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ABSTRACT

Coherent infrared radiation sources are essential for the operability of a wide range of scientific,
industrial, military and commercial systems. The importance of the mid-infrared spectral region
cannot be understated. Numerous molecules have some vibrational band in this range, allowing
for identification of species by means of absorption, emission or some other form of spectroscopy.
As such, spectroscopy alone has numerous applications ranging from industrial process control to
disease diagnosis utilizing breath analysis. However, despite the discovery of the LASER in the
60s, to this day the amount of coherent sources in this range is limited. It is for this reason that the
quantum cascade laser has gained such momentum over the past 23 years.

Quantum Cascade LASERS (QCL) are semiconductor LASERS which are based on the principle
of bandgap engineering. This incredible technique is a testament to the technological maturity of
the semiconductor industry. It has been demonstrated that by having precise control of individual
material composition (band gap control), thicknesses on the order of monolayers, and doping levels
for each individual layer in a superlattice, we have unprecedented flexibility in designing a LASER
or detector in the infrared. And although the technology has matured since it’s discovery, there
still remain fundamental limitations on device performance. In particular, active region
overheating limits QCL performance in a high duty cycle mode of operation.

In this dissertation, along with general discussion on the background of the QCL, we propose a
solution of where by limiting the growth of the superlattice to a fraction of typical devices, we
allow for reduction of the average superlattice temperature under full operational conditions. The

consequences of this reduction are explored in theory, experiment and system level applications.
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CHAPTER 1: INTRODUCTION TO THE INFRARED

1.1. Introduction

Light is an oscillating electro-magnetic field exhibiting wave-like and particle-like properties. In
vacuum, also commonly referred to as free space, the speed at which light travels is measured to
be (c~300km/ms). The speed at which light propagates through space (v) depends on certain
properties of the propagation media but can be represented as a function known as the index of
refraction of that media (n). The wave property of light dictates that the frequency (f) at which
light propagates through a media is inversely proportional to its wavelength (A) multiplied by its
speed or = v/A = (c-n)/A. We categorize light according to its wavelength. Table 1-1 shows
the various names of bands of light.

Table 1-1 :Electromagnetic Spectrum classification as a function of free space wavelength

Gamma Rays <10pm

X-Ray 10pm — 10nm
UltraViolet 10nm — 400nm
Visible 400nm — 700nm

Infrared 700nm — 1mm
Microwave Imm-—1m
Radio >1m

The band of radiation that this thesis focuses is the Infrared. Since William Herschel first
discovered the radiation in 1800 [1], countless scientific works have been published utilizing suites
of engineering marvels to produce or observe infrared radiation. Infrared radiation may be further
sub-classified into five bandwidths depending on division scheme. For the purpose of this work,

we utilize the common terminology in dealing with infrared devices as shown in Table 1-2.



Table 1-2 Sub division of Infrared portion of the Electromagnetic Spectrum based upon common
detectors

Near Infrared 0.7um-1.0pm
Short-Wave Infrared 1.0pum-3um
Mid-Wave Infrared 3um-8pum
Long Wave Infrared 8um-12um
Very Long Wave Infrared 12pm — 30pum
Far Infrared 30pm-1000pum

Research into this field over the following century led to the work of Rayleigh, Wien and Planck,
among others, in developing the theory of blackbody radiation, which describes the phenomenon
of self-radiation. All charged particles, including atoms, will oscillate and emit electromagnetic
radiation at a specific frequency or wavelength. The amount of radiant energy an object emits, and
the frequencies at which it emits that energy, depends on its temperature and emissivity. This is

known as blackbody radiation or thermal radiation and obeys Plank’s distribution.

1.2. Introduction to LASERS

Unlike thermal radiation, LASER radiation is a quantum mechanical effect that is exploited to
obtain radiation. The radiation distribution may widely vary depending on the type of LASER. A
LASER is an acronym used to describe devices which have the property of stimulated emission.
In particular LASER stands for light amplification by stimulated emission of radiation.

As previously mentioned, lasers are widely varying in design but all have the same core elements
and operate on the same principle. In that a large amount of energetic particles are pumped from
their rest state (lower level) into an excited state known as the upper level. When this occurs, there
exists a probability that the particle will spontaneously de-energize itself to a lower energy state
by the emission of a quanta of light known as a photon. The frequency of this light is directly
proportional to the energy difference between these upper and lower energy levels. If a photon

interacts with a particle on the upper laser level, the particle will emit a photon of the same phase

2



and direction. This is the principle of stimulated emission. However, if a photon interacts with a
particle on the lower laser level, that photon will be absorbed and the particle will transition to the
upper laser level. It is for this reason that the 2 level system needs to be pumped such that there
exists more particles in the upper laser level than the lower laser level. This is the concept of
population inversion. [2]

Although there exists many different LASERs in existence today, we focus on solid state
semiconductor lasers in this thesis. In particular, a relatively new addition to the LASER world,

the intersubband laser known as the quantum cascade LASER.

1.3. Outline of This Dissertation

This dissertation focuses on the effects and applications of limiting the growth thickness of the
superlattice of a quantum cascade LASER designed around 5.6um to a fraction of typical devices.
The subsequent chapters of this dissertation are organized in the following manner:

[1 Chapter 2: Discussion on the basics of defining the Quantum Cascade LASER

1 Chapter3: MicroFabrication techniques utilized to create a Quantum Cascade LASER

(1 Chapter4: Discussion and experimental results of a sample grown with the designed
superlattice of reduced thickness

1 Chapter5: Extension of the reduced thickness material to surface emitting devices

[1 Chapter6: Application of the material towards an external cavity with wavelength tuning for

spectroscopy



CHAPTER 2: BACKGROUND OF QUANTUM CASCADE LASERS

2.1. A Brief History

The Quantum Cascade LASER was first demonstrated at Bell Labs in 1994 [3]. Although its
invention was first conceived by Capasso (1986), the movement towards the unipolar LASER can
be argued to have started in 1960 with Lax’s proposed [4] semiconductor optical transitions
utilizing same band transitions between Fermi levels. Due to the discovery of the GaAs diode
LASER produced in 1962 by Hall at General Electric [5], much research focus was diverted from
a unipolar device to a band-gap based one in an effort to be the first group to demonstrate
continuous wave operation at room temperature. No major technological research on a unipolar
device was published until 1971 by Kazarinov and Suris [6]; a year after room temperature
continuous wave operation had been reached for the diode LASER demonstrated by Bell labs [7]
and the loffe Institute [8] independently. The proposed device by Kazarinov and Suris, suggested
that optical gain was achievable from an electrically biased super lattice of two-dimensional
quantum states. This revolutionary idea allowed for emission wavelengths to engineered from
material growth thicknesses as opposed to being bound by the material property of band-gaps.

“The Quantum Cascade Laser make us finally free from the bandgap slavery” - Cappasso [9]

The core technology that was essential for the quantum cascade laser to have come into existence
is owed to epitaxial growth pioneered by Arthur and Cho in 1968. This thin film deposition
technique to grow crystalline material with no crystalline defects and atomic level precision was
essential to produce the hundreds of quantized states necessary to produce a quantum cascade
laser. These varying thin films have well defined interfaces and are lattice matched allowing for

electronic transport between differing layers with minimal interactions other than a change in



potential and effective mass. Because of the lack of crystalline defects, the in plane wave-vector
is decoupled from the out-of plane wavevector, allowing epitaxial system to be spatially quantized
dictated by quantum mechanics.

Since Faist first demonstrated it in 94, the quantum cascade laser has evolved as a technology
from operating solely at cryogenic temperature in the mid-wave to operation at room temperature
from the mid-infrared to the long wave regime. Demonstrations at the terahertz regime have also
been demonstrated at cryogenic temperatures. Further milestones to the quantum cascade laser
technology have included obtaining watt-level operation at room temperature, wall plug
efficiencies exceeding 28% [10], and broadband devices exceeding 500 wavenumbers [11].
Although much of the technology has been matured, there still remains further research
opportunities for progressing the technology including but not limited to; operation in the near

infrared, room temperature operation in the terahertz, and increased power output.

2.2. The Basics of the Quantum Cascade LASER

The Quantum Cascade LASER is a semiconductor device that emits stimulated radiation in the
Infrared to the terahertz. QCLs exploit the phenomena known as intersubband transitions observed
when a material dimension is on the order of the DeBroglie wavelength of an electron. At these
dimensions electrons may transition between confined states of the same band. As a consequence,
the energy required to transition between different states is much smaller than an interband
transitions, allowing for various non-radiative scattering mechanisms to limit the electron lifetime

to the order of pico-seconds.
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Figure 2-1: Representative diagram of varying quantum wells and barriers illustrating
intersubband cascading effect.

This size-quantized confinement allows the electronic states to be modeled by the classical
quantum mechanical particle in a box problem; see appendix A for details. As varying materials
are grown, the bandgap energies of the grown materials dictate the barrier heights and well depths,
while the thickness determines the barrier and well dimensions as shown in Figure 2-1. If the
barrier thicknesses are thin enough, quantum states of individual wells may couple with one
another allowing for electrons to tunnel between various wells and transition to various energy
levels within the neighboring wells. This coupling is illustrated in figure 2-2 for a 5 quantum well

structure of lattice matched AllnAs and InGaAs with barriers of 100A and 10A.
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Figure 2—-2: Numerical solutions to multi quantum well problem utilizing the shooting method
discussed in appendix A.

In this manner radiative transitions become possible to engineer. This unipolar device may be
further engineered to have a particular set of repeating wells and barriers, known as a stage,
repeated multiple times to have a single electron to be recycled multiple times in a cascading like

regime to output multiple photons.

2.3. The structure of the superlattice

Key to the success of a QCL structure is the demonstration of the structure 1) being electrically
stable at operating voltage; 2) achieving population inversion at operating voltage; 3) Gain should
be larger than loss. The superlattice design of a Quantum cascade LASER may be broken into two
distinct regions each with their own unique purpose. Each critical to the successful operability of

a QCL device. Figure 2-3 illustrates these structure regions.
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Figure 2-3: Schematic of conduction band superlattice diagram of quantum cascade LASER.
Typical primary eigenstates and regions in a superlattice.

The active region is the primary region designed for output of photons. Electrons from the ground
state are injected into the upper LASER state 4 where by electrons accumulate for stimulated
emission and radiatively transfer to the lower LASER state 3. In order to quickly depopulate state
3, state 2 is energetically distanced from state 3 at the LO phonon resonance energy; such that the
lifetime of state 2 is smaller than the lifetime of state 3 (13>12). Electrons then enter the relaxation

region where by its main purpose is to depopulate state 2 and create resonant tunneling to the upper



LASER wave state of the next cascaded stage. This is accomplished by a series of wavefunctions
that are densely populated in what is known as the continuum region. Additional function of the
relaxation region is to 1) prevent the formation of electrical domains; 2) increase the separation of
lower LASER state 2 and the ground state for injection of the next stage to minimize thermal
backfill; 3) Assist with minimizing electron scattering into parasitic state 5 which allows electrons

to bypass the upper laser level 4.

2.4. Predicting Laser performance

A typical quantum cascade laser’s optical power vs current curve is displayed in Figure 2—4. There
are three distinct values which characterize performance:

1. Threshold current (Ji) — Current required for lasing to begin

2. Slope efficiency (dp/dl) — Amount of output power as a function of current

3. Maximum current (Jmax) — Maximum amount of current supported by the device
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Figure 2—-4: Schematic of typical Power vs Current (LI) curve for a quantum cascade laser

Determination of the threshold current and slope efficiency depends on transport within the active
region of figure 2-3 and can be described by a rate equation model [12]. For simplicity we consider
a three state system corresponding to states 4, 3 and 2 of figure 2-3. We also assume that the
injector state has a constant electron population denoted by ng and injects electrons into state 4 at
a rate equal to the current density divided by the fundamental electron charge; J/e. We also allow
electrons to transition from state 4 to states 2, 3 and the continuum; denoted by T4z, 43, Tescape
respectively. Life times of states 2 and 3 are denoted as 12, 3. We also allow for electrons to be
thermally activated to state 3 to a thermal equilibrium population, nz"®™?! The rate of change of

electron population in states 4 and 3 are given by.
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=TS g (ng — ) (2-1)

dt e Ty

_ . thermal
(ng—n3 )

d 4

%=::+S-gc-(n4—n3)— - (2-2)
And the rate of change of photon flux density (S) is given by

as _ c S. . ( ) R ns 2-3

dat  n ( (gc Ny —N3) = Aeotal — a (')

Where atotal IS the total waveguide loss for the cavity, 3 is the fraction of spontaneous emission
coupled into the lasing mode, tsp IS the lifetime of spontaneous emission, n is the refractive index.
The gain cross section gc is directly proportional to the mode overlap factor I, the dipole matrix
element zs3, and inversely proportional to the wavelength A, the cavity length L, and the transition

broadening ya3 given as

qr-e? 2
4T e“Zy3

ge = [t (2-4)

2:89'MA Va3l
In the sub-threshold condition the electron populations on each state are presumed to be in steady
state and no photons are emitted such that equations 2-1, 2-2 and S are equivalently zero. Solving
for population of states ns and ns and taking the difference yields the population inversion. When
the population inversion multiplied by the gain cross section is equivalent to the total modal losses,

threshold current (Ju) is found and given as

_ e . %tot thermal _
© (1-T3/T43) ( 9c + 1 ) (2 5)

Jtn
Examining equation 2-5, we directly observe that the threshold current is dependent on two
terms. The first term depends proportionally on the waveguide loss and the inverse of the gain
cross section. In design of the superlattice, by maximizing the overlap between states 4 and 3 to

increase the dipole matrix element, a reduction of threshold is observed. To minimize the second

term of thermal backfill into state two, ns™™ a large voltage offset is needed between the
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ground state of the next stage and state 3. This is typically accomplished by designing the QCL
to either operate at high voltages or increasing the number of layers within the
relaxation/injection region. The target energy separation for most designs is 4x~6x larger that
k-T at room temperature. Alternatively, operation of the device at cryogenic temperature will
reduce k-T, minimizing the voltage offset required for reducing thermal backfill.

In a similar fashion we can also solve for slope efficiency given as

apr hv « T
@ _ Ny W am T (2-6)
dl p e Qtotal Ty+T3

The slope efficiency is directly dependent on the number of stages and inversely proportional to
mirror losses.

The maximum current supported by the device can be calculated utilizing a density matrix
approach given in [12] and is given as

ensQ?y)
1+4-.QZT||T3

]max -

(2-7)

The total output power of the device is then given as the difference of the maximum current and
threshold current multiplied by the slope efficiency. By design, we have control over all variables
in Equation 2-7 less the tj which is the decoherence time between the ground state of the injector
and the upper laser level. To increase the maximum current supported by the device, the coupling
between the injection state and the upper laser state should be maximized, or alternatively the sheet

density increased.
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CHAPTER 3: FABRICATION OF THE QUANTUM CASCADE LASER

3.1. Introduction

As mentioned previously, it is due to the advent of the semiconductor technology that allowed the
idea of the Quantum Cascade LASER to come into existence. The feat of the quantum cascade
laser is a true testament to the maturity of the tools and technologies developed by the
semiconductor transistor field allowing for the realization of quantized confinement. Without the
advances in this field, the quantum cascade laser may not have existed.
Standard semiconductor techniques to fabricate the quantum cascade LASER may be broken down
into the following processing segments.

1. Epitaxial Growth

2. Waveguide Formation

3. Electrical Contacts

4. Die Formation

3.2 Epitaxial Growth

Critical to the formation of the quantum cascade LASER lies a thin film deposition technique as
mentioned before. This technique is known as epitaxial growth and produces films that continue
the crystalline state of a single crystalline wafer. The deposited film has spatial coherence over
large distances due to lack of crystalline defects and purity of the deposited material. Currently
two competing techniques exist for the production of epitaxial films.

The molecular beam epitaxy system in general is a physical vapor deposition chamber. Key

properties of the system are outlined below.
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e High vacuum capabilities with base pressures less than 102 torr.

e Extreme cleanliness to ensure purity of the deposition

e Wafer substrate heating capability

e Temporal accuracy of mechanical shutters

e High Purity evaporant sources loaded in a Knudsen cell
At its core, the molecular beam epitaxy system is essentially a highly sophisticated thermal
evaporator. Cells containing the evaporants are heated to vapor points where due to the low
chamber pressure, mean free path is orders of magnitude larger than atmospheric pressure allowing
the particle to travel to the substrate. Once the vapor reaches the substrate, its energy is adsorbed
by the wafer and over time many particles create a thin film. To control thickness, actuating
shutters allow the gaseous phase of the material to travel to the substrate for an allotted time
associated with a deposition rate; typically on the order of Angstroms per second.
The other epitaxy system is known as the metal-organic chemical vapor deposition chamber. The
working principle is similar to a traditional chemical vapor deposition with the exception that the
gaseous precursors are composed typically of hydrides of group V and organometalics of group
I11. A carrier gas flows with the gas precursors and based on the ratio between flow rates of
different gasses thermal decomposition favors crystalline growth on a heated I11-V wafer substrate.
Time is utilized to vary film thicknesses.
Once an engineered design is set, the design is implemented and grown with one of the two
deposition techniques with waveguide cladding layers grown before and after depending on the

operating wavelength designed. A typical active region is displayed in Figure 3-1.
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Figure 3—1: Scanning electron microscope image of a cross sections active region of varying
quantum wells (InGaAs) and quantum barriers (InAlAs)

3.3 Wavequide formation

Once the material is grown it becomes necessary to create an optical cavity for lasing to occur.
Due to thermal constraints of intersubband devices, there lies a power limitation limiting the lateral
dimensions of the waveguide typically to the order of tens of microns in width. For a typical edge
emitting device the waveguide is formed following the standard semiconductor techniques below.

Additionally, due to the high costs associated with epitaxially grown films, particularly within an
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academic environment, wafers are typically cleaved to smaller dimensions on the order of cm? to
be processed in an effort to conserve material.

The epitaxial wafer is initially cleaned with acetone and isopropanol to remove any residual
organics that may have deposited on the surface over time. A positive photoresist is deposited by
a spin coat method to achieve a uniform thickness across the wafer. In order to set the resist, the
sample is exposed to heat at 110C for 1minute to remove solvent from the spin. A contact
lithography mask utilized within a contact lithography system is placed over the mask and aligned
to the crystal plane of the wafer. The photoresist is then exposed to ultraviolet radiation, which
transfers the ridge mask pattern into the resist. The resist is then exposed to a developer that
selectively removes areas that were exposed by ultraviolet radiation. The sample is then mounted
to a microscope slide utilizing a small amount of photoresist acting as an adhesive and is baked
for an additional 3minutes. The sample is then exposed to an oxygen plasma to remove any residual
polymer that may not have fully washed in the developer bath.

Thickness of the resist is initially measured with a profilometer. A hydrobromic and nitric acid
solution diluted with deionized water is prepared having a 1:1:10 part respectively. Holding the
sample vertically, the sample is inserted into the solution and agitated in a back/forth motion to
assist with obtaining a more anisotropic etch. The etchant solution readily reacts with 111-V based
materials and does not interact with the photoresist allowing the patterned area to be transferred
into the epitaxial material. After 100 seconds the sample is submerged into deionized water and
dried with nitrogen. A secondary thickness measurement is ran and the difference between the first
measurement is calculated to obtain the depth achieved and a removal rate is calculated. Prior
knowledge of the grown structure is needed in order to know at what depth the “active” lasing

epitaxial portion is. The etch is continued until the active region is laterally confined across the
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sample in order to limit lasing output to single mode, reduce the amount of heat generated and to
limit the current requirements of the device. Since quantum cascade lasers are unipolar devices,
the creation of midgap states at the lateral interface by this etch does not influence laser
performance. Confirmation of the etch depth is conducted with the profilometer before the sample

is cleaned with acetone, isopropyl alcohol and an oxygen plasma to remove the photoresist mask.
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Figure 3-2: Processing steps for ridge formation. A) Wafer with epitaxial material is cleaved
and cleaned. B) Photoresist is spun coat. C) Photoresist is exposed and developed leaving stripe
pattern D) Utilizing the photoresist as a wet etch mask the sample is submerged into a
HBr:HNO3 solution E) Photoresist is stripped and the sample is cleaned.
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3.4 Electrical Contacts

We now provide contacts to only the portion of the sample where the mode is confined. To do this,
the sample is submerged into a hydrofluoric, ammonium fluoride and deionized water 1:1:6 part
solution to prepare the surface for electrical insulation deposition. A plasma enhanced chemical
vapor deposition chamber is utilized for this thin film that is deposited. Chamber conditions are as
follows: 800mTorr, 400sccm SiH4, 20sccm NH4, 200Watts of high frequency plasma at a
temperature of 300C. Approximately 300nm of insulation material is deposited conformally to the

profile of the ridge, preventing lateral injection of current for the future metal layer.
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Figure 3-3: Scanning electron microscope image of a cross section of a single ridge wave guide
processed to completion
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A photoresist mask is applied to the structure and an opening atop of the ridge is developed. This
photoresist is then utilized as an etch mask during a selective etch targeted towards the silicon
nitride layer utilizing a fluorinated chemistry in a reactive ion etching tool. The following chamber
conditions in a UniAxis ICP/RIE: 300mTorr, 50Watts RIE, 200Watts ICP, 20sccm of sulfur
hexafluoride. Once the silicon nitride etch is completed, the photoresist mask is stripped utilizing
the methods demonstrated above.

Utilizing a physical vapor deposition technique, a thin film of titanium and gold is conformally
deposited on the surface creating ohmic contact at the point of injection. The sample is then
mounted to a stage utilizing wax and is lapped down to a thickness that is sub 200um, allowing for
cleaner cleaving with reduced striations. This is accomplished with an AI203 1um grit size on a
cloth-like pad. The sample is removed from the mount, cleaned and back side is deposited with

germanium and gold contact layer.

20



ActiveRegion/Cladding

Insulation - SiN

ActiveRegion/Cladding

Insulation

ActiveRegion/Cladding

Insulation

ActiveRegion/Cladding

E ActiveRegion/Cladding
RETIF T E—

Insulation

Figure 3—-4: Processing steps for electrical contacts A) Sample is coated with Silicon Nitride
utilizing decomposition of SiH4 and NH3 in a PECVD. B) Photoresist is spun coat and exposed
C) A window is etched into the SiN by exposing the sample to a SF6/02 plasma within an ICP
RIE. D)Ti Au contact layer is deposited by means of a physical vapor deposition chamber E)
The sample is polished to a thickness <200um and backside Ge Au contact layer is deposited by
means of a physical vapor deposition chamber
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3.5 Die Formation

Once the backside contact is deposited the sample is mounted on a low tack adhesive tape and
loaded into a scribe and break tool. Within the tool a diamond scribe with 20um tip is used in
conjunction with a microscope and micrometer stage to scribe areas where the die is to be formed.
Typically there is one LASER per die. Once scribed, the machine holds the sample in place and
applies a backside force to create a two separate pieces along the cleaving crystal plane. This
process is repeated perpendicular to the facets to produce clean defect free mirrors to produce a

Fabry Perot cavity.
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Figure 3-5: Processing steps for die formation and mounting A) Completed sample is cleaned B)
a diamond scribe scores a small section of the sample C) An upward pressure propagates the
defect along the crystal plane separating the LASER from the rest of the sample. D)LASER chip
is bonded to a SnAu alloy submount and contact wirebonds are made allowing for electrical

contacts
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CHAPTER 4: QUANTUM CASCADE LASERS WITH REDUCED STAGES

4.1. Introduction

One of the main obstacles that still impedes the quantum cascade laser technology is the
combination of low growth rates for precision of the epitaxial growth and several cascading stages
in the super lattice resulting in the thick active regions. This results in total epi-growth times
exceeding several hours resulting in expensive growths and drifts in deposition conditions; leading
to gain broadening and lower device performance. This expensive growth alone typically costs

about ~2/3 the total cost of a ridge emitting QCL fabrication run as depicted in Figure 4-1.

Total Cost Breakdown of a Typical Quantum Cascade Laser

® Epitaxial Growth: m Wafer Cost

® Fabrication and Material Cost: ® Process Engineer Cost

Figure 4-1: Percent cost breakdown of a Quantum Cascade Laser cleanroom fabrication run.
Current prices based on quotations recieved from an epi-growth foundry and pricing from the
cleanroom facilities in the Central/North Florida region.

A quantum cascade laser with a thinner active region may have a lower variation in active region

layers thicknesses and compositions, leading to a higher material gain per stage and sub
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sequentially reducing price per deposition. A two to three fold reduction in its thickness would
significantly reduce overall epi-growth time as the active region comprising up to 3,000
nanometer-thick layers is typically grown at a rate of (or less than) one angstrom per second in
contrast to the epitaxial-growth of the cladding layers which are on a done at a relatively high rate,
on a scale of several angstroms per second [13]. The reduction in active region thickness and its

impact on laser performance are discussed in this chapter.

4.2. Theoretical Considerations

The quantum cascade laser active region typically comprises thirty to fifty gain stages with each
stage designed for one injected electron to efficiently emit one photon. One of the main reasons
for using a large number of stages is to increase modal gain and, therefore, reduce laser threshold
current density and increase laser dynamic range as previously shown in chapter 2. The latter is
defined as difference between maximum (roll over) and threshold current densities. Threshold

current density (Jwm) can be expressed as:

Jin = + P (4_1)
I'-g

where Jir stands for transparency current density, atot - total optical losses, g — differential gain,
and I' — mode overlap factor with the active region, where we have rewritten equation 2-5.
Transparency current density is required to reach the transparency condition when carrier
populations on the upper and lower laser levels are equal. It is a function of injection efficiency
for the upper laser level and carrier backscattering to the lower laser level. As follows from the

data presented in [10], transparency current density can account for over 50% of threshold current
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density. Since the former is independent of the number of stages, it may not be critical to achieve
a large overlap factor and to use a large number of stages in the design of high performance QCLSs.
When continuous wave (CW) or high duty cycle operation is needed, the configuration with a
reduced number of stages offers an additional critical advantage of reduced thermal resistance.
The average temperature of the active region, hereby referred to simply as active region
temperature, for QCLs can feasibly exceed 400K under full operational conditions [14]. The main
reason for laser core overheating is an inherently low thermal conductivity of the ternary
semiconductor materials used in the active region design (AllnAs and InGaAs) depicted in Figure

4-2.

Thermal Conductivity of Various Materials
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Figure 4-2:Thermal conductivity in units of Watts/m°K for various materials.
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Thermal transport is further hindered in the epi-growth direction by the superlattice structure of
the active region. Since laser performance reduces as temperature increases, the reduction in laser
thermal resistance is one of the main laser design goals. In particular, active region temperature
can be reduced by reducing the thickness of the material with the lowest thermal conductivity, i.e.
by reducing the active region thickness.

As previously mentioned, due to thermal constraints the lateral dimension of a ridge emitting
device is limited. This is especially the case when transitioning the laser from low duty cycle
operation to the quasi continuous wave regime, as the device is not given ample time to cool. As
such, current methods of increasing the power output is limited to increasing cavity length and not
the lateral dimension of the device.

The red solid/dashed curves in Figure 4-3 show that the calculated maximum/average active
region temperature increases from 435K/383K to 495K/440K when active region width of a 1.85
pm-thick (40-stage) structure increases from 10 um to 40 um. To carry out these calculations, it
was assumed that the electrical current density of 3 kKA/cm2 was injected into the device under the
bias of 16.5 V, which corresponds to the roll-over condition for the exemplary structure. The rapid
self-heating of the active region makes it very difficult to efficiently scale CW QCL optical power

for the traditional QCL configuration.
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Figure 4-3: Simulated active region (AR) temperature dependence on active region width.
Injected power per unit area was kept constant at 5x10* W/cm?2 for all studied cases. Red curves
— 40-stage geometry; blue curves — 15-stage geometry; solid lines — maximum active region
temperature (center of the active region); dashed lines — average temperature across the active
region.

The blue solid curve in Figure 4-3 demonstrates that for the same electrical power injected per
active region unit area, the maximum active region temperature rise for a 0.7 um-thick, 40 um-
wide structure is projected to be less than that for the 1.85 um-thick, 10 um-wide structure. In

addition, the difference between the maximum and average temperatures that can be used as a

measure of a thermal gradient (and stress) in the active region is only half that for the 40-stage
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structure. In other words, it is possible to inject four times larger total electrical power in the thin
and wide device without compromising active region temperature. This approach can be used for
CW optical power scaling.

Figure 4-3 demonstrates that projected average active region temperature reduces from 380K to
350K when the active region thickness (number of stages) reduces from 1.85um (40 stages) to
0.7um (15 stages) for the same total electrical power of 14.4W injected into a 3mm x 10um BH
device. Simulations were done within COMSOL assuming the device is mounted epi-down on an
AIN submount, using anisotropic thermal conductivity (1 W/(m-K) along growth direction and 4
WI/(m-K) in the epi-layers plane), and using an exemplary injected power density corresponding

to the operational point for QCLs reported in [15].
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Figure 4-4: Calculated (COMSOL) dependence of average active region temperature on active
region thickness for an exemplary QCL design. Total injected electrical power dissipated in the
active region was kept constant at 14.4W for changing thickness. Device configuration: buried
heterostructure, 3mm x 10um, epi-down mounted on AIN submount.

Figure 4-4 shows that calculated thermal resistance for an active region with a cross-section of
0.7um x 10um (15 stages) is 3.5K/W, much lower than its value of 5.4K/W calculated for devices
with 1.85um x 10um cross-section (40 stages). As a consequence, average active region
temperature of 380K is projected to be reached for this configuration when total injected electrical
power exceeds 23W, a value that is significantly higher than 14.4W calculated for the 40-stage
structure. As discussed above and experimentally shown below, QCL pulsed efficiency does not

change dramatically with a change in number of stages. Therefore, counterintuitively, due to a
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larger range of injected power density allowed in CW operation, QCLs with a reduced number of
stages can produce CW optical power comparable to that for their traditional “thick active region”

counterparts with the same cavity length.
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Figure 4-5: Calculated (COMSOL) dependence of average active region temperature on power
dissipated in the active region for a 15-stage design. Device configuration: buried
heterostructure, 3mm x 10um x 0.7um, epi-down mounted on AIN submount. Corresponding
thermal resistance for the 15-stage design is 3.5K/W vs. 5.4K/W for a 40-stage design.

The reduction in a number of active region stages proportionally reduces laser slope efficiency
[15]. Therefore, to achieve a high optical power level, a structure with a reduced number of stages
should be designed to have an increased laser dynamic range. This can be achieved through a

combination of an increased active region/injector coupling and an increased active region doping.
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The structure reported in [10] was optimized for a high peak power, high pulsed efficiency
operation. It had the maximum current density of approximately 9 kA/cm2, two to three times
larger than that for state-of-the-art CW structures. The combination of the high maximum current

density and the very high efficiency makes that design suitable for the present study.

4.3. Results and Discussion

A 15-stage structure with the active region and waveguide designs reported in [10] has been grown
by molecular beam epitaxy and then processed into the traditional BH configuration. The reduction
in active region thickness resulted into ~40% reduction in growth time. Laser chips were
subsequently cleaved from the wafer and mounted epi-down on AIN submounts.

Figure 5-3 shows pulsed and CW optical power vs. current and voltage vs. current characteristics
for a 2.1 mm by 10 um device with a high reflection (HR) coated back facet and an uncoated front
facet. CW curves were measured only up to 1.6A due to a limited current range of the CW laser

current driver.
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Figure 4-6: Pulsed (600ns; 10kHz) and CW optical power vs. current and voltage vs current
characteristics measured for a HR-coated 2 mm x 10 um QCL at 293K. The inset shows that the
laser spectrum is centered at 5.55 pm.

The measured pulsed slope efficiency of 0.10W/A per stage was very close to that for 40-stage
devices with the same mirror losses [15]. Corresponding pulsed threshold current density and
maximum current density were measured to be 3.1 kA/cm2 and 11.9 kA/cm2, respectively. Roll
over voltage was 6.2V, which is 0.62V higher than its value projected based on the 40-stage
structure data. The latter result suggests that there is an additional series resistance for the 15-stage

structure and that laser performance can be further improved if the series resistance is reduced.
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Measured CW slope efficiency in the vicinity of laser threshold was found to be 1.42W/A, very
close to its pulsed value of 1.45W/A. At the same time, CW threshold current density was
measured to be 3.7 kA/cm2, higher than its pulse-mode value of 3.1kA/cm2. The comparison
between CW and pulsed data for slope efficiency and threshold current density results are generally
consistent with the large T1 and a relatively low TO values measured for this design in [10]. If we
compare the output power of this device to a high output device as in [15], which has a linear
power density of .45W/mm as compared to the 15 stage structure having linear power density
larger than 0.5W/mm; we see the advantage of the reduction of number of stages. This power
density is expected to increase as we increase lateral dimensions of the device.

Maximum measured wall plug efficiency in pulsed and CW modes of operation was 18% and
12%, respectively. Note that if the series resistance problem for the 15-stage structure is resolved,
corresponding efficiency values are projected to increase to approximately 20% and 14%.
Therefore, the projected pulsed efficiency for the 15-stage structure is only 25-30% lower than its
value for the reference 40-stage design. This is despite the fact that mode overlap factor is 3.5
times lower for the “thin active region” structure as shown in Figure 4—7. These experimental data

demonstrate that laser efficiency does has a relatively weak dependence on number of stages.
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Figure 4-7: Calculated (COMSOL) mode overlap factor dependence on number of QCL stages
for the structure reported in Ref. 5-2.

QCL optical power can be approximately scaled with cavity length by optimizing output facet
reflectivity [16]. Therefore, the value of optical power normalized to the active region footprint
can be used to evaluate high power capability of a particular design and can be compared across
different structures. In the case of CW QCLs, such comparison results depend on injected electrical
power, laser efficiency, and laser thermal resistance. The significantly reduced thermal resistance
for the 15-stage design allows for CW operation at much higher injected power density, three to
four times higher than that for traditional designs reported in [15] and [17]. As a consequence, the

normalized power level for the new design with active region is high. Figure 4-3 shows that the
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15-stage structure is capable of producing over 0.5W of CW power per 1mm of cavity length in
the 10pm-wide BH configuration. This power level is comparable to that for the 40-stage structure
reported in [15] and exceeds that for the structure reported in [17]. The data demonstrates that the
QCL configuration with a reduced number of stages is suitable for high-power applications. Also,
these results are very promising for the development of high power broad area QCLs [18] as they
show that a combination of a low thermal resistance and high optical power/high performance
required for power scaling with the lateral device dimension (ridge width) is possible.
Threshold current density and slope efficiency dependence on laser cavity length measurements
(2/L method) were performed for the 15-stage structure and compared to corresponding values for
the reference 40-stage design. 72% injection efficiency ni extracted from the data was close to its
value of 75% measured in [10]. Measured change in I'-g from 5.4cm/kA for the 40-stage structure
to 2.2 cm/kA for the 15-stage structure can be explained by the corresponding reduction in I’
(Figure 4-7). Finally, waveguide losses of 0.80 cm-1 measured for the 15-stage design differed
from 1.2 cm-1 losses measured for the 40-stage design also due to the difference in mode overlap
factor with the active region.
The comparison between waveguide losses for the two designs allows to separate total waveguide
losses into the active region losses aar and losses originating from the cladding layers oc. Total
waveguide losses can be represented as

aw=(1-T) aa+T" oar (4-2)
Based on Eq. 2, the combination of the measured values for aw and the calculated values for I’
yields a¢ = 0.7 cm-1 and aar = 1.4 cm-1. These results show that the intersubband losses have a
significantly larger contribution to overall waveguide losses than the free carrier losses and that

intersubband losses should be minimized in the QCL design.

36



The experimentally obtained values for (1-I')-aq are in a good agreement with the values calculated
based on the classical Drude model. Experimental/model data for cladding losses for the 40-stage
design are 0.25cm-1/0.14cm-1 and for the 15-stage design — 0.56cm-1/0.39cm-1. The higher value
of ag for the 15-stage design is due to a larger mode overlap with the outer cladding layers that
have a higher doping level. The discrepancy between the model and experimental data likely stems
from an uncertainty in the carrier scattering time used in the classical Drude model [19] (its typical

range for QCL structures is from 100 to 200fs).
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CHAPTER 5: SURFACE EMISSION OF A BESSEL BEAM

5.1. Introduction

For many system level applications, there exists a requirement for an array of devices to produce
different power or color output on a spatial dependence such as infrared scene generation or
hyperspectral imagers. When considering a system incorporating an array of devices, system level
performance is dependent on isolation between devices of the array. As previously mentioned,
systems incorporating quantum cascade lasers will have to mitigate the large amount of heat
produced from a single device. That is, heat produced from one device will affect neighboring
devices, limiting operating temperature conditions and degradading lasing and overall device
performance. Thus, reduction of heat generated is essential for proper operation of the system. In
particular, the 15 stage device introduced within the previous chapter is well suited for solving this
thermal issue, as heat can be readily extracted more efficiently as compared to a device with more
stages.

When considering an array of ridge lasers, there exists three dominant issues with the

configuration:

e The output beam is highly divergent due to a small exit aperture, requiring special facet

coatings or external optics

e A large power density through this small exit aperture can lead to catastrophic failure as

seen in Figure 5-1.

e Inorder to minimize mirror losses, it is necessary to cleave the end facet to obtain specular

transmission which increase the risk of precious material waste
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The solution to these problems exist as a surface emitting LASER. Specifically a ring cavity
quantum cascade LASER utilizing 2"-order distributed-feedback grating to obtain surface
emission. However, because emission from opposite sides of the ring is 180 degrees out of phase,
destructive interference is observed along the axis of symmetry, resulting in a first order Bessel
function intensity profile. [20] [21]Additional azimuthal oscillations in the intensity profile are

caused by beating between the grating period and emission wavelength.

Figure 5-1:Optical microscope image of a QCL destroyed by optical breakdown at the ARC facet.

5.2. Theoretical Considerations

Figure 5-2 presents a schematic of the coordinate system and geometrical parameters. Laser
radiation is emitted in the z direction from the top facet of the ring. Huygens principle gives for

any field component up at the observation point P, [22]

kueikR

P oiRx

df (5-1)

n
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where k is the wavevector magnitude, R is the distance from area element df to P, and u is the field
value at df. The integral is performed over the emitting surface, i.e. the top surface of the ring,
and dfy is the projection of the surface area element df on the direction of the ray from the light
source within the ring to df. The area element df is already in the same direction as the assumed
direction vector n (z direction) of the rays from the source of emission within the ring to the exit
aperture on the top surface of the ring, so that df, = df = wadg, where w is the width of the ring
waveguide. Without loss of generality, given the azimuthal symmetry, we may align the
coordinates so that the x-axis is directly under the field point P, so that only the polar angle (6o)
and field point radius vector (Ro) are needed to specify the position of P. The polar angle for the
position of each area element is 6/2, so that only the azimuthal angle ¢ and ring radius a are
necessary to specify an area element’s position. With these coordinates, the vector from area

element to field point P is R = Ro - a = {Ro'Sinf,— a-cosy, -a-sing, Ro-c0s6o}.

=] 2 Constructive
= E R Interference
7 ;
e E a ¢\/
i <.

Figure 5-2: (left) Geometry for calculation of ring-cavity emission profile. Field point P lies
above the x axis. (right) ring cavity with theoretical spiral phase shifter
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Since a << Ro, R = V(R¢? + a2 + 2R¢-a sinfo-cosp ~ R =~ Ro— a sindscosg. Since the range of 6,
is small, keeping the angle dependent terms in the denominator of Eq. (1) gives only slow
variations with polar angle, so there we take R = Ro. On the other hand the factor k-a in the
argument of the complex exponential may be large, giving rise to a large phase that oscillates
rapidly with small changes in polar angle, so there we must keep the second term in the expansion

of R. Then, equation 1 becomes

~ wake"® J-er

u
T 2R,

uefikasinG)0 cos¢d¢ (5-2)

0

The azimuthally-polarized® electric field of the emitted wave at the surface of the ring is
E = Eof-sing, cosp, 0}. We may then write
. wake ™ E,_ (2r i :
E —iE = . 0 e—lkasm@)0 cos¢e|¢d¢ (5_3)
Erx calculates to zero because contributions from members of each pair of opposite area elements
equally distant from P have opposite sign, and their contributions cancel. However, opposite area

elements that have equal but opposite y components are at different distances from P and do not

completely cancel. The Bessel function in integral form is

1 27 . :
J 7) = elzcos¢e|n¢d 5_4
(@)=, ¢ (5-4)
so that
wake"® E i
E,y :_TO J,(kasin®,) (5-5)

0
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where we have used the property that J: is an odd function of its argument.

To eliminate the central node, the anti-symmetry of the ring must be broken. Physically
this has been previously demonstrated by means of two m/2 phase shifts at @ phase apart on the
ring. In addition we propose a spiraling 3d wedge that may be added to the output facet of the ring.
Mathematically, this will alter the phase of the emitted light by a 2r phase shift around the ring
and is introduced as an additional angle dependence on the phase term in equation (1). Such a

vertical spiral wedge is depicted schematically in Figure 5-2 (right).

ikR,

_ wake 2z —ikasin®, cosg+ig
UP B ZiﬂRo J.O e d¢ (5-6)
Then
_ wake"® E, .
B 72
_ wake"® E, :
E,, +iE,, :TJO(kasm 0,) (5-7b)

0

where we have made use of the evenness of the functions Jo and J> with respect to their arguments.

Equations (7a) and (7b) give

ikR,
E, = %[Jo(kasin ®,)-J,(kasin®,)] (5-82)
wake"® E, : .
E,, :—T[Jo(kasm ©,) +J,(kasin®,)] (5-8b)

0
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The intensity obtained by summing the absolute squares of the fields in equations (5) and
(8) are plotted as a function of polar angle @ in Figure 5-3. Results with the wedge show a central

peak whereas those without have the usual a central node. [23] [20] [24]

Intensity (Arb. units)

:
-1.0 -0.5 0.0 0.5 1.0
Polar Angle @ (deg)

Figure 5-3: Intensity distribution as a function of polar angle ®y with (black) and without the
spiral wedge (red).
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5.3. Experimental Details

The distributed feedback ring grating is fabricated in a similar manner to the traditional ridge guide
with an additional initial lithography step utilized to transfer a circular grating pattern into the
cladding layer of the LASER. The surface InP based sample is initially prepared by a bath
submersion in buffered oxide etch. Immediately following this, the sample has 750nm of SiO2
deposited on the surface by a PECVD chamber. Following this deposition is 50nm of electron
beam evaporated Al203 is deposited. Electron beam sensitive PMMA resist is then spun on to the
sample to a thickness of ~400nm. A pattern utilizing a LEICA HS 5000+ electron beam writer
exposes a radial grating pattern into the resist at a dose of 300uC/cm?. The pattern is then
developed in MIBK:IPA 1:3 for 60s.

Transfer of the electron beam generated pattern to the InP is completed in 3 subsequent etch steps.
A BCI3 plasma at 50Watts RIE, 200Watts ICP, 10mTorr, and 20sccm BCL3 was used to
selectively remove the AlI203 over the PMMA with an etch selectivity of ~1:3. Following this
plasma, a CF4/02 plasma was exposed to obtain selectivity of ~15:1 of the SiO2 over the Al203
with chamber conditions at 50Watts RIE, 200Watts ICP, 5mTorr, 5sccm O2, 20sccm CF4. To
transfer the pattern into the InP substrate, a H2/CH4 plasma was used to obtain a large selectivity
of the InP to the SiO2. Chamber conditions were as follows at 200Watts RIE, 600Watts ICP,
5mTorr, 20sccm CH4 and 10sccm of H2. Figure 5-4 shows a patterned device with a DFB grating

etched. Figure 5-5 illustrates the steps for this initial patterning stage.
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Figure 5-4: Scanning electron microscope image of a DFB pattern etched into the cladding of a
ring cavity quantum cascade LASER
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Figure 5-5: Processing steps for distributed feedback grating A) Sample surface is prepared
with BOE B) sample is coated with PECVD silica C) Alumina is ebeam deposited D) Electron
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beam resist is spun coat and exposed E) Sample is developed in MIBK:IPA 1:3 F) Al203 is
selectively etched with BCL3 RIE G) SiO2 is selectively etched with CF4 + O2 H) Sample is
selectively etched with CH4 +H2 1) BOE is used to remove etch mask

The considered spiral wedge has been fabricated separately utilizing a 3dimensional electron-beam
lithography technique. A JEOL scanning electron microscope equipped with Nanometer Pattern
Generation System (NPGS) patterned a design in discretized areas using different electron doses.
Taking advantage of development rate on dose, the 3-D spiral was fabricated and then transferred
into a silicon substrate by an SF6 reactive ion etch plasma. Figure 5-6 presents an optical
microscope image of the wedge, and presents the line profile across the wedge. The depth
difference between opposite sides is ~350 nm so that the total height of the wedge that has been
etched into silicon is d = 700 nm. The phase difference for two waves from opposite sides of the
ring with an ideal wedge is A (n-1) d/A. We consider the height for a wedge etched into the InP
substrate of a substrate-emitting RCSE QCL. For the desired phase difference of x, an index of
3.1 for InP, and a wavelength of 5 um, the desired wedge height would be 2.4 pm. With
optimization of the differential etch rate for mask and wedge material, the desired wedge seems
feasible. Additional methodologies of forming the spiral wedge include gray scale mask techniques

[25], and direct laser write methods [26].
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Figure 5-6: (4) Optical image of a 300um spiral ring fabricated into silicon. The dashed line
indicates the profilometer track. (B) Height profile across along the spiral diameter. (C) Angled

Scanning Electron Microscope image of the spiral written in e-beam resist

At the time of writing this thesis, this surface emission ring cavity project is still ongoing. The
fabrication process of the entire structure including the integration of the distributed feedback
grating into the ring waveguide has been established as is shown in Figure 5-4. The project
currently is awaiting live material to begin fabricating the ring cavity surface emitting lasers. Once

fabricated, devices will be tested, characterized, and implemented into an 2-d arrayed system.
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CHAPTER 6: EXTERNAL CAVITY OPERATION UTILIZING AN
ACOUSTIC OPTIC MODULATOR

6.1. Introduction

As the dominant high powered, compact, infrared source it comes to no surprise that quantum
cascade LASERS are ideally suited for spectroscopic applications. In particular, their high output
powers allow for trace and remote sensing of the rotational and vibrational bands of most
molecular species. Spectroscopic sensors have numerous applications including but not limited to:
combustion sensing [27], trace explosive detection [28], hyperspectral imaging [29], remote
sensing [30], industrial gas monitoring [31] and environmental monitoring [32].

For spectroscopic systems in the field, ideal spectroscopic systems require the following
properties:

e wavelength tuning over a large range

narrow linewidths

Large stable optical output power

Rapid wavelength tuning

Compact and rugged

Large optical powers to overcome atmospheric absorption or surface scattering for remote sensing
applications, may be obtained by scaling the lateral device dimension. However in doing so, the
QCL device is prone to thermal breakdown and reduction of the total number of stages to reduce
active region temperature is required as previously discussed.

By inserting a high powered device, such as the one presented here, into an external cavity system

utilizing a non-mechanical modulator, one obtains rapid wavelength tuning of single mode output
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that is insensitive to vibration, which is ideal for a fielded system. In the following chapter, initial
results utilizing the reduced superlattice designed quantum cascade laser with an electrically

controlled acousto-optic modulator is presented.

6.2. The Experimental Setup

The external cavity system implementing an acousto-optic modulator is shown in Figure 6-1. A
radio frequency signal is applied to a piezoelectric transducer which creates a travelling acoustic
wave in a germanium crystal. The created sound wave produces a spatial periodic variation in the
germanium’s refractive index due to compressions and rarefactions of the sound wave. This
periodic refractive index modulation creates a diffraction effect when an incident optical beam
enters the crystal. That is, when an optical beam is incident on the acousto optic modulator, a

wavelength dependent deflection occurs, according to
0= sin‘l(w)

A
If a mirror is placed at the center frequency of the deflected beam, a narrow band of wavelengths
proportional to the optical path length of the diffracted beam reflects back into the quantum
cascade laser creating a Fabret perot cavity. Due to mode competition, these selected wavelengths
increase in gain each pass and are output at the opposite facet. Optical power emitted from each
facet of the laser was collimated with an antireflection coated ZnSe lens. The mirror in the external

cavity was placed 9cm from the output of the acousto-optic modulator and aligned to the first order

diffracted beam.
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Figure 6-1: Diagram of a quantum cascade laser in an external cavity utilizing and acousto-
optic modulator

The quantum cascade LASER utilized is a ridge-waveguide type where the lasing region is
confined laterally to 10.4um at a depth of 6.5um below the surface and extends ~3.1mm in length.
The QCL was mounted epitaxial side down such that the lasing region was closer to the sub-mount

for heat removal, as shown in Figure 6-2.

51



1 um Mag= 4.00 KX EHT=10.00kV Date :29 Jul 2016
| | Signal A=InLens WD = 45mm Time :19:34:04 Unaversery of CantRaL FLorma

Figure 6-2: Scanning Electron Microscope image of the QCL ridge lasing channel below sub-
mount. The area above the channel is sub-mount AuSn solder

In order for the quantum cascade laser to operate with wavelength selection dictated in an external
cavity, it became necessary to remove the on chip Fabret Perot cavity between the two LASER
facets. This was done by applying a thin antireflection coating on one facet, by means of an
electron beam physical vapor deposition chamber. Figure 6-3 presents the optical output power
curves of the device before and after the anti-reflection coating was deposited. The data presented

was collected in pulsed operation at 10kHz with a pulse width of 600ns.
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Figure 6-3: Light-Current Curve for the Quantum Cascade LASER without an anti-reflection
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The radio frequency driver of the acousto-optic modulator ranged from 30MHz to 60MHz. The
QCL was operated in pulsed-mode operation at 1.25A with a pulse width of 125ns and duty cycle
of 5%. The power applied to the acoustic-opto modulator was ~11.25W. Figure 6-4 displays the
spectral output of an AOM in external cavity while varying RF input frequency. The emission
wavelength for the external cavity system spanned ~200cm™ ranging from 1725cm™ to 1925cm-

1. The measured QCL emission spectrum linewidth for the central gain frequency of ~1825cm?

was ~8cm™.
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Figure 6-4: Spectral emission span of the cavity achieved by tuning the AOM with input RF
frequency while operating in pulsed mode. The thick black line corresponds the measured
intensity of the beam, whereas each color represents an emission spectra obtained by a different
RF frequency into the AOM. The center frequency corresponding to an input frequency of
40.8MHz and the two outer limits at 38.07MHz and 43.3MHz. The approximate spectral width of
each tuned emission spectra is 8cm™.

If the QCL is instead driven at the pulse driver’s maximum pulse width (1us) and maximum duty
cycle (5%), the average spectral width drops to ~4.5cm™ at the cost of the total spectral range for
a driving current of 1.25A decreasing the spectral span from 200cm™ to nearly 100cm™. This is

evident in Figure 6-5.
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Figure 6-5:Spectral emission span of the cavity achieved by tuning the AOM with input RF
frequency while operating in pulsed mode at 5% duty cycle and 1us pulse width. Each color
represents an emission spectra obtained by a different RF frequency into the AOM. The center
frequency corresponding to an input frequency of 40.8MHz and the two outer limits are at
39.08MHz and 41.1MHz. The approximate spectral width of each tuned emission spectra is
4.5cm™,

We can further decrease the spectral linewidth of emission by allowing the QCL to operate in
continuous wave as shown in Figure 6-6. The approximate spectral width of the emission spectra

is ~3cm™™. The AOM for continuous wave was kept at a frequency of 41MHz.
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Figure 6-6: Spectral emission of the cavity operated in continuous wave with fixed AOM
frequency ~41MHz. The approximate spectral width is ~3cm™.

Demonstration of the rapid spectral tunability of the quantum cascade LASER in an acousto-optic
modulator external cavity, is presented in Figure 6—7. Acetone vapor was measured utilizing an
infrared photovoltaic detector sold by Boston Electrons, with a response time <1ns. Multiple scans
were taken with the AOM’s frequency modulated by a saw tooth wave at a frequency of 140kHz,
from 38MHz to 43MHz, covering the full range presented in Figure 6-5. The QCL was operated
in this pulsed regime in order to have the largest spectral span to observe desired spectral features

at wavenumbers below 1800cm™. Two sample scans were taken; one of the emission of the QCL
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AOM external cavity, another with acetone vapor and the last with a Formaldehyde gas cell placed
in front of the detector. The high vapor pressure of acetone and strong absorption band at ~1750cm"

! cut off the left portion of the spectra corresponding to the lower wavenumbers.
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Figure 6-7: Oscilloscope output of infrared photovoltaic detector signal measured over multiple
scans of the QCL emission output (yellow) and that of acetone vapor (green-above) placed in
line of the detector

This system was built under a contract for a phase | grant granted by the Air Force. Its intent was
to be used for a novel application of real time measurements for combustion diagnostics. Currently
results are being reviewed by the Air Force and cannot be published during the time of writing this

thesis.
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CHAPTER 7: CONCLUDING REMARKS

Focus of this work is on the reduction of the number of stages within the superlattice of a quantum
cascade laser to reduce cost of the device and allow for power scaling. A quantum cascade laser
with a reduced number of stages is investigated and characterized in terms of device performance.
Additionally it was also shown how this novel design may be advantageous for particular system
level applications.

A structure referenced in [10] was grown only with nearly a third of the number of active region
stages. This device was then processed following standard semiconductor techniques into a buried
heterostructure ridge emitting device of 10um width by 2.1um length. Optical power and voltage
measured against injection current was measured in pulsed and continuous wave operation at room
temperature. These measured characteristics were compared against the structures measured in
[10] and [15]. By reducing the number of stages it was shown that the current threshold was not
substantially increased as the threshold current is mostly dominated by the transparency current
term. It was also shown that due to the reduced slope efficiency of the device, the maximum current
allowed was increased by design of the sheet density and coupling factor in order to allow for
larger optical output powers.

As compared to the sister sample in [10] with 40 stages, the 15 stage device performance presented
here is comparable. A reduction of wall plug efficiency from 28% to ~20% was observed between
the two samples. Slope efficiency per stage between the two devices were identical.

Thermal simulations of the active region and device were also investigated utilizing a commercial
simulation package (COMSOL). Investigations from thermal transport simulation reveal that

because of the low thermal conductivity of the ternary materials utilized within the active region,
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reduction of the number of stages resulted in a lower active region temperature when operating in
high duty cycle operation. Specifically it was shown that whilst maintaining the same injection
current density, that for a reduced 15 stage device the lateral dimension of the superlattice could
be nearly ~6x larger before the maximum temperature of the active region is equal to that of a 40
stage device. This is particularly promising for further developing the technology in the pursuit of
larger output powers from a single quantum cascade laser.

When operating the device from pulsed operation to continuous wave operation, the change in the
following figure of merits were small indicating that the active region was not significantly
overheating causing severe degradation of device performance. The slope efficiency had a
reduction of 2% and the threshold current density had a minor 16% increase. Optical power
densities in pulsed operation were observed to be 1.07W/mm and in continuous wave operation
observed to be larger than 0.5W/mm which is larger than the device produced in [15], leading to
the possibility of larger optical power outputs by the increase of cavity length and later width of
the device.

Further, it was shown that the device could be processed into a ring cavity surface emitting device
as opposed to a traditional edge emitting laser. The ring cavity configuration, although processing
complexity has increased, has the added benefits of lower risk of catastrophic optical damage due
to the high power densities confined within a small region, less divergence from a larger exit
aperture and ease of die formation as compared to its ridge counterpart. Particular applications that
are in particular well suited for this design are infrared scene projection and hyperspectral imaging,
where a 2-d spatially arrayed quantum cascade lasers are needed for the system. Although no

surface emission was observed during the duration of this project, phase Il is actively being

59



pursued and additional funding resources to continue the DFB incorporation for surface emission
is being investigated.

Additionally it was demonstrated that this particular QCL with its high output power in the
continuous wave regime is well suited for applications where a signal may exist in a broad
attenuating background. Applications which benefit include short range remote sensing through
non-atmospheric windows or gas combustion diagnostics systems. Both of which rely on
absorption spectroscopy to determine species identification. By destroying the Fabret Perrot cavity
intrinsic to the laser and creating an external cavity with mirror and phase grating, single
longitudinal mode output could be obtained. Through modulation of the phase grating (acoustic
optic modulator) the wavelength dominant within the cavity would fire external to the cavity by
simple mode domination of stimulated emission. This system was built under a contract for a phase
| grant granted by the Air Force. Its intent was to be used for a novel application of real time
measurements for combustion diagnostics. Currently results are being reviewed and cannot be

published during the time of writing this thesis.
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APPENDIX A: THE MULTI-WELL PROBLEM
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The single well potential also known as the particle in a box is a well-known introductory
quantum mechanical problem studied to illustrate quantum effects. The problem is well known
and further information on solving the single well analytically is established in many published
text books. [33] [34] [35] For the purpose of this thesis we suppose there exists a multi-well
problem and approach the solution numerically.

We begin with the time independent Schrodinger equation.
2
2w yy =EY (A-1)
2m
In the expansion of equation A-1, we must in general allow for the effective mass m* to vary

with growth direction as dissimilar semiconductor epitaxial layers may have dissimilar

effective masses. Equation A-1 may be written as

)

ZZ *

5, UY = EW (A-2)

Expansion of the first partial spatial derivative as a finite difference approximation of

equation A-2 leads to
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Continuing the expansion with centered defined expansion of A-3

72 W(z+287)-¥(2) 72 Y(2)-¥(z-267)

2m*(z+685) 26, zszm*(Z—sz) 264 + Ul[/(Z) = E'P(Z) (A_4)

Y(z+265)-¥(2) _ Y(z)-¥(z-26;) _ 8 é‘z

. e (E-U)¥(2) (A-4)
W(Z‘Hi‘z) 2- é‘z E—U)+ 1 _ + y _ Y(z— 5z) A-5
(e (5 ( ) e T ( )] (2) — )) (A-5)

Where we have transformed 26z to 8z. The effective mass may be found at its neighboring
points. [26]
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Consideration of non-degenerate solutions allows for uniqueness of the eigenvalue

problem and allows for the numerical calculation of equation A-5 by means of a shooting

method. Methodology of the shooting method begins by initializing the boundary

conditions of Y(0)=0 and Y (6z)=1, iterating through eigenenergies and solving equation

A-5 for the entire wave function. We converge on solutions of the defined potential due to

the existence of only a discrete set of eigenenergies that are solutions to the time

independent Schrodinger equation; all other values cause divergence of when solving for

the wave function. Figure A1 illustrates the methodology of the numerical method.
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Figure A-1: Diagram illustrating methodology of shooting method of multi-well problem with
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The numerical shooting method is a powerful tool essential towards the design of quantum

cascade LASERS.
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