB operation was obtained by performing full-
wave 3-D finite-element (FEM) [2] simulations for the case of a A = 15.5 ym device
with ¢ = 2.9 pm, which corresponds to the device tested in Fig. 4-19(d). Because of
memory limitations, only a device 465 um in length could be simulated. Furthermore,
the longitudinal and lateral symmetry of the problem was used to reduce the scale
of the problem, so that in fact only one quarter of the structure was truly simulated.
The simulation set-up was as follows. A “Harmonic-Propagation” solver was used, in
which a 2-D mode could be excited at a given surface boundary of the 3-D geometry
of the problem, and a self-consistent solution is calculated for the 3-D geometry
to satisfy the excitation boundary condition. For the DFB geometry, an arbitrary
(constant) electric-field was excited half-way along the length of the waveguide at
the cross-section obtained by imagining a virtual cleave at that location. Afterwards,
the frequency of excitation was swept and the output power at the end-facet of the
waveguide was recorded at each frequency step. Note that the type and location of
the parameter that is recorded is not critical. At some frequency close to a resonance
frequency of a grating mode, the mode amplitude inside the waveguide increases
with respect to the excitation amplitude, and correspondingly the value of recorded
parameter also becomes large. This is because the excitation point is a node (zero) of
the standing wave inside the waveguide at the resonance frequency. To find the gain
threshold, a similar sweep was done by varying the gain inside the waveguide for all
the resonance frequencies determined by the aforementioned method. The gain was
added as an imaginary component to the dielectric constant of the waveguide. For
waveguide gain close to the value of the threshold gain, the mode amplitude in the
waveguide increases sharply, and hence the threshold gain value can be determined
for that particular resonance mode!. All of the aforementioned steps were repeated

with a magnetic field excitation instead of an electric-field one to calculate resonance

INote that the mode amplitude reduces again for a gain higher than the threshold gain, since
the excitation point is a node only for the resonance condition, which happens when the gain in the
waveguide equals the threshold gain of the grating mode exactly.
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modes corresponding to the second longitudinal symmetry condition?.

The resonance frequencies and threshold material gains gy, for the various DFB
modes thus calculated are plotted in Fig. 4-21. The metal was treated as a perfect
conductor and the semiconductor was undoped, so gy, only reflects radiative losses,
and not free-carrier waveguide losses (expected to be of the order of 10 cin™!). Part (a)
of the figure displays those modes which are laterally symmetric, and part (b) displays
the laterally antisymmetric modes. Coupled-mode analysis suggests that the results
for a longer device (L = 1 mm as tested) should be qualitatively similar to the
simulated results, and indeed there is good agreement between the observed lasing
modes (2.85 THz and 3.09 THz), and the lower and upper band-edge symmetric
modes at 2.87 THz (g = 0.1 cm™), and 3.11 THz (g, = 1.9 em™) respectively.
The two modes in the center of the stopband have large gy, values because they
are localized near the facets. The low-threshold modes with odd lateral symmetry
(Fig. 4-21b) do not lase for devices with A = 15.5 um because they are too far away
from the gain peak; however they were observed in spectra from some A = 15.0 ym
devices (see Fig. 4-19c). Although the ¢ = A/4 facet location is nominally in phase
with the grating, the effective facet-reflectivity is somewhat out of phase with that
of the grating, due to the fact that the facet was fabricated shorter (2.9 ym) than its
designed length, and also because of a residual phase shift at the facet of the metal-
metal waveguide. These effects break the symmetry across the bandgap, whereby the
upper modes couple more strongly to the facets and thus have higher g, while the
modes on the lower bandgap edge maintain lower thresholds.

The vertical component of the electric-field (which is the predominant electric-
field component in the waveguide) for the modes with odd lateral symmetry can be

written as

Ey(z,y,2) = c(2) Eyi(z,y) + ca(2) Bya(z,y) (4.22)

where, E,;(z,y) and E, 3(z,y) are the mode-shapes for the first (fundamental) and

2For the resonant-modes of longitudinally symmetric waveguides, the amplitude of either the
electric-field, or the magnetic-field is zero for the standing wave established inside the waveguide.
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Projection of the DFB modes on the eigenmodes of a Fabry-Perot ridge waveguide
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Figure 4-21: Modal threshold gains calculated using a 3-D FEM solver for a
A = 15.5 pm, 465-um-long DFB structure with £ = 2.9 pum. Modes with even and odd
lateral symmetry are shown in (a) and (b) respectively, and modes with even and odd
longitudinal symmetry are marked with squares and circles respectively. Also shown
are the plots for the magnitude squared vertical component of the electric field (|E,|?)
for the band edge modes (note that only one quarter of the waveguide is plotted).
The two plots on the top corresponding to the band-edge modes of plot (a) indicate
the contribution of the different order lateral modes to the standing wave established
in the DFB waveguide (equation 4.22). Note, however, that due to the odd lateral
symmetry of the mode, there is no coupling to the second lateral lateral mode since
it is even. The mode content of the band-edge mode corresponding to plot (b) is pri-
marily due to the second-lateral mode, since the fourth-lateral mode is not supported

by the waveguide.
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the third order lateral modes, respectively, in a Fabry-Pérot ridge waveguide of the
same width as the wider part of the corrugated DFB waveguide. Examination of the
modal field patterns in Fig. 4-21(a) reveals that a considerable higher order mode
content can exist in the DFB modes, which is due to the reflections at each grating
step that causes coupling between the different lateral modes. The modal field pat-
terns also reveal that the band edge modes are highly localized in the center of the
waveguide, which accounts for their low measured power levels, and is consistent with
the understanding that non-uniform longitudinal field profiles occur for kL products
larger than unity (L is the cavity length) [86]. For this simulated case kL ~ 4; for the
experimental case L = 1 mm and kL ~ 8, which suggests that the longitudinal mode
profiles are even more localized than the simulated case, and that these devices might
be vulnerable to spatial hole burning. However, given the similarity of the longitudi-
nal mode envelopes of the upper and lower stopband modes, the appearance of the
upper mode is more likely due to spatial hole burning on the scale of the wavelength,
since A/2 is more than an order of magnitude larger than the diffusion length asso-
ciated with the intersubband population inversion (~200 nm). Finally, even though
the experimental results are in good agreement with the simulations, the possibility
of localized modes that can form around unintentional grating disorder, such as the

wire bond attachment points, cannot be completely excluded.

The ability to easily customize the grating corrugation and facet phase conditions
via lithography allows the engineering of the relative gain thresholds and longitudinal
mode profiles. For example, longitudinal field uniformity and output power levels
could be improved by reducing the corrugation depth (or device length) to reduce the
kL product. Although not explored here, power could be coupled preferentially out
of a single facet by introducing controlled phase shifts into the length of the DFB or
independently adjusting the facet phases.
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4.5 Second-order surface-emitting distributed

feedback lasers

4.5.1 Surface-emitting DFB advantage for terahertz QCLs

with metal-metal waveguides

Some of the most important applications for terahertz QCLs are expected to be in het-
erodyne receivers as local oscillators, or as sources for imaging and spectroscopy [59,
73, 101]. Whereas stable continuous-wave (cw) single-mode emission is required for
local oscillators, several milliwatts of optical power in a narrow beam is desired to ob-
tain large dynamic range and high-spatial resolution in an imaging system. Moreover,
stringent frequency requirements may exist for both spectroscopy and imaging, such
as to target a particular spectroscopic feature, or to avoid certain atmospheric water
absorption spectral bands for imaging over a distance of few tens of meters [100].

The best terahertz QCLs in terms of high temperature operation have been
demonstrated in the metal-metal (MM) waveguides as opposed to the semi-insulating
surface-plasmon (SISP) waveguides, which was affirmed through experimental results
in section 3.6. Besides providing a lower waveguide loss o, (section 3.6.1), the MM
waveguides provide strong mode confinement for the terahertz fields even in cavities
with subwavelength dimensions (section 4.3). However, their efficient waveguiding is
accompanied by highly divergent radiation patterns, low out-coupling of the optical
power, and multi-mode behavior due to easy excitation of the higher order lateral
modes even for very narrow (< 50 um) Fabry-Pérot cavities.

Whereas the first-order edge-emitting DFB lasers, which were described in sec-
tion 4.4, can achieve single-mode emission without any degradation in the tempera-
ture performance, the problem of divergent radiation patterns remains and the out-
coupling of the optical power is further reduced in comparison to the already low
values of the Fabry-Pérot cavity lasers.

The objective of developing second-order surface-emitting DFB lasers is to pre-

serve the low-loss advantage of the metal-metal waveguide structures, but increase the
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output power levels and improve the beam patterns along with single-mode operation.
For this purpose, it is instructive to analyze the effect of two waveguide parameters,
the waveguide loss ay, and the facet (mirror) loss ay, on the lasing threshold (and
therefore the maximum operating temperature) and the output power levels. To a
leading degree, the lasing threshold is proportional to (ay + @)/, where I' is the
mode confinement factor and ~ 1 for the MM waveguides. On the other hand, the
output power is proportional to the slope efficiency, which is proportional to the fac-
tor am/(aw + am). Because of the high facet-reflectivities (section 4.3.1), the mirror
loss o, in the MM waveguides is small. Approximately, ap, is of the order of 1 cm™!
in comparison to the waveguide loss e, that is of the order of 10 cm™! (for a more
detailed analysis, see section 3.6.1). This suggests that by increasing the facet loss,
the output power levels can be increased proportionally, whereby increasing the lasing

threshold only marginally as long as oy, < 5 cm™!

. In microwave engineering, this
increase of the facet loss (or the out-coupling efficiency) is usually done by using a
tapered mode matching structure to adiabatically transform the low impedance of the
microstrip transmission line to the free-space impedance. At the output of the mode
matching structure, the cross section is much greater than the wavelength, resulting
in a much tighter far-field beam pattern. In principle, such a technique could also be
applied to the MM waveguide terahertz QCLs. However, because of the shorter wave-

lengths at terahertz frequencies, the fabrication and assembly of such mode-matching

structures will be quite demanding.

An alternative method to increase the mirror loss is by using a second-order dis-
tributed feedback (DFB) grating to couple the laser beam out from the surface. The
out-coupling loss oy, can be increased in a controllable way by choosing the grating
duty cycle, phase of reflection at facets, and a central phase-shift in the grating. A
large surface area for emission provides the possibility of an improved beam pattern
in addition to higher optical power levels. Furthermore, the DFB nature of this
structure allows robust single-mode operation and frequency selectivity, which are
required for all sensing applications involving narrow target spectral features. High-

power surface-emitting quantum-cascade lasers using second-order DFB gratings have
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been well developed at mid-infrared frequencies {70, 128]. However, implementation
of such gratings in MM waveguides at terahertz frequencies turned out to be much
more challenging because of mode competition from strongly confined higher order
lateral modes and high reflection from end-facets of the cavity (reflectivity ~ 0.7-0.9,
Fig. 4-10). At the mid-infrared frequencies, silicon-nitride that is used to cover the
side walls for electrical isolation, strongly absorbs radiation [65]. This, in addition to
the fact that higher order lateral modes have a greater overlap with the lossy doped
cladding layers, effectively eliminated all such modes either by accident or by design.
At terahertz frequencies, the absorption by the insulator (silicon-nitride or silicon-
dioxide) is much weaker, and higher lateral modes are easily excited due to strong
mode confinement in MM waveguides. As discussed in the following sections, new
methods are needed to develop surface-emitting terahertz quantum-cascade lasers

with the desired grating modes in such waveguides.

The following sections discuss design and fabrication techniques to eliminate the
higher order lateral modes and to control the phase of reflection at the facets so
that it does not interfere with DFB operation [95]. Control of the facet-phase also
allows engineering of the mode-shape for the excited mode to minimize possibility of
longitudinal spatial-hole burning that can cause multiple-mode behavior at high-bias
conditions. In these devices, robust single-mode operation is demonstrated under all
bias-conditions at frequencies over a range of ~ 0.35 THz centered around 2.9 THz for
a set of devices with various grating periods. A single-lobed far-field radiation pattern
is achieved using a 7 phase-shift in center of the grating [105, 93]. In pulsed operation,
the grating device lasing near the peak frequency of the gain spectrum lased up to
149 K, while the grating device operating away from the gain peak still lased up
to 141 K. In comparison, multi-mode Fabry-Perot ridge structures on the same die
lased up to 153 K, thus demonstrating a relatively small degradation in temperature
performance from the implementation of surface-gratings. The measured cw power
level, ~ 6 mW, is ~ 2 times higher than that measured from a single facet of edge-

emitting lasers with a comparable area.
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GaAs

Figure 4-22: (a) Three dimensional schematic of the grating structure. (b) Electric-
field lines for a grating mode showing the grating induced change in field polarization
to achieve surface emission. (c),(d) Electric-field profiles for the fundamental
propagating mode in an infinitely long, 100 pm wide waveguide with and without
top-metal, respectively, at ¥ = 3 THz. The corresponding propagation mode indices
neg are 3.58 and 2.66 where ngaas is taken to be 3.6. The aspect ratio for the plotted
geometry in the x and y directions is not to scale.
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4.5.2 Grating design

While metallic gratings for surface emission have been demonstrated in SISP waveg-
uides [41], the design, analysis, and operation of such gratings is considerably different
for MM waveguides. Figure 4-22(a) shows the chosen scheme for implementing second
order DFB in MM waveguides [93]. The 10 pum thick GaAs/Alg 15Gag ssAs multiple-
quantum well (MQW) gain region is sandwiched between metal on top and bottom.
Due to intersubband polarization selection rule, in order to couple with the material
gain, the electric field must be polarized normal to the MQW layers. Hence, for
unpatterned Fabry-Perot ridge lasers electric-field in the mode is vertically polarized
and only edge emission is possible. However, as shown in Fig. 4-22(b), field polariza-
tion could be “bent” by having apertures in the top-metal. The thin highly doped
GaAs contact layer, which is often used at the top of the MQW stack to facilitate
electrical contact, must be removed from the aperture regions so that it will not cause
a significant cavity loss due to the presence of E, field in apertures. For a second-
order Bragg grating with grating-period A the same as the wavelength of propagating
mode inside the semiconductor (& Agaas ~ 28 pm at 3 THz), the grating acts like a
phased-array antenna and the E, fields in all the apertures are in phase to produce
vertical emission. Additionally, such a grating provides a strong feedback into the

cavity for DFB action.

The standard coupled-mode theory is no longer applicable for such a grating due
to sub-wavelength mode confinement in the vertical direction. This can be seen from
propagating mode solutions for structures with and without top-metal as shown in
Fig. 4-22(c), and Fig. 4-22(d). There is a large difference in the mode-shapes for
the two cases, which causes a strong mode-mismatch at each grating step. Thus
numerical analysis is necessary to understand DFB operation. As will be explained
below, grating operation depends critically on the end-length é which sets the phase of
reflection at the facets. The facets are high-reflectivity (HR) coated to prevent edge-
emission, which is highly divergent and can couple back into the cavity externally to

interfere with grating modes [88].
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Figure 4-23: (a) Mode-spectrum for a finite length (infinite-width) grating structure
of the type shown in Fig. 4-22. Plotted is propagation loss inside the waveguide due
to surface out-coupling only. (b),(c) Energy-density averaged along waveguide height
for lower and upper band-edge modes plotted along the length. The gray rectangular
lines are shown as guides to locate grating apertures. (d),(e) Electric-field profiles
near center of grating for lower and upper band-edge modes respectively.
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Propagating mode solutions for an infinite-length periodic grating structure can
be found numerically as the Floquet-Bloch eigen-modes [122, 55, 140]. When the
propagation wavevector 2mneg/\o equals the Bragg wavevector 2m/A, the mode is in
resonance with the grating and two standing wave solutions exist, each at two slightly
different frequencies, thus forming a bandgap at resonance. This is analogous to the
energy splitting at Brillouin-zone boundary for electronic dispersion in a periodic
lattice. For propagation vectors close to 2w /A, the modes of a finite-length DFB
structure could be written as a linear superposition of the two resonant band-edge
modes of the infinite-length grating, each multiplied by slowly-varying envelopes along
the length of the grating [140]. This is a good approximation so long as the envelopes
do not change rapidly over a distance of A. This approximation will, however, break
down for small cavities or for highly localized modes that can exist for some specific

boundary conditions.

Finite-element (FEM) simulations were performed to analyze the grating oper-
ation {2]. FEM simulations were especially useful to understand grating behavior
in finite-length structures for different boundary conditions (with and without HR-
coated facets) and with additional aperiodicity added in the center of the gratings. A
complex eigenfrequency solver was used to solve the electromagnetic eigenvalue prob-
lem formulated by surrounding the grating structure with lossy absorbing regions.
To compute surface-loss only, both metal and active region were taken to be lossless.
For an eigenmode solution with a complex eigenfrequency weomplex = Wreal + iWimag,
Wreal cotTesponds to resonant frequency of the mode and 2wimagncaas/c corresponds
to surface-loss per unit length for mode-intensity inside the waveguide. The challenge
lies in the design of boundaries that can absorb radiation isotropically with minimum
reflection. For two-dimensional simulations, an absorber was implemented by adding
a linearly graded imaginary component to the dielectric constant of vacuum as a func-
tion of radial distance from the waveguide, as was described in section 4.3.3. For three-
dimensional simulations, a standard perfectly-matched layer (PML) with anisotropic
permittivity and permeability was implemented and its parameters coarsely adjusted

to achieve minimum reflection at terahertz frequencies [81].
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The grating mode-spectrum, and mode characteristics for the lower and upper
band-edge modes for a finite-length grating structure with end-lengths 6 = A/4 are
shown in Fig. 4-23. For the lower band-edge mode the energy density is localized more
in regions with top-metal. Consequently, the mode character is more like Fig. 4-22(c),
and E, for this mode is small resulting in negligible surface-loss. Conversely, the upper
band-edge mode is localized more under the apertures, and like in Fig. 4-22(d), can
support large E, in the apertures resulting in greater surface-loss. This also means
that the propagation mode index n.s for the upper-band edge mode is smaller since
a larger fraction of the mode propagates in air, which is why this mode occurs at a
higher frequency. A bandgap of 0.24 THz, which is ~ 8% of the center frequency, is

observed for such a grating indicating very strong DFB action.

For an infinite-length grating the lower band-edge mode is antisymmetric in E,,
which interferes destructively and results in zero radiation loss. However, the up-
per band-edge mode is symmetric in E,, which results in constructive interference
leading to strong vertical radiation. In a finite-length structure, facets break peri-
odicity of the grating and hence, grating modes acquire a mixed character and a
non-uniform envelope shape. For the lower band-edge mode, |E,| has maxima at
centers of the apertures and at middle points between two adjacent apertures, as
shown in Fig. 4-23(d). Hence, an end-length of § = A/4 causes the location of the
HR-coated facet to coincide with a null of E,, thus automatically satisfying the facet
boundary condition. This causes least perturbation to the infinite-length lower band-
edge mode character and the envelope shape in Fig. 4-23(b) is relatively uniform
along the length. Such an end-length is desired for robust single-mode operation as
it minimizes longitudinal spatial-hole burning. However, the highly antisymmetric

mode character yields very small surface-loss and low output power.

Figure 4-24, along with Fig. 4-23(a) and Fig. 4-23(b), capture the importance
of facet boundary condition for this type of grating. Mode behavior for a grating
will remain mostly unchanged if 4 is replaced by § = nA/2. As the end-length ¢ is
increased from A/4 to A/2, the lower-band edge mode deviates further from that

of the infinite-length solution and it acquires a more non-uniform mode shape and
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Figure 4-24: (a),(b),(c) Grating mode-spectrums and average energy-density plots
along waveguide length for the lowest-loss modes corresponding to three different
end-lengths. Other grating parameters are the same as in Fig. 4-23.

a greater surface-loss. For § = A/2, the envelope amplitude is zero at the facets
(Fig. 4-24a). Figure 4-24(b) shows the mode-behavior when 4 is made less than A/4.
Only by slightly reducing 4, two modes that are mostly localized near the facets
and close to each other in frequency become the lowest loss modes (mode-shape of
only one of the two adjacent modes is plotted). Such facet localized modes are not
desirable since they will lead to a divergent beam-pattern along the longitudinal (2)
direction. For ¢ further away from A/4 in the negative direction, the facet-localized
modes move through the band-gap (as in Fig. 4-24c) and eventually for § = 0, the

mode spectrum is similar to that for § = A/2.

E, for the lower band-edge mode is antisymmetric in z within the grating apertures
(Fig. 4-23d). For apertures located symmetrically about the center of a finite length
ridge, apertures in one half of the ridge length emit in opposite phase to those in the
other half. This causes the envelope for E, to be antisymmetric along the grating
length, as shown in Fig. 4-25(a). Consequently, the far-field radiation pattern for the
lower band-edge mode is predominantly two-lobed with a null in the center. Polarity
of the E, envelopes could be flipped from antisymmetric to symmetric and vice-versa
for all modes by introducing a 7 phase shift in the grating center by means of an

additional +(2n + 1)A/2 waveguide section [105]. This is essentially equivalent to
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Figure 4-25: (a) Grating mode spectrum, and vertically averaged E, plotted along
the length with the corresponding far-field radiation pattern for the lower band-edge
mode. These are calculated for end-length § = A/2 to show the mode behavior
clearly since this d produces a relatively bigger surface loss. Other grating parameters
are the same as in Fig. 4-23. E, envelopes are alternately antisymmetric (‘a’) and
symmetric (‘s’) along the length for adjacent modes. (b) Same quantities plotted for
a similar structure that has a A/2 section of waveguide removed from the center to

create a —A/2 phase-shift in the grating. Consequently, polarities for F, envelopes
are switched from ‘a’ to ‘s’ and vice-versa.
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flipping the phase of emission from all apertures in one half of the grating length by
m with respect to the other half. The mode-spectrum, energy-density mode-shapes,
and grating behavior for different end-lengths essentially remain the same as that of
a grating without the phase-shift. Figure 4-25(b) shows one such case, when due to
a —A/2 central phase-shift, entire grating emits in phase and a single lobed far-field
pattern is obtained with a maxima in the center. Such a radiation pattern is highly

desirable for practical applications.

4.5.3 Early attempts: problems with the excitation of higher

order lateral modes

In the early attempts, grating structures with varying cavity dimensions, grating
periods, end-lengths, and grating duty-cycles were fabricated by dry-etching [93]. The
FL179C-M9-2 MBE wafer was used as the gain medium (section 3.3.1, Table 3.1).
Wafer bonding for MM waveguide fabrication was done using a Cu-Cu technique
as detailed in section 4.2. After the grating-metal lithography, ridges were defined
by reactive-ion etching in a BCl3:Nj plasma with PECVD silicon-nitride used as an
etch-mask. While the facets were HR~coated with silicon-nitride/Ti/Au, the sidewalls
were left open.

Figure 4-26(a) shows the scanning-electron micrograph (SEM) of a typical fabri-
cated device. Out of the many devices tested, few lased in single-mode. A spectrum
of one such device, that emitted 1.5 mW of cw power at 5 K, is shown in Fig. 4-26(b).
However, the radiation pattern of this device measured using a microbolometer cam-
era showed multiple lobes with a null in the center along the lateral (z) direction,
as shown in Fig. 4-26(c). This beam pattern indicates that the lasing mode is a
higher order lateral mode. The emission frequency for single-mode devices usually
did not scale according to the grating-period A. These observations suggested that
the desired grating mode (with the fundamental lateral mode) was not excited.

Due to the surface-plasmon nature of the modes that are attached to the top

and bottom metal plates, MM waveguides provide strong confinement for multiple
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Figure 4-26: (a) SEM image of a grating device fabricated by dry-etching during
the early attempts of grating design. (b) Single-mode cw spectrum from one such
grating device measured at 5 K (which is not believed to the desired grating mode).
(c) Far-field intensity pattern for the same device measured at a distance of ~ 2.5 cm
with a microbolometer camera [101].

higher lateral modes. For example, in a 40 pm wide ridge waveguide at 3 THz, modal-
confinement for the first two lateral modes is greater than 90 %. For facet-reflectivities
that are close to unity, it is quite common experimentally to observe higher order
lateral modes in Fabry-Perot cavities. To investigate the behavior of the higher
order lateral modes in the grating structures, FEM simulations were done in three-
dimensions. Figure 4-27 shows computed grating mode-spectrum for fundmental and
second lateral modes for one such grating. As observed, surface-loss for the second
lateral modes in a 40 pym wide waveguide is lower than that of the fundamental
modes. Consequently, these modes will reach the lasing threshold first and then gain
clamping prevents the device from operating at the desired fundamental modes. For

a general grating structure, the lowest-loss modes (due to surface coupling) are the
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Figure 4-27: (a) Grating mode spectrum obtained by three-dimensional simulation
of a 12-period grating with A = 32 um, 6 = A/4 + A/8, 90 % duty-cycle, and —A/2
phase-shift in center. The cavity facets are covered with metal while the sidewalls
are left open. Ridge dimensions are 40 pm X 392 ym X 10 gm. Modes in blue are
fundamental lateral modes and the ones in red are second lateral modes. (b) E, plots
in the waveguide for the lower band-edge fundamental lateral mode, and for a second
lateral mode close to it in frequency.

highest-order lateral modes that are supported by the waveguides. For those modes,
their longitudinal wavevector k, becomes much smaller than the total wavevector
kcaas ( = 2mngaas/Ao0) in the semiconductor due to a significant component k; along
the lateral dimension. For such modes, the surface out-coupling from the grating
is much weaker, since E, is proportional to k, (E, « 0H,/0y x k,0F,/0y) for a
given mode intensity inside the waveguide. In general, mode competition from higher
lateral modes makes operation of this type of gratings with high-reflectivity at the
facets less predictable.

The dry-etching technique used for fabricating these structures is also not without
problems. Firstly, nitride coverage on edges of the grating apertures might not be
isotropic making the active region in apertures prone to etch-damage. Secondly, the
bottom metal surface reached at the completion of dry-etch is rough, making it hard
for any bonding pads to stick on it. This puts an additional requirement on the grating
to have long end-lengths (as shown in Fig. 4-26a) so that electrical contact could be
made by wire bonding on top of the mesa. This is not desirable since wire-bonds
could pose a strong perturbation to the grating structure due to a significant fraction

of the mode that exists near the end facets. The following section describes a modified
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fabrication process with wet-etching that helps counter the aforementioned problems.

4.5.4 Selective excitation of the fundamental lateral mode

using metal covered sidewalls

The higher lateral modes can selectively be made more lossy by covering waveguide
sidewalls with insulator/metal and extend these layers to bonding pads, as will be
described in this section. To do this viably, outward-sloped sidewalls are desirable,
which is possible to obtain by wet-etching. Furthermore, wet-etching results in a
smooth bottom surface that is better suited for bonding pad fabrication so that wire
bonds could be made away from the mesas. For GaAs, the wet-etch profile is usu-
ally different in different lattice directions for most reaction-rate limited etchants.
Figure 4-28(a) and Fig. 4-28(b) show etch profiles in the two different directions ob-
tained typically with HySO4:H304:H;0 or H3PO4:H205:H,0 etchants for etch masks
aligned parallel to the cleave ((110)) directions. For a cavity that needs to be coated
with metal on all the sides, the inward slope in Fig. 4-28(b) will not be suitable for
metal patterning by liftoff lithography.

This problem was avoided by aligning the etch mask at 45° angle to the cleave
directions (i.e. along (100)) on the (100) GaAs substrate [178]. Figure 4-28(c) shows
the etch profile obtained with a square shaped etch-mask. Outward-sloped sidewalls
are obtained on all four sides. Once the bottom-metal is reached, the mesa could be
over-etched to obtain a more vertical side-profile since the bottom of the mesa etches
faster compared to the top due to a galvanic effect in the presence of the bottom-
metal. For an etch mask with 45° angle alignment, several HoO2 based etchants were
tried with H3PO,, H,SO,4, HCl, and NH4OH in different concentrations. The HCI
based etchants caused severe undercut at the bottom of the mesas, while the NH,;OH
based etchants damaged the sidewalls making them jagged at several locations, as
is shown in Fig. 4-29. The etch profiles for H,SO4 and H3PQ4 based etchants were
very similar, although etching was two to three times faster with HoSO4. An etch

solution of HySO4:Hy04:H,0 1:8:80 was finally selected for its relatively fast etch-rate
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Figure 4-28: (a),(b) SEMs of a wet-etched GaAs/Aly15GagssAs MQW region
grown on a (100) GaAs substrate taken along longitudinal and lateral directions,
respectively, of a rectangular mesa. Etch-mask for the mesa was aligned parallel to
the (110) directions. The bottom surface is GaAs. (c),(d) SEMs of two different
mesas when etch-mask was aligned parallel to the (100) directions. The etchant used
was HoSO0,:H;045:H,0 1:8:80 and etch-depth was =~ 10 um. The bottom surface is
metal in this case; similar profiles are obtained with a GaAs substrate.
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Figure 4-29: (a),(b) SEMs of a wet-etched GaAs/Aly;5GagssAs MQW region
grown on a (100) GaAs substrate taken along longitudinal and lateral directions,
respectively, of a rectangular mesa. Etch-mask for the mesa was aligned parallel
to the (110) directions. A NH4OH:H09:H,0 11:6:490 solution was used for this
etch. Outward sloped sidewalls were obtained when the mesas were made parallel
to the (100) directions (similar to those in Fig. 4-28) but the jaggedness on the
sidewalls remained similar to as shown. (c),(d) Same as in (a) and (b) except that a
HCI:H,04:H,0 1:1:9 solution was used for this etch. The undercut at the bottom of
the mesas remained similar to as shown when the mesas were made parallel to the
(100) directions. The bottom surface is GaAs in all these images.
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Figure 4-30: (a) Energy-density profiles for different lateral modes at 2.9 THz in
an 80 um wide metal-metal waveguide covered with SiO,/Ti/Au on the sidewalls.
Calculated propagation loss a due to metal only is indicated. The aspect ratio of
the plotted geometry is not to scale. (b) Close-up for the third-lateral mode near
the bottom edge of the ridge. (c) Measured cw spectra on log scale at 5 K from two
Fabry-Perot ridge lasers with cleaved facets (size 80 um x 0.92 mm) located close to
each other on the same die. The two devices are nominally identical except the one
without metal on the sidewalls yielded higher order lateral modes (top, where the
mode spacing is nonuniform); while the one with metal on the sidewalls yielded only
fundamental lateral mode (bottom).

(0.5 — 0.7 pm/min) and smooth sidewalls.

Sidewall coverage with insulator/metal can selectively make higher lateral modes
more lossy for MM waveguides at terahertz frequencies. The waveguide width is com-
parable to wavelength, and hence the higher lateral modes can couple to propagating
modes in the bonding pad region, which is quite lossy since it is essentially a par-
allel plate waveguide with small plate separation. Figure 4-30(a) shows propagating
mode solutions for an 80 ym wide ridge waveguide covered with 300/30/350 nm of
SiO,/Ti/Au on the sidewalls. The active region is taken to be loss less and the metal is
approximately modeled with the following Drude parameters: ny; = 4.6 x 102! cm™3,
nay = 5.9 X 1022 em™2, and 7 for both metals is taken as 50 fs, a value greater by
a factor of ~ 2 compared to the published room temperature values [123] (which
is justified by the fact that typically for these metals, the published low-frequency
mobilities at ~ 100 K are greater by a factor of 2—5 compared to their room temper-

ature values). The extra loss for higher lateral modes is due to bonding-pad regions

that could develop high fields at sharp corners, rather than insulator/metal on the
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sidewalls where field is almost zero. Figure 4-30(c) shows experimental confirmation
of this behavior. An edge-emitting Fabry-Perot laser with insulator/metal on its side-
walls exhibited a spectrum with equal frequency spacing between its modes. From
this it can be inferred that the device lased in Fabry-Perot modes corresponding to
the fundamental lateral mode. However, a device without metal on its sidewalls had
non-uniformly spaced frequencies in its spectrum, which suggests that more than one

type of lateral mode was lasing.

Experimental results

The techniques outlined in the previous section were implemented and the modified
grating devices have performed as expected. Figure 4-31 shows SEMs of grating de-
vices fabricated by wet-etching with cavity dimensions of 65 ymx ~ 0.9 mm x 10 pgm.
30-period gratings with A in the range of 28-32 um were implemented with § =~
A/4 + 2 pm, 80 % duty-cycle, and a —A/2 — 0.5 pm phase-shift in the center. The
phase-shift was chosen slightly smaller than —A /2 since it reduces the relative ampli-
tude of side-lobes in the far-field pattern of Fig. 4-25 by apodizing the mode shape
inside the waveguide. Gratings without a phase-shift were not implemented because
of lack of available space on mask. The choice of the end-length §, as noted previously,
predominantly determines the mode-shape for the lasing mode inside the waveguide
(Fig. 4-23(b) and Fig. 4-24). While § = A/4 gives the most uniform mode-shape,
the corresponding surface out-coupling is negligible and the mode spectrum depends
very sensitively to 4. By increasing 4, surface out-coupling could be increased at the
cost of a more non-uniform mode inside the waveguide, which is more prone to longi-
tudinal spatial-hole burning. To achieve the primary purpose of robust single-mode
operation, ¢ in this design was only slightly detuned from é = A/4. The choice of a
large grating duty-cycle was based more on electrical transport requirements rather
than grating operation. A smaller duty-cyle provides greater surface out-coupling;
however, due to absence of the highly doped GaAs contact layer in the apertures,
current injection becomes more non-uniform. In that situation, different modules of

the QCL may be biased differently and push the device into a negative-differential
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mesa width on top = 65 pm

width of grating apertures = 34 um
number of grating periods = 30
grating duty-cycle = 80%

Range of A on mask =28um - 32p

Mesa size: ~0.9 mm x 65 pm x 10 p

Figure 4-31: SEMs of metal-metal grating devices fabricated with mesas along (100)
directions. The sidewalls and facets are covered with 300/30/350 nm of SiO/Ti/Au.
Al wire bonds are made on bonding pads away from the mesas to electrically bias
the lasers. SiO, isolates the bonding pads from the bottom Ta/Cu.
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resistance region at an early bias, thereby limiting its lasing dynamic range.

A 2.9 THz QCL active region grown on a (100) GaAs substrate (design FL179C-
M9, growth EA1189, Table 3.1)was used for fabrication of these grating devices.
The fabrication sequence was as follows. The Cu-Cu thermocompression bonding
technique as detailed in section 4.2 was used as a first step towards the MM waveguide
fabrication. Following back-substrate removal by lapping and selective etching, the
100-nm thick highly doped top contact GaAs layer, was completely removed by wet-
etching. Ti/Au (20/350 nm) metal-gratings were then defined on the 10 pm thick
epitaxial active region by contact-lithography, with mask edges aligned along (100)
directions. A second lithography step to cover the grating-metal was performed for
the photoresist to be used as a mask for wet-etching of mesas. Wet-etching followed
in a HySO4:Hy042:HyO 1:8:80 solution for ~ 25 minutes. This included a few minute
over-etch after all bottom metal was exposed to reduce the slope on the sidewalls and
allow for a more uniform current density through the height of the mesa. 300 nm of
PECVD silicon-dioxide was then blanket-deposited everywhere at a temperature of
300°C. The next lithography step was to open windows on top of mesas to remove
the silicon-oxide by wet-etching in buffered-HF. The final lithography was for Ti/Au
(30/350 nm) deposition on sidewalls and facets, as well as to form bonding pads
adjacent to bottom of the mesas. The outward sloped sidewalls and facets in this
process allow this deposition to be done in a single lithography step. Before backside-
metalization of the wafer, the substrate was thinned to 160 pum to improve heat-
sinking. A die consisting several tens of such grating devices along with some Fabry-
Perot ridge waveguides was then In-soldered on a Cu chip carrier and mounted for
testing on a cold-plate in a vacuum cryostat. The emitted laser light was collected

normal from the surface without any optical components inside the cryostat.

Figure 4-32(a) shows cw spectra from different surface-emitting grating devices
within the range of grating-periods that were implemented on the fabrication-mask
(A = 28—32 pm). The spectra were measured at 5 K using a Nicolet 850 spectrometer
(purged with Ny gas) with a room-temperature deuterated triglycine sulfate (DTGS)
pyroelectric detector at a resolution of 0.125 cm™! (= 3.75 GHz). Most devices tested,
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Figure 4-32: (a) 5-K cw spectra for three different grating devices (each color
corresponding to a device with different A), plotted on log scale. Spectra for different
bias are plotted starting from near-threshold bias at bottom to peak-bias at top.
Signal recorded from the A = 32 um device, which lased at 2.77 THz, was very
weak due to it being on a strong atmospheric water-absorption line. Maximum
temperature of pulsed operation are also indicated. (b) CW spectrum from a
Fabry-Perot ridge laser that was located adjacent to grating devices on the same die,
plotted on linear scale. (c¢) Ag versus A variation (in solid red). A line going through
origin and corresponding to nmeg & Ao/A = 3.44 is also plotted (in dashed blue).
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like the ones reported in Fig. 4-32(a), lased in single-mode for all bias-conditions, down
to the instrument limited noise floor of 30 dB below maximum. There were, however,
a few random devices that had additional modes, which are attributed to lithographic
fluctuations. The lasing wavelength )¢ scales linearly with grating period A as shown
by the solid red line in Fig. 4-32(c). The line, however, does not cross origin since
the mode index neg for cavities with metal-covered sidewalls changes with wavelength
when the wavelength is comparable to the width. The dashed line in blue shows a line
passing through origin corresponding to a n.g value of 3.44 for the A = 28 pm device.
For a device at a longer wavelength, negs (ox k,) will drop as the lateral component k,
increases, which explains the deviation of A > 28 ym grating devices from the dashed
blue line. For the range of grating periods available on the mask, an operation range
of ~ 0.35 THz is demonstrated for the single-mode grating devices with this gain
medium. The multi-mode spectrum for a Fabry-Perot edge-emitting laser from the
same die shown in Fig. 4-32(b), however, indicates the possibility of accessing an even

wider range.

Radiation patterns for grating devices were measured at 5 K with a Ge:Ga photo-
detector in pulsed mode, and with a microbolometer camera in quasi-CW mode (25 %
duty-cycle). Measurement results from the A = 30 um device are shown in Fig. 4-33.
The other two grating devices also had similar radiation patterns. This measurement
was done with only a ~ 300 pm thick polypropylene dewar window in between the
laser and the detector. A single-lobed pattern in the longitudinal (z) direction is
observed as expected. The beam is relatively divergent in the lateral (z) direction
due to a waveguide width that is of the order of the wavelength. In the far-field
image of Fig. 4-33(a), a single-lobed pattern is observed in the lateral direction as
well; however, the camera image in Fig. 4-33(b), which is taken from a much closer
distance (due to a small camera size), shows two additional lobes which are likely due

to evanescent field.

Figure 4-34 shows measured optical power versus current (L-T) characteristics for
the A = 30 um grating device in both pulsed and cw mode of operation. Light

was collected without use of any cone optics. In pulsed operation, the device lased
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Figure 4-33: (a) Far-field radiation pattern measured from the A = 30 ym grating
device with a He-cooled Ge:Ga photo-detector at an angular resolution of < 1°, and a
distance of 33 cm from the laser. The full-width at half-maximum in the longitudinal
(2) direction is ~ 5°. (b) Real-time snapshot of the radiation pattern at a distance of
~ 2.5 cm from the laser taken with a room-temperature 320 x 240 element (1.48 X
1.11 cm?) microbolometer camera [101]. Three images taken at different  locations
are stacked vertically to show the full image.

up to a maximum heat-sink temperature (Thax) of 149 K and the threshold current
density (Jin) at 5 K was 460 A/cm?. A temperature tuning of 19.7 GHz was observed
for the single-mode spectrum from 5 K to 147 K. In cw mode, the corresponding
value for Tpax was 78 K and Ji;, at 5 K was 560 A/cm?. 6.1 mW of cw power was
detected with a thermopile detector (Scientech, model AC2500) placed adjacent to the
cryostat window. CW power per facet for the edge-emitting Fabry-Perot devices with
comparable dimensions was typically smaller by a factor of ~ 2. The bottom panel
of Fig. 4-34 also shows the measured cw voltage versus current (V-I) characteristics
for the grating device. The negative differential-resistance (NDR) occurs at ~ 15 V
beyond which the device stops lasing. Removal of the highly doped GaAs contact
layer on top of the active region stack causes an extra 2-3 V drop to occur at the
top metal-semiconductor Schottky contact, causing extra Joule heating in the grating

devices and thus limiting their cw performance. However, the lasing dynamic range
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Figure 4-34: Pulsed (top) and cw (bottom) L-I characteristics measured from the
A = 30 pm grating device (ridge-size: 65 pym x 0.90 mm). The cw I-V measured
at 5 K is also plotted. The pulsed data is taken using 200-ns pulses repeated at
10 kHz with a He-cooled Ge:Ga photo-detector, while the cw data is measured with
room-temperature pyroelectric detector. The upper panel inset on the left shows
temperature tuning of the single-mode spectrum due to change in the active region
refractive index from 5 K to 147 K, while the inset on the right shows an expanded
version of the L-Is at higher temperatures.

in current and hence the pulsed Ty.x remain unaffected.

L-I characteristics for the A = 32 um grating device could not be measured since it
was lasing right on a strong atmospheric water absorption line. While the A = 30 ym
grating device lased up to 149 K in pulsed mode, the A = 28 um grating device
lasing further away from the peak frequency of the gain spectrum (as deduced from
the Fabry-Perot mode-spectrum of Fig. 4-30c) lased up to 141 K. For comparison,
edge-emitting Fabry-Perot ridge lasers with metal on the sidewalls, measured from
the same die as that of the grating devices, lased up to 153 K. It is likely that
temperature performance of grating devices is slightly degraded due to non-uniform
current injection on top because of metal gratings, and the lasing frequency is away

from the gain peak. This suggests that the surface losses induced by the gratings for
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the parameters used in the designs are comparable with the facet loss of the Fabry-
Perot devices. Further adjustment of grating parameters, such as duty-cycles, phase
of reflection at the facets, and central grating phase-shifts, could lead to much higher

output power levels.

4.5.5 Selective excitation of the fundamental lateral mode

using exposed doped contact layer on top

The method of using metal on the sidewalls to selectively eliminate the higher order
lateral modes as described in section 4.5.4 is bound to be less effective for wider MM
wavegtuides that can support a multitude of different lateral modes. DFB waveguides
of the type discussed in section 4.5.4 with a width greater than 65 ym were not tried,
and thus an estimate of the widest width (or more appropriately, the largest width/\
ratio) for which that technique can be robustly utilized is not yet available.

This section describes surface-emitting DFB designs that can be potentially imple-
mented in much wider MM waveguides. Such waveguides are useful to obtain narrow
beam emission in both the longitudinal and the lateral dimensions as compared to the
DFBs of section 4.5.4, for which the beam was divergent in the lateral (x) direction
due to the narrow width of the grating apertures (Fig. 4-33).

If the thin highly doped contact layer on the top of the active region (section 3.3.3)
is left exposed instead of covering it with metal, the propagation losses of the dou-
ble surface-plasmon mode in the resultant waveguide increase by multiple orders of
magnitude, thereby effectively quenching the mode within a distance of few microme-
ters. This scheme was first utilized to realize anti-reflecting regions at the longitudinal
ends of surface-emitting DFB structures in terahertz QCLs with SISP waveguides [41].
A similar method has been applied, albeit with a very different operating principle,
to surface-emitting DFB structures in wider (2 100 pm) MM waveguides, as shown
for the “design B” in Fig. 4-35. In this case, narrow stripes of doped contact layer
are left exposed near the sidewalls on the top of the waveguide to implement lateral

loss sections, which help make the higher order lateral modes more lossy, as is shown
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grating apertures
(top contact layer removed

Design A
(~0.9 mm x 65 pm x 10 pm)

controlled phase of reflection
at the end-facets

grating apertures
(top contact layer removed

Design B
(~1.05 mm x 108 um x 10 um)

™ lateral loss sections
(top contact layer not removed)

longitudinal loss sections
(top contact layer not removed)

Figure 4-35: Schematics of two surface-emitting DFB designs for terahertz QCLs in
MM waveguides. Design A is for narrower waveguides (width < 80 pm), the results of
which were presented in section 4.5.4. In this design, the higher order lateral modes
are made more lossy due to the metal on the sidewalls, and the phase of reflection at
the end-facets is well defined. Design B, which is discussed in this section, is for wider
waveguides (width 2 100 ym) and achieves similar effects due to lateral loss sections
(with exposed doped contact layer on top). The design shown in this schematic also
has longitudinal loss sections, which eliminate the need for a well defined phase of
reflection at the end-facets due to them being close to perfectly absorbing (calculated
reflectivity ~ 1% at the either end). However, the scheme of controlled phase of
reflection such as that in Design A can also be used, as is discussed in the text.
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Figure 4-36: Calculated propagation losses for the fundamental and the second order
lateral mode in design B of Fig. 4-35 (for an infinite length waveguided). The corre-
sponding mode-shapes are also plotted for the transverse (E,) and the longitudinal
(E.) components of the electric-field. The values for oy, in the brackets are for the
same geometry but without the doped contact layer on the top. These calculations
are done for v = 3 THz. The values of n = 5 x 10'® cm™2 and 7 = 0.1 ps were used
for the Drude parameters of the top nt GaAs layer.

Mesa size: ~1.05 mm x 108 pm x 10 pm number of grating periods =30
; grating duty-cycle = 75%
Range of A on mask =27um - 31um

108 pm
65 um

<
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Figure 4-37: SEM images of the design B structures of Fig. 4-35, fabricated with a
similar process to that of design A structures in section 4.5.4. An extra mask layer
was used to selectively etch the top-contact layer from the grating aperture regions
only, to obtain the lateral and longitudinal loss sections respectively.
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by finite-element calculations for the propagating mode solutions in such a waveguide
in Fig. 4-36. The extra loss for a higher lateral modes is caused by the increased in-
tensity of the longitudinal electric-field component (E,) inside the loss-sections, since
the lateral extent for higher lateral mode is larger, and hence it couples more strongly

to the surface-plasmon modes bound to the loss-sections on the either side.

Surface-emitting DFB waveguides with a width of ~ 108 pm were designed
and fabricated using the aforementioned technique. In addition to the lateral loss
sections, longitudinal loss sections of the type used in Ref. [41] were also imple-
mented. The propagation losses in these longitudinal loss sections is calculated to
be ay ~ 700/1500/2500 cm™! at v = 2/3/4 THz, respectively, and a reflectivity of
~ 1% (at v ~ 3 THz) is calculated at the boundaries of the metal-metal region and
the longitudinal loss sections. Waveguide fabrication followed steps similar to those
outlined in section 4.5.4, except that an extra mask layer was used to remove the
top-contact layer in areas under the grating apertures only, as opposed to the devices
of section 4.5.4 (“design A” in Fig. 4-35) for which the top-contact layer was removed
from everywhere. SEM images for the processed devices are shown in Fig. 4-37. Fig-
ure 4-38 shows the experimental results from devices with different grating periods
and their corresponding radiation patterns. For most of the devices that were tested,
the radiation patterns were also measured with a microbolometer camera [101], from
which it could be deduced that none of the devices were lasing in a higher order lat-
eral mode, since strong multiple lobes in the lateral (z) direction were not observed.
The camera image in Figure 4-38(d) is significantly narrower in the lateral direction
as compared to that for the design A devices of section 4.5.4 (Fig. 4-33), which is one

of the primary advantages of having a wider waveguide geometry of design B.

Besides a better radiation pattern, the output power from a wider surface-emitting
structure should be much higher, ideally scaled proportionately with its surface-area.
However, for the devices discussed in this section, cw values of ~ 5 + 2 mW were
recorded (at 5 K) for most of the devices tested, which is similar to that obtained
from the much narrower devices of section 4.5.4 (Fig. 4-34). This is attributed to the

overall increase in the waveguide losses even for the fundamental lateral mode due to
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Figure 4-38: 5-K cw spectra for the design B devices with different grating periods and
their corresponding radiation patterns. Radiation pattern for A = 28 um device could
not be measured since it was lasing close to a strong atmospheric water absorption
line (v = 3.135 THz). Out of the range of A = 27 — 31 um devices implemented
on the mask, the A = 27 pm devices did not lase, possibly due to the frequency of
their grating mode lying outside the gain bandwidth. Plot (b) shows variation of the
lasing wavelength ()\o) with the grating period A (in solid red). A line going through
origin and corresponding to neg & A\g/A = 3.415 is also plotted (in dashed blue). The
radiation patterns in plots (c) and (d) are taken similarly to the ones in Fig. 4-33.

313



Current Density (Ncmz)
9 20 400 600 800 1000

Optical Power (mW)

n

2 A =31pum device

108 pm x 1.13 mm ) gy MK .

0 0.2 0.4 0.8 1 1.2

0.6
Current (A)

Figure 4-39: CW L-Is and I-V from a A = 31 pum grating device with lateral and
longitudinal loss sections (for the waveguide geometry, see design B in Fig. 4-35).
Spectra and far-field radiation plots for this device are shown in Fig. 4-38, and finite-
element calculations for similar but infinite-length and infinite-width geometries are
shown in Fig. 4-36 and Fig. 4-40, respectively. Although pulsed measurements results
are not available for this device, Tiax,pul ~ 115 K was obtained from similar devices.

the introduction of the lateral loss sections, and also due to additional loss caused by
the longitudinal loss sections. The CW L-Is and I-V from the A = 31 pm device are
shown in Fig. 4-39. A value of Jipsx ~ 725 A/cm2 was measured for this device as
compared to a value of Ji, sx ~ 560 A/ cm? for the design A device in Fig. 4-34, which
confirms this argument. As a consequence, the lasing range in current Ji.x — Jin was

smaller, thereby reducing the output optical power.

Unlike the design A devices that had robust single mode operation (section 4.5.4,
Fig. 4-32), few of the design B devices lased in two modes such as the A = 31 um
device in Fig. 4-38. This is attributed to longitudinal spatial hole burning in these
structures due to a highly non-linear modeshape that arises due to the longitudinal
loss sections. Fig. 4-40 shows results from finite-element calculations for an infinite-
width waveguide structure with same parameters as those of the A = 31 um device.
The measured radiation pattern for the A = 31 pum device in Fig. 4-38 is similar
to what expected by combining the calculated radiation patterns for the first two

lowest-loss modes in Fig. 4-40. Moreover, the cw power from that device (11.6 mW,
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(a) Finite-element calculation of the grating mode spectrum

~50r e 1
i *

= ? A=31pm

%4(1‘ , 30 period grating

S 30} — A/2 - 0.5 um defect at the center

a 75 % grating duty-cycle

£ 201 Absorbing regions at both longitudinal ends
'(% 10 ]\

| M .
3.7 28 \ 29 1 3.2

Freq (THz)
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(c) Plot of energy density inside the waveguide along the longitudinal (z) direction
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Figure 4-40: Finite-element calculations of the grating mode spectrum, far-field
radiation patterns, and mode-shapes for an infinite-width grating structure with
longitudinal loss sections similar to that for design B in Fig. 4-35. Note that the
threshold gain for the different modes in plot (a) includes a contribution due to
the surface out-coupling loss and also due to the loss at the end-absorbing regions
(which is a function of the amplitude of the mode at the longitudinal ends and the
modeshape along the length of the waveguide). In comparison, the losses calculated
for design A in Fig. 4-23, for example, were due to surface-loss only. The loss due to
the metal itself is not included in either of these calculations since it is not expected
to change significantly from one grating mode to another, and =~ 5 cm™! (Fig. 4-5).
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Fig. 4-39) was approximately twice of that obtained from the single-mode devices,
which would be possible if the second lowest-loss mode was lasing since it has a
higher surface out-coupling loss as compared to the lowest-loss mode (Fig. 4-40a).
These observations suggest that the second lowest-loss grating mode is indeed the
one that is excited at the higher bias conditions, which unambiguously confirms the

role of spatial hole burning in the spectral behavior of these devices.

Future modifications to design B

Proposed modifications to Design B

grating apertures
(top contact layer removed)

Figure 4-41: Proposed design modifications to the design B of Fig. 4-35 for future
implementations.

Even though the design B of Fig. 4-35 suppresses the higher order lateral modes
robustly, the devices discussed in this section were the first of their kind that were
tried and significant improvements are deemed likely to be possible. In future imple-
mentations, the longitudinal loss sections can be replaced by the technique of using
controlled phase of reflection at the end-facets, which was described in section 4.5.4.
This reduces the over losses since there are no extra losses due to the absorber regions
even for waveguides with small cavity lengths. The controlled phase allows the sur-

face loss to be increased controllably, which might lead to greater amount of optical
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power from such a design. Moreover, the slope efficiency is likely to be increased
due to the more uniform mode-shape in the cavity, which causes the entire cavity to
contribute to photon emission rather than only a fraction of it. A more uniform mode
shape inside the cavity also greatly reduces the possibility of multiple-mode excita-
tion due to spatial hole burning. The schematics for two of such possible designs are
shown in Fig. 4-41. Besides the removal of the longitudinal loss sections, the width
of the lateral loss-sections can probably be reduced so as to lower the overall losses
in the structure. For example, by narrowing the widths to 3 um instead of 6 um
for devices discussed in this section, the mode propagation losses in Fig. 4-36 reduce
from 13 cm~!/31 cm~! to 3.8 cm™!/6 cm™! for the fundamental/second lateral mode,
respectively, whereby the difference in the losses should still be enough to selectively

excite the fundamental lateral mode only.

4.6 Conclusions and summary

Terahertz QCLs have been demonstrated with either the metal-metal (MM) waveg-
uides or the semi-insulating surface-plasmon waveguides (SISP). The MM waveguides
provide a lower waveguide loss at the terahertz frequencies, which was shown both
experimentally and otherwise in section 3.6 of chapter 3.

Besides lower waveguide loss, the MM waveguides also provide strong mode con-
finement for the terahertz mode, which happens primarily due to subwavelength mode
confinement in the vertical dimension. This has some practical advantages in that
lasing can be obtained in very small cavities, which makes it relatively easy to ob-
tain robust continuous-wave operation without the need any any special fabrication
techniques.

The first part of this chapter described the electromagnetic properties of the MM
waveguides at the terahertz frequencies. The surface-plasmon electromagnetic modes
that are the underlying mechanism for energy propagation in either of the MM or
the SISP waveguides were first discussed in section 4.1. The fact that energy can

propagate within a subwavelength dimension for such a mode is the reason why
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subwavelength mode propagation is possible in the MM waveguides. However, sub-
wavelength mode confinement causes the modal properties of these waveguides to
be significantly different than those for the typical dielectric waveguides that are
used at much higher (v > 10 THz, A\ <« 30 pum) frequencies. These include occur-
rence of high facet-reflectivities, and relatedly, close to unity mode confinement even
in the microcavities (with lateral/longitudinal dimensions that are smaller than the
wavelength). These properties were discussed in detail in section 4.3.1. The strong
mode confinement causes very low amount of optical power to be out-coupled from
the cavities, and resultant radiation patterns are highly divergent. Ring-like diffrac-
tion patterns are observed in the output beams of edge-emitting Fabry-Pérot cavity
lasers, the experimental evidence and finite-element calculations for which were shown

in section 4.3.3.

The second part of this chapter described techniques to implement both first-order
and second-order distributed feedback (DFB) gratings in MM waveguides to improve
their spectral and radiative properties without significantly affecting the temperature
performance (by only fractionally increasing the waveguide losses, if at all). DFB
design for these structures is significantly different than that for the dielectric waveg-
uides, since the conventional coupled-mode theory is not directly applicable due to
the strong coupling effects that arise because of a subwavelength mode confinement.
In this work, finite-element calculations were used as an aid to understand and design

the DFB structures.

In section 4.5, the techniques for implementing second-order gratings to realize
single-mode surface-emitting operation were presented. Section 4.5.1 discussed the
motivation and need to have surface-emitting operation in the MM waveguides. In
short, the surface-emitting DFBs provide promise for higher output powers and im-
proved radiation patterns along with single mode operation, without significantly
affecting the waveguide losses and hence the temperature performance. However, im-
plementation of second-order distributed feedback met with many challenges during
the initial stages of development. For the MM waveguides, strong mode confinement

leads to easy excitation of the higher order lateral modes in the rectangular geome-
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tries. Moreover, high facet-reflectivities interfere with the distributed feedback of the
gratings. To selectively excite the fundamental lateral mode only, two different tech-
niques were developed, as detailed in sections 4.5.4 and 4.5.5 respectively. Also, it was
shown in section 4.5.4 that by controlling the phase of reflection at the facets (which is
lithographically possible at the terahertz frequencies due to the longer wavelengths),
the mode shape inside the waveguide can be engineered to limit the possibility of
spatial-hole burning. Robust single-mode operation over a large frequency range was
demonstrated using that technique. Additionally, implementation of a central phase-
shift in the gratings has yielded single-lobed far-field radiation patterns. The ability
to achieve robust-single mode operation while almost maintaining the temperature
performance of the Fabry-Pérot cavity lasers, with relatively large amount of optical
power and a good beam pattern, makes the surface-emitting MM waveguide DFB

lasers ideal for practical applications that are being targeted by the terahertz QCLs.
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