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Abstract

Quantum cascade lasers (QCLs) are capable of high power, tunable wavelength and sin-
gle mode emission at room temperature in the mid-infrared wavelength region. These
capabilities make them perfect light sources for laser based gas spectroscopy. The work
described in this thesis focuses on development of QCLs suitable for selective gas sensing

applications.

The thesis starts with the description of different changes to the QCL active region de-
sign. These changes were studied in order to improve laser performance while keeping
the emission wavelength fixed. The proposed modifications were performed on short mid-
infrared wavelength (A = 3 — 4 pum) quantum cascade lasers based on InGaAs/AlAsSb

and InAs/AlSb material systems.

The focus of this work is then moved to the description of a single mode quantum cascade
laser with a third order unilateral grating. The previously unreported grating architecture
that was used to achieve distributed feedback (DFB) in a QCL, as well as grating design
and laser characterization are detailed in Chapter [5] The reported laser generates single
mode emission with 30 dB side mode suppression ratio and a linewidth of 0.4 em™1.

The simplified fabrication process for a third order DFB grating is developed for A =

3.3 — 3.6 um emission wavelength.

A different approach to achieve single mode emission in a QCL is described in Chapter

[l An external cavity QCL setup combined with the Fabry-Pérot (FP) reflector is re-



ported for the first time. The F'P reflector is used to provide selective feedback that is
controlled by the separation distance between two F'P reflector mirrors. This external
cavity arrangement allows generation of a wide spectral range and the rapid wavelength

tuning capability.

Finally, the thesis is concluded with sensitive gas detection experiments. The direct ab-
sorption technique is utilized to demonstrate the 160 ppmuv detection of methane with the
ro-vibrational absorption line located at A ~ 3.3 um and 1 ppmuv detection of nitric oxide
with the absorption line located at A ~ 5.3 um. The experiments were performed using

single mode lasers that were designed and fabricated in Sheffield.
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Chapter 1

Introduction

1.1 General principles of a semiconductor laser

The acronym ” LASER” stands for ” Light Amplification by Stimulated Emission of Ra-
diation”. The phenomenon is based on the quantum mechanical process of stimulated
emission. Stimulated emission is different from spontaneous emission - the process that
produces luminescence in light emitting diodes. Stimulated emission is responsible for
the photon density increase inside a laser cavity, which leads to optical amplification. In
contrast, absorption is the reason the photon density reduces, causing optical attenua-

tion.

A simplified version of the processes inside a semiconductor laser cavity is shown in Figure
The photon can be created with energy hv traveling inside the cavity through the
spontaneous emission process. It can be absorbed by the reverse process causing light
attenuation or it can stimulate another electron transition through the stimulated emission
process causing light amplification. In the normal condition of thermal equilibrium, the
energy level £ will be more populated than the upper level F5, as given by the Boltzmann

factor in Equation



1.1. GENERAL PRINCIPLES OF A SEMICONDUCTOR LASER 1.1

N, = P (1.1)

where N; and N, are carrier populations at the respective energy levels; h - Planck con-

stant; v - frequency; kg - Boltzmann constant and T - temperature.

The N; > N> condition means that the absorption process is dominant causing light at-
tenuation. If the condition is reversed, the opposite will be true, resulting in net light
amplification. This condition is called population inversion and in the intersubband semi-

conductor lasers is typically achieved by careful energy level design.

Upper energy level E, : population N,

U\~ absorption spontaneous | stimulated
emission emission
hv

Lower energy level E : population N,

Figure 1.1: Simplified diagram of the transition processes inside a laser cavity. Absorption
and spontaneous emission are the dominating processes when population N; of the lower
energy level F1, is higher than population Ny of the upper energy level Fo. The stimulated
emission process starts to dominate when the condition is reversed.

If the population inversion criterion is met, the stimulated emission process starts to
dominate over the absorption process provided that an appropriate laser cavity is available.
The schematic diagram of a semiconductor laser cavity is shown in Figure The light
is kept inside the cavity through the reflections caused by the difference in the refractive
indices between the semiconductor material (n ~ 3.2) and air (n = 1). The reflectivity
at the semiconductor-air boundary is typically about 27% and often is sufficient to obtain
lasing without the need for reflectivity enhancement through high reflectivity coatings or

external mirrors.

The injected charge into the upper energy level can produce a photon through radiative
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T

R, R,

Figure 1.2: Schematic diagram of laser cavity

transition with frequency corresponding to the transition energy ~ E,;/h for interband
lasers and ~ Fg,;/h for intersubband lasers. The produced light is reflected back and forth
generating more photons of the same frequency through the combination of spontaneous
and stimulated emission processes. At some particular injection current value (for the
electrically pumped laser), called the threshold current (Iy,), the optical gain produced
inside the laser cavity becomes equal to the losses thus creating the conditions for laser
emission. Further increase in the current converts the excess of the charge carriers into

photons increasing the output power.

The oscillating light inside the cavity forms longitudinal standing waves that can be de-

scribed by Equation [1.2

!/
l:M><i (1.2)

where [ is the length of the laser cavity; M is an integer; A is the wavelength inside the
optical cavity, and is equal to A/n with n equal to the refractive index of the cavity and
A is the free space wavelength. From here it can be shown that the oscillating frequencies

inside this cavity must satisfy Equation [1.3
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=M x — 1.3
v X o (1.3)

where c is the speed of light. As a result only frequencies that are covered by the laser

gain bandwidth and that satisfy Equation [I.3] can exist inside the laser cavity.

The gain coefficient G is a characteristic property of a laser describing its ability to increase
optical power. When the condition for the light oscillation inside the cavity is met, the

threshold gain, Gy, is at its maximum and can be expressed using Equation [1.4

l111(R1R2) (14)

Gth:a_Zl

where « is the attenuation coefficient accounting for scattering losses and absorption due

to processes other than interband transitions and R is the mirror reflectivity.

Assuming that the gain coefficient increases linearly with the injection current (I;;,), as
shown in Figure[T.3a] Gy, will be reached when I;;, = Iy,. At this point, the gain coefficient
is equal to the losses experienced by the optical cavity and cannot increase any further,
otherwise the stability condition required for oscillation to occur would be broken. As a
result, the excess of input current will be converted into electron-hole recombination for
interband lasers and AE = Eypper — Elower €lectron transition for intersubband lasers,

causing linear power increase as shown in Figure [1.3b

The power output can therefore be written as:

hv
Pout = 77?(12‘ — Itp) (1.5)
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| Ly, Q-j |
. . Gy, g
e | | 3
£ | o | |
T 5 th
o ' a

1 ! 5

| o
Injection current (1. ) Injection current (I, )
(a) Gain coefficient vs injection current (b) Power output vs injection current

Figure 1.3: Power output (a) and gain coefficient G (b) as a function of injection current
Lin. Iy, is the threshold injection current and Gy, is the threshold gain coefficient required
for laser emission.

where 77 defines the electron to photon conversion ratio, also known as the quantum effi-
ciency and e is the electron charge. Careful active region design and defect-free samples
can bring this quantity close to unity. Lasers with cascaded active region designs can have

quantum efficiencies of n > 1.

1.2 Intersubband transitions

An intersubband transition is the type of transition where the electron changes its energy
state inside the subband of the valence or conduction band. This is unlike the interband
transition, where the electron has to recombine with the hole between two bands - conduc-
tion and valence. The schematic diagram of an intersubband transition inside a quantum

well is shown in Figure [T.4]

The energy difference AFE,,;, between the intersubband levels is usually smaller than
the energy difference of the interband transitions, resulting in a longer wavelength photon
generation. A typical 8.5 nm GaAs/Aly3Gap7As quantum well will have two levels spaced
at ~ 0.1 eV, producing a photon with the mid-infrared wavelength of ~ 12 ym. The mid-

infrared spectral region plays an important technological role in industrial applications

5
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| hv
hv
O

Figure 1.4: Radiative electron transition producing (absorbing) a photon of energy AE =
Ey — E1 where E7 and E» are confined energy levels within the subband.

such as atmospheric sensing and pollution monitoring. The system used for trace gas

detection utilizing laser spectroscopy is described in more detail in Chapter

The intersubband transition is excited by light polarized along z axis according to the
selection rules for intersubband transitions, where z is defined to be along the growth
direction of the heterostructure. The matrix element for a transition from the myy, to the
my, subband can be written as (m|z|m’). The transition also has to obey the selection

rule described by Am = (m —m’), where Am is an odd number.

1.3 Mid-infrared sources

Most of the mid-infrared spectral region can be accessed by lasers emitting light through
intersubband transitions. The main reason intersubband laser emission is limited to the
mid- and far-infrared regions is the immature growth technology preventing the growth of
high quality quantum wells with large conduction band discontinuity, such as those found

in InGaN/AIN heterostructures.

A schematic comparison of different laser sources emitting in the mid-infrared region is

shown in Figure CO and COs lasers can produce high output powers but are lim-

6
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Atmospheric transparent windows

B Gas lasers
[ ] Quantum cascade lasers

B Semiconductor lasers
I Non-linear sources

REARRRARRKI
&

CO lasers - CO, lasers

&4 Cryogenic operation

s

Interband InGaAs/S[:}Iasersl

DFG/OPO in
combination with
solid state fiber
and diode lasers

0.1
Wavelength (um)

Figure 1.5: Comparison of different mid-infrared and near-infrared laser sources. Wide
coverage can be achieved with non-linear frequency doubling devices with the help of near-
infrared based fiber lasers. Lead salt lasers are capable of large wavelength coverage at the
expense of stability. Semiconductor lasers cover the whole mid-infrared region. (PPLN
- Periodically Poled Lithium Niobate; QPM - Quasi-phase matching; DFG - Difference
frequency generation; OPO - Optical parametric oscillator)

ited in terms of wavelength tuning. It can be noticed that the large wavelength region is
covered with sources based on down-conversion from near-infrared fiber lasers, where op-
eration in the mid-infrared region is achieved through non-linear processes. These systems
are usually bulky and expensive to operate, making them less attractive for commercial
use despite their high output powers and wide wavelength coverage. The IV — VI lead
salt semiconductor lasers are capable of wide frequency coverage but suffer from limited

reliability, low output powers and need of cryogenic cooling.

The interband cascade laser (/CL) is a hybrid of a regular diode laser, where the radiative

transition occurs between conduction and valence bands, and a quantum cascade laser

7



1.4. QUANTUM CASCADE LASER 1.4

(QCL), where charge carriers are recycled between the active stages. The first demonstra-
tion of luminescence obtained from interband cascade quantum wells was in 1995 by Yang
[1] with the first laser demonstrated by Meyer et al in 1996 [2]. ICLs are most efficient in
the 3 — 4 um wavelength region with reported wavelengths of up to 5.4 pm [3]. Continu-
ous wave (C'W) operation at room temperatures has been achieved at 3.5 — 3.7 um [4, [5].
Quantum cascade lasers, on the other hand, can produce wavelength coverage ranging
from 2.6 pum up to 250 pm [6 [7] with high power outputs and CW room temperature

operation in certain wavelength ranges.

1.4 Quantum cascade laser

Unlike diode lasers, where photon production is only possible through electron and hole
recombination, quantum cascade lasers are unipolar devices. In a unipolar device the
electron transition occurs between the localized states within a single band, the conduction

band in QCLs.

Unipolar and bipolar devices also exhibit differently shaped dispersion curves. Intersub-
band transitions occur between subband states with the same in-plane dispersion curve.
As a result any elastic or inelastic transition that provides the required momentum ex-
change allows the scattering of the electron from the upper to the lower states, reducing the
lifetime of the electron typically to the order of picoseconds, thus favoring non-radiative
recombination. By contrast, the recombination in interband devices is dominated by ra-
diative transitions. Different curvatures in k£ space for unipolar and bipolar devices are

shown in Figure [1.6

Another unique property of the unipolar device, such as QCL, is that the transition ener-
gies are defined by the confinement of the energy levels inside the quantum well, allowing
energy level tailoring by changing the width of the quantum well. This can be achieved

over a wide wavelength range throughout the mid-infrared and far-infrared regions.

8
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a) b)

Figure 1.6: Interband transition (a) occurs between conduction and valence bands that
have opposite curvature in & space. The recombination process is dominated by radiative
transitions. Intersubband transition (b) occurs inside the same band (the conduction band
for QCLs) and therefore has the same curvature of in-plane dispersion. The recombina-
tion process is dominated by interface roughness or optical phonon emission reducing the
lifetime of the upper energy levels.

Quantum cascade lasers consist of a number of linked periods (typically ~ 30 — 50) that
can recycle the electrons from one period to another for multiple photon generation. This
property results in QCLs having high quantum efficiencies 1 (proportional to the number

of stages).

1.4.1 Historical development of QCL

The first documented design of a unipolar laser based on the intersubband transition in
a semiconductor heterostructure goes back to the seminal work of R. Kazarinov and R.
Suris [8, [9]. In their papers, a superlattice under an applied electric field is considered.
The heterostructure is aligned in such a way that the ground state of one quantum well
(E7) is located just below the second excited energy state (E3) of the next quantum well
(see Figure . The photon is emitted during the electron transition from the ground
state to the first excited state (F3) of the downstream well. The population inversion is
achieved by different scattering times, where the transition time between Fy — FEs, 712, is

longer than the intra-well scattering times, 7o;.

9
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A
|

/

Figure 1.7: Schematic diagram of proposed intersubband transition in a superlattice under
electric field F' by assisted photon tunneling. eF'd is equal to the energy acquired by an
electron in an electric field F' in a distance equal to the superlattice period d.

This prediction, however, could not be observed experimentally due to low spontaneous
emission efficiencies of grown samples, making it difficult to be detected. The advent
of molecular beam epitaxy (MBE) in the 1970’s allowed for the first time of very sharp
interface and excellent layer selectivity growth creating the interest for multi-quantum-well
structure studies [I0]. The first intersubband absorption in GaAs/AlGaAs superlattice
grown by MBE was observed in 1985 by West and Eglash [I1]. A number of attempts were
made to implement Kazarinov’s proposal experimentally in GaAs/AlGaAs superlattices.

This led to the first demonstration of the sequential resonant tunneling in a superlattice

10
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by Capasso et al. in 1986 [I2] and the observation of intersubband luminescence pumped
by resonant tunneling by M. Helm et al. in 1989 [13]. Kazarinov’s work stimulated a lot
of theoretical interest that led to the proposals of intersubband lasers, mostly based on
resonant tunneling in superlattices [12], superlattices with two quantum well periods [14]
and the carrier injection into either the first excited state of superlattice or the miniband

[1518].

The breakthrough came in 1994 when Faist et al. working at AT&T Bell Laboratories
demonstrated the first intersubband laser naming it ”The Quantum Cascade Laser” [19].
The first intersubband laser device was grown by MBE and used the Ing 53Gag.47As/Aly.agIngs52As
material system lattice matched to InP. The device was operational only at cryogenic
temperatures with the emission wavelength of ~ 4.2 um. 12 pm wide and 0.5 mm long
devices demonstrated laser emission at a driving current of I = 850 mA, corresponding to
the threshold current density Jy, = 15 kA/ cm?. Despite the limited collection efficiency

(40 %) and the beam divergence (£40°), peak powers above 8 mW were observed.

The high threshold current density prevented laser emission at higher temperatures. It
was not until the original three-quantum-well design with the diagonal radiative transi-
tion was improved with the vertical transition three-well design (see Section [1.4.3)), that
the first room temperature pulsed operation in 1996 [20] was observed. Later on it was
discovered that this design suffers from thermal backfilling, where the electrons start to
re-occupy lower laser levels as the temperature of the device increases, reducing its per-

formance.

The poor operation of QCLs at higher temperatures led to the development of improved
active region designs, namely bound-to-continuum [2I] and double phonon resonance [22],
described in more details in Section [1.4.3] These designs increased the operating temper-
atures, allowing the first observation of continuous wave room temperature operation by
Beck et al. in 2002 [23]. These two designs are still used for high temperature, high power
CW QCLs.

11
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Another important milestone in QCL development has been achieved with the demonstra-
tion of the first laser device grown by metal organic vapour phase epitaxy (MOVPE) at
the University of Sheffield in 2003 [24, 25]. The main advantages of MOVPE are much
shorter baking cycles, accelerating the atmospheric contamination recovery, higher growth
rates and also the ability to facilitate larger numbers of wafers inside its chamber for higher

commercial production yield.

Short wavelength QCLs were always of interest due to the need of emission wavelengths
spectroscopically suitable for commercial applications. The pioneering work on short wave-
length QC lasers was done in 2004 in Baranov’s group at the University of Montpellier
using the InAs/AlSb material system [26]. The group at the University of Sheffield, us-
ing InGaAs/AlAsSb material system with lattice matched on InP substrate also demon-
strated short wavelength operation in the same year [27], with room temperature operation
achieved in 2009 [28]. The first QC laser device with the emission wavelength A\ ~ 3 pm
was demonstrated at the University of Montpellier by Devenson et al. in 2006 [29]. The
same group also hold the record for the shortest wavelength QCL, demonstrated in 2010,

at A ~ 2.6 um wavelength [6].

Distributed feedback gratings, due to their ability to produce single mode wavelengths,
especially useful for spectroscopic applications, were implemented into quantum cascade
laser fabrication with the first single mode laser achieved in 1997 by Faist et al. [30].
Room temperature and single mode CW operation has been demonstrated since, over the

wavelength region of 3.0 pum [31] to 10 pm [32].

Laser efficiency is often described by the quantity known as a wall plug efficiency (WPE).
WPE shows how efficiently the electric power injected into a device is converted into
optical power. The first QCL device producing more light than heat (i.e. WPE > 50 %)
was reported by Y. Bai in M. Razeghi’s group [33] with reported wall plug efficiency of
53 %. The same group also managed to demonstrate the highest CW power at room

temperature peaking at 5.1 W [34] and pulsed devices with peak powers up to 190 W also

12
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at room temperature [35].

1.4.2 Active region design

The fundamental concepts needed for the successful active region design in intersubband
lasers are electrically stable structure at the operating point, population inversion and
sufficient gain to compensate for the losses experienced inside the waveguide. The archi-
tecture of the active region, responsible for efficient light generation and current transport
consists of the periodic arrangements of the active periods each one made of varying thick-

ness quantum wells and barriers. A schematic diagram of such an arrangement is shown
in Figure [I.8

This periodic structure can be divided into two main sections - active and bridging regions.
The active region is where the light is generated and therefore must be designed to create
the conditions required for a population inversion to occur. The population inversion can
be achieved in a number of ways of electronic level arrangement and will be discussed in
more detail later in this chapter. In general, an active region consists of at least three
energetic levels, with electrons being injected into upper energy level E3 (see Figure )
to initiate the population inversion with respect to level E5. Assuming 100% injection
efficiency into level F3, the population inversion is created when 735 > 7o, where 739 is the
scattering time for F3 — FE5 energy levels and 7o is the total carrier lifetime in level Fbs.
The non-radiative transition from F3 — E7 in the coupled-well structures is not negligible
so that the more general lifetime requirement is defined as 73 > 19, where 73 and 75 are

the total carrier lifetimes of states F3 and Es respectively.

It is good practice to design the laser active region so that under the applied electric
field the structure aligns its lower electronic levels to be equal to the longitudinal optical
phonon energy (34 meV in Ings3Gaga7As, 36 meV in GaAs) to further enhance carrier
extraction from Fo by resonant scattering. This decreases the lifetime of the FEs level

down to sub-picosecond values, while the optical phonon scattering lifetime 7'302P between
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Figure 1.8: a) Schematic diagram of a quantum cascade laser conduction band [37]. The
cascaded structure is made of a number of repeats of the active and injection/relaxation
(bridging) regions. The electron transitions from one level to another emitting a photon
and moving to the next active region where the same electron is reused and the process
is repeated. b) Schematic diagram of the energy levels and associated lifetimes inside the
active region.
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FE5 and FEs levels remains high due to it being associated with much larger wavevector

transfer [36].

The bridging region, also known as injection/relaxation region follows the active region.
The function of this region is to cool down carriers to the lattice temperature prior to
injecting them into the next period. It is usually achieved by alternating quantum wells
and barriers with a changing duty cycle, creating step-like electronic levels that become
aligned under the electric field to enhance the electron tunneling through resonance effects
[38]. The bridging region, unlike the active region, is doped, providing the electron charge
needed for transport. The active region is left undoped to avoid the laser transition

broadening [39] and scattering increase due to ionized impurities.

The active region can have two different types of transitions - vertical and diagonal. Ver-
tical transitions occur in the heterostructures with upper and lower energy level wave-
functions being localized in the same quantum well. As a result the spatial wavefunction
overlap is increased, enhancing the gain. The transition is termed as being diagonal if the
wavefunctions are spatially localized in different wells, thus experiencing reduced over-
lap. Despite smaller overlap, the diagonal transitions have larger dipole matrix elements

contributing towards the gain increase.

1.4.3 Different designs

After the successful demonstration of the first working laser many studies were aimed at
maximizing the efficiency of light production using different active region designs. Several
strategies have been combined based on tunneling, optical phonon resonance and ma-
nipulation of phase space to produce, what are now the most commonly used designs in

quantum cascade lasers.
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Figure 1.9: Three quantum well design. The radiative energy transition occurs between
level E5 and E». The separation between Eo and F4 equals to the optical phonon energy in
order to enhance carrier depopulation [20]. The radiative transition can be either vertical
or diagonal, depending on the wavelength coupling strength and barrier thickness.

Three-quantum-well active region

The active region of the three-quantum-well design, as shown in Figure [1.9] consists of
three coupled quantum wells. The thickness of the middle well is adjusted so as to provide
the energy separation between energy level E3 and energy level Es equal to the designed
wavelength emission energy. The second quantum well is then added downstream. The
thickness of the 2"? well is adjusted so that the lower energy level of this well is in resonance
with the lower energy level of the middle QW under the applied electric field. The splitting,
which arises as a result of two levels being in resonance, is designed to correspond to the

phonon resonance energy, to enhance depopulation of the lower laser level. A third thin
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quantum well is added upstream to increase injection efficiency due to its wavefunction
extension into the injection region. The thin QW is adjusted so that its ground state level
is in line with the upper energy level of the middle quantum well to produce the diagonal

radiative transition from the first quantum well into the middle QW.

Double phonon resonance active region

The double phonon resonance design (also known as a four-quantum-well design) improves
the electron extraction from the ground state compared with the three-quantum-well de-
sign. Studies of the diagonal three-quantum-well design showed that the carrier extraction
lifetimes from the ground state to the miniband is of the order of 2 ps. This lifetime is
comparable to the electron scattering time associated with the thermal backfilling of the
lower laser energy level, thus reducing the population inversion and the laser performance

at higher temperatures.

Beck et al. [23] demonstrated that introducing an additional ground state level into the
system by the addition of an extra quantum well and thus forming three states separated
by the energies equal to the optical phonon transition energy decreases the population

of the lower state significantly. The schematic diagram of this design is shown in Figure

LIl

The active region consists of four quantum wells which result in three coupled lower
states. The middle state (E2) is spaced from its neighboring states (E; and Ej3) by
the energy separation equal to the optical phonon energy. This separation yields much
faster electron extraction from lower laser energy level E3 that is a crucial requirement
to achieve population inversion. The wavefunction leakage into the injector region also
boosts efficient carrier extraction. This design resulted in devices with high output powers

and high temperature operation [22].
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Figure 1.10: Double phonon resonance design. The radiative transition occurs between
energy level F4 and energy level F5. Energy level Fs is separated from energy levels Fs
and Ej7 by the optical phonon energy to enhance carrier depopulation. Similarly to the
three-quantum-well design, the radiative transition can be both vertical or diagonal. The
design is taken from Appendix A.2.1 in Ref. [37].

Bound-to-Continuum active region

The bound-to-continuum active region, in general, is very similar to the double phonon res-
onance design with the main difference being a thinner exit barrier (see Figure[L.11)). This
results in stronger coupling between the lower coupled states and the bridging region, thus
forming a continuum of states and increasing the extraction efficiency even further. The
bound-to-continuum active region design can be seen as an evolution of the active region
based on superlattices. The upper level of this design is similar to the four-quantum-well

design with efficient carrier injection through the barrier into the upper laser level.

As a result bound-to-continuum design provides an efficient approach for maintaining high
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population inversion and low threshold current densities even at high temperatures. Most
of the devices with good temperature dissipation are made utilizing this active region
design [211, BT}, B33}, [40], capable of maintaining emission at temperatures as high as 400K
[41]. Additionally, due to efficient wavefunction penetration into the bridging region, the
charge carriers have reduced probability to thermally backfill the lower laser energy level,

thus maintaining population inversion in the active region.
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Figure 1.11: Bound to continuum design. The radiative transition occurs between energy
level E4 and Ej3, following by the non-radiative transitions into the continuum of the lower
energy states (E,,).

1.4.4 The waveguide

In order for laser action to occur, the light has to be guided inside the optical cavity.
This is usually achieved with the help of waveguides, confining the light in the required

region. The light confinement is attained through the phenomenon known as total internal
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reflection according to Snell’s law. This is achieved by making waveguide claddings from
optically less-dense medium compared to that of the laser core region. Optical waveguides
of mid-infrared lasers usually exhibit higher internal cavity losses and have thicker cladding

layers compared to near-infrared lasers [42H44].

For devices emitting in a far-infrared spectral region the cladding thickness is the limit-
ing factor for efficient performance. Thicker claddings create growth problems due to the
defect introduction [42, [43]. Also, due to the very short upper-level lifetime for the inter-
subband transition, the optical gain is achieved at the cost of very large power dissipation.

As a result, thinner cladding layers are preferred due to better thermal extraction.

The optimum quantum cascade laser waveguide would need to fulfill the requirements of
minimal optical losses arising from the transverse-magnetic (7'M) polarized mode, origi-

nating from the intersubband transitions according to the selection rules.

The material choice for the waveguides is dictated by the material used in the core region.
For example, a core region made of InGaAs/AlInAs material grown on InP substrate
can use InP cladding, due to its lower refractive index. A laser core grown on GaAs
substrates cannot use low-doped GaAs material to clad this core region thus alternative

approaches have to be developed.

The main purpose of the claddings is to confine the light in the vertical direction. The
horizontal confinement is usually achieved through the ridge definition. The vertical con-
finement is typically less lossy due to the gradual transition of the refractive indexes in
the epitaxial layers as opposed to the confinement achieved through the abrupt refractive

index drop at the ridge/air interface.

1.4.5 Material consideration for laser growth

The reason that the intersubband transition devices are so spectrally versatile is that

the wavelength can be tuned using bandgap engineering techniques, unlike the interband
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transitions in bulk materials, where the radiative transition is determined by the band
gap. As a result, a large range of wavelengths can be achieved covering all of the mid-
infrared spectral region. However, not all materials behave the same way, some perform
better and are easier to grow than the others. The main characteristic properties of the
material considered for growth are its conduction band offset (AE.), the electron effective
mass (m*) and its thermo-electrical properties. The conduction band offset determines
the shortest achievable wavelength, approximated empirically by E) .. ~ AE./2. The
reason for this limitation arises from the fact that the electrons from the upper laser level
can be thermally excited into the continuum states at the I' point or states in the lateral X
and L valleys. Smaller m* increases the dipole matrix element as well as providing longer
non-radiative transition times, creating higher optical gain as described in Section [2.1
Thermal conductivity, especially that of the cladding material, enhances heat extraction

from the laser core thus improving the performance.

InGaAs/AllnAs/InP

The first QCL was grown using a Ing 53Gag.47As/Alg4gIng 52 As heterostructure on a InP
substrate. This type of material system is the most commonly used due to its relatively
high conduction band offset (~ 0.52 eV'), low electron effective mass (m* = 0.043mg in
Ing 53Gap.47As) and good thermal conductivity properties as well as low refractive index of
the InP substrate, allowing it to be used for the waveguide cladding. The strain balanced
techniques (see Section allows higher intersubband energy separation to be achieved
while keeping the overall strain across the superlattice close to zero. Room temperature
CW operation has been demonstrated between 3.0 pm [31] and ~ 9 pm [23] with pulsed
operations reaching the wavelengths as long as ~ 80 um [45] showing the versatility of

this material system.
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GaAs/AlGaAs

The first laser based on GaAs/AlGaAs, operating in pulsed mode up to 140 K, was
demonstrated by Sirtori et al. working at Thomson-CSF (now Thales) in collaboration
with the University of Neuchatel [46]. This material system has a lot of advantages, one
of the most important being that lattice constant of Al(,)Ga_,)As for any mole concen-
tration of Al (0 >z > 1) is almost identical of that of GaAs (see Figure[L.12), allowing a
wide flexibility in wavelength design without the consequence of creating strained systems.
Also, the complexity of epitaxial growth is minimized by reducing the number of varying
materials (only Al is varied) during the growth, potentially reducing the number of defects
and dislocations. The larger diameter of available wafers (4” and 6”) makes this material

system more attractive for commercialization purposes.
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Figure 1.12: Bandgap energy and lattice constant of various I1I-V semiconductors at room
temperature (adopted from Tien, 1988).
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However, much heavier electron mass (m* = 0.067mg in GaAs) makes devices grown
with this type of material inferior to previously described InGaAs/AlInAs lasers. The
first room temperature pulsed operation was demonstrated in 2001 by Page et al. [47],
higher temperatures were achieved at longer wavelengths of A ~ 10.8 pum [48]. The
small conduction band offset of GaAs/Al;)Ga(_5)As heterostructure (AE,. ~ 0.4 eV for
x = 0.45) limits the shortest achievable wavelength to 7.5 um at low temperature [49]
and ~ 8.5 um at room temperature [50]. For larger Al concentrations (for z > 0.45) the
alloy becomes an indirect gap semiconductor, inhibiting the lasing due to the upper laser
level state at I' point being placed higher than the lowest X state in the injection barrier.
It has been demonstrated in Ref. [51] that structures with the upper laser energy level
placed above the injection barrier X state showed no lasing due to carrier leakage arising

from intervalley (I"' — X) electron transfer.

Another major inconvenience of this material system is the unsuitability of GaAs substrate
to be used for cladding layers. Unlike InP material, that allows it to be used as a
substrate and an upper cladding, GaAs has higher refractive index than GaAs/AlGaAs
core, making it unsuitable for vertical confinement of the optical mode inside the core
region. Conventionally, highly doped n-GaAs or metallic surface plasmon layers are used

for the cladding formation.

1.4.6 Short wavelength heterostructures

The Ings3Gaga7As/Aly.agIngs2As material systems is lattice matched to InP substrate
allowing wide variation in band engineering for different wavelength generation. However,
most of the reported devices performed in a longer mid-infrared region at the wavelengths
A > 5.5 um. This is mainly because the conduction band offset of F. = 520 meV of lattice
matched Ings3Gaga7As/Aly.agIngs2As is too small to accommodate shorter wavelength
transitions without electron leakage into the superlattice continuum. An increase in the

conduction band discontinuity would improve the chances of short wavelength genera-
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tion.

Another important consideration that has to be taken into account for the choice of short
wavelength material is the position of lateral valleys (L and X ). Lateral valleys are known
to have large electron effective mass and therefore large density of states in I1I-V semicon-
ductors. Correspondingly, the upper laser intersubband level must be placed energetically
far enough below the lateral valley to prevent current leakage and performance degrada-
tion. Adverse effects of the current leakage into the lateral valleys have been demonstrated

in high-pressure experiments by Jin et al. [52].

This section discusses different types of materials that can be used for short mid-infrared

wavelength generation.

Strain compensated InGaAs/AllnAs

The concept of strain compensation in a QCL device was first demonstrated by Faist et
al. in 1998 [53] observing emission of ~ 3.4 um. This group used compressively strained
IngGag_pAs wells with > 0.53 and tensile strained Al(yIn_,)As barriers with
1y < 0.52 to achieve higher conduction band discontinuity. The concept relies on the fact
that the cumulative strain in the system is kept close to zero, since the compressive and
tensile strains are equal in magnitude and act in the opposite directions. This technique
allowed heterostructure material to be grown carefully lattice matched to the substrate
so that bulk layers would not develop dislocations due to the strain between the epitaxial

layers.

The benefit of using strain compensated InGaAs/AlInAs includes the increase of con-
duction band discontinuity by about 200 — 250 meV as compared to the unstrained lattice
matched system, the lateral valleys discontinuity shifts to higher energies, reducing po-
tential current leakage. Since the strained system is lattice matched on InP substrate,
it allows InP to be used as a waveguide, benefiting from its good optical and thermal

properties.
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Continuous wave operation with output powers as high as 5.1 W emitting at A ~ 4.9 um
with the threshold current density of Jy, = 1.37 kA/cm? at room temperature [34] has
been demonstrated in 2011. Emission wavelengths as short as A ~ 3.0 pum with the
threshold current density at room temperature as low as Jy, = 1.97 kA/em? [31] has also

been established using this material system in 2012.

InAs/AlSb

Another promising material system for short wavelength generation is InAs/AlSb grown
on InAs substrate. This heterostructure possess large band discontinuity of AE, = 2.1 eV
[54] suitable for short wavelength generation. InAs quantum wells also have lighter elec-
tron effective mass of m* = 0.023mgy compared to m* = 0.043mg in InGaAs enabling
larger optical gain and potentially smaller current threshold values [55]. In addition,
satellite L and X valleys are placed about ~ 0.8 eV above the I" valley minimum in InAs

56].

While this heterostructure has a lot of potential for short wavelength QCLs, it has a few
complications associated with its properties and growth techniques. InAs substrate has
low band gap energy (Eyqp, = 350 meV'), making it susceptible to interband absorption ex-
ceeding these energies. Slightly mismatched lattice constant and the fact that InAs/ALSb
interface do not share a common atom creates a condition where either In — Sb or Al — As

interface bonds can be favored, introducing additional strain to the material system.

Low doped InAs alloy, similarly to previously described low doped GaAs, has high refrac-
tive index, preventing it being used as a waveguide cladding. In 2002 and 2003, Ohtani
and Ohno working at Tohoku university in Japan overcame this problem by using a com-
bination of high-doped (3 x 108¢m™3) and low-doped (2 x 10'%cm™3) InAs layers as a
cladding layer to surround the laser core. The carrier plasma in the heavily doped lay-
ers provides the refractive index reduction required for light confinement. This plasmon

enhanced waveguide enabled the first quantum cascade laser based on InAs/AlSb het-
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erostructure at ~ 10 um [57, [68]. The same technique was adopted by Baranov’s group
at the University of Montpellier demonstrating shorter wavelength emissions at 6.7 pum
[59] and 4.6 pum [26] with devices operating up to 220 K and 300 K respectivelly. But, as
mentioned above, shorter wavelength generation could not be observed, due to interband
absorption of InAs. The shortest wavelength, using plasmon enhanced waveguide layers
was demonstrated to stand at 3.5 — 3.65 pum at low temperatures [60]. In 2006, Deven-
son et al. working at the University of Montpellier, demonstrated a different waveguide
approach, achieving A ~ 3 pm emission with InAs/AlSb system [29] where InAs spacer
layers were replaced with InAs/ALSb superlattice with lower refractive index. The inter-
band absorption of InAs cladding layers was avoided by high doping (Ng = 3 x 10! em™3)
shifting the absorption edge by conduction band filling. The absorption within the super-
lattice was avoided by ensuring that it did not contain any energy levels separated close to
the designed laser emission frequency. Since the discovery, this group has demonstrated
short wavelength emission of 2.75 um at 80 K [6I] and sub - 3 um radiation at room
temperature [62]. High emission powers of over 1 W at A ~ 3.3 um at 300 K were shown

a year later [63].

Despite some impressive results, this material systems still has shortcomings. The thermal
conductivity of InP cladding layers (65 WK ~'m~!) for short wavelength QCLs are twice
as good as those found in the InAs based cladding layers (27 WK ~'m~!) and many
times higher than superlattice layers (2 WK 1m™1!) used as spacers between the core
region and the cladding [64], resulting in a typically higher threshold current densities
(10 — 20 kW /cm?) for devices emitting below A = 4 um. As a result, the first continuous
wave emission has been demonstrated at longer, A = 10 um wavelength at T' = 255 K
with the output power of 0.8 W [64]. In conclusion, this material system can successfully
emit wide range mid-infrared wavelengths, with reported values from 2.63 pm [6] up to
21 pm at room temperature [65]. The successful integration into external cavity system
has also allowed pulsed, room temperature single mode operation at short mid-infrared

wavelength range [66].
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InGaAs/AlAsSb

From Figure[l.12|one can notice that substituting Aly 48/n9.50As barriers with Aly56A455bg.44
creates large lattice matched conduction band offset. The conduction band discontinuity
of AE, ~ 1.6 eV [67] is very well suited for short wavelength generation. The group led by
J.W. Cockburn at the University of Sheffield was the first one to try this new heterostruc-
ture in quantum cascade laser design. The benefit of the larger band gap, however, comes
with associated drawbacks primarily related to the crystal growth. The epitaxial growth
of alloys dominated by group V materials, such as Al AsSb is much more challenging than
that consisting mainly of group III materials like InGaAs and AlInAs. Higher level of
precision and growth parameter optimization are required due to more sensitive growth
conditions induced by group V atoms [68]. Furthermore, AlAsSb possesses large misci-
bility gap [69, [70], resulting in atoms tending to form energetically more favorable binary
compounds over the intended ternary alloys. Careful control of temperature and deposi-
tion rate allow MBE growth within this gap [67]. The growth of high purity wells is also
compromised by the tendency of Sb to diffuse into the neighboring quantum well layers.
This problem has been countered by growth interruption and ensuring As termination

between InGaAs and AlAsSb layers [67, [71].

Despite these growth problems and difficulties associated with the intersubband physics
of this material system, the first electroluminescence [72] [73] and then lasing at A ~
4.3 pm [74] was demonstrated by Revin et al. at the University of Sheffield in 2004 using
Ing53Gag.a7As/AlAsy56S5bo.44 heterostructure lattice matched to InP substrate. A year
later, Yang et al. at the Fraunhofer Institute demonstrated high temperature operation at
A~ 4.6 um [75] and at ~ 3.7—3.9 pm up to 310 K [76]. In 2007, Sheffield university group
demonstrated laser emission at ~ 3.5 ym and ~ 3.05 um at liquid nitrogen temperatures
[74]. This work led to the strain compensated approach (IngerGag.ssAs/AlAsysSbo.2)
realizing better laser performance at wavelength of A\ ~ 3.1 um [28]. The same group

demonstrated devices operating up to 7' = 400 K at A = 3.3 pm [40] a year later, with
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peak output powers exceeding 20 W at T' = 285 K [71].

1.5 Applications

The unique emission wavelength, wide tuning capabilities, high output powers and high
temperature tolerances have made QC lasers very desirable for industrial applications.
The possibility of making a mid-infrared free space optical link has raised interest in high
frequency modulation of these devices. Gas sensing spectroscopy still remains the main
application for mid-infrared laser sources. The brief overview of possible and existing

utilization of the quantum cascade lasers is described in this section.

1.5.1 Gas sensing

Laser based spectroscopic techniques have a great potential for sensitive, non-invasive
trace gas measurements. The ability to operate at a range of wavelengths in the im-
portant mid-infrared spectral region makes quantum cascade laser spectroscopy a very
important and useful technique. Rotational-vibrational modes of the gas molecules tend
to cover a wide range of frequencies, with the fundamental modes covering the significant
portion of the mid-infrared and far-infrared spectrum. The advantage of using fundamen-
tal modes for spectroscopy, over its overtones is the increased oscillator strength, making
the transitions stronger from 100 times for methane (C'Hy) to 25,000 times for nitric oxide
(NO) compared to the absorption strengths at the near-infrared and visible wavelength

regions.

The general principle of the laser based spectroscopy consists of the emission intensity
monitoring as the beam passes through a gas. The laser emission is frequency tuned and
the emission signal is recorded. The intensity at the emission frequency corresponding to
the ro-vibrational absorption modes of the gas is reduced according to the concentration

of the measurable compound.
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1.5.2 Telecommunications

Another attractive use of quantum cascade lasers is to create free space optical link between
two points for the telecommunication signal transmission where optical fibers are not
available or difficult to implement. The optical link could be established through the
atmosphere in a direct line of sight with minimal atmospheric absorption losses. Fast
free-space data links would be particularly useful to momentarily increase the bandwidth,
create high-bandwidth connections where fiber optics is inaccessible, difficult to implement
(urban areas) or economically not viable. The choice of light emitter and its wavelength

has to meet certain criteria for the idea to be feasible:
e The atmosphere has to be transparent at the emission wavelength
e Safe for eye exposure
e High frequency modulation hardware availability at the operating wavelength
e Resistance to solar scintillation and weather conditions (eg. fog, rain, etc.)

The atmosphere has a few spectral regions where the optical absorption is very close to
zero, called atmospheric windows. An electromagnetic spectral transmission windows are
found at 800 nm, 1.5 um, 3—4 um and 8 — 10 pum spectral range. The telecommunication
wavelength, A = 1.55 um, has a clear advantage owing to the available modulation hard-
ware, potential coherent integration with the readily available fiber optic technology and
semi eye-safe operation. The 800 nm wavelength offers broader range of sensitive detectors
based on S7 avalanche photodiodes, however both of these near-infrared wavelengths lie
close to the peak of the solar spectrum, making the free-space optical link vulnerable to

the scintillation from the objects in the atmosphere, such as dust particles.

The mid-infrared channels at 3 —4 pm and 8 — 10 pm are placed further away from solar
peak, making the transmitted signal less susceptible to solar glare. The huge advantage
of free space data transmission at these wavelengths is the reduced scattering from the

fog and rain particles due to the Rayleigh scattering dependence of A~*. Computational
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simulations show that the mid-infrared range is more advantageous over near-infrared in
extending link distance by the factor of 3 to 10 [78]. Quantum cascade lasers can produce
such wavelengths as well as respond to high frequency modulation [79] producing high

powers required for data transfer [80, [8T].
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Chapter 2

Theory

This chapter describes general working principles behind the intersubband semiconductor
laser. Firstly, the theoretical treatment of the intersubband gain is studied to understand
the process behind the high photon density production inside the optical cavity. The sim-
plified three level intersubband model is then considered to construct conditions required
to achieve high gain and population inversion inside the active region. The focus is then
shifted to the two cavity types - the more common Fabry-Pérot optical cavity, typically
used for multi-mode light generation, and the distributed feedback cavity that is used for

efficient single mode production.

2.1 Intersubband gain

The optical gain is an important property of any laser. It describes the efficiency of
photon generation inside the laser cavity. In a QCL, the peak material gain Gp, between

two subbands - ¢ and j is expressed by [1]:

4re? 21-2-
Gp=————2 (N;— N; 2.1
P Eonref>\ 2%]’ Lp ( J z) ( )
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2.2. RATE EQUATIONS 2.2

where e is the electron charge; A - emission wavelength; n,.s is the mode refractive index;
zjj - transition dipole matrix element; 2v;; is the FWHM of the emission determined
from the spontaneous radiation spectrum; N; and N; are the sheet electron densities in
subbands ¢ and j respectively; and L p is the single active region period length as described
in Reference [2]. The term on the left of the population inversion (N; — N;) in Equation

is often referred to as the gain cross section g. and is defined as:

4rre? 22-2-
= J 2.2
Je E0NrefA 275 Lp (22)

where I' is the waveguide confinement factor, specifying the fraction of the optical mode
confined inside the core of a QCL. Equation demonstrates the quadratic relationship
between the optical gain and dipole matrix element z;;. This quadratic dependence influ-

ences the material choice in order to maximize the gain.

The quantized energy levels inside the quantum well are inversely proportional to both
the particle effective mass m* and the square of the well width. The electron effective
mass for GaAs heterostructure is m* = 0.067myg, which is larger than that found in the
InGaAs heterostructure, meaning that for the same energy level separation, the width
of the GaAs wells has to be narrower than those found in the heterostructures grown on

InP substrates.

2.2 Rate equations

A simplified three-level active region model can be used to describe the processes inside
the gain region of a quantum cascade laser through the analysis of the rate equations.
By examining all electronic transitions and the transition rates associated with them, it
is possible to describe the conditions required to achieve the population inversion and
to define the threshold current density. A schematic diagram of a simplified three-level

system is shown in Figure [2.1
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Figure 2.1: Schematic diagram of the simplified three-level active region and all electronic
transitions occurring within the active region. Electrons injected into the upper laser
energy state E3 can undergo either radiative transition (F3 — FEj) with lifetimes of ~
2 — 3 ps or non-radiative transition with shorter lifetimes (~ 200 — 500 fs). The non-
radiative transition may include an electron escape process into the continuum, or a phonon
assisted recombination.
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From the perspective of maximizing the population inversion between the upper and the
lower energy states (F3 and Es respectively), the current injection into the upper energy
level E3 is considered to be lossless, hence 100 % injection efficiency. In reality, however,
the parasitic current path Jo, might be formed from injector level straight to the lower
energy state FEs, reducing the population inversion. The parasitic path J» occurs due
to current leakage. Jo is prevalent at small bias, due to electron tunneling into energy
level Fo. The leakage current becomes negligible near and above the threshold, since

Epermi — Es route becomes energetically more favorable.

Each potential transition has the associated transition rate 7—', where 7 is the lifetime
for which the charge carrier will remain at its initial energy level before making transition
to the next level. The carrier injected into E3 energy level has the possibility to undergo
radiative '3 — E5 transition at a rate 7'?)51, followed by Ey — F4 transition with associated
transition rate 72_11 before exiting the active region into the adjacent injector level described
by the transition rate 7, ! Non-radiative transitions can also occur and will reduce the
efficiency of the device. Such transitions can occur between the upper and the lower energy
levels (F3 — Ej), with associated transition times 75, (not shown on the diagram), or
escape Fs3 level into the continuum states above the injector miniband with the escape
rate T?;ngc. The escape into the miniband from energy level Fs is also possible with the

associated lifetime 7Tocge.

2.2.1 Population inversion

The population inversion can be described by considering the relative electron sheet den-
sities N3 and Ny of levels F3 and Es respectively, and the lifetimes associated with the
transitions described above. Additionally, N3*¢"™ term describes the equilibrium charge
carrier population that can be thermally excited back to the lower energy state Fo through
the thermal backfilling process.The rate of change (dN/dt), of electron population N3 at

level Ej3 is given by:
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dNs _ Js N3 N3 _ (2.3)

where J3 is the current injected into energy level E3. The same approach can be applied

to electron population Ny at level Es:

ANy _J2 N3 No_ N Niherm

— =4 ——-— - 2.4
dt e T Tl Toese  THET™ 24
The system, below threshold, can be considered in a steady state when:
dNs  dNs
- g 2.5
dt dt (2:5)

by substituting Equation [2.3] and 2.4] into Equation [2.5] and setting them to zero it can be

shown that:

and

—1 -1
Ny Jp 1 1 1 1 (1 1 1 Niherm
Voo vl ot T e | Yoo\ ot ) T (2.7)
N3 Nse\ 721  Toesc T T32 \ 721 T2esc Ty N3

Substituting Equation [2.6]into Equation[2.7/and assuming that the current density injected
into energy level E3 is much greater compared to the leakage current density Js, i.e.

Ja/Js = 0, we can simplify Equation into:

-1
Ny — Niperm 1 (] L 1 2.8)
N3 T3 \ T2l Toese TR '
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the electron lifetimes 71, Toese and Tghe’"m, corresponding to transitions from Ey — F4, E»

to the miniband and E; — F», can be combined into lifetime 79, that describe the total
lifetime of the electrons spent on level Fy before undergoing any transition. As a result we
arrive at the conclusion that the ratio between electron population N3 and Ns is directly

proportional to the representative lifetimes of these levels described as:

Ns ~ 732

~ 2.9
N2 _ Néherm To ( )

As a result, in order to achieve population inversion between levels F3 and Es, the corre-
sponding transition lifetime 732 has to be larger than the lifetime 7 for which the electrons

occupy energy level Es.

Similarly, the population inversion AN = N3 — Ns can be calculated applying the steady
state condition dN/dt = 0 and assuming that the escape rate of the electrons from FE3
directly into the continuum and the current leakage into level E5 is very small (7'3_;0 and

Ja = 0), population N3 and Ny can be expressed as:

J.
N3 = ?373 (2.10)
and
Ny = 2 N3 + Nfherm (2.11)
T32

where 73 is the total lifetime for which the electrons populate energy level E3. The

population difference AN can then be expressed as :

AN = ﬁTg <1 - TZ) - Néﬁherm (212)

e T392
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As seen from Equation 2.12] in order to maximize the difference in electron population
between two levels, the ratio of two lifetimes corresponding to two energy levels has to
approach zero (12/732 = 0). The ratio 72 /732 approaching zero will result in the increased
optical gain, as demonstrated in Equation where the direct proportionality (Gp

(Nj — N;) between the population difference of two energy levels is observed.

Commonly, the lifetime of the upper energy level can be increased by reducing the wave-
function overlap in any particular active region design (e.g. the diagonal transition).
However, the decreased wavefunction overlap also causes reduction in the matrix element,
in turn reducing the gain. A fine balance has to be reached in order to optimize any

particular QCL design.

2.2.2 Threshold current density

The expression for the threshold current density Jy, can be derived similarly to the process
described above. The population of the thermally backfilled electrons is temperature

dependent according to Equation [2.13

Niherm — Noexp(—A/kT) (2.13)

where N, is the sheet doping density and A is the energy difference between the Fermi
energy and the lower laser level Fy. Assuming the current leakage is non existent (Jy = 0),

previous rate equation [2.4] can be solved for N, and N3, giving:

dNs J N
— = — - = 2.14
dt e T3 ( )

where J = J3 + Jo = J3 since Jo» = 0, and
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sz _ & N2 _ Néherm

i A, 2.15
dt 39 T9 ( )

similarly, the steady state condition can be considered by setting Equations [2.14] and

to zero, to obtain:

N, = I (2.16)
e
and
Ny = N3 12 4 Ntherm (2.17)
732
hence the population difference AN = N3 — Ny can be written as:
J
AN = ZTetf _ ptherm (2.18)
e

where the total electron transition lifetime 7.7 is defined as 7.¢r = 73(1 — 72/732). The
current threshold, by definition, is reached when the modal gain equals to the total losses

(o) experienced by the laser cavity, such as:

GM = FGP = Uot (219)

Gp and T, taken from Equations 2.1 and 2.2 can be substituted into Equation to

obtain:

gcAN = Oltot (220)

substituting population difference AN, we obtain:
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J
gc< T;ff _Ngherm> = ot (221)

Lastly, rearranging for Ji, the expression for the current threshold density can be ob-

tained:

O4tot/gc + Néherm e
Teff

Jon = (2.22)

The importance of a larger upper state lifetime is apparent. The threshold current density
is reduced with large 7.7r, where 7.;y — 73, when 733 > 75. Another important term
in Equation [2.22]is the total losses ay,; experienced by the laser cavity. The threshold is
reduced when the losses are lowered. Total losses oy are typically made of the combination
of mirror losses a,,, waveguide losses «,, and losses arising from light reabsorption ayps.
High reflectivity coating, careful material consideration and efficient active region design
will lower threshold current densities. For example, the first reported QCL was operating
at T = 88 K with the threshold current density as high as Jy, = 15 kA/em?, while
the lowest threshold current density for the same material system was demonstrated in
2004, where Jy, = 0.5 kA/em? was achieved [3]. The operational voltage for these devices
varies depending on the emission wavelength. Devices emitting at the higher end of the
mid-infrared region (A ~ 10 pum) operate at V' = 8 — 12 V' bias, while short wavelength
mid-infrared emitters (A ~ 3 um) require bias as high as V' — 15 — 25 V. The difference
in operational voltage comes from the difference of the energy levels inside the active
region. Short mid-infrared emitters require higher voltages to achieve the same energy

level alignment.
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2.3 Fabry-Pérot lasers

The Fabry-Pérot laser cavity is the simplest type of the cavity that provides required feed-
back for light oscillation to occur. The feedback is received from the two as-cleaved mirrors
at each end of the cavity. An uncoated facet will experience reflectivity of about 27 % in
InP and GaAs semiconductor devices due to the difference in the semiconductor and the
air refractive indexes. Additional coatings can alter the mirror reflectivity anywhere from

~ 0 —100 % depending on the type and purpose of the coating.

As mentioned previously, the light inside the cavity will experience losses aior, consisting
of mirror (a, ), waveguide («,,) and light re-absorption (agps) losses. The waveguide losses
are typically dominated by free carrier losses but also has a contribution from scattering at
the ridge side walls and from material imperfections caused by the growth or fabrication.
Since, for an optimum active region design, the losses arising from light re-absorption
are much smaller than the losses experienced by the waveguide (agps < ), they can be
ignored for simplicity purposes. The intensity of passing planar wave W in the propagation

direction will change exponentially according to:

W (z) = Woexp[z(Gm — )] (2.23)

where Wy is the initial intensity of the passing planar wave; a, is the waveguide associated
losses; and Gy is the modal gain expressed as Gy = I'G),. The optical mode intensity
after one round trip in a cavity with length L and mirror reflectivity R; and Rs is expressed

as:

Wrt = WoRlRQGXp(QL[GM — Ozw]) (2.24)

The gain threshold is reached when the gain compensates the losses. At this point the

round trip intensity of the optical mode is equal to its initial value Wy, i.e.
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Wy = Wo (2.25)

substituting Equation into [2.25] we arrive at:

1 = WoR1 Roexp(2L(G ]l — o)) (2.26)

and the expression for the threshold gain can be expressed as:

1

Two parallel mirrors at each end of the Fabry-Pérot cavity provide the conditions for the

standing wave formation. The standing waves are formed according to:

2koneprL = M - 27 (2.28)

where kg is the wave number, defined as kg = 2w /A. The possible wavelengths of these

modes are given by:

_ 2neprlL

A
M

(2.29)

where M € N, representing the number of nodes of the standing wave. The spacing

between two subsequent nodes (M and M — 1) expressed in wavenumber units em ™!,

1s:

1

Ak =
2Ln,

(2.30)

where Ak = A(A7!); and ng is the effective group index ng = nesp + dnepp/dk - k.
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A typical semiconductor laser cavity is a few millimeters long, producing modes spaced
between ~ 0.3 — 2 ¢m ™' apart. A typical pulsed QCL has its emission spectra with
Full Width at Half Maximum (FWHM) ~ 100 — 300 ¢m ™!, depending on the emission
wavelength. The emission broadening occurs due to multiple factors including broad gain,
temperature gradient during the pulse, the variation in quantum well widths throughout
the period, Stark shift and the variation of the position of the lower laser energy levels in
Bound to Continuum QCL design. As a result the produced spectra typically consists of
the symmetric lines centered around the transition energy separated by the cavity modes.
Multimode emission, in many cases, is unsuitable for spectroscopic applications, where

single mode is desired.

2.4 Distributed feedback lasers

The main advantage of the distributed feedback laser is its ability to produce single mode
emission that can be tailored through different optical feedback techniques. The single
mode emission is particularly useful for spectroscopic applications. This section focuses

on coupled mode theory that is used to design and evaluate DFB designs.

Kogelnik and Shank were the first to use coupled wave analysis of distributed feedback
lasers [4] that is presented in this section. The model is based on the scalar wave equation

for the electric field:

2Ep

52 k2. Ep =0 (2.31)

where Er is the complex amplitude of the electric field. The medium constants (n and
«), in a DFB structure vary periodically along propagation axis z. This variation can be

expressed as the spatial modulation of the refractive index and losses according to:
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n(z) = nesp + % cos(265pz) (2.32)

alz) =a+ % cos(260z) (2.33)

where n.ss and « are the average refractive and loss indexes of the cavity; values An/2
and Aa/2 are the amplitudes of variation of these values from their average. An and A«
can be calculated by determining the maximum values of n.;y and o between the grating
peaks and troughs. [y is the Bragg propagation constant that is tied to the wavelength

through:

mm 2nay

where ), is the Bragg wavelength. Equation [2.34] can be used to determine the required

grating period A, for a chosen wavelength amplification, where

A= m)\b
2nefy

(2.35)

It can be noticed that the grating period is directly proportional to the order of the grating
m. Higher order gratings can be fabricated containing larger features that are easier
accessible through the standard optical lithography. Chapter [5| describes the process and
results used to fabricate the third order grating on a QCL chip. Wave propagation constant

k, for a wave propagating in a complex dielectric is defined in Reference [4] as:

k? = k2n2(z) (1 +i 1306:1((2 ))> (2.36)

where kg = 27 /)¢ is the free space propagation constant. Assuming the variation ampli-
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tudes of the refractive index and losses are much smaller than their average values (i.e.

An < ngy and Ao < ag,) we can substitute Equation |2.32[and [2.33]into [2.36|to get:

k? = B% 4 i2Ba(z) + 4Bk cos(2Bpz) (2.37)

where 8 = kon(z). Rearranging this, we can obtain the coupling coefficient x. The cou-
pling coefficient indicates the amount of coupling per unit length and plays very important

role in the DFB laser design. k is defined as:

TANeff i&

o ; (2.38)

K =

The DFB waveguide will host two counter-propagating waves with respective amplitudes
of R(z) and S(z). As a result the total electric field F'(z), is expressed as the sum of these

two amplitudes:

F(z) = R(2)exp(—ifoz) + S(z)exp(—ifoz) (2.39)

Under the assumption that the amplitude variation of these two propagating waves is

very small, so that the second derivatives of the wave equation [2.31] can be ignored, we

substitute Equation and into Equation to obtain:

R | (@ —i6)R = ikS (2.40)
0z
and
_;S + (a —i0)S = ikR (2.41)
z

where normalized detuning is given by § ~ 8 — 9y = n(w — wp)/c. In the previously
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referenced paper by Kogelnik and Shank, these equations were solved for a device with no
mirror reflectivity, creating the boundary conditions as R(—1L) = S(3L) = 0, with the

cavity length L. As a result, the field amplitudes can be expressed as:

R(z) = sinh (y(z + %L)) (2.42)

5(2) = sinh ((z - %L)) (2.43)

with 42 = k2 + (o — i6)? denominating the dispersion relation of the complex propagation

constant .

While this simplification allows for the easier theoretical treatment, it is difficult to achieve
in practice. Even the best anti-reflective coatings can retain small reflectivities, compro-
mising the above assumption. The more complete analysis, taking into account the facet
reflectivity and the phase difference, has been made by Streifer et al. in Reference [5].
Despite this incomplete treatment, the effect of kL product on the internal electric field

can still be studied and is used in Chapter [p| to determine optimal laser length.

2.4.1 Coupling coefficient

As mentioned previously, the coupling coefficient , is an important quantity that is used
to model and evaluate the performance of a distributed feedback laser. The coupling
coefficient depends on the periodic change in losses A« and the modal overlap with the
laser core AT inside the DFB laser structure between the peaks and grooves created by the
diffraction grating. The modal overlap will also provide periodic modal gain change I'Gyy,
where Gy, is the threshold gain. The coupling coefficient also depends on the shape, order
and the mark:space ratio of the grating. The coupling is maximized for a rectangular,

first order (m = 1) grating with 50 % mark:space ratio. Any other variation from this will
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result in the efficiency reduction by a factor ¢, where 0 < ¢ < 1. The coupling coefficient

can be expressed as:

TAn N Z,Aa + (AT'Gw,) ¢ (2.44)

S IOV 1

For a non-sinusoidal grating shape, the reduction factor { can be estimated from the
fundamental Fourier coefficient of the grating shape described in Reference [6]. The grating
shape used to fabricate single mode device described in Chapter [5|is rectangular, as a result

the reduction factor for the rectangular shape can be calculated using:

C(m) = | sin(xm Ry (2.5)

where Ryr.g is mark:space ratio. The coupling coefficient for different shapes has been
derived in Reference [6]. It is important to note that the irregular shape grating will have
the reduced coupling coefficient affecting the performance of the device [7]. Misshapen

gratings are common during the fabrication process.
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Chapter 3

Device Growth, Fabrication and

Characterization

3.1 Introduction

The transformation of a raw semiconductor material into a working quantum cascade laser
is a lengthy, multi stage process typically carried out in a highly controlled clean-room
environment. This chapter describes the techniques used to grow the multi-layered wafers
from the combination of group III-V semiconductors. All short wavelength (A < 4 um)
lasers described in this thesis have been grown using MBFE on InP substrate with the InP
cladding overgrown by the MOVPE (with the exception of InAs based lasers described
in Section . Lasers used for external cavity experiments (A > 5 um) were exclusively

grown in the MOVPE reactor here in Sheffield.

The laser fabrication section describes the standard wafer processing steps that were car-
ried out here in the National Centre for 111 — V Technologies clean rooms to transform a
raw wafer into a working laser device. The focus of this chapter is then moved to the laser

characterization section where experimental techniques used to measure laser performance
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are described.

3.2 Epitaxy

The current semiconductor wafer growth is typically done using two main epitaxial tech-
niques - molecular beam epitaxy (MBE) and metal organic vapour phase epitaxy (MOVPE).

The brief explanation of both systems is given below.

3.2.1 Molecular beam epitaxy

Molecular beam epitaxy (MBE) is a high precision and high purity deposition technique
used in the semiconductor growth process. MBE is very similar to the ultra high vacuum

(UHV) based evaporation method mainly used for single crystal deposition.

Molecular beam epitaxy has the capability of delivering extremely thin layer films, quite
often as low as 1 angstrom thick with high precision. When performing growth at such
small scales the defects play an important role. The MBE is capable of keeping impurity
levels as low as 10 parts per billion [I] providing the chamber is kept at ultra high vacuum

conditions (1078 Pa).

A typical MBE reactor consists of three chambers that are kept at high vacuum and
separated by high vacuum gate valves - a growth chamber, a buffer chamber and a load

lock chamber.

The load lock chamber is used to provide an intermediate area between UHV growth
chamber and the atmosphere. The wafers are being loaded into the lock chamber while
keeping the integrity of the vacuum of the growth chamber. This chamber is equipped
with a turbomolecular pump, a bake-out heater and a vacuum ion gauge - all required to

monitor and reduce the pressure of the loading chamber.

The buffer chamber is used to store loaded wafers under the vacuum condition in order
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to prevent atmospheric contamination. The schematic diagram of the growth chamber
is shown in Figure [3.1] The growth chamber consists of UHV ion pump, a closed-cycle
cryogenic helium pump, liquid nitrogen cryogenic panels, effusion cells, substrate heaters,
a rotating holder and an electron gun with fluorescent screen mounted at the opposite end.
An optical pyrometer is used to measure and control the temperature of the substrate. The

gas composition and check for leaks is performed using a quadrupole mass analyzer.

LN2 In LN2 Out

Quadrupole j[l

Substrate LN2 Cryopanel
Mass
Spectrometer
Fluorescent
RHEED Gun Screen

Effusion
Cells

Figure 3.1: Schematic diagram of MBE growth chamber. Reprinted from Reference [2]

The wafer is typically mounted on molybdenum substrate holder blocks (molyblocks) and
is rotated during the growth process. The elements, used for the growth, are located in the
effusion cells where they typically are in either solid or liquid form. The elements are being
heated until they begin to undergo the sublimation process. These elements, now in the

gaseous form, mix forming dual, triple or even quadruple compounds before condensing
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on the surface of the wafer. The wafer has to be kept at high enough temperatures in
order to provide sufficient energy for the molecules to settle into the lattice. However,
very high temperatures will provide too much energy preventing the particles to settle.
Due to the time required for the elements to form a uniform morphology on the surface
of the substrate, the deposition rate is typically anywhere from 1 to 10 angstroms per

second.

The flux is usually controlled with the cracker valves or by mechanically blocking the molec-
ular beam using a computer controlled shutter system. Reflection high energy electron
diffraction (RHEED) technique is utilized to monitor morphology of the surface in-situ.
High energy electrons emitted from the electron gun scatter from the surface of the sub-
strate towards the fluorescent screen creating complex diffraction patterns. These patterns

are analyzed and used to monitor the quality and periodicity of the grown structure.

The typical growth time required to form the epitaxial layers of the QCL ranges from 6 to
10 hours, depending on the actual device design. The active region is typically deposited
with the rate of 1 A /s with the 2 s pause between the layers to prevent cross-contamination
and to increase interface sharpness. Additional 1.5 hours are required for temperature and
source flux stabilization. Depending on the particular MBE configuration, additional 2—3
hours might be needed to allow for wafer transfer to the MOV PFE reactor and top cladding

overgrowth.

Since the creation of the first MBE system in early 1970s the technology has been im-
proved dramatically and provides superior results compared to vapor phase or liquid phase

epitaxy.

3.2.2 Metal organic vapour phase epitaxy

Unlike the MBE where mostly solid sources are used for wafer formation, the MOVPE
employs gases flowing over the hot substrate forming required compounds through chem-

ical reactions (see Figure . The growth of III-V semiconductor materials is typically
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achieved using precursor compound gases of the required elements. GaAs, for example,
is typically formed via flow of trimethylgallium (Ga(CHs3)s)) and arsine (AsH3). These
compounds are transported using carrier gas, usually hydrogen (Hj), over a substrate
held at high temperatures (~ 700°C') to provide required energy for chemical reactions
to occur. These substances decompose into their constituent components forming II11-V
compounds on the surface of the substrate. The organic compounds are removed from the

chamber as waste gases [3].

TMGa TMIin TMAI mass flow controller

] _ [ l I 52 way valve
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Figure 3.2: Schematic diagram of MOVPE growth chamber. Precursor compound gases
are used to form III-V semiconductor layers. Hydrogen gas is used to transport compounds
towards the reactor.

QCL growth using MOVPE is typically advantageous for a few reasons. Firstly, the
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growth chamber of MOVPE can be operated at less demanding atmosphere pressures
than MBE systems. The typical growth inside MOVPE chamber can occur at low-pressure
(~ 150 Torr) or close to the atmospheric pressure (~ 750 Torr) without compromising
on the quality. The growth rate is also typically 10 times larger in MOVPE systems
(5 wm/hr compared to 0.5 pum/hr for MBE). This combined with its ability to grow
larger number of wafers (60 x 2” or 15 x 4”) makes MOVPE very attractive choice for the

scaled optoelectronics device production.

Furthermore, MOVPE has the capability to form heterostructures from the phosphide
group, such as InP, with its precursor gas phosphine (PHs). Phosphide growth in MBE
is much more problematic due to unstable and potentially dangerous nature of solid-state

phosphorus.

3.3 Standard laser fabrication

Different types of lasers are processed using different techniques, however the brief de-
scription of a standard ”dry” etching process, used for most of the lasers mentioned in the

thesis, is given in this section with the reference to the Figure [3.3

The overgrown 2”7 wafer is cleaved into smaller, typically 1 e¢m x 0.6 ¢m rectangle, and
cleaned using the three solvent clean method. The three solvent clean method involves
placing the sample into an n-butyl acetate then replacing it into an acetone and then into
an isopropyl alcohol solution. The sample is then blasted with a compressed nitrogen to
blow-dry remaining solvent particles. This cleaning method is also applied after most of

the subsequent processing stages to prevent contamination.

Once the sample is sufficiently cleaned it is covered with the 800 nm layer of silicon dioxide
(Si02) using plasma enhanced chemical vapour deposition (PECVD) creating the basis
for the hard mask that is used for ridge definition by dry etching the wafer. The sample

is then spin coated with ~ 1 um thick photoresist. The thickness and the type of the
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resist can be adjusted according to the size of the exposed laser features. Since most of
the laser features are larger than 5 um, standard optical lithography can be used to define
it [4]. The wafer is placed in a mask-aligner (Karl Suss UV300) positioned underneath
the quartz mask with chrome patterned ridge structure ready to be transfered onto the
sample. Exposed photoresist undergoes chemical reaction depending on the resist prop-
erties. Positive photoresist contains a stabilizer that breaks down when exposed to light.
The stabilizer slows down the rate at which the resist dissolves in the developer, therefore
etching light exposed area from the sample, while unexposed area remains unmodified.
Negative photoresist works in a reverse order, creating polymer where the light strikes.

Formed polymer remains on the sample, while unexposed resist is developed [5].

The formed photoresist pattern is then transferred onto SiOs layer (Figure by the
inductively-coupled plasma (ICP) etching. To ensure that oxide layer is etched faster than
the resist, a combination of argon (Ar) and trifluoromethane (CH F3) is used, selectively
targeting silicone dioxide layer. Once SO, is etched all the way down to the underlying
semiconductor surface, the etch is terminated and the resist is stripped forming the ox-
ide hard-mask. The ridges are formed by second ICP etch that selectively removes the
semiconductor material over the silicone dioxide hard-mask (Figure[3.3b)). A combination
of argon (Ar) and silicone tetrachloride (SiCly) gases is used to create an anisotropic
etch responsible for vertical ridge wall formation. In order to prevent either under- or
over-etching, the directed light from a A = 960 nm laser source reflected from the sample
is monitored by comparing the intensity change to the calculated model. The process is
typically stopped after the depth exceeds the thickness of the core region located about
~ 5 pum underneath the cladding surface. The formed ridges are stripped from the re-
maining silicone dioxide residue in the ICP etch with the same gas composition used for

the hard-mask formation (Figure |3.3c]).

The formed ridges are then electrically isolated with a 400 nm layer of SiOy deposited
using a PECVD reactor (Figure [3.3d). Contact windows are formed along the whole
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length of the ridge to direct the current towards the laser core. The process is created by
spin-coating the sample with photoresist and placing the sample in the mask-aligner. The
alignment and exposure process is similar to the one described above. The sample with
the opened resist windows is placed back into the ICP for SiOy removal (Figure .
Again, the process is selective only targeting exposed insulator inside the opened windows.
Once the etching is completed, the sample is cleaned and prepared for the deposition of

the top electrical contact.

The top contact is typically formed by the metal deposition either through the ther-
mal evaporation or sputtering. Deposited thin titanium layer (20 nm) is followed by
thicker (200 nm) layer of gold (Figure [3.3f). Titanium acts as an adhesive medium at
the semiconductor-gold interface. In order to improve heat extraction, the substrate is
mechanically thinned from 350 um to ~ 200 um using a mechanical polisher with a com-
bination of fine diamond pastes (Figure . Thiner substrate also alleviate the sample
cleaving process. The electrical back contact is formed with 20 nm layer of In/Ge and
200 nm layer of gold (Figure . At this fabrication stage, the device, in principle, is
ready to be cleaved, mounted and wire-bonded in order to be tested. However, an addi-
tional thick layer of electroplated gold can be used to improve the heat extraction from
the laser core. Electroplating is achieved by immersing the sample into a gold solution and
applying a small electrical current to create the potential difference between the sample

and the platinum wire mesh positioned across the sample (Figure [3.3g)).

Once, the electroplating is finished, device is cleaved into desirable length and indium
soldered onto either gold-coated nickel T'05 headers or aluminium-nitride tiles for indi-
vidual use. The electrical contact is provided with the addition of gold wiring between
the device and the connection pins of the mount, enabling the laser to be tested and

characterized.

Any deviation from the standard processing steps are described in the relevant chap-

ters.
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(a) Ridge mask (b) Plasma etching (¢) Sample cleaning

(d) Passivation (e) Contact window (f) Top contact

(g) Electroplating (h) Thinning (i) Back contact

[] Gold
[l Silicone dioxide (SiO,)

Il Photoresist

[ Semiconductor material

Figure 3.3: Schematic diagram of different semiconductor laser fabrication stages. The
sample is coated with hard mask (Si0O3) and desired ridge is formed (a). Chemical plasma
etching is used to define vertical walls (b), after the etching all masks are removed and the
sample is thoroughly cleaned using chemical or oxygen plasma cleaning (c). The sample is
then insulated (d) and the contact window is opened (e). The top contact is formed using
gold evaporation (f) and then thickened by electroplating (g). The sample is thinned (h)
and back contact is added (i).
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3.4 Laser characterization

The fabricated lasers are tested and characterized in order to determine its performance
and possible application. This section presents the description of the experimental setup
used for the laser characterization. The brief explanation of importance of other laser

characteristics, such as L—1, I —V curves and the temperature Tj, is also mentioned.

3.4.1 Experimental setup

The fabricated QCL, is characterized by the set of parameters, such as its emission spectra,
light-current and voltage-current dependencies. The schematic diagram of the setup used

to measure these properties is shown in Figure (3.4

The sample, depending on its performance and experimental requirements can be sealed
inside a continuous-flow cryostat (Janis Research Co.) allowing temperature variations
ranging from 10 K up to > 400 K. The window used to decouple light from the inside
of the cryostat is made out of CaFy with the cut-off wavelength of ~ 9 um. Devices

operating at room temperature can also be mounted on a simple translation stage.

The lasers were driven with a power supply capable of different pulse length and amplitude
generation depending on the model (Avtech AVL-2-C/Av-1101-C and TTi PL330P). The
choice between these power supplies is made depending on whether the lasers are driven
in pulse or continuous wave mode. The pulsed laser systems were typically driven with
very low duty cycle (~ 0.025%) with the frequency of 5 kHz. The frequencies as high as

100 M H z were also accessible.

The spectra presented in this thesis were measured using Bruker IFS66V vacuum spec-
trometer with K Br beam splitter (the cut-off wavelength A\ ~ 27um). The signal, passing
through the interferometer was collected using a deuterated tri-glycene sulfate (DTGS) or
a liquid nitrogen cooled mercury cadmium telluride (HgCaTe) detector (the cut-off wave-

length A ~ 13um). The MCT detector has a sensitivity ~ 100x better than that of DTGS
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Figure 3.4: Schematic diagram of the experimental setup used to characterize QCL devices.
The QCL is positioned inside the cryostat for the temperature control. The current is
supplied from the power supply with its reference signal sent to the lock-in amplifier. The
current and the voltage are measured using an inductive current probe and a voltage probe
respectively. The emission spectrum is measured with the FTIR spectrometer. The signal
is then sent to the lock-in amplifier. The data is stored and displayed using a data display
(computer).

making it more suitable for electro-luminescence and low duty cycle pulsed laser detection.
The spectrometer signal is passed to a lock-in amplifier (EG&G Instruments) where it is
combined with the reference signal obtained from the power supply to be converted into

D.C. signal.

3.4.2 Fourier transform infrared spectroscopy

The working principle of Fourier transform infrared (FTIR) spectrometer used for emission
spectra measurements throughout this thesis is based on Michelson interferometer shown

in figure (3.5
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The collimated beam of light is incident on to the transparent 50:50 beam splitter. Part of
this monochromatic light goes towards mirror M; and the other is split towards mirror Ma.
The reflected light is passed back towards the beam splitting plate where it recombines
with the incident beam producing interferogram depending on the path length M; — B and
My — B. If the mirrors M; and My are positioned equidistantly from the splitting plate,
the amplitude of recombined signal will be at its maximum. The same will be observed
if mirror My is M\ away from the beam splitter, where M is integer number. For the
half number of the wavelength the produced interference will be destructive producing no
signal. By moving one of the mirrors (the other one remains stationary) the detector will
detect signal modulation - the interferogram. This interferogram is then converted into

the frequency domain by applying the Fourier transformation.

In the case of light consisting of multiple frequencies, the detected interferogram won’t be
a simple periodic sequence of minima and maxima, but instead a combination of multiple
waves creating a beating that consists of multiple frequencies which can be extracted
using Fourier analysis. FTIR spectrometry is a much quicker technique compared to
the conventionally used dispersive techniques, especially in the mid-infrared. The ability
to measure multiple wavelengths during one scan reduces the total measurement time,
compared to the optical spectrometers utilizing a diffraction technique. Also, the signal
to noise ratio (S/N) can be increased by measuring multiple interference patterns at the
same mirror step (S/N oc V/N). FTIR system is capable of more sensitive detection,
since the signal passing through does not require the use of an optical slit that severely

deteriorates the intensity of the signal.

Unlike regular optical spectrometers, the maximum achievable resolution of FTIR spec-
trometer doesn’t depend on the number of grooves in the grating nor the refraction prop-
erties of the prism, but the total length between two mirrors. The maximum resolution

achievable with Bruker IFS66V spectrometer is 0.25 cm ™!
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Figure 3.5: Schematic diagram of Fourier transform spectrometer based on Michelson
interferometer.

3.4.3 IV and LI curve measurements

The current-voltage (I — V') characteristics of the fabricated devices were measured using a
high impedance voltage probe across the QC laser. The current passing through the device
was measured by an inductive current probe calibrated to output 1 V' on the oscilloscope
per 1 A of current passing through the probe. I —V dependence was measured either at

liquid nitrogen (77 K) or room (300 K) temperatures.

The light output power versus the injection current (L — I') characteristics were measured
using a calibrated thermopile detector (Molectron EPM1000). The output powers were
calibrated against the lock-in signal received from MC'T detector for production of accurate
L — I plots. The power-current characteristics were measured in a wide temperature range
from 10 K up to 420 K, depending on the performance of the laser. The flexibility of

the output power measurements at different temperatures also allows the calculations of
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a device’s characteristic temperature Tj.

3.4.4 Characteristic temperature 7

The exponential increase in the device’s threshold current density at the increased tem-
peratures can be described by the empirical parameter Ty - the characteristic temperature.

The relationship between threshold current density and the temperature is shown in Equa-

tion [6].

Jin = Joexp<;;) (3.1)

It is clear that Tp can be extracted from the linear fit of the natural logarithm of the
threshold current density versus the temperature at wich this Jy, is measured. Higher Tj
values indicate smaller threshold current density fluctuation as the temperature changes.
In contrast, smaller Ty value indicate much quicker threshold current density increase as
the temperature progresses. Small Tj, is typically associated with the worse performing

devices.
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Chapter 4

The Development of Fabry-Pérot
Quantum Cascade Lasers for Gas
Detection in A ~ 3 —4 um

Wavelength Region

4.1 Introduction

The technologically important A ~ 3—4 um wavelength window harbors a lot of hydrocar-
bon absorption lines, used for sensitive gas concentration measurements and qualitative
gas detection. Quite often, the precise concentration of the particular analyte is not re-
quired, thus less sensitive laser based detection systems can be employed. Such systems
can utilize broadband laser emission spectra typically produced in FP cavities in a mid-
infrared spectral region, for the detection of specimens with the broadband absorption
features, such as butane found at 3.35 — 3.4 um wavelength region. Despite the fact that

qualitative gas detection can be achieved without the need for single mode devices, the
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wavelength realization at this spectral region is still somewhat challenging.

The design and realization of QC laser sources in short mid-infrared wavelength region
(A < 4 pm) is much more difficult using conventional material systems (non-stress com-
pensated InGaAs/AlInAs), since the conduction band offset is too small to sustain short
wavelength transitions. Furthermore, the laser performance made out of the material with
the large conduction band offset can become compromised by the carrier leakage to the
neighboring X and L valleys. It was suggested by multiple sources that the laser action
is suppressed once the upper laser energy level at I' point is positioned above the energy
level of the lowest X or L lateral valley minimum in the InGaAs quantum wells, limiting

the shortest achievable wavelength to ~ 3.7 pm [IH3].

In 2007, Revin et al. demonstrated that much shorter wavelength lasing is achievable even
when the calculated upper laser energy level is placed above the lateral valley minimum [4].
These devices demonstrated low output powers and low maximum operating temperatures
compared to the device performance at longer wavelengths achievable at the time. In
2010, Commin et al. demonstrated short wavelength QCL emission in InGaAs/AlAs(Sb)
heterostructure with watt level peak powers and the operating temperatures exceeding
400 K [5]. The demonstrated characteristics of these devices opened up the possibility for

laser commercialization, at this spectroscopically important wavelength region.

However, the reproducibility of QCL devices with the specified wavelength is very poor,
with emission variation as high as £0.5 um between different wafer growths. Additionally,
the yield of electrically stable devices emitting at the right wavelength is very low, typically
not exceeding 10 %, due to growth defects caused by poor epitaxial system calibration

and not optimized growth conditions.

In this chapter a description of different laser core region designs used to improve electrical
stability and optical performance of InGaAs/AlAsSb and InAs/AlSb laser heterostruc-
tures is given. The energy separation of the active region is kept unaffected throughout the

optimization of the laser core region, in order to improve laser performance while keeping
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the emission wavelength fixed. The chapter starts with the description of the observed
systematic wavelength shift occurring as a result of new, improved MBE growth conditions
that were employed in order to stabilize the emission wavelength across the multiple growth
runs. The focus is then shifted to the different design optimization of InGaAs/AlAsSb
lasers grown on InP substrate. InAs/AlSb lasers grown on InAs substrate are then
also described in order to demonstrate emission at the targeted wavelength using different

material system and compare laser characteristics to the InP based lasers.

4.2 InP based lasers

The new growth conditions were employed to regrow a set of QCL wafers previously
grown using older MBE system. InGaAs/AlAs(Sb) QCL design, described in Reference
[5], previously emitting at 3.35 — 3.4 pum was regrown and characterized. Despite the
small defect density (< 500 cm~2) and smooth surface morphology resulting in a very
high electrical stability, the measured emission wavelength was blue-shifted by a ~ 0.3 pm
compared to the emission spectrum obtained from the same design using older growth
conditions. This ~ 0.3 um wavelength shift, is attributed to the conduction band offset
decrease between InGaAs wells and AlAsSb barriers due to reduced interface sharpness
caused by the poor previous growth calibration techniques in older MBFE system. The
increase in interface sharpness can be clearly seen in Figure 4.1, where two transmission
electron microscopy images of two different growths is presented. Graded interfaces lead to
the reduced effective quantum well depth, thus reducing the energy separation between the
transition levels in the active region. Figure [£.2]shows wavefunction distribution inside the
sharp and graded interfaces of QCL core heterostructure responsible for the wavelength

shift.

As a result, the active region design of the subsequent QCL wafers was adjusted to accom-
modate the observed 0.3 pm wavelength shift. The sample SF0657 was used as a control

reference structure with the original active region design shown in Figure [4.3] This struc-
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Figure 4.1: Transmission electron microscopy images of two QCL structures grown after
two different calibrations. The interface between two neighboring quantum wells in struc-
ture (a) are less defined, causing longer wavelength emission. In contrast, structure (b)
has much sharper interfaces, resulting in shorter wavelength emission. The laser emission
from the sharp interface devices closely agrees to the designed emission wavelength.
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Figure 4.2: Conduction band diagrams of a single QCL core period with ideal (a) and
graded (b) interfaces. The energy difference AFE in a structure with the graded interfaces
is smaller than that obtain from ideal interfaces. This reduction correlates with the longer
wavelength emission.
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ture was previously measured to emit at A = 3.7 um wavelength region. This sample,
grown under new growth conditions, should have its emission wavelength reduced to the
desired A ~ 3.35—3.4 um wavelength range due to much sharper QW interfaces achievable

with the new MBE system
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Figure 4.3: Conduction band diagram of the active region of the control reference sample
SF0657.

The measured emission wavelength of this wafer once again confirmed the ~ 0.3 um blue-
shift, bringing the emission frequency to the targeted wavelength. Despite the improved
interface quality and accurate calibration allowing for more predictable wavelength tar-
geting, the performance of newly grown lasers remain inferior to those produced using
older growth conditions. The observed laser performance deterioration, such as increased
threshold current density, lower emission power and less efficient operation at higher tem-
peratures suggest that sharper interfaces have influenced the alignment of the energy levels,

causing less efficient electron flow. As a result, a number of core region changes are made
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in order to improve the efficiency and performance of these devices.

4.2.1 Laser design: 1* growth

Sample SF0657, emitting at A ~ 3.35 — 3.4 um, was used as a control structure in order
to compare all the subsequent core region changes. Eight QCL wafers with modified core
designs have been grown. The detailed modifications for different structures are described

below.

SF0677

The laser core design of SF0677 is based on SF0657 with the elevated energy position
in the injector designed to improve the energy level alignment and wavefunction overlap
between the upper laser level and the injector miniband. The last 4 quantum wells of a
full period were grown narrower by 0.5 A to increase the position of the energy levels by
~ 10 meV. The full design of this structure is described in Appendix[A.2.2] The growth of
this wafer has been compromised due to poor vacuum inside the MBE chamber. Despite

the imperfect growth, the fabricated devices were measured and characterized.

SF0678

Sample SF0678 is an exact copy of the failed growth run of SF0677 sample.

SF0679

The injector design of this structure has been raised even further by narrowing the last 4
quantum wells of a full period by 1 A compared to the reference sample SF0657. Narrow
wells elevate the energy level of the injector by ~ 20 meV, potentially improving the level

alignment even further.
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SF0680

The design of SF0680, and all the subsequent structures in this growth batch, was based
on SF0679 structure. Here, the assumption that narrower wells in the injector will improve
the laser efficiency is made. This particular QCL design has increased doping, to observe
the effect and characteristics of higher charge density in the bridging region. The doping

017

was increased 4 times to 2.4 x 10'® ¢m ™3, compared to 6 x 107 ¢m™3 doping used in the

control sample.

SF0681

In contrast to the SF0680 structure, this particular design was grown with reduced doping

in the injection region. The doping is reduced 4 times to 1.5 x 1017 em =3,

SF0682

The design of SF0682 structure is changed by modifying the length of the injector with
the addition of two extra quantum wells. Longer injector increases the energy difference
between the injector miniband and the lower laser level, therefore reducing the probability

of thermal carrier backfilling.

SF0684

Sample SF0684 was designed with narrower injection barrier. The barrier was decreased
by ~ 20 % from 26 A to 22 A in order to increase injection efficiency by increasing the

electron tunneling probability.
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SF0685

Similarly to SF0684 structure design, this particular sample was grown with all barriers
narrowed by 10 % in order to increase the wavefunction coupling between the neighboring
energy levels. Thinner barriers across the whole structure increases the quantum tunneling

efficiency, hence improving the electron flow inside the active region.

4.2.2 Results

The grown wafers were processed into devices using wet etching to expedite the fabrica-
tion process. Lasers were fabricated into 3 mm long and ~ 20 um wide ridges with as
cleaved facets. All devices demonstrated pulsed emission at low temperatures. The mea-
sured threshold current versus temperature dependence, wavelength versus temperature

dependence and current-voltage characteristics of these devices are shown in Figures [1.4]

and (4.5

Despite the detected light emission from all of the devices at low temperatures, the room
temperature operation has been observed with only a handful devices. It can be noticed
from Figure that the targeted wavelength (3.35 — 3.4 um) is achieved only at tem-
peratures ~ 200 — 250 K. Ideally this wavelength should be reached at or near room
temperatures, in order for these devices to be used for commercial purposes. The thresh-
old current density at liquid nitrogen temperatures is around 3 kA/cm?, increasing to

17 kA/cm? at room temperature.

The increased injector energy levels (SF0677/78/79) did not improve device performance,
supposedly bringing two wavefunctions out of the alignment decreasing the overlap be-
tween them. All three samples, SF0677, SF0678 and SF0679, demonstrated poorer
performance compared to the devices made from the reference structure SF0657. The
threshold current densities at 240 K are twice as high (Jy, ~ 13 kA/em?) compared to

the SF0657 structure (Jy, ~ 6.5 kA/em?). Additionally, neither of these samples oper-
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Figure 4.4: Wavelength versus temperature dependence of the fabricated QCL devices

ated at room temperature. The emission wavelength of SF0677, despite the failed growth
run, stayed in the targeted A = 3.35 — 3.4 um wavelength region at the T" = 200 — 270 K

temperature range.

As shown in Figure the threshold current density of higher doped device (SF0680)
is about two times higher (Jy, = 7 kA/cm? at T = 77 K) compared to the rest of the
devices (J;“"" = 3.1 kA/em? at T = 77 K). Device is not tested above 160 K due to
inaccessibly high currents required to power this laser. The current-voltage characteristics,
shown in Figure demonstrate lower voltages and gradual slope associated with lower
device resistance at zero bias due to higher free electron density. As expected, the emission
wavelength of this device is red shifted due to premature diagonal transitions occurring
inside the active region. Energy separation between two laser levels prior to the complete

active region alignment is reduced, since the increased carrier concentration triggers shorter
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(b) Current-voltage characteristics of the QCL devices at liquid nitrogen (77 K) temperatures.

Figure 4.5
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wavelength transitions before the optimal alignment is achieved.

Similarly poor performance has been observed with the structure with lower core region
doping (SF0681), with no observed emission at temperatures above 200 K. The opera-
tional voltage of this structure is much higher, as seen in Figure [4.5b] arising from the lack
of free charge carriers inside the injection region. As a result, much earlier roll-over is ob-
served, preventing high temperature operation. The emission wavelength measured from
these devices is comparable with the other designs. As expected, the emission wavelength
increases as the temperature is raised from 7' = 77 K to T = 160 K, due to change in
refractive index inside the waveguide, however the observed wavelength starts to decrease
as the temperature increases from 160 K to 200 K. This wavelength decrease is associated

with the stretched energy transition levels due to laser operation past its roll-over.

Sample SF0684, with narrower injection barrier showed room temperature operation with
the emission wavelength of A\ ~ 3.47 pum. The overall performance of this sample is

comparable to the other devices in this growth batch.

The threshold current density of sample SF0685 at low temperatures is similar to the other
devices, however, it can be noticed that the increase in Jy, as the temperature increases
is much steeper, indicating low characteristic temperature Ty. Thinner barriers across the
whole core region increases tunneling probability of the electrons, possibly allowing some
of them to escape into the continuum as the temperature increases, therefore increasing

threshold current density at higher temperatures.

4.2.3 Laser design: 2" growth

Surprisingly, most of the proposed changes brought the overall performance down com-
pared to the control structure SF0657. The only improvement was noticed with sample
SF0682 that demonstrated room temperature operation suggesting that longer injector
benefits the laser performance. As a result this particular design was used as a reference

for the subsequent QCLs growth run, where further changes have been made:
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SF0694

Since the overall performance of SF0678 and SF0679 structures degraded compared to
the reference structure SF0657 after the injector energy levels were raised, this structure is
designed with the lower energy levels inside the injection region. The last 4 quantum wells

are widened by the 0.5 A in order to decrease the injection energy level by ~ 10 meV.

SF0695

The sample SF0695 was designed with multiple changes in order to combine previously
observed improvements. This design contains longer injector, achieved by an addition of
two extra quantum wells, and thinner Al AsSb barriers for improved wavefunction coupling

between the layers. The layered composition of this design is described in Appendix

[A2.3

SF0697

This design, similarly to SF0694, has been grown with even lower energy levels inside the
injector. The last 4 quantum wells of a full period were widened by 1 A decreasing the
energy level by ~ 20 meV. The reduction of the injector energy levels can potentially

increase the wavefunction overlap. The layer composition of this design is described in

Appendix

SF0698

This particular design focuses on the improvement of characteristic temperature Ty. The
extraction section of the injector region is modified by the addition of two extra quantum
wells. The addition of these wells distort the continuity of the cascading wavefunction.
The addition of these quantum wells introduce a gap in the energy levels between the

injector and active region. The position of the energy level in these two wells prevents the
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carrier leakage to the continuum at high temperatures, thus increasing its efficiency at high

temperatures. The layer composition of this design is described in Appendix

SF0699

The sample SF0699 has identical laser core design to SF0695 structure with reduced
number of cascade periods from 30 down to 25. The period reduction lowers operational

voltage and power consumption, at the cost of reduced emission power.

SF0700

Unlike all the previously described designs, this structure is designed to have vertical
radiative transition, compared to the diagonal found in all of the previously mentioned
structures. This sample was included just to ensure that the wavelength can also be
selectively targeted with different transition design. The layer composition of the active

region is shown in Appendix [A2.6]

4.2.4 Results

Similarly to the previous batch of grown wafers, the lasers were fabricated into 3 mm
long and ~ 20 pm wide wet etched ridges. The threshold current versus temperature
dependence and the emission wavelength versus temperature dependence can be com-
pared in Figure where the results from both growths are included for comparison

purposes.

The devices have very similar emission wavelengths with slight variation caused by the
growth non-uniformity. The threshold current values are very similar to those obtained
previously, suggesting that small design changes do not increase net gain. It can be noticed

that sample SF0698 has much more gradual threshold current temperature dependence
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curve, compared to the other devices. The gradual threshold current change is charac-
teristic to the devices with high Ty value. The extra quantum wells introduced into the
bridging region of SF0698 structure design create a band gap, suppressing electron escape

into the continuum at higher temperatures.

It can be noticed in Figure that lower injector improved the threshold current den-
sity, with observed emission at room temperatures for SF0697 sample. Additionally, the
comparison between the previously grown samples SF0678 and SF0679 can be made in
order to notice that slightly higher (0.5 A narrower) and much lower (1 A wider) injec-
tor level increases the performance of the laser compared to the much higher or slightly
lower injector levels. The emission wavelength of these structures remained very similar

at A ~ 3.4 um.

Unsurprisingly, the sample with lower number of periods (SF0699) had no emission above
T = 120 K. The optical gain required to sustain the oscillation is too low in the core
of the laser with reduced number of active region periods, preventing high temperature

operation.

Additionally, much lower measured device resistance (100s of ohms), compared to the
typical resistance for the devices at these wavelengths (100s of kilo-ohms) suggest parasitic
current leakage bypassing the active region. This leakage can be explained by the metallic
defects, shown in Figure[4.7] caused by micro-splashes from Ga cell during material growth.
Further investigation revealed that these splashes were originating from the condensed
liquid Ga coating on the shutter. The mentioned splashes would form unwanted current

channels creating a path for parasitic current leakage.

4.2.5 Laser design: 3"¢ growth

Further investigation of growth conditions revealed the problem with Ga cell, which has
been producing splashes, possibly contaminating the samples responsible for poor perfor-

mance described above. The cell was changed reducing the density of these defects and
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Figure 4.7: Nomarski microscope pictures of metallic defects caused by Ga micro splashes
formed on the surface of QCL wafer SF0657

a new set of wafers was grown in order to test it. Additional set of five wafers, with the

following changes were designed and grown:

SF0721

The design of this wafer is based on SF0682 structure. The sample was grown at 30°C'
lower temperature with traveling Sb cracker valve. The antimony valve traveled back to
zero position before the growth of InGaAs layers. Sb shutter was also closed during the

growth of InGaAs layers further preventing the possibility of contamination.

SF0723

The laser core of SF0723 structure is based on SF(0682 and was also grown at 30°C' lower
temperature but with fixed Sb cracker valve. Fixed Sb cracker valve remains open during

the growth time and only Sb shutter interrupts the flux.
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SF0732

This design is the exact copy of sample number SF0682 grown at standard growth condi-

tions and temperatures.

SF0733

This structure is a copy of M 3767 [5] QCL structure grown at standard conditions. This
structure was previously measured to emit at A ~ 3.37 um using old growth conditions.
The sample is included to confirm if previously observed ~ 0.3 pum wavelength shift still

exist.

SF0735

The core design of this structure is based on SF0682 heterostructure with the spacer
thickness of 0.2 pm instead of the usual 1.5 um. The spacer thickness is changed in order

to test the efficiency of the waveguide confinement as a function of spacer thickness.

4.2.6 Results

Very similar threshold current densities and emission wavelengths, with exception of de-
vice number SF0733 compared to the previous devices, shown in Figure were mea-

sured.

Structure SF0733 has unmodified design that was not adjusted for the interface grading
causing ~ 0.3 um wavelength shift. As seen from the Figure the wavelength of
this structure is much shorter with the threshold current densities twice as high at low
temperatures compared to the other devices. The emission was only observed at liquid
nitrogen temperatures due to inefficient active region alignment under the applied electric

field caused from the unchanged structure design. Sample SF0721 demonstrated lower
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threshold current density at low temperatures compared to the other devices. It is possible
that the wafer quality was influenced by the reduced contamination due to fully closed
Sb cracker valve during InGaAs layers growth. However, the Jy, becomes comparable
to the other devices at higher temperatures. This behavior can be associated with the
lower layer thickness uniformity from period to period due to the backlash in Sb cracker
valve mechanism. Despite low T, the devices, made from this wafer, demonstrated room

temperature operation at the targeted wavelength region.

Although the new growth conditions result in sharper quantum well production and much
better structure reproducibility, the grown quantum cascade lasers still have large thresh-
old current densities. It has been shown that the growth temperature change and minor
design optimization played very small role on device performance. The samples grown at
lower temperatures with traveling Sb cracker valve show some improvement with the emis-
sion at the targeted wavelength at room temperature. This suggest that contamination

still can be a major cause in achieving high purity structures.

4.3 InAs based lasers

As described in Section the emission wavelength can be engineered using different
material systems through band engineering technique. In order to target previously men-

tioned 3.35 — 3.4 um wavelength region, InGaAs/AlAsSb material system is substituted
with InAs/ALSb.

Device, grown on InAs substrate typically has its waveguide made out of the same semi-
conductor composition as its substrate - InAs. The composition of this waveguide allows
it to be formed inside the MBE reactor chamber during the same growth run, as opposed
to the waveguides based on InP. The waveguides based on InP are usually grown inside
the MOVPE reactor, creating the possibility of oxidation and contamination during the

transfer of the sample between two reactors. Also, single reactor growth reduces epitaxy
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time, and in turn the testing feedback time. InAs/AlSb material system is less sensitive
to the As/Sb ratio due to almost perfectly matched lattice constant to InAs substrate.
This particular material system also has lower electron effective mass in QWs, potentially

allowing higher achievable gain.

Despite these advantages, the efficiency of high temperature and C'W operation for short
wavelength QCLs based on InAs material system is still very low. The main problems
reducing short wavelength performance arise from the interband absorption in the super-
lattice spacers and the free carrier absorption in the claddings. Additionally, the vertical
heat transfer from the hot core region is inefficient, due to the multi-layer composition of
the active region and spacers. The MBFE growth of short wavelength QCLs is also com-
plicated by the absence of common atoms at the interfaces, straining the possible AlAs

and InSb bonds.

The active region of InAs/AlSb heterostructure targeting the emission wavelength of
3.35 — 3.40 pm is shown in Figure [£.9 The laser core is made of 25 periods with the
exact layer composition described in Appendix The wave confinement was achieved
through plasmon-enhanced waveguide. The InAs spacers were replaced with a short
period InAs/AlSb superlattice developed by Devenson et al. [I] due to the dominating

interband absorption in InAs at wavelengths below 3.5 pum.

The fabricated QCL devices from this wafer demonstrated pulsed emission at room tem-
perature at A ~ 3.35 — 3.37 pm with the threshold current densities of ~ 8 kA/em?. A
small percentage of arsenic (~ 15 %) has been added to the AlLSb barriers in lower cladding
superlattice in order to avoid material relaxation. The barriers of the lower cladding su-
perlattice are not sensitive to the interface roughness as its main purpose is to separate

the laser core from highly absorbing upper cladding.

In order to improve device performance, a set of InAs/AlLSb QCL wafers with InAs/Al(As)Sb

lower cladding superlattice was grown utilizing different growth conditions.

The first wafer, SF0861, was used as a control structure in order to determine the ac-
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Figure 4.9: Energy band diagram of the InAs/AlSb QCL designed for emission at 3.35 —
3.40 pum wavelength (SF0780).

tual emission wavelength and required lattice adjustments in order to target the spe-
cific wavelength. Subsequent devices, namely SF0869 and SF0870, were adjusted for
A ~ 3.37 um emission according to the growth rates extracted from the sample SF0861.
Sample SF0870 was grown with In source temperature decreased by 1°C' to target slightly
shorter wavelength. Temperature reduction, decreases the well thickness inside the active

region, slightly reducing the emission wavelength.

SF0861

This wafer design was based on the SF0780 sample heterostructure shown in Figure
InAs/AlAsg155b.g5 heterostructure was grown with the reversed polarity (reversed layer

sequence).
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SF0869

The design of this structure is similar to SF0861 but grown at 10°C' lower temperature
and 2"¢ cladding grown at 5°C higher temperature. The structure was also grown with

the reversed polarity, unlike typical InGaAs/AlAs(Sb) material structures.

SF0870

The last wafer of this batch was based on the same SF0861 active region design grown
at 10°C' lower temperature and 15°C higher temperature for the 27¢ cladding. The cell
temperature was decreased by 1°C' to slightly decrease the emission wavelength. Devices

retained reversed polarity compared to the usual systems.

4.4 Results

All fabricated devices demonstrated pulsed emission at room temperature. The threshold
current densities of these devices were in ~ 8 — 9 kA/em? range. The summary of these

devices is shown in the table below.

Wafer no. Emission Ridge Jin Pulsed Operating
wavelength | width/length| (kA/cm?) power Voltage (V)
at RT (um) | (um) (mW)

SF0780 3.35-3.37 5-20 / 2000 | ~ 8.0 > 50 15.5

SF0861 3.42 11 / 2000 ~9.1 > 50 <17

SF0869 3.45 11 / 2000 ~ 8.2 > 50 <17

SF0870 3.35-3.37 11 / 2000 ~9.1 > 50 <17

Some of the devices had HR coating applied to one of the facets in order to minimize the
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mirror losses, reducing the threshold current density to ~ 7 kA/em?. Samples SF0780
and SF0870 demonstrate emission at the targeted wavelength (3.35 — 3.37 um) at room
temperature with the threshold current densities comparable to the devices grown on InP
substrate. The other two samples (SF0861 and SF0869) have the emission frequency very

close to the targeted wavelength.

4.5 Conclusion

The improved growth conditions and more precise calibration influenced the grown ma-
terial quality, producing sharper, better defined interfaces as seen in Figure The
reproducible growth allowed for specific wavelength selection by adjusting previously used
designs. QCL wafers grown with older designs, under new growth conditions demon-
strated shorter wavelength emission, suggesting that previous growth conditions distorted
the quantum well sharpness at the interfaces. Improved MBE calibration allows for
precise wavelength control, opening the possibility to optimize laser design and perfor-

marnce.

A number of changes, made to the laser core design, did not show a major performance
improvement. Some improvement has been observed with the traveling Sb cracker valve,
suggesting that chamber contamination influences the laser performance much stronger

than the changes made to the core region design.

An alternative InAs/AlSb material system has been used to demonstrate excellent wave-
length selectivity. The material system is less sensitive to layer composition as it uses
only binary compounds and it also does not require MOVPE cladding overgrowth, reduc-
ing the chance of cross-contamination. This particular material system can deliver short
wavelength mid-infrared emission above room temperature [6] in both, standalone [7] and
external cavity systems [8], potentially allowing the integration of laser based spectroscopy

with this material system.
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Chapter 5

Quantum Cascade Laser with

Unilateral Grating

5.1 Introduction

Single mode operation, high output powers and wide tuning range are the main require-
ments for lasers used in spectroscopic applications. A number of important hydrocarbons,
such as CHy, CHy, CoHs and many others, as shown in Figure absorb light in the
mid-infrared region, especially in the 3 — 4 um spectral window. Tunable laser absorption
spectroscopy technique (TLAS) is used to determine the concentration and origin of the
gaseous substances and also to resolve the temperature, pressure, velocity and mass flux
of the gas under observation. This technique creates demand for suitable light sources

emitting at these wavelengths.

However, the availability of such light sources still remains limited due to its uniqueness
and high fabrication cost associated with the manufacturing techniques. While GaSb
type-I laser diodes [I] and highly promising interband cascade lasers [2] are the alternatives

capable of the mid-infrared light emission, quantum cascade lasers are still more preferable
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candidates due to their higher output powers [3], wide operating temperature range [4]
and broad wavelength selection [5] [6]. However, the complexity of the single mode design
for a wide range of target wavelengths, that is imperative for the gas spectroscopy, quite
often results in low device yield, resulting from additional fabrication steps that can cause
waveguide imperfections leading to multimode emission or single mode emission at the
wrong wavelength. Simplification of processing steps is a move towards minimizing the
potential fabrication errors, which play very important role in determining device yield,

especially at the early stage of the device development.
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Figure 5.1: Light absorption at various wavelengths by the atmospheric gases, taken from
HITRAN database [7].

There is a number of methods for achieving single mode operation in QCLs, including
the use of an external cavity [§], that will be described in more details in Chapter |§|7
distributed Bragg reflector mirrors [9] or distributed feedback (DFB) grating [10]. Since
the first demonstration of DFB QCL in 1997 [11] with metalised surface grating, operating
at room temperature with the threshold current density of Jy, = 7 — 9 kA/cm? and peak
optical powers above 100 mW, various types of DFB gratings have been tried, with the

maximum reported continuous wave emission power of 2.4 W at room temperature with

Jth =1.6 kA/cm2 “Eﬂ

DFB lasers have a different feedback mechanism from that of Fabry-Perot type lasers.
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(b) Lateral DFB grating (c) Buried DFB grating

(a) Surface DFB grating

Figure 5.2: Three most common types of DFB grating etched into the QCL waveguide.
a) The first DFB QCL with first order surface grating with the grating period of 850 nm
[11]. b) Lateral grating with the grating period of 1.58 um [13]. c¢) Buried DFB grating
placed between the top cladding and active region of the QCL [14]

They all rely on the refractive index fluctuations inside the waveguide caused by the
grating. There are three main types of the distributed feedback gratings that are fabricated

most often - buried, surface and lateral grating, all shown in Figure [5.2

The lateral grating (Figure has several advantages over other types of gratings. For
example, in contrast with the buried grating (Figure , the lateral one involves fewer
processing stages and does not require an additional overgrowth step that is both time
consuming and may introduce potential defects. The surface gratings (Figure do
not require overgrowing too, however, it is much more challenging to control the coupling
due to weak mode penetration into the top cladding layer for the short wavelength QCLs.
The fabrication of the unilateral grating on one side of the ridge, reduces the possibility

of making an error in fabrication even further.

The aim of this chapter is to design and fabricate DFB laser with the targeted emission
wavelength in a spectroscopically important mid-infrared region. The fabricated lasers,
described in this chapter, have their emission locked at A ~ 3.6 um, suitable for formalde-
hyde (CH>0) detection, and A = 3.37 pum, often used for butane (C4Hio) detection. This
chapter describes the design and fabrication of a DFB laser with an unconventional third
order unilateral grating. The fabrication challenges, performed calculations, that were

aimed to target specific wavelengths, and measured results are also described.
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(a) Forward traveling wave in a FP cavity with a (b) Wave reflections in a DFB laser waveguide
lossless waveguide caused by the grating

Figure 5.3: Wave propagation in a computer modeled FP (a) and DFB (b) cavities. In
a FP cavity the intensity is transmitted with no losses (assuming lossless waveguide),
while the waveguide with a DFB grating reflects some of the wave back, reducing the
simulated light transmission. FP and DFB waveguides are 10 um and 10 ym+2 um wide
respectively. The color map shows normalized wave intensity inside the waveguide with
white color representing unperturbed wave propagation (W = W, = 1).

5.2 Working principles of distributed feedback

Unlike the Fabry-Perot lasers where the light feedback is achieved from the wave reflection
from the side mirrors, the distributed feedback lasers use a periodic grating that provides

selective feedback and mode generation.

The grating can select the wavelength of incident light through phenomena recognized and
analyzed by Bragg [15]. As shown by the waveguide simulation in Figure the incident
wave at the left facet of the lossless waveguide travels towards the right facet unperturbed
if no grating is present (Figure . However, periodic corrugations create a waveguide
with the alternating effective refractive indexes (n.s¢) causing partial reflections as the
wave propagates (Figure . The reflected wave returns to the left facet partially
reflecting again until some of it reaches the point of incidence (left mirror). Upon the
arrival to the left mirror the wave is reflected and interferes with the oscillating wave
either constructively or destructively, depending on the wavelength. If the oscillating
wave is near or at the corresponding Bragg wavelength (Ap) it interacts constructively
providing the required feedback for the lasing to occur. Alternatively, if the wave is away
from Ap, the interference is destructive consequently suppressing the laser emission at

that frequency.
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Since a Bragg grating amplifies some frequencies and suppress the others it is sensible
to combine Fabry-Perot laser cavity with embedded grating creating wavelength selection

and selective feedback.

5.2.1 Grating calculation

The etched gratings usually have very small features, much smaller than the laser ridge
itself (see Figure. These features are proportional to the emission wavelength. While it
is a common practice to manufacture first order gratings for the far-infrared and terahertz
lasers, this task becomes more challenging for devices emitting in the short wavelength
mid-infrared spectral region. The typical size of such grating for the wavelength range
3um < A < 4pm is in the order of ~ 250 — 300 nm. Features of this size are too small
to be defined using ordinary photolithographic techniques, thus it has to be fabricated
using either e-beam [16] or holographic lithography [I7], increasing the fabrication time
of such devices and the ability to integrate this process into a high volume industrial
process. Devices made with second order grating typically cause surface emission, proving
more difficult to harness emitted light with the existing detection setups here at Sheffield.
Additionally, in order to maximize the coupling coefficient, the grating mark:space ratio
has to divert from 50 % mark, causing some of the fabricated features comparable in size to
those required by first order grating, preventing the use of optical lithography. By contrast,
in a third order grating [14] the size of these features is increased to 750 — 900 nm allowing
them to be defined using conventional UV contact photolithography [I8]. However, the
downside of using a higher order grating is the reduction of the coupling coefficient k, that

defines how strongly the optical mode is coupled to the grating [19].

For a first order grating, the coupling coefficient is defined in Equation 238 where « is the
measure of strength of the backward Bragg scattering and so is the amount of feedback
per unit length (cm™1).

For the optimum laser performance the L product, where L is the length of the optical
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cavity must be equal to unity [19]. However, for the real devices it was determined that the
lasers have a lower threshold, better slope efficiency and higher optical powers if kL = 2—3
[20] 21]. In practice this means that the fabricated lasers require higher coupling coefficient
or smaller cavities than predicted, in order to achieve better performance. However, a
very small cavity does not provide enough gain for amplified light to overcome the losses
resulting in no emission. Alternatively, very big k will over-couple the laser and therefore

reduce its performance.

In order for the Bragg wavelength to interfere constructively with itself, the grating has
to be periodic, with the period equal to one half of the designed wavelength as shown in
Equation It is clear that the size of grating period A, scales linearly with the grating

order m, making it easier to be fabricated for higher order gratings.

An additional benefit of using third order grating is increased wavelength control, com-
pared to the lower order gratings. As seen from Equation the wavelength selectivity
is proportional to the grating period A and inversely proportional to the order of the grat-
ing m. As a result, the wavelength shift, for the third order grating, is one third of that
obtained using first order grating. This allows the factor of 3 increase in wavelength selec-
tivity, providing tighter wavelength distribution. The fabrication of third order grating is
much simpler technique than the fabrication of sampled gratings, where fine wavelength

selection is also possible [22].

5.3 Computer modeling and sample fabrication

This section describes analytical and computational calculations to determine the grating
period A required to target A = 3.58 um wavelength often used for sensitive formaldehyde
detection. This hydrocarbon is highly toxic and corrosive making it very dangerous for
people working with this gas or producing it. The formaldehyde may cause headaches and

minor eye and airway irritation at levels bellow the odor threshold (0.83 ppm [23, 24])
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and is considered to be immediate danger to life or health at concentration of 20 ppm
[25]. As a result, suitable light sources are required to be used inside the laser based
detection systems for sensitive gas detection, such as those produced by the collaborating
partner Sensor Sense in Netherlands [26]. The sample fabrication is described in Section
[£.3:2] where the wafer, with the emission wavelength centered at 3.5 — 3.7 um, is being

used.

5.3.1 Computer modeling

Prior to the device fabrication the waveguide was modeled using a photonics CAD tool
- Fimmwave [27]. The software is capable of simulating the distribution of the optical
mode inside a passive waveguide. The layers of the simulated waveguide are defined
through characteristic parameters, such as the material’s refractive index (n) and the

losses ().

The visual representation of the calculated first mode inside the waveguide structure is
shown in Figure The software also generates two important values that are used for
analytical computations determining optimum conditions - confinement factor I' and the
effective refractive index n.ysy. Confinement factor I' specifies the fraction of the optical
mode confined inside the core region of the waveguide. Effective refractive index nsy is
the average refractive index experienced by the optical mode inside the waveguide as a
result of the different material layers inside the core region. Two main calculations, used

for the grating dimension determination, are described in the sections below.

Calculation of the grating period A

The grating period plays a crucial role in the wavelength selection. As described in Sec-
tion the analytical calculation for the grating period A can be estimated using
Equation [2.35, where the effective refractive index of the waveguide .y is obtained from

the computer model. The effective refractive index for the laser cavity used for this sample
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Figure 5.4: Computer generated model of the laser waveguide with the calculated mode
intensity inside the ridge. The calculations were performed for emission wavelength in air
of A ~ 3.6 um. The composition of layers from the bottom up: InP substrate, InGaAs
spacer (Ng ~ 1 x 1017 em™3), followed by the laser core region, InGaAs spacer level
(Ng ~ 1 x 107 em™3), InP cladding (Ng ~ 3 — 4 x 1017 ¢m™3), InP cladding (Ng ~
8 x 10'® ¢m™3), where Ny is doping concentration. The laser waveguide is surrounded
with air, with the mode confinement factor of I' = 0.656.

fabrication is nefs = 3.2, as described in Reference [28]. As a result, the grating period
of A = 1.678 um is calculated to create selective feedback for the Bragg wavelength of
Ap = 3.57 ym.

Alternatively, the grating period can be calculated with the 3D waveguide model that
simulates wave propagation for a specified corrugated waveguide. The Figure [5.5] plots
the wave propagation at a given wavelength as a function of grating period. The lossless
waveguide assumption (o = 0) allows the observation of the perfect transmission (7' =

100%) throughout the waveguide at certain periods and a clear reduction in transmission
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for the period equal to 1.68 um. The transmission reduction occurs due to some of the
wave being reflected back, as described in Section [5.2] Both analytical and computational
results closely agree with each other with a negligible difference. This difference can be
ignored especially considering that the error during fabrication can be as high as ~ 0.01 um

causing a wavelength variance in the range of A\ = +0.02 um.
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Figure 5.5: Propagating light intensity in the DFB waveguide as a function of varying

grating period. The transmission reduction at A = 1.680 um corresponds to the grating
period required to provoke feedback at Ap = 3.58 um.

Determination of the required device dimensions

The dimensions of the grating as well as the length of the DFB cavity can influence the
strength of the feedback received by the device. Smaller cavities tend to have less gain
material resulting in weaker wave coupling, while larger cavities might become overcoupled.

As a result, the amount of coupling has to be precise for efficient light generation. As
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mentioned in previous section, the product kL should be between 2 — 3 to achieve the best

quantum cascade laser performance [20) 21].

The coupling coefficient is expressed in Equation [5.1

2AnT
R =

Te 51
m)\B Xf d ( )

where f,.q accounts for the variation of the mark:space ratio, the ratio of the grating’s

peak and its period (peak+groove), and is expressed as:

Jred = SZTL(ﬂ'Al/A) (52)

here I' is the mode confinement factor obtained from the computational model and typi-
cally is in a 0.64 — 0.66 range, m is the grating order and A;/A is grating’s the mark:space
ratio. An was found by An = n; — ng, where ny and ns are the effective refractive in-
dexes of two waveguide segments representing the ridge and grating regions, as shown
in Figure [5.6] The effective refractive index was obtained for each segment and used
to obtain An. For example, 5 um waveguide ridge with 1 um deep double sided lateral
grating will be modeled as two different segments - 5 um and 7 pm wide. Two effective

waveguide indexes will be used to calculate An, by simply subtracting one from another

(An = n7um — N5um)-

Once k is obtained, the length of the laser ridge L can be adjusted in accordance to
kL = 2—3. The same computational technique can be applied for the single-sided grating.
But this time the waveguide will be split into 5 pm and 6 um wide segments to obtain the
5 um wide ridge with 1 um unilateral grating. One can notice that coupling coefficient
for 1 um deep double sided grating will be the same as for 2 um deep unilateral grating

for the same ridge width.
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Figure 5.6: Unilateral grating splits into individual segments. An is calculated by sub-
tracting the effective refractive index of one segment from another, such as An =nj; —ny

5.3.2 Sample fabrication

One of the advantages of making the lateral grating is the simplicity in its fabrication. The
processing stages and techniques are the same used for simple ridge definition described
in Section [3.3] The main difference between the simple ridge definition and the ridge with
the integrated unilateral grating occurs at photolithographic stage of ridge definition and

etching.

In general, the resolution of photolithography is expressed in terms of exposure wave-
length and numerical aperture (NA) [29], as a result, the achievable exposure resolution

is described by

Resolution =

= (5.3)

where the constant £ is highly dependent on the process being used and typically can

have values ranging from 0.5 to 0.8 for a less stringent process. The numerical apertures
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Figure 5.7: An optical image of two, 5 pum and 10 pm wide, fully processed ridges with
2.5 um wide unilateral grating. The grating pitch is L = 1.68 pum.

of commonly used systems range from about 0.5 to 0.6, therefore the maximum resolu-
tion that can be achieved using photolithograpic technique is comparable to the exposure
wavelength being used. Mask aligner Suss MJB300 has 300 nm wavelength, which is ~ 3

times smaller than the smallest feature of the grating (840 nm).

While grating patterning is easier and cheaper due to the size of the grating and availability
of the optical lithography, the main challenge comes from the ability to transfer the pattern
onto the semiconductor, i.e. etching. Different etching techniques will produce different
results, influencing the topography of the substrate. Etching processes can be classed into
two categories depending on its dominant mechanisms - wet chemical etching and dry
plasma chemical etching. Pure chemical etching, due to its nature, is isotropic type of
etching (Figure [5.8). The chemical reaction with the material is usually the same in all
directions, producing undercut and non-vertical sidewalls. Chemical etching can produce
vertical walls if over-etched. The rate to the side of the substrate will remain the same
producing vertical side walls with much higher opening than the patterning mask. As a
result, wet etching cannot be used for deep and narrow features, such as those required

for unilateral grating definition.

Plasma etching, on the other hand, due to its etching mechanism involving highly energetic
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ions in a low pressure atmosphere, has a mean free path that is many times larger than the
etching features resulting in etching at right angles, hence anisotropic material removal
[30]. In order to form ~ 5 um deep and 840 nm wide opening with parallel walls the
semiconductor etch recipe, consisting of argon (Ar) and silicon tetrachloride (SiCl,) gases,
has been used. The close inspection of the formed ridge revealed that etchant penetration
to the valleys between the peaks of formed diffraction grating is very poor, resulting in
weak mode coupling producing multi-mode laser emission. As a consequence, the etching
recipe has been changed to 7 standard cubic centimeters per minute (scem) chlorine flow
and 20 scem argon flow. The RF power was increased from 220 W to 280 W to increase
physical etching and gas penetration to the grating valleys. The ICP power was reduced
from 1000 W to 500 W to decrease the plasma density inside the processing chamber.
Decreased plasma density inside the IC'P chamber reduces the chemical etch rate, creating

smoother wall surface.

The chlorine based etching process has 2.5 times slower etching rate (400 nm/min for Cl
based recipe compared to 1000 nm/min for SiCly based recipe) allowing the definition of
deep vertical features and exhibits good penetration properties into the narrow areas of
the sample. Two images, taken with an optical microscope, of the etched ridge are shown
in Figure The shown ridges are insulated with a Si0Oy film and contact windows

etched.

The grown QCL wafer was designed to have lasing gain centered at 3.5 — 3.7 um at room
temperature with a strain compensated Ing;GagsAs/AlAs(Sb) laser core design similar
to the one described in Reference [28]. Ings53Gag.47As spacer layers of 200 nm were grown
around ~1.32 ym thick laser core by MBE on a low doped (3 — 5 x 10'" em™3) n-type
InP substrate. The upper cladding consisted of InP grown in metal-organic vapour phase
epitaxy reactor. The details of the growth and the upper cladding layers can be found in
Reference [31]. All devices, targeting 3.58 pm wavelength, were made with A = 1.68 pm

period grating with the lateral depth ranging from 1 pm to 5 um.
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pu—

Figure 5.8: Representation of isotropic and anisotropic etching types. Left: Isotropic
etch has same rate of etching in both directions - horizontal and vertical, creating arched
undercut underneath the mask. If the process is selective the horizontal etch will stop,
while vertical etch will form nearly vertical walls. Right: Anisotropic etching vertical
component is almost negligible creating a perfect vertical walls.
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Figure 5.9: Scanning Electron Microscopy image of a fully processed quantum cascade laser
ridge with single-sided lateral grating (10 um wide plain ridge with 3 um wide grating on
one side) before deposition of electroplated gold. (The spots on the surface of the laser
ridge and around are the results of the residues from SiO2 hard mask and photoresist.)

5.4 Device characterization

Due to possible mismatch between the actual and calculated effective refractive indexes
used in the computational model, lasers were processed into 10 pm and 5 pm wide ridges
with three different grating depths ranging from 1 to 5 um and cleaved into 2, 3 and 4 mm
long chips. Such variation in the ridge size also helps to compensate for unpredictable fluc-
tuations in coupling coefficient and effective refractive index due to under-etched grating.
The longer, 4 mm chips were chosen to maximize the output power, by maximizing the
length of the gain region. The scanning electron microscope image of the QCL ridge with
unilateral grating is shown in Figure[5.9] It can be noticed that the grating valleys contain
some of the active region that wasn’t removed during the etch. This extra under-etched
material can influence the coupling coefficient and is accounted for by the variation in the
device dimensions. The contamination spots seen around the ridge are the result of not

properly removed photo-resist after the photo-lithographic stage.

The experimental results showed that the shortest (2 mm) and longest (4 mm) devices have
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single mode yield less than 1 % regardless of the width of the ridge and grating, while
3mm long lasers demonstrate much higher yield (~ 8 %), especially for the 10 um wide
ridges (~ 20 %). In this chapter, we present laser characteristics for 1042 pm wide (10 um

wide plain ridge + 2 um unilateral grating on the side) and 3 mm long devices.

5.4.1 Results

As shown in Figure the typical 10 4+ 2 ym wide device operates in the single mode
regime at room temperature with a side mode suppression ratio (SMSR) of ~ 30 dB. The
emission wavelength of A = 3.58 um is in very good agreement with that predicted by
the computational model. The effective refractive index of the laser core derived from the
observed emission wavelength (nefs = 3.196) appears to be almost identical to that used

in the model (nqff = 3.2).

The full width at half maximum (FWHM) of the single mode emission line for the QCL
driven by a 50 ns current pulse is 0.8 cm™!. The FWHM still remains high at 0.4cm ™!
even if the current pulse width is reduced to 25ns. The origin of this line broadening
lies in the large temperature fluctuations as the core region of the device gets heated
during the pulse [32]. The emission spectra for different temperatures showing multi-
and single-mode lasing are presented in Figure [5.11} For the temperature range 100K
to 270K only multi-mode operation is observed. The average emission line shift rate for
Fabry-Perot type lasing is Av/AT ~ —1.3 em™'/K. At temperatures above 280K, as
shown in Figure the feedback produced by the unilateral grating overlaps with the
laser gain, forcing the single mode emission and slowing down the wavelength shift rate
to Av/AT ~ —0.2 em™ /K. The device remains in single mode up to 420K, with the
wavelength increasing from A = 3.576 to 3.61 um as the temperature increases from 280K
to 420K. This tuning rate is 6 times lower than that for Fabry-Perot type multi-mode
operation but much higher than the typical (~ —0.08 cm™!/K) value obtained for single

mode quantum cascade lasers at longer wavelengths [33]. The faster wavelength shift
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Figure 5.10: Emission spectrum of 3 mm long and 10+ 2 um wide laser ridge at 20% above
its threshold current at room temperature (273K). SMSR of ~ 30 dB is observed.
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Figure 5.11: Spectrum shift with the temperature from 100K to 420K with an incremen-
tal step between neighboring spectra of 20K. The single mode emission is observed at
temperatures above 280K. The spectra are vertically shifted for clarity.
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makes these short wavelength QCLs very attractive for spectroscopic applications, since
it spans over a wider spectral range for the same temperature change AT. As a result,
much wider gas absorption features can be covered, compared to the single mode emission

obtained with the first order grating.

The typical threshold current density of the single mode device increases from 4.3 kA /cm?
at room temperature to 11 kA/em? at 420K. At temperatures higher than ~ 350 K the
laser emits exclusively in single mode regime over the whole measured current range.
However, at the temperatures lower than 350K single mode emission is only observed up
to 7.3kA/em? at room temperature and up to ~ 11kA/em? at 350K. The single mode
emission exhibits maximum peak power of 1.0 W over whole temperature range up to

350K switching to multi-mode regime at higher powers, as shown in Figure [5.13

The presented lasers with unilateral grating show very similar characteristics (the thresh-
old current and optical power) to other QCLs operating at similar wavelengths [16], [17] but
manufactured with more challenging first order double sided or surface gratings. The sim-
pler processing of DFB lasers with single-sided lateral grating makes them more desirable

alternatives for short wavelength single mode generation.

5.5 Unilateral grating for 3.37 um wavelength generation

As mentioned at the beginning of this chapter, hydrocarbons play an important role in
industrial processes. Methane (C'Hy), ethane (CoHg) and butane (CyHig) are typically
closely monitored in industrial and medical applications [34]. The laser emission wave-
length of A\ ~ 3.37 um is commonly used for butane detection due to the highly absorbent
ro-vibrational modes in this spectral region. This section describes the process used to

target A = 3.37 wm wavelength with the unilateral grating.

In order to produce emission at A = 3.37 um, the active region of the grown material is

designed to have gain width centered at A ~ 3.3 — 3.5 pum. Three QCL wafers, M 4054,
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Figure 5.12: Single mode emission observed above 280 K shifts with temperature. The
inset shows the tuning rate of the single mode lasing.
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Figure 5.13: Light-current characteristics for the output powers measured from the single
facet of a 10 + 2 um wide laser ridge at different operating temperatures.
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M4066 and M4071 were grown using MBE with the designed emission wavelength around
A~ 3.3—3.5 wm at room temperature. The layer sequence of the M 4054 design is shown
in Appendix The active region designs of M 4066 and M 4071 samples were primarily
based on the M 4054 design with small modifications. Sample M 4066 had a longer injector
with increased number of QWs in the bridging region and sample M4071 was designed
with tilted injector, with raised injector energy levels aiming to improve electron transfer

into the upper laser level.

These wafers were processed into standard ridge waveguides using wet chemical etching,
as opposed to plasma etching, for initial testing and characterization in order to determine
its performance and potential to be used for specified wavelength generation. The spectra

and Current-Voltage (IV') characteristics are shown in Figure and Figure

As seen from the figures above, neither of the materials has its measured emission centered
at the targeted A\ = 3.37 um wavelength. The actual emission wavelength can differ from
the designed frequency, due to many reasons, including not fully optimized design of the
structure, causing the laser emission at neighboring wavelengths or the variation in the
designed and the actual epitaxial growth of layers. However, sample number M4066 is
emitting the closest to the targeted frequency, with the measured emission wavelength
at room temperature of A ~ 3.27 — 3.33 um, depending on the ridge width. The ridge
width, as seen from Figure plays a role in the emission wavelength. The emission
frequency shifts with the different ridge width due to slightly different effective refractive
index n.yy as well as the different operating temperatures of the device at the threshold.
The wider ridges require more current to reach the emission threshold, resulting in a hotter
active region responsible for the observed wavelength variation. The gain width of similar
structures is typically ~ 400 cm~! wide [35], providing enough coverage to target 3.37 um
wavelength emission. The DFB grating should contribute enough feedback to force the
laser emission at this frequency. Moreover, Figure[5.15|shows that the devices from M 4066

material require a smaller amount of voltage to align its laser levels, therefore producing
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less heat compared to the devices requiring higher operational voltages, assuming the I

remains the same or lower.

A simulation process, similar to the one described in Section [5.3.1| was adapted to calcu-
late the required grating period for the material system based on M4066 sample design,

targeting A = 3.37 um.

Five different grating periods were used in order to compensate for the possible calculation,
mask manufacturing and fabrication errors. The mask manufacturers [36] guarantee the
tolerances of the requested features to not exceed 200 nm, while the fabrication errors,
occurring due to over-etch or over-exposure can be in the region of 10 nm, potentially
giving the maximum wavelength variation of AAg = 0.448 pum. The variation can also
influence the single mode device yield. The mask consisted of five different unilateral
gratings with the grating periods of A = 1.54 um, A = 1.56 um, A = 1.58 um, A =
1.60 pm, and A = 1.62 pm. The ridge widths of 5, 10 and 15 pum were used to obtain
wider emission wavelength distribution due to the slightly different effective refractive
index nesy for different ridge widths. The lateral depth of the unilateral grating was

locked at 1.5 pum.

5.5.1 Results

Figure [5.16| shows the emission spectra obtained from devices with different grating peri-
ods. As expected, the single mode emission distribution is equidistant and is in agreement
with the corresponding period of the diffraction grating. The equidistant distribution of
the frequencies demonstrates the possibility of the very accurate targeting of the spe-
cific wavelengths using the third order grating. The emission wavelength of A\ =3.38 um
(2959 em~1) at room temperature is the closest to the targeted wavelength of A =3.37 um
(2967 em~1). The emission frequency can slightly be tuned by lowering the temperature

of the laser chip.

The calculated wavelength emission shift rate for 5 pm wide laser device with the grating
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period of A = 1.54, extracted from Figure is Av/AT ~ 0.19 em™!/K. Similarly,
the shift rate for 15 um device is Av/AT ~ 0.17 em™! /K. The results are very similar
to the obtained wavelength shift rate of the single mode device emitting at A ~ 3.58 um,
described in Section By analyzing Figure [5.16} it can be noticed that the proposed
wavelength of A = 3.37 um can be reached with the devices with diffraction grating period
of A =1.60 um at T~ 230 K or with A = 1.58 uym at T ~ 450 K.

It can be noticed that single mode emission at A = 3.27 um (3055 cm™!) consists of
two peaks spaced ~ 52 ¢m ™! apart. The second peak (3003 cm™') appears when the
distributed feedback grating is forcing the laser emission further away from the frequen-
cies overlapping with the gain maximum. Figure demonstrates mode switching from
single-mode to multi-mode emission, similar to that shown in Figure where feedback
provided by the grating at higher temperatures is too weak to initiate light generation
further away from its optical gain. Once the temperature is reduced, the gain curve shifts
towards shorter wavelengths, overlapping with the feedback from the grating thus produc-
ing single mode emission. More stable single mode emission can be achieved with a QCL
material with the gain centered at the targeted wavelength allowing wider temperature

variation.

5.6 Conclusion

In conclusion, the importance of single mode generation and its wide frequency tuning re-
quirement has been discussed. The successful wavelength selection for different wavelength

regions has been described and demonstrated.

The novel single mode A\ ~ 3.58 um Ing7Gag3As/AlAs(Sb) QC laser with 3" order,
single-sided lateral grating has been successfully realized for the first time. The fabrication
of single sided grating requires fewer fabrication steps, therefore reducing the number of

potential defects introduced during device processing. SMSR of ~ 30 dB and peak power
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of up to 1.0W were observed at room temperature. Single mode operation was obtained in
the 280K — 420K temperature range, making it accessible for room and high temperature

use.

Wavelength selectivity targeting A = 3.37 pm utilizing third order unilateral grating has
also been demonstrated. The equidistant emission wavelength distribution for different
grating periods demonstrates the ability of selective wavelength generation with much
better accuracy than that achieved with the first order gratings [33] due to reduced wave-
length sensitivity as a function of grating pitch for higher order gratings. Fine wavelength
selectivity utilizing temperature adjustment in order to target specific gas compounds were

also discussed and demonstrated.

Most of the fabricated devices described in this chapter revert to the generation of a
broad spectrum, characteristic to lasers with Fabry-Pérot cavities, if the feedback from
the grating is centered at different frequency than the gain of the QCL material. While
calculations, mask manufacturing and fabrication errors have to be taken into account, the
targeted wavelengths can be selected with the help of temperature tuning, as demonstrated
in this chapter. Additionally, an adjusted active region design allowing laser emission
around the targeted wavelength would improve the quality of the single mode generation

and provide wider wavelength selection centered around its gain maximum.
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Chapter 6

External Cavity Wavelength
Modulation Based on Fabry-Pérot

Reflector

6.1 Introduction

Most of the ultra-sensitive gas detection systems that are used in the mid-infrared wave-
length region still heavily rely on tunable and, most importantly, single mode quantum
cascade laser devices. There are a number of ways achieving single mode emission in these
semiconductor lasers, with the main two being the distributed feedback grating approach
described in Chapter [5] where single mode emission is achieved with the unilateral diffrac-
tion grating, and the external cavity (EC) setups, one of which is described in this chapter.
The former method locks the laser emission wavelength to the particular frequency during
the manufacturing process, preventing wide frequency tunability once devices are fabri-
cated [I]. Fine wavelength adjustments are achieved through temperature tuning, since
the temperature affects the effective refractive index of the particular mode inside the

laser cavity, shifting the frequency as the index changes. This limits the scanning range to
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~ 10 em~! for temperature tuning and only ~ 1 em ™! for current tuning, where only the
laser core is heated. These numbers lie way below the maximum tuning range that can po-
tentially be achieved by QC lasers characterized by the gain width of over 400 cm ™! [2] B3].
Distributed feedback lasers provide wavelength stability and easier mechanical arrange-
ment, especially important in field setups, at the cost of lengthy and costly production
process required for targeting a specific wavelength that cannot be altered once the laser

is manufactured.

The external cavity setup is more versatile for frequency tuning and is a post-fabrication
technique, meaning it can provide single mode emission from the devices that were not de-
signed to have single mode emission in the first place. The most commonly used technique
to filter unwanted frequencies and provide selective feedback to the cavity employs diffrac-
tion gratings [4H8]. The most common configurations are Littrow and Littman-Metcalf [9]
configurations that are shown in Figure In the Littrow setup the tuning is achieved
through the rotation of the diffraction grating, while the Littman-Metcalf configuration
utilizes a rotating mirror and the wavelength selectivity is typically stronger since the
beam is interacting with the grating twice. The Littrow configuration, on the other hand,
maximizes back-coupling into the cavity and is more commonly used in spectroscopic

setups.

A number of drawbacks limit the minimum size of such system, since the longitudinal
modes of the short external cavity become more widely spaced apart reducing wavelength
selectivity. Larger systems allow better wavelength selectivity, however this introduces
bulkiness, thus reducing its practical use in mobile applications. External cavity setups
can suffer from wide emission linewidth reducing the sensitivity and detection accuracy in
spectroscopic applications. Rotating grating setups also limit wavelength tuning speeds
due to the need for mechanical grating movement, through friction and equipment iner-

tia.

In this chapter a novel approach for selective wavelength production in external cavity
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lens T ‘\

QCL

diffraction diffraction
‘» grating lens grating

Figure 6.1: a) In Littrow external cavity configuration the 1%¢ order reflection is fed back
to the laser while the 0" order is out-coupled. The wavelength tuning is achieved by the
rotation of the diffraction grating b) In Littman-Metcalf configuration the first order is
directed to the mirror and the wavelength tuning is achieved by the rotation of this mirror.

setups is described. The wavelength selection is achieved through the feedback from
the Fabry-Pérot (FP) reflector shown in Figure without the need for a diffraction
grating. The chapter describes the parameters required to produce the FP reflector with
the selective feedback for single mode production. The experimental setup for broad

spectra generation through the rapid wavelength scan is also described.

6.2 Fabry-Pérot reflector

The proposed Fabry-Pérot reflector, shown in Figure [6.2] consists of two parallel optical
flats closely placed next to each other creating an air-filled FP resonator. Both mirrors
are fitted onto mirror holders to provide additional degrees of freedom for the coarse
adjustments. The back (primary) mirror is a standard silver coated mirror with 95 — 97%
reflectance at 2 — 20 um wavelength region. The front semi-transparent FP mirror is
made of CaFy plate. A semi-transparent coating is applied to provide partial reflectance.
The secondary semi-transparent mirror is fitted onto the piezoelectric actuators stack for
the fine adjustment of the gap (Ad) between the mirrors providing tunable width of the

reflector cavity.
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Primary mirror (95%)

i e (fixed)
acL
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Secondary mirror (40%)
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Figure 6.2: Schematic diagram of the Fabry-Pérot reflector. The collimated light from
the anti-reflection (AR) coated light source (QCL) bounces back and forth between two
closely spaced mirrors to create an interference pattern. This pattern can be used to
provide selective feedback to the system. The distance between mirrors is adjustable with
piezo-electrical actuators.

The laser beam passing through the first mirror undergoes multiple reflections inside the
reflector to produce an interference pattern. The complete interference pattern, created by
the FP resonator, is used to provide selective wavelength feedback to the external cavity

system.

6.2.1 Theoretical analysis of the Fabry-Pérot reflector

A Fabry-Pérot resonator exhibits certain properties that will be described in this section.
These properties can be adjusted to suit a specific design of the system. The analytical
approach to the FP reflector is based on the light transmission through the FP etalon.
The general equation for wave transmission through two semi-transparent mirrors [10] is

given by Equation [6.1
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1

= 1 Fsin?(6) (6-1)

The light transmission is dependent on two variables - the contrast factor F' and the phase
change 6. The contrast factor is linked to the reflectance of two mirrors and is described

by Equation [6.2] for two mirrors with equal reflectance R.

F= & (6.2)

For a standing wave to exist between two mirrors the following phase change condition

must hold [IT],

e %0 =1 (6.3)

where the phase change 0 is defined as,

- 2mnd

cos(¢p) (6.4)

and n is the refractive index, d is the separation between two mirrors, A is the free space
wavelength and ¢ is the angle of incidence. Assuming the angle of incidence is 0°, Equation

holds when

p <27;”d> = 27m (6.5)

where m is the interference order inside the Fabry-Pérot etalon. Equation [6.5| can be

rewritten in terms of frequency (fy,)
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Figure 6.3: Transmission of a Fabry-Pérot etalon indicating Free Spectral Range (FSR),
Minimum Resolvable Bandwidth (FWHM) and Contrast Factor as a function of different
resonance modes.

m===fu (6.6)

The typical interference pattern obtained from solving Equation inside the etalon is
shown in Figure The transmission pattern is dependent on the material and the phys-
ical dimensions of the etalon. The material influences the interference pattern, through
different refractive index in different materials. The distance between two successive peaks
is smaller in the etalon made out of CaF> compared to the similar etalon filled with an
air gap. The main properties characterizing any given etalon, namely Free Spectral Range,
Minimum Resolvable Bandwidth, Finesse and Contrast Factor are described in more detail

in the sections below.
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6.2.2 Free spectral range

The free spectral range (FSR) describes the separation between two successive resonant

modes inside the Fabry-Pérot cavity.

Considering two successive resonant modes m and m+ 1 inside the resonator, we get:

m=="—Ff, (6.7)

and

2nd
m+1= %fm+l (6.8)

The free spectral range is defined as AFpsr = fin — fm=1, therefore subtracting one from

another leads to

_ 2nd 2nd

1= ——(fms1~ fm) = = ~Afrsr (6.9)

thus the free spectral range can be defined as

c
A = — 6.10
frsr =5 - (6.10)
The FSR and the wavelength are related through the relationship below
A AN
frsr _ AArsr (6.11)

f A

leading to the following expression for FSR in terms of wavelength:
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)\2

It can be seen from Equation that the FSR is inversely proportional to the mirror
separation. This equation becomes very useful to estimate the mirror separation required

in order to produce free spectral range larger or equal to the gain bandwidth of the

QCL.

6.2.3 Minimum resolvable bandwidth

The minimum resolvable bandwidth, also known as fringe width or the resolution band-
width, is the full width at half maximum (A frwma) of the resonant peak inside the
Fabry-Pérot etalon. Narrow A frw gy ensures spectrally narrow feedback, eliminating
wide peak generation. Peaks with narrow FWHM are also very desirable in spectroscopy,
where the emission peak must have narrower linewidth than the absorption features of
the targeted analyte. The bandwidth is inversely proportional to the reflectance of the

mirrors.

6.2.4 Finesse

The finesse is another important property of Fabry-Pérot interferometer. This property,
conceptually, describes the number of interacting beams between two mirrors. The higher
the number, the sharper the produced interference pattern. The finesse is defined as a

ratio of the free spectral range to the minimum resolvable bandwidth, i.e.

Fo= Afrsr

- AfrwaMm (6.13)

The finesse is also affected by the reflectance of the mirrors of the system. Higher reflectiv-

ity will trap more light between mirrors producing a more complete interference pattern,
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hence higher mirror reflectivity leading to higher finesse. This relationship is defined in

Reference [12] as

F, = (6.14)

The finesse is also affected by mirror surface quality, temperature variations and optical
losses associated with the etalon material. Figure demonstrates two transmission
patterns calculated for different mirror reflectivities. Higher mirror reflectivity produces
sharper, better defined linewidth. Different FSR values for two mirrors were chosen to

demonstrate the effect of wavelength selection as a function of mirror separation d.

d =150 um d =250 um

1.2 1 _ —_

R =40% R =80%

1.0 1

0.8 +

0.6

0.4 1

0.2 1

Transmisison intensity (a.u.)

00— —r~ ~—rr =0 0

Wavelength (um)

Figure 6.4: Transmission intensity and sharpness variation as a function of different finesse
values (F, = 3.1 (black) and F, = 14.0 (red)).
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6.2.5 Contrast factor

Just like the free spectral range that defines the maximum frequency difference between
two successive peaks, the contrast factor describes the amplitude between the maximum

and minimum transmission values. Mathematically this can be described as

Tmaz

F =
Tmin

(6.15)

where T is the transmitted intensity through the etalon. Just like the finesse, the contrast

factor is proportional to the reflectance of the Fabry-Pérot mirrors and is described in

Equation below.

~ (6.16)

Equation [6.10] indicates that the contrast factor and the finesse are closely related. As
a result it is possible to define one through the other. The relation between these two

properties is shown in Equation [6.17

™

F=1+ <2F’">2 (6.17)

This also demonstrates that the finesse F., is quadratically proportional to the contrast

factor, F (F o< F2).
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6.3 FP reflector with plain secondary mirror

The experimental setup, shown in Figure has been built in order to investigate the
intensity and selectivity of the feedback received from the Fabry-Pérot reflector. Two
quantum cascade lasers were used for the measurements. The first laser, based on a
InGaAs/InAlAs strain compensated heterostructure grown by MOVPE in Sheffield, was
indium soldered on a copper submount for better heat dissipation. The laser operates at
room temperature at A ~ 5.30 — 5.40 um and was driven in pulsed mode with duty cycles
up to 50%. The laser has a high reflectivity coating (SiO3/Au) on the back facet and
an anti-reflective coating (”Helia Photonics”) on its front facet. The second QCL was
introduced after the performance deterioration of the first laser, that occurred due to a
damaged front facet. The second QCL was obtained from ”Alpes Lasers” with a similar
emission wavelength of ~ 5.2 um. Both facets were covered with anti-reflective coatings.
The laser operates in both pulsed and CW regime. The laser beam is collimated using
a high (0.56) numerical aperture AR coated molded chalcogenide glass aspheric lens with
focal length of 4 mm. The beam is directed onto the Fabry-Pérot reflector at right angles
as described in Section The light is out-coupled using a C'aFy plate AR coated on

one side and placed between the light source and FP reflector.

The secondary mirror plays an important role in the Fabry-Pérot reflector design. Its
reflectivity directly affects finesse, as described in Section The physical dimensions,
such as mirror mass and its diameter (&), have to be taken into account as well, since it
has to be capable of rapid response to the mechanical modulation. Inertia of large object
reduces the scanning amplitude at higher frequencies, reducing the effective responsiveness
of such system. Additionally, the air trapped between two plates at small distances causes

resistance to motion, damping high frequency modulation.

The choice of a secondary mirror material is another important factor that has to be
taken into account in a FP reflector design. In order to minimize absorption losses by the

secondary mirror, it has to be made out of the transparent material for the mid-infrared
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wavelengths. The alignment of the FP reflector system is also simplified if the transparency

of the chosen material extends to the visible spectral range.

6.3.1 Secondary mirror characteristics

Two flat mirrors of thickness 0.5 mm and 2 mm have been considered for the experiment.
The mirrors are made out of CaFs with a diameter of 25.4 mm. Both mirror plates were
coated with thin film of germanium to create partial reflectivity of ~ 40 %. The other
side of the plate was AR coated to prevent internal interference between the two mirror
facets. Both, AR and partially transparent coatings were prepared by ”Helia Photonics”.
Figure [6.5] shows reflection as a function of wavelength for the anti-reflective and partially
reflective coatings. The wide frequency range is chosen to accommodate a potentially wide

wavelength tuning range.
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Figure 6.5: The calculated reflectivity of anti-reflective and partially reflective coatings
(by "Helia Photonics”) as a function of wavelength.
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6.3.2 FP reflector alignment

The parallelism between the primary and secondary mirrors is very important in order to
form a strong interference pattern. The two mirrors have to be separated by a distance
no larger than 100 um in order to create free spectral range of ~ 50 cm™! for A = 5.2 um
wavelength. Since the germanium coating is not transparent at visible frequencies, optical
alignment utilizing visible light could not be performed. Two alternative techniques were

utilized to achieve the desired parallelism.

The first technique relied on putting two mirrors close together and then performing fine
adjustment under the optical microscope until two mirrors were parallel. This method has
a large error margin due to its subjectivity. The second technique is based on the spatial
position of a reflected red laser spot before and after the secondary mirror is introduced.
A red laser beam is reflected from the primary mirror onto a distant marked location.
Then, the secondary mirror is put in the position closely spaced from the primary mirror.
It is then adjusted according to the red laser reflection in order to place the red spot into
the same marked location. Due to relatively large distances between the reflector and the
marked location, compared to the distance between the mirrors (d), the laser reflection

lands on the same spot only when the two mirrors are parallel to each other.

The quality of the parallelism and the distance between the two mirrors is then assessed
by reflecting a broadband infrared (IR) light source from the aligned reflector into the
FTIR spectrometer and measuring the distance between two successive interference peaks
(FSR) in the observed spectra. This distance corresponds to the free spectral range of the
etalon described in Section and is a more important indicator of a correctly displaced
mirror than the actual numerical value of the mirror separation. The free spectral range
of such a reflector has to be greater than half of the gain width of the laser in order
to produce single mode generation. For the single mode emission across the whole gain
spectrum, the free spectral range should be greater or equal to the whole gain width of

the laser. Large mirror separation harbors multiple modes, separated by the free spectral
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range, compromising the required single mode production.

6.3.3 Results

The aligned Fabry-Pérot reflector was tested for the quality of alignment, with the contrast
factor being the main indicator of good parallelism between the two mirrors. Typical
contrast factor of the system usually did not exceed 20 % and is comparable to the contrast
factor of the light transmission observed through the uncoated C'aFs plate. As mentioned
previously, large separation produces a free spectral range much smaller than the width of
the gain of the QC laser. The spectrum, obtained with the mirror separation of ~ 550 um

is shown in Figure where multiple peaks inside the QCL gain are amplified .

Reduction of the mirror separation d increases the free spectral range of the reflector,
providing feedback to a single wavelength inside the gain spectrum of the laser. Fine
wavelength selection is performed by applying voltage to the piezoelectric actuators. Ap-
plied voltage contracts these actuators, reducing the gap between two mirrors, thus shifting
the wavelength. As shown in Figure the multiple emission modes, separated by the
free spectral range of the aligned FP reflector, are tuned. Since the FSR is smaller than
the gain width of the laser, multiple longitudinal cavity modes are excited. Multi-mode
emission is observed across the whole gain spectrum width of ~ 40 em™!. It can be noticed

that emission at the center of the gain is stronger than the emission at the edges.

Further reduction of mirror separation increases the free spectral range, producing fewer
interference peaks, allowing only single mode emission when the neighboring peaks lie
outside or near the edge of the gain bandwidth. Emission spectra with the mirror sep-
aration of 130 um producing a free spectral range of 38 cm ™! is shown in Figure
The wavelength selection, achieved through the fine voltage change across the piezoelec-
tric actuators, is possible throughout the whole free spectral range, producing two peaks
when two amplified modes fall inside the gain spectrum. The dashed line outlines the

wide emission spectrum measured with the flat mirror placed instead of the Fabry-Pérot
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(a) Multi-peak generation as a result of large mirror separation, producing small FSR.

Wavelength (um)
546 544 542 54 538 536 534 532 5.3

T T T T T T T T T T T T T T T T T
35 0.8
L
2
2 064
9
=
3 Av=96cm’
& 044 !
© —_— !
= |
S |
Z 024 [
|
0.0
T T T T T T T T T T T
1830 1840 1850 1860 1870 1880 1890

Wavenumber (cm™)

(b) Two peak emission and wavelength shifting as a result of large mirror separation. Different
colors represent emission collection at different piezoelectric actuators distance.

Figure 6.6: Large separation between mirrors generate free spectral range smaller than
the gain width of the device, producing multi-peak emission (a). The wavelength can still

be tuned (b) creating competition between two or more peaks.
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(a) Single mode production across the most of the gain width. Two peaks are visible when two
interference peaks fall onto the edge of the gain width. Dashed line shows spectra without FP
reflector.
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(b) Single mode emission is achieved across the whole gain width. The FWHM and sharpness
of these peaks are compromised due to imperfect alignment techniques, producing not parallel
mirrors.

Figure 6.7: Decreased mirror separation yields wider wavelength coverage throughout the
whole gain width.
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reflector, eliminating any particular mode selection.

! enabling full single

A mirror separation of 95 um produces a free spectral range of 53 cm™
mode tunability throughout the whole gain spectrum, as shown in Figure Closer in-
spection reveals that the integrity of the single peak is slightly compromised. The emission
peaks have large FWHM and < 10 dB side mode suppression ratio. This occurs due to the
increased mirror alignment sensitivity at short separation distances. Small displacement,
at short separation distances, causes large relative perturbation in the parallelism of the
two mirrors, having much bigger effect on the quality of the produced fringes, that the
same displacement at larger mirror separation. The previously described alignment meth-
ods are not reliable at small mirror separation distances and require additional random
mirror adjustments in order to generate single mode emission. Additionally, it was noticed
that produced emission wavelengths take discrete values separated by the ~ 6.9 em ™!, with
no emission between them. The generated single mode emission remains stationary for a
small mirror separation change (Ad) before jumping to the next fixed value. This behavior
is captured in Figure [6.8] where wavelength intensity fixed at certain frequency decreases

before making a transition to the neighboring frequency.

A quick free spectral range conversion into the separation distance revealed that this
discrete mode generation is caused by the Fabry-Pérot interference between some two
parallel C'aFy plates spaced exactly 0.5 mm apart. This suggests that either of the two
CaF; plates used in our system, one to outcouple the light beam to the spectrometer and
one acting as a secondary mirror, causes these additional interference patterns, affecting

the integrity of continuous wavelength tuning.

Both CaFs, plates were anti-reflection coated to prevent this sort of behavior. However,
there are a few possible reasons explaining the observed phenomenon. Firstly, the anti-
reflection coating, as seen in Figure [6.5] is wavelength and angle dependent. The reflec-
tivity increases as the wavelength drifts away from its center value (5200 cm™!) or the

designed angle (10° — 35°). In the setup, the secondary mirror is perpendicular to the
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Figure 6.8: Emission spectra are fixed to discrete values. Changing mirror separation forces

wavelength shift, however modes can only take certain frequencies, reducing its intensity

before making the transition to the neighboring frequency separated by 6.9 em™!.

beam, making the coating less efficient, possibly creating additional interference patterns.
Further investigation shows that the light is still reflected from the AR coated facet, trap-
ping the light inside the optical plate, as shown in Figure where 2 mm thick Ge/AR
coated CalFy plate is tested. The 2 mm thick CaF» plate has the same AR coating as
0.5 mm thick plate, and therefore can be used to demonstrate the effectiveness of the
AR coating. The periodic oscillations inside the optical plate occur at the angles equal to
90°, while the light transmission at 15° and 45° produce no interference patterns. The free

spectral range of these periodic oscillations is ~ 1.7 em ™!

corresponding to the 2 mm thick
CaF; plate. The optical plate, used to deflect part of the signal towards the spectrometer,
does not suffer from this problem since it is placed at an angle (~ 45°), as shown in Figure

thus producing no interference fringes.
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Figure 6.9: Interference pattern is still created in the anti-reflection coated 2 mm thick
CaF; plate at the perpendicular light incidence angle (0°). The oscillations are suppressed
at sharp angles (15° and 45°).

6.3.4 Triangular external cavity setup

In order to suppress interference fringes inside the secondary mirror with the existing anti-
reflective coating, the external cavity setup where the incident beam falls under an angle

has been built. The schematic diagram of the setup is shown in Figure [6.10

The experimental setup consists of a quantum cascade laser with InGaAs/AlInAs het-
erostructure, obtained from ”Alpes lasers”. Both facets have anti-reflection coatings. The
gain bandwidth of this laser is measured to be ~ 120 em~!. The plate of the secondary

mirror and the outcoupling plate were swapped for the 2 mm thick plate.

The collimated beam from the quantum cascade laser is reflected from the Fabry-Pérot

reflector at an angle and directed to the external mirror creating a triangular external
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Figure 6.10: Schematic diagram of the angled external cavity setup. The collimated light
is directed to the Fabry-Pérot reflector at an angle in order to avoid interference generation
inside the secondary mirror. The beam is then reflected onto an external mirror (95 —97%
reflectance) and sent back to the external cavity. Both QCL facets have anti-reflection
coating. The back facet receives feedback from another external mirror.

cavity. Efficient interference between the two mirrors inside the FP reflector occurs only
if the diameter of the beam is much larger than the separation distance between two
mirrors. The beam is measured to be ~ 5 mm in diameter and is much larger than the
mirror separation (< 100 wm), allowing large incident angles to be used. The reflection
angle is measured to be around 15° and is sufficient to suppress the interference inside the

secondary mirror, as shown in Figure

The separation between two mirrors is set at around 70 um in order to produce a free
spectral range of ~ 70 em™!. The FSR of ~ 70 em™! is sufficient to produce one single
mode across the whole gain spectrum. A manual voltage scan with a step size of 0.25 V'
was applied to the piezoelectric actuators in the range of 0 — 17 V. The two piezo electric
actuators consist of multiple piezoelectric chips stacked face-to-face and bonded using
epoxy and glass beads. Each actuator is made out of four smaller actuators with free

stroke displacement of ~ 2.8 um. The stack of four actuators contracts by ~ 11.2 um at
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an applied voltage of 75 V. The displacement Ad, required to move the interference peak

across its whole free spectral range for A = 5.2 um wavelength can be calculated using

Equation [6.7] and Rearranging for d, we get:

mc

din = 6.18
onf, (6.18)
and
(m+1)c
Ay = 2T 2)C 6.19
! 20 fmt1 (6.19)

where d;;, and df;,, are the initial and final mirror separation values. The difference required
to move the peak across the whole spectral region is Adrsr = dyi, — din. Therefore we

get:

(m+1)ec  me

Ad = - 2
Ty AT (6:20)
after the complete sweep, f,,, and f,,,11 become equal (f, = fim+1) thus:
Adpsp = — (6.21)
FSR = 5 o :

Equation can be used to determine the required separation difference in order to
move the constructive peak through the whole free spectral range. It can be noticed that
the separation is frequency dependent and as a result, Adrggr for A ~ 5.2 um is equal to

~ 2.6 pm.

Therefore, the voltage Vrggr, applied to the piezoelectric actuators, required to produce

this displacement is found by:
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AdrsrVio
Visp = —— o (6.22)
tot

where V;; is the maximum voltage producing full free stroke displacement d;,; of the piezo
stacks. As a result, AV = 17V is required in order to displace piezoelectric actuators by
~ 2.6 pm, yielding the wavelength change corresponding to the free spectral range for
A =5.2pum.

Wavelength (um)
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100 1 2 | L ! N 2 | ! ! L ! 1 2 L ! ! 1 2 L
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| | |
JM ,J___w_l »ﬂ Ll

\
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VLR A,
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Figure 6.11: Semi-continuous wavelength tuning across the whole gain width. The wave-
length tuning still suffers from periodic jumps preventing complete coverage of all frequen-
cies. The wider gaps correspond to the water absorption lines in the atmosphere.

The obtained emission, shown in Figure[6.11] is much more controlled with the sharp single
mode emission across the whole free spectral range provided by the FP reflector. Closer
inspection shows that the tuning is still not continuous, occupying discrete wavelength
values separated by ~ 1.7 em™!. Wider gaps between some emission lines correspond to

water absorption lines in the atmosphere, preventing laser operation at those wavelengths.
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It also can be observed, that the laser emits at the same frequencies for multiple mirror
separations. This is potentially caused by the imperfect alignment of the system or by
the fact that the interference, caused by the additional Fabry-Pérot etalon, such as 2 mm

thick C'aFy plate, is still embedded into the system.

Despite this semi-continuous wavelength selection, it is still possible to control the emission

1 covering ~ 60 em™' spectral range. The

frequency with the accuracy of ~ 1.7 em™
discrete wavelength emission can be utilized in some spectroscopic applications, where

molecules with wide absorption bands are being detected, such as freon [13].

6.4 FP reflector with wedged secondary mirror

As described in the previous section, the semi-continuous wavelength selection is compro-
mised by the discrete wavelength jumps preventing complete spectral coverage throughout
the whole region covered by the laser gain. The observed free spectral range of ~ 1.7 em ™!
corresponds to the interference pattern produced by the parallel plates spaced ~ 3 mm
apart in air or ~ 2 mm apart in CaF5 material. The system contains two 2mm thick CaF>
plates - one acting as a beam out-coupler and the other one acting as a secondary mirror.
Even though it was demonstrated in Figure that these internal oscillations should be
suppressed by making the angle of incidence not equal to zero, there is a possibility that

some of the effect still remains. In order to improve the selectivity of the FP reflector

design, both parallel plates were exchanged with wedged plates.

The wedged CaF> plate was chosen to suppress internal Fabry-Pérot modes arising due to
high parallelism between two flats of a standard plate. The wedged plate has & = 25.4 mm
diameter and is 1.5 mm thick with 20 — 40 arc minutes wedge angle. Figure [6.12] shows
a comparison of the transmitted signal through different optical flats, where a broadband
light source is transmitted through two different plates to observe internal oscillations.

The background signal, bypassing the plates, is used as a reference.
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Figure 6.12: A comparison of light transmission through the flat and wedged plates. The
flat, uncoated plate produces previously described interference fringes compromising cavity
feedback. Wedged plate has transmission comparable to the background signal. Intensity
reduction corresponds to ~ 4 % reflection due to refractive index mismatch at the CaFb
and air interface. The inset shows the full broadband reflection from the ”globar” source.

The light transmission through the parallel plate produces interference fringes that can
be seen in Figures (red). The transmission through the wedged mirror (blue) has no
FP fringes, and its signal shape is similar to the background (black) signal. The ~ 4 um
wavelength region is chosen due to absence of absorption features from the atmospheric

gases, producing unperturbed transmission spectra.

The demonstrated transmission through the wedged mirror has lower intensity compared
to the background signal shown in Figure [6.12] This intensity reduction arises from the

partial light reflection due to index mismatch at the CaF5, and air interface.
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6.4.1 Thin film deposition

The reflectivity of a secondary mirror, controlled through the thin film deposition, was
chosen to fall into ~ 40 — 50 % range. Smaller reflectivity decreases the contrast ratio and
finesse of the interference pattern, compromising sharp single mode generation. Higher
than 50 % mirror reflectivity increases the sharpness of the produced interference, but
reduces the transmission of visible light hampering the alignment utilizing the HeNe laser.
The AR coating is not needed, since the interference suppression is achieved through the

wedged shape of the plate.

The proposed 40 — 50 % reflectivity can be achieved through thin film deposition creating
partially reflective surface. The created reflectivity can be controlled by adjusting the
thickness and the type of deposited material. Two types of material were considered - a
semiconductor and a metal. Semiconductors create reflectivity through the refractive index
mismatch and have good adhesion properties. The downside of using semiconductors is
the position of their bandgap in the near IR at room temperature. As a result, the visible
frequencies are absorbed making the system much more difficult to align (see Section
. Thin metal layers, on the other hand, can be semi transparent to both - visible and
mid-IR frequencies, has excellent adhesion properties and can be deposited in a controlled

fashion through thermal evaporation or sputtering.

As the first step, 10 x 10 mm? square cover glass was used for the calibration of the
metal deposition. Titanium was chosen over other metals due to its price, availability and
good adhesion properties. Five pieces of cover glass were placed into sputtering system
across the submount, equidistantly spaced from each other. The sputtering gun, located
at the far end of the submount, creates a thickness gradient of the deposited metal as a
function of the distance. The resulted thicknesses of deposited film were measured using

an ellipsometer and are shown in Figure

The coated glass pieces, placed into the FTIR spectrometer for the broadband light trans-

mission measurements at 0° angle of incidence, were used. The light transmission through
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(a) Titanium film thickness vs the distance across the submount.
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(b) Light transmission intensity decreases with the titanium film thickness.

Figure 6.13: Titanium coating calibration by measuring light transmission as a function
of film thickness. The inset in b) shows full broadband spectra obtained from the ” globar”
source.
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I wavenumbers. As

the glass used for the calibration purposes cuts off below ~ 2100 cm™
a result, the spectral region, shown in Figure is 4000 — 4500 ¢m ™! instead of the
usual 2100 — 2200 em ™!, From the obtained results it is noticed that the transmitted light
intensity is inversely proportional to the thickness of the deposited film. The observed os-
cillations occur due to internal Fabry-Pérot interference between two parallel cover glass
pieces. The free spectral range between two subsequent maxima is Afpgr ~ 3.5 em™!

corresponding to the ~ 0.8 mm slide thickness. From this graph it can be estimated, that

~ 20 — 25 nm of Ti film will yield ~ 40 — 50 % reflectivity.

Next, two 25.4 mm in diameter CaF; plates - wedged (1.5 mm thick) and parallel (1 mm
thick), were each covered with 20 — 25 nm T layers to produce 40 — 50 % reflectiv-
ity. The measured mid-IR transmission for both plates is shown in Figure [6.14] Since
the C'afy material is transparent in the mid-IR region, the transmission measurements
were performed closer to the 5.2 um wavelength region. The specific region, showed in
Figure [6.14] is chosen due to the lack of atmospheric gas absorption features, producing

undistorted transmission curves.

As a result, ~ 25 nm of deposited titanium reduced the light transmission to 45 % creating
~ 55 % reflectivity. The transmission in Figure obtained from the parallel plate
contains interference fringes, similar to those observed in other parallel plates. The signal
in Figure obtained from wedged plate has no such fringes, signifying that the wedged

angle is sufficient to suppress all internal oscillations even at the 0° angle of incidence.

6.4.2 Interferometer alignment

The titanium coating, as opposed to previously used germanium coating, opened up a new
alignment possibility - the optical alignment. Unlike germanium, the titanium coating
is semi-transparent to visible light. The secondary mirror is roughly positioned close
to the primary one under the optical microscope. A red HeNe laser beam is expanded

through the set of two lenses and is directed onto the Fabry-Pérot reflector at a small angle
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6.4
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(b) Wedged CaF>» plate

Figure 6.14: Light transmission intensity before and after 25 nm titanium coat on the flat
and wedged plates. The inset shows full broadband spectra obtained from the ” globar”

source.
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(< 10°), so that the reflection is created on an external screen. The reflected image takes
the appearance of a set of densely spaced parallel lines corresponding to the interference
maxima inside the reflector. The mirror adjustments reduce the density of these lines by
increasing the distance between them, as the mirror becomes better aligned. Two mirrors
are said to be parallel to each other when the sparsely distributed lines disappear from the
screen leaving either one interference maximum or one interference minimum displayed on

the screen.

As mentioned before, the aligned reflector is then checked for the free spectral range and
the alignment quality using the FTIR spectrometer. The typical reflection spectrum using

this alignment method is shown in Figure |6.15
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Figure 6.15: Broadband light reflection from the perfectly aligned Fabry-Pérot reflector.
The high contrast factor (92%) suggests good mirror parallelism.

It can be noticed that the contrast factor is significantly improved (92%) compared to

the one obtained from the reflection spectrum of FP interferometer aligned using the
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previously described alignment techniques (~ 20%). The free spectral range of 40 cm ™!

corresponds to the mirror separation of ~ 125 um.

6.4.3 Results

The aligned FP reflector with the wedged secondary mirror coated with 7% film produces
sharp, narrow single peak emission. Strong, selective feedback from the reflector allows
room temperature, external cavity continuous wave operation. The wide wavelength cov-

erage obtained in CW mode is shown in Figure [6.16
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Figure 6.16: Continuous wave single mode emission obtained by changing mirror sepa-
ration. The FP reflector, covering the whole gain bandwidth. The wider gaps appear
either due to the water absorption lines in the atmosphere or the compromised feedback
occurring as a result of misaligned mirrors during the movement.

1

Single peak emission coverage can be achieved across the 80 c¢m™" wavelength range

(1865 — 1945 em™!) with the mirror separation of ~ 65 um (frsgr ~ 77 em™'). The
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produced peaks typically have FWHM less than 1 em ™! which is much lower than those
achieved by the diffraction grating (~ 2 em™!). The wavelength selection is much more
controlled compared to the previously described results. The emission wavelength demon-
strates linear dependence on the voltage applied across the piezoelectric actuators. This
allows selective wavelength emission across the whole gain spectrum. However, certain fre-
quencies still cannot be accessed due to the presence of the water absorption lines shown
in Figure (red). The water absorption at these specific frequencies forces the cavity

to jump onto the neighboring cavity modes.

However, not all emission gaps correspond to the presence of the water absorption lines.
Some of the frequencies could not be reached despite the absence of the water absorption
lines in that spectral region. It is possible that the alignment of two mirrors is compromised
during the move. It can occur when two piezo elements move in the different planes,
bending the secondary mirror and bringing it out of alignment with respect to the primary

one.

6.5 Rapid wavelength modulation via tunable FP reflec-

tor

Quantum cascade lasers have become indispensable sources which have improved existing
mid-IR technology and enabled the new one in commercial and defense fields. The main
advantage of the Fabry-Pérot reflector system is the lack of mechanical components, al-
lowing rapid wavelength scan only limited by the inertia of the secondary mirror and the

friction caused from the trapped air between two closely positioned plates.

Wide wavelength tuning and high emission powers can be achieved with diffraction gratings
[4-8], however the scanning frequencies in Littrow configuration is limited by the weight
of the grating and the friction arising from mechanical movement, restricting the scan to

the sub-kHz region. For example, the highest reported tuning rate for the external cavity
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QCL is 5 kHz [14]. Higher scanning frequencies would allow noise reduction by increasing

the number of scans in a given period of time or would decrease the scanning times.

The angular movement of the mechanical diffraction grating is typically the limiting factor
for the rapid wavelength modulation. The unique construction of the Fabry-Pérot reflector
eliminates the need for mechanical movement for the continuous wavelength tuning. The
secondary mirror, mounted onto the piezoelectric actuator, can only move in line to the
propagating beam due to rapid oscillations caused by the actuator. The rigid structure

and lack of hinges enable high mirror oscillation frequencies to be achieved.

The wavelength coverage was measured by driving the QCL device in continuous wave
mode. The piezoelectric stacks were connected to a function generator that produced
a triangular waveform with a 50 % symmetry cycle. This particular symmetry cycle
minimizes the abrupt momentum change during the scan and provides linear displacement.
The momentum change is much smoother if the sinusoidal mirror modulation is used,
however, the mirror displacement is not linear, potentially distorting the spectra. As a
result, the sinusoidal mirror modulation is preferred at higher frequencies. The secondary
mirror was modulated with a frequency of 100H z and an amplitude of AV =10 V. The
amplitude is limited to 10 V by the function generator output, resulting in the maximum
mirror displacement of ~ 1.5 um. The tunable wavelength range, at Ad = 1.5 um mirror
displacement depends on the initial mirror separation d. The spectrum collected at 100 H 2z

and mirror separation d ~ 65 um is shown in Figure [6.17}

The emission spectrum covers ~ 60 em ™! spectral range, corresponding to a mirror sep-
aration of d =~ 65 pum. The dips in the spectra correspond to the light absorption by the
gases in the atmosphere, mainly dominated by the water (H20) shown in Figure in
red. The width of the spectral coverage of this system is frequency dependent, due to
the non-negligible mass of the secondary mirror and the air resistance between the mir-
rors. The scanning amplitude of the secondary mirror is reduced when driven at higher

frequencies, resulting in reduced spectral coverage width, as seen in Figure where
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Figure 6.17: Reflected continuous wave emission spectra passed through air from the
scanning FP reflector. The secondary mirror was modulated with 50 % symmetrical
triangular wave-function at 100 Hz. A lock-in amplifier was used to collect averaged
signal with averaging time of 200 ms. The 2 % water concentration absorption lines are
also included to demonstrate the dips in the laser emission spectra.

the spectral coverage is reduced from 60 cm ™! to 20 em ™! with the increase of scanning
frequency from 100 Hz to 1000 Hz. It is possible that the weight of the attached sec-
ondary mirror restricts the oscillating motion of the piezoelectric stack, thus reducing the
width of the emission spectra. Another possible reason for decreased scanning amplitude
is attributed to the restricted air movement between two plates. The air movement be-
tween the plates becomes restricted at small separation distance as the mirror modulation
frequency increases. While the weight of a such optical plate is typically less than 1 g,
combined with the large surface area and air friction, produced during the rapid move-
ment, the amplitude reduction during the scan becomes large enough to be noticed, as

shown in Figure [6.19b)

161



6.5. RAPID WAVELENGTH MODULATION VIA TUNABLE FP REFLECTOR 6.5

The wavelength coverage with the fixed amplitude d is a function of the mirror separation.
The wavelength scanning width is larger for smaller mirror separation d, compared to the
larger separation, when the mirror scanning amplitude Ad is kept the same. This is
demonstrated in Figure [6.18] where the scanning wavelength width is narrower for larger
mirror separation, hence smaller free spectral range. The scanning amplitude is kept
constant at Ad ~ 1.5 um, corresponding to the displacement required to cover the partial

free spectral range.

Av=235cm’

Intensity (a.u.)

Intensity (a.u.)

2000 2050 2100 2150 2200 1860 1880 1900 1920 1940
Wavenumber (cm™) Wavenumber (cm™)

Figure 6.18: Demonstration of the achieved maximum free spectral range as a function of
initial mirror separation d with the fixed scanning amplitude Ad = 1.5 um. Top graph
shows the maximum achieved free spectral range of Av = 23.5 em™! at mirror separation
d = 160 um. The bottom graph shows much wider free spectral range of Av = 52 ecm™!
with the reduced mirror separation of d = 47 pum. The light reflection from the aligned
FP reflector is shown in red, the reflection from the plain mirror is shown in black.

Figure shows the maximum wavenumber coverage as a function of driving frequency

for a given separation. The benefit of quicker scans can outweigh the benefit of having
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wider spectra coverage, especially where only narrow absorption features are considered.
Sharp absorption lines, such as those produced by NO molecules in a 5 um spectral range,
are typically less than 1 em™! wide at atmospheric pressure requiring total wavelength
change of ~ 1 em~!. This can be easily achieved with mirror scanning frequencies as high

1

as b kHz, where ~ 5 ¢m™" are covered.

Wide spectral coverage and rapid scan times can be achieved by bringing two mirrors
closer together increasing the free spectral range of the FP reflector. Increased free spectral
range requires smaller mirror displacement in order to cover the same wavelength range.
The oscillations with smaller oscillating amplitudes are less susceptible to the modulation

frequency increase, allowing wide spectrum coverage at higher frequencies.

6.6 Conclusion

The system described in this chapter demonstrated tunable single mode emission with
the side mode suppression ratio of over 20 dB. It thus shows a lot of potential as an
alternative method for single mode generation in an external cavity setup. A diffraction
grating currently provides the most popular mean of wavelength selection in EC systems.
While producing strong feedback and wide wavelength coverage it is limited to slow scan
rates as discussed in this chapter. Furthermore, the intensity of the 1% order mode,
typically used as a feedback mechanism in Littrow external cavity setups, is in the region
of 80 — 85% compared to the estimated feedback of the Fabry-Pérot reflector of > 90%,
only limited by the losses on the mirrors. The Fabry-Pérot reflector demonstrates wide

wavelength tuning, strong feedback and rapid wavelength scanning potential.

The current design of the Fabry-Pérot reflector described in this chapter, does not solve the
mode-hop problem typically characteristic of EC setups [7]. Due to the large cavity length,
the separation between two successive longitudinal cavity modes is too small compared to

the width of signature features of the trace gas absorption lines. Additional piezoelectric
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(b) Two different spectral widths at two different scanning frequencies in air. the observed dips in
the spectra correspond to the water vapor in the atmosphere.

Figure 6.19: Wavelength scanning range is frequency dependent. This dependency can
arise either from the finite mass of the secondary mirror or the air trapped between two
parallel plates. As a result, the actual scanning amplitude Ad is smaller than expected.
This can be seen in graph a) where the wavelength tuning range (as a result of decreasing
Ad) is decreasing with higher mirror scanning frequency.
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actuators can be used to adjust cavity length, by changing the position of the primary

mirror, to sustain continuous wavelength selection.

Rapid mirror scanning allows broad spectra generation and opens up new possibilities in
spectroscopy as well as providing new powerful techniques in optical coherence tomogra-
phy, cytology, histology and pathology [15] [16]. Presently the wavelength tuning speed is
one of the main limitations for quantum cascade lasers to be used in Fourier transform
imaging microscopes [I7]. The results presented in this chapter bring this realization one

step closer.

165



REFERENCES 6.6

References

1]

D. Vaitiekus, D.G. Revin, K.L. Kennedy, S.Y.Y. Zhang, and J.W. Cockburn. Quan-
tum cascade laser with unilateral grating. Photonics Technology Letters, 24(23):

2112-2114, 2012.

H. Li, S. Katz, G. Boehm, and M.C. Amann. Broad gain injectorless quantum-
cascade lasers with low threshold emitting around 8.6 um. In G.H. Duan, editor,

Optoelectronic Materials and Devices VI, volume 8308 of Proceedings of SPIE, 2011.

A. Hugi, R. Terazzi, Y. Bonetti, A. Wittmann, M. Fischer, M. Beck, J. Faist, and
E. Gini. External cavity quantum cascade laser tunable from 7.6 to 11.4 uym. Applied

Physics Letters, 95(6):061103, 2009.

G.P. Luo, C. Peng, H Q. Le, S.S. Pei, W.Y. Hwang andd B. Ishaug, J. Um, J. N.
Baillargeon, and C.H. Lin. Grating-tuned external-cavity quantum cascade semicon-

ductor lasers. Appl. Phys. Lett, 78:2834, 2001.

R. Maulini, M. Beck, J. Faist, and E. Gini. Broadband tuning of external cavity

bound-to-continuum quantum cascade lasers. Appl. Phys. Lett, 84:1659, 2004.

R. Maulini, D.A. Yarekha, J.M. Bulliard, M. Giovannini, and J. Faist. Continuous-
wave operation of a broadly tunable thermoelectrically cooled external cavity quan-

tum cascade laser. Opt. Lett, 30:2584, 2005.

G. Wysocki, R.F. Curl, F.K. Tittel, R. Maulini, J.M. Bulliard, and J. Faist. Widely
tunable mode-hop free external cavity quantum cascade laser for high resolution spec-

troscopic applications. Appl. Phys. B, 81:769, 2005.

I. Dunayevskiy, A. Tsekoun, M. Prasanna, R. Go, and C. K. N. Patel. High-sensitivity
detection of triacetone triperoxide (TATP) and its precursor acetone. Appl. Opt., 46:
6397, 2007.

166



6.6

REFERENCES

[9]

[10]

[11]

[12]

[13]

[16]

[17]

M.G. Littman and H.J. Metcalf. Spectrally narrow pulsed dye laser without beam
expander. Applied Optics, 17(14):2224-2227, 1978.

S.G. Lipson, H. Lipson, and D.S. Tannhauser. Optical Physics (3¢ edition). London:
Cambridge U.P., 1995.

G. Keiser. Optical Fiber Communications. McGraw-Hill, 2000.

B.E.A. Saleh and M.C. Teich. Fundamentals of Photonics. John Willey & Sons Inc,
1991.

A. Lyakh, R. Barron-Jimenez, I. Dunayevskiy, R. Go, C. Kumar, and N. Patel. Ex-
ternal cavity quantum cascade lasers with ultra rapid acousto-optic tuning. Applied

Physics Letters, 106:141101, 2015.

T. Tsai and G. Wysocki. External-cavity quantum cascade lasers with fast wavelength

scanning. Appl. Phys. B, 100:243, 2010.

D. Huang, E.A. Swanson, C.P. Lin, J.S. Schuman, W.G. Stinson, W. Chang, Mr.R.
Hee, T. Flotte, K. Gregory, C.A. Puliafito, and J.G. Fujimoto. Optical coherence
tomography. Science, 254(5035):1178-1181, 1991.

Ryan P. McNabb, Dilraj S. Grewal, Rajvi Mehta, Stefanie G. Schuman, Joseph A.
Izatt, Tamer H. Mahmoud, Glenn J. Jaffe, Prithvi Mruthyunjaya, and Anthony N.
Kuo. Wide field of view swept-source optical coherence tomography for peripheral

retinal disease. British Journal of Ophthalmology, 2016.

David T.D. Childs, Richard A. Hogg, Dmitry G. Revin, Ihtseham Ur Rehman,
John W. Cockburn, and Stephen J. Matcher. Sensitivity Advantage of QCL Tunable-
Laser MidInfrared Spectroscopy Over FTIR Spectroscopy. Applied Spectroscopy Re-
views, 50(10):822-839, 2015.

167



REFERENCES

6.6

168



Chapter 7

Quantum Cascade Lasers in Gas

Sensing Setups

7.1 Introduction

Sensitive gas detection and quantification are of a great importance in the environmental
research [IH6], atmosphere chemistry studies [I], physics [I} 2, 6-9], biology [2, 5], biomed-
ical studies [2], Bl 6, 8-I5] and military applications [16} [I7]. Laser based spectroscopic
detection allows for very accurate, up to pptv (parts per trillion by volume = 1 : 10'2)
detection level and quick measurements while giving the benefit of mobile systems and

allowing on-field analysis.

Laser based spectroscopy is safe, fast and reliable to compete with the currently avail-
able gas detection techniques, making it suitable for clinical studies involving the analysis
of volatile organic compounds. Many companies, including the collaborating industry
partners Sensor Sense and MSquared, develop and produce mobile laser based detection
systems available for wide range of gas detection in addition to those described in this

thesis. The currently available, non-laser based spectroscopic systems, including chemi-
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luminescence [13], 18], gas chromatography [19], electronic nose [13| 20, 21] and proton
transfer reaction based mass spectrometry (PTR-MS) [19] have their own advantages and
disadvantages, whether it is sensitivity, robustness, lengthy measurements, selectivity or
the price limiting any one of these systems to dominate the market. For example, the sys-
tem based on a mass spectrometry can demonstrate high sensitivity and selectivity, but it
is bulky and expensive [19]. The laser spectroscopy, on the other hand, is leading in some
of these areas providing high spectral power due to its narrow linewidth. Typically, con-
tinuous wave lasers can generate linewidth much narrower than the absorption linewidth
of the measured gas. Selectivity is also a strong feature of a laser based spectroscopy
making it easier to distinguish specific analyte amongst the complex gas mixture. It is

also a non-intrusive technique offering remote sensing possibilities.

This chapter starts with the introduction of different laser based spectroscopic techniques.
The focus of this chapter then shifts to the description of the experimental setups for
methane (CHy) and nitric oxide (NO) detection. Section describes simple direct
absorption technique used with the short wavelength QCL developed at the University
of Sheffield. The lasers emitting at ~ 3.3 um are used to target one of the strongest
absorption bands of the methane. Section describes the laser spectroscopy technique
used to determine exact emission wavelength of the 5.3—5.4 ym QCL device, also designed
and grown at the University of Sheffield, through the nitric oxide absorption bands. The
potential of the sensitive absorption measurements at the @Q-branch is also discussed.
All experimental measurements were performed at the Radboud University in Nijmegen,
Netherlands with the quantum cascade laser devices designed, grown and fabricated in

the University of Sheffield as part of the collaboration of a Quantatec project [22].

7.2 Gas absorption in mid-infrared region

The principle of laser spectroscopy is based on the laser light being absorbed at the frequen-

cies corresponding to the spectral absorption lines of the specific gases. These absorption
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lines originate from the electronic, rotational or vibrational states of the molecules. The
electronic state transitions are much more energetic compared to the other two, and there-
fore can be detected using visible or near UV wavelengths. The rotational and vibrational
states, also being referred to as ro-vibrational states or transitions, can be probed using
near and mid-infrared light sources, due to much lower transition energies. The transi-
tions occurring in mid-infrared region, however, are much stronger allowing much lower
detection limits. The reduction of the intensity of the transmitted light through the gas

can be described using Beer-Lambert law:

T(v) = To(v) - e 7PN (7.1)

where Tp(v) is the light transmission through non-absorbent media, as a function of the
light frequency v; [ is the absorption path length; py - number density of absorbing
molecules and o is the absorption cross-section of the absorbing species expressed in em?

units. The absorption coefficient a(v) is expressed as:

a(v) =0 pN (7.2)

In the linear optics regime the absorption coefficient doesn’t depend on the transmitted
light intensity. This approximation fails at higher optical powers, where linear optics

regime becomes invalid [23].

7.2.1 Direct absorption spectroscopy

Direct absorption spectroscopy is the simplest and the most fundamental gas detection
technique. It is based on the light absorption inside the cell filled with an absorbent
gas (analyte) according to Beer-Lambert law, described in Equation The modulated

laser emission is absorbed by the analyte at the specific wavelengths, corresponding to
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Figure 7.1: Schematic diagram of the direct absorption technique. The modulated laser
scans its wavelength through a set of frequencies that are either transmitted or absorbed
inside the gas cell. The signal is then recorded with the photodetector and displayed as
absorption signal for further analysis.

its ro-vibrational or electronic modes. The wavelength modulation in the semiconductor
lasers is typically achieved through the temperature control. The temperature variation

of the typical semiconductor laser base allows up to 100 cm™*

wavenumber tuning, but
the process is slow, usually not exceeding ~ 0.3 em~'/s . Adjusting the temperature of
the laser core, via additional current injection to the active region, on the other hand, is
much faster process capable of achieving the wavelength tuning rates up to ~ 10* em=!/s,

1

but with a limiting wavenumber ranges of only 1 — 2 em™". The schematic diagram of

the direct absorption spectroscopy technique and experimental setup used for methane

detection is shown in Figure (7.1

The temperature modulated laser wavelength, transmitted through the absorbent medium,

172



7.2 7.2. GAS ABSORPTION IN MID-INFRARED REGION

is recorded and compared to the laser transmission intensity through the background
medium (i.e. the gas cell filled with nitrogen gas). The biggest advantage of a direct
absorption technique is its ability to provide absolute quantitative description of the gas

mixture [24].

Due to the simplicity of this technique the sensitivity is often limited to an absorbance
of ~ 1073 Hz~1/2 [25]. This is mainly limited due to a small change in signal intensity
(AT = Ty — T') compared to the noise level of the background signal. However, it has
been demonstrated that it is possible to achieve sensitivities much closer to the theoretical
shot noise level with absorbance of ~ 1076 Hz~1/2 [26, 27]. Noise reduction, increase
of absorption path length or gas probing at stronger transitions would contribute to the
detection limit improvement. The noise levels can be reduced with the help of modu-
lation techniques, the path length increase is achievable with external cavities, such as
multi-pass cells, and the stronger absorption lines are located in the mid-infrared spectral

region.

7.2.2 Wavelength modulation spectroscopy

The wavelength modulation spectroscopy (WMS) is an example of a more sensitive laser
spectroscopy technique. As mentioned previously, the noise is a limiting factor in the direct
absorption spectroscopy. WMS overcomes this issue by making use of the fact that the
noise, also known as 1/f noise, reduces with increasing frequency. The improvement with
this technique is achieved by encoding and demodulating the signal at higher frequencies
where noise level is much smaller. As a result, the typical detection limit can be improved

to ~107% Hz~1/2 sensitivity detection range.

The schematic diagram of the wavelength modulation spectroscopy setup is shown in
Figure The laser output is modulated with frequency f around the center of its
emission frequency v. with a certain modulation amplitude. The modulated signal is

passed through a cell filled with analyte and the output signal is being detected using
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Figure 7.2: Experimental setup of typical wavelength modulation spectroscopy. Function
generator provides the modulation signal that is directed to the laser housing (consisting
of QCL chip, temperature controller and laser driver) as well as lock-in amplifier. The
laser output is directed through the absorption cell into a photodetector. Then the signal
S(v) is fed into the lock-in amplifier where the output of 1% harmonic constitutes of the
WMAS signal (Sf). Reprinted from Reference [28].

suitable photo-detector. The signal is then directed to the lock-in amplifier for 1% harmonic

extraction at a detection frequency f. The bandwidth is given by the inverse of the

integration time 7.

The output power of a typical semiconductor laser can be modulated by the additional
current injection to its active region, raising the core temperature of the laser locally.

Sinusoidal modulation of the injection current I;.(t) can be expressed as:

Li.(t) = 1.+ I - cos(27 ft) (7.3)

where I, is the offset injection current and I, is the injection current modulation amplitude.
It can be shown that the wavelength modulation process can be expressed in frequency

units, with a similarly looking equation [28§]:
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v(t) = ve + vq - cos(2m ft) (7.4)

here v, is the laser center emission frequency and v, frequency modulation amplitude.
The laser intensity transmitted through the cell can then be expressed as a Fourier series
expansion. This WMS technique was first applied by Bjorklund [29] using a single mode
CW dye laser. Since then, wavelength modulation is mostly used with the diode lasers,

due to the ease of current modulation.

7.2.3 Farraday rotation spectroscopy

Faraday rotation spectroscopy (FRS) is often referred to as zero-noise technique. Due to
its ability to filter paramagnetic molecules, such as NO and O, without the interference
from diamagnetic molecules, such as C'Oy and H>O, makes it very competitive technique
allowing quantitative and selective gas detection. The strongest absorption bands of NO
lies in the mid-infrared spectrum, at around 5.2 —5.4um wavelength region. HoO and CO2
are also present at this spectral range and can often interfere with the signal, especially
when biologically important organic samples are being measured, such as those obtained

from human breath or generated by plants.

The Faraday rotation spectroscopy experiment was first described in 1980 [30]. The simple
FRS setup consists of a cell with two polarized windows at each end. The AC magnetic
modulation field is applied parallel to the laser beam direction. The absorption lines of
paramagnetic species (such as NO) inside the cell split, in the simplest case, into two lines
due to Zeeman splitting. The linearly polarized incident light is equivalent to a beam
composed of two circularly polarized components with equal amplitude, zero phase shift
but opposite signs. The split Zeeman lines absorb either left-hand or right-hand circularly
polarized light, causing different light propagation velocities for the different polarized

components. After the beam interacts with paramagnetic analyte the two components
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propagate at different velocities yielding a phase shift between them at the output. The
measured rotational angle is proportional to the concentration of the specimen according

to:

9F = (n+ — n_) . BO -1 (75)

where (nT—n") is the difference of refractive indexes between left and right-hand circularly
polarized light, By - magnetic field strength and [ is the absorption length. As a result,
this technique can bring the detection limits close to the theoretical shot-noise levels

(~ 1078 Hz~1/2)[31].

7.3 Detection of the methane (CH,) gas using A ~ 3.3 um
QCL

The concentration of methane (C'Hy) and nitric oxide (NO) gases in the atmosphere are
the primary indicators for the greenhouse effect [32, B3] and, as a result, can be used to
efficiently determine the pollution in the atmosphere. Methane has very strong absorption
lines with relatively narrow line-widths in the 3.3 um wavelength region. This wavelength
range is in the reach of antimony based short wavelength QCLs produced in our group

[34136).

7.3.1 Motivation and laser design

Pulsed QCLs are less dependent on the efficient active region design, immaculate fabrica-
tion and good heat extraction resulting in them being cheaper and more available. High
optical power, single mode operation, with good spectral purity and wide tunability, and
being affordable are the most important properties required for commercial gas sensing

applications. Moreover, pulsed lasers are typically driven with pulse width not exceeding
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200 ns, with the duty cycles of 1 —2 % with the driving voltages in a range of 10 — 25 V'
depending on the emission wavelength. The small duty cycle decreases power consumption
while still delivering high peak powers. The well designed quantum cascade lasers have
wall plug efficiencies in a region of 5 — 10 % [35| 37], producing sufficient optical outputs

for sensitive gas measurements even in a portable systems.

Gas spectroscopy with pulsed lasers can be performed using two different wavelength
modulation methods intra- or inter-pulse. Inter-pulse spectroscopy requires short exci-
tation pulses, typically 10 — 20 ns, to avoid frequency chirping [38], so that the emission
wavelength remains unchanged throughout the length of the pulse. The main frequency
tuning between the emitting pulses is performed by temperature change. The temperature
change of the QCL core can be performed using two different techniques - changing the
temperature of the heat-sink, which results in the temperature gradient experienced by
the laser or changing the temperature of the laser core. These methods have their own
benefits and drawbacks and are described further down in this section. The intra-pulse
relies on longer pulses (200+ ns) applied to the laser resulting the chip to heat up provid-
ing continuous emission frequency change during the course of the pulse (chirping). While
this method does not require additional temperature controllers it still requires efficient
heat extraction from the device to ensure that it generates light throughout the whole

excitation pulse.

The temperature tuning mentioned in the previous paragraph can be achieved through the
temperature change of the whole laser base or just its core. The former process is usually
much slower, since it requires extra time to transfer heat from the heat sink, limiting its
frequency modulation to the thermo-electric cooler (TEC) response time limit, which is
usually not faster than 300 mHz. The temperature change of the laser core is much faster
process (~ kHz) and therefore is preferred for rapid scans. Internal temperature of the
core is changed by injecting additional current (Joule heating) straight to the active region

of the laser. The laser core temperature modulation is 1000s times faster, compared to
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Figure 7.3: Ro-vibrational absorption lines of four common gases in the atmosphere ab-
sorbing at mid-infrared spectral region. The data is generated from Spectracalc [39]

the temperature modulation of the laser base.

Regardless of the wavelength scanning technique, the initial temperature adjustment is
often needed to bring the laser emission to the vicinity of the particular gas absorbing
line. The frequency of interest is determined by the gas absorption spectrum that is
associated with its ro-vibrational modes as described in Section Typical absorptions
spectra in the mid-infrared region for common atmospheric gases are shown in Figure

(.0

It can be seen that the most sensitive absorbing lines of methane are around 3.2 — 3.4 um
wavelength region (2900 — 3100 cm™!), with the strongest absorbing ro-vibrational mode
placed at ~ 3038.5 em™! as shown in Figure [40]. The strongest absorption line is
required for achieving very sensitive detection limits (sub-ppbv), however, other absorption
lines can also be utilized, if less sensitive (few ppmv) measurements are sufficient. Less
absorbing lines can be more suitable for in-filed measurements, specifically where the

intensity drop of the transmitted laser becomes too substantial to be detected with mobile
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Figure 7.4: Magnified region of simulated methane (C'Hy) gas absorption lines in the
3.3 wm emission region.

systems.

A set of suitable QCLs has been fabricated to match the desired wavenumber of 3038 cm 1.
The single mode emission was obtained with the selective distributed feedback achieved
through the unilateral grating. The design and fabrication of this laser is very similar to the
one described in Chapter |5 The single mode emission was obtained at room temperature
with the emission wavelength of A ~ 3.29 um (3039 ¢m™!). The single mode emission at
different temperatures of this laser are summarized in Figure The FWHM of this
laser is FWHM = 0.51 ¢m~! which is much wider than the FW HM of the absorption
line of methane at 0.1 bar (FWHM = 0.021 cm™!), however, the line broadening occurs
mainly due to intrapulse heating of the core region. Since the wavelength modulation is
performed with the help of temperature change, the intrapulse heating, responsible for

wavelength broadening, doesn’t affect the final results.

The pulsed laser can be tuned to operate at the required wavelength. In this particular

case the heat sink had to be kept at the base temperature of 27° C' (300 K) to emit around
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Figure 7.5: Emission spectra of the single mode laser used for C Hy detection

3038 em L.

7.3.2 Pressure dependence

The FWHM of the gas absorption line is pressure dependent. The FWHM of the ab-
sorption features increases at higher pressures. The comparison between two calculated
methane absorption lines with the same gas concentration at 0.1 and 1 bar is shown in
Figure[7.6l The signal measurement obtained at lower pressure is more desired since it re-
duces the required wavelength scanning amplitude in order to cover the whole absorption
line. Sharper features can also be more beneficial when detection of less intense overtones
is required. As seen in Figure two peaks are observed at 0.1 bar (3038.5 cm™! and

3038.6 cm 1) compared to one, much broader peak at 1 bar pressure.

180



7.3 7.3. DETECTION OF THE METHANE (CH,) GAS USING X ~ 3.3 um QCL

—~ 1.00] —~ 1.00
3 3
K 0.984 K 0.984
5 :
2 0961 2 0961
-2 2
£ 094 £ 094 —\/
% % 0.998
= 0.924 = 0.92+ 0996
E E 3038.60 3038.64
D2 0.90 T T T T D2 0.90 T T T
— 3038.0 3038.2 3038.4 3038.6 3038.8 3039.0 - 3038.2 30384 30386 3038.8 3039.0
Wavenumber (cm™) Wavenumber (cm™)
(a) Pressure broadened absorption line at 1 bar. (b) Sharper absorption line at 0.1 bar.

Figure 7.6: 1% methane (C'H,) absorption line placed at 3038 cm ™! region at 1 bar (a)
and 100 mbar (b).

7.3.3 Experimental setup

The experimental setup, shown in Figure [7.1] consists of the QCL mounted onto the
temperature controlled semiconductor laser housing with the fitted thermo-electric cooler
for the heat sink temperature control. The Peltier cooler is driven with the thermo-electric
cooler unit (T'CU) equipped with the internal and the external modulation options. The
current pulse is created using the pulse generator from Alpes lasers with the pulse length
of 50 ns and the repetition rate of ~ 10 kHz. The output beam is collimated using
Geltech aspheric lens. The output light beam is detected using the three stage thermo-
electrically cooled Vigo photodetector, with the cut-off wavelength of 5 um, for quick
signal detection. The results are displayed on the oscilloscope linked to the computer for

digital data analysis.

The first experiment is designed to determine the rate of laser tuning and the required
laser base temperature for the wavelength emission at the strongest absorption line of the
methane (3038.5 cm™!). The 5 cm long cell filled with high (10 %) methane concentration
at 100 mBar pressure. High methane concentration is chosen to enhance the absorbance by
1

the media for demonstration purposes. The laser is temperature tuned from 3035 ¢m™

up to 3041 ¢m ™! corresponding to the temperature change of A30 K. The absorption
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feature is noticed at 3038.5 cm ™! at the laser base temperature of ~ 306 K.

Keeping the base temperature at 306 K the TCU was connected to the frequency gener-
ator for periodic temperature scanning. In order to ensure responsive and homogeneous
scanning, the modulation of TE cooler is kept at 100 mH z with the temperature scanning

amplitude of 2°.

7.3.4 Signal analysis

The light intensity recorded for four different methane concentrations at the pressure of
100 mBar is measured and plotted in Figure[7.7] It can be noticed that the signal intensity,
that is not absorbed by one of the methane ro-vibrational modes, in higher concentration
mixtures is lower. This can be attributed to the scattering process inside the cell that
is proportional to the higher methane concentration. The light passing through the less
concentrated specimen have intensities comparable to the background (gas cell filled with

nitrogen gas) signal.

For the current setup, the concentrations lower than 1000 ppmv are more difficult to
measure with the single scan due to the signal becoming comparable to the noise levels.

Signal averaging increases the sensitivity up to 160+60 ppmuv, as shown in Figure[7.8

The results on the sensitivity presented here are about four orders of magnitude lower,
compared to those published in literature [41]. Firstly, the used direct absorption technique
is not the most efficient, but is chosen entirely for the demonstration of principle. The
detection limits can be increased through the increase of the effective path length. This is
discussed in Section The reduction in the averaging time is also required, since the
signal becomes less reliable during longer scans. Section discusses the possibility for

the averaging time reduction.
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Figure 7.7: Laser light absorption signal passed through the single pass gas cell filled
with variable methane C Hy concentrations. The received signal is subtracted from the
background signal (cell filled with nitrogen (/N2)) to account for the background noise. The
inset shows the linear signal intensity dependence as a function of analyte concentration.
The concentration and pressure inside the cell was controlled by the mass flow controllers
and pressure gauge.

7.3.5 Wavelength tuning by current injection scan

The current scan can provide much faster temperature response times due to more local-
ized core heating. The temperature modulation of the base of the laser acts on a much
larger area, reducing response time of the laser output. This technique, however, is less
destructive to the laser chip, since the thermal expansion is homogeneous throughout the
whole chip. The current scan, on the other hand, is based on the sub-threshold current
injection straight into the laser core, without the need to heat the rest of the chip thus
increasing the response time of the laser. The downside of this modulation technique is

reduced lifespan of the laser due to induced thermal stresses [42].
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Figure 7.8: Measurable methane concentration levels as a function of the scanning time.
160 + 60 sensitivity is obtained with 30 seconds averaging time.

The typical current scan can potentially increase the temperature modulation frequencies

to the kH z range, with the wavelength tuning range of Av = 0.25 em ™! [43], compared to

the sub-Hz that is achievable with the temperature scan. The benefit of temperature scan

is that it allows for much broader wavelength modulation, typically Av = 20—30 cm ™!, due

to the much larger temperature difference [44]. The much quicker wavelength modulation

allows for shorter scan times (~ 1 — 10 ms) resulting in a larger sample size for the

same scanning time. Unfortunately, aforementioned lasers have poor thermal conductivity

causing the core region to heat up to the point of no light emission even at small current

injections. As a result, only heat sink temperature modulation technique could be used

for wavelength tuning.
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7.3.6 Multi-pass cell

The detection sensitivity is proportional to the absorption path length. Longer paths
provide more instances for light interaction with the gas molecules. As mentioned above,
the 160 ppmuv detection limit has been reached using 20 cm long gas cell. This is too high
to be considered for any sensitive gas detection applications to be viable, where single
digit ppmu are typically required [45]. Cells with longer direct transition paths are large

and bulky, limiting their mobility.

One way around this problem is to fold the light with the help of multi-pass cells. The
multi-pass cell folds the light with the help of astigmatic or spherical mirrors at each end
of the cell increasing the effective path length. The cell used in our experiments had an
effective path length of 76 m with the base length of only 0.32 m. Two mirrors reflect the
light inside the cell up to 238 times before it gets out and is guided to the detector. The
mirrors typically have 99.2 % reflectivity at 3 — 10 um wavelength region resulting in only
~ 15 % light transmission at the exit. The more detailed description of the cell can be

found in Reference [46].

Due to the large number of reflections, even small mirror losses have big impact on the
output light intensity, reducing its power by over 85 %. Another factor contributing to
the low output intensity is the asymmetrical beam divergence due to the rectangular laser
facets. As a result the laser has low output when driven close to threshold. Increase
in driving current often results single mode emission to switch to multi-mode emission

making it unusable for spectroscopic applications.

A single mode laser with higher output power can be used to bring the detection limits
down to 400 ppbv, by utilizing multi-pass gas cells with effective length of 76 m. High
output powers are required in order to detect transmitted power that is partially lost on the
mirrors as a result of multiple reflections inside the cell. Combined with the modulation

and averaging techniques, described in Sections [7.2.2] and [7.3.5] the sensitivity could be

increased even further.
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7.4 Nitric oxide (NO) detection

Nitric oxide (NO), found in the atmosphere is an indicator for the air quality in the urban
environments worldwide. NO plays very important role in the atmospheric chemistry and
significantly contribute to the formation of the photochemical smog and acid rains. It also
causes depletion of the stratospheric ozone layer [47, 48]. The typical concentrations of
NO in the atmosphere ranges from 20 to 200 ppbv, depending on the pollution level and

climate [49].

In medicine, medical biology and biochemistry, NO is used as a biomarker. Biological
markers or simply biomarkers are the indicators for the current biological state in living
organisms. Sensitive detection of the presence or the change in the concentration of such
markers may indicate the certain biological abnormalities or tendencies. Nitric oxide
molecule, is quite often used as an indicator for airway inflammation in humans [50].

Exhaled NO is a biomarker for asthma and other respiratory diseases [51H53].

There are a number of commercially available sensors used for sensitive NO detection,
based on chemiluminescence, electrochemical or laser techniques [11), 54H56]. Chemilumi-
nescence quite often referred to as the ” gold standard” technique for sensitive NO trace
gas detection due to its sensitivity and reproducibility. However, bulkiness and cost, as
well as the requirement for technical expertise to operate it limits its applications. Electro-
chemical sensors are convenient due to their compactness but suffer from lower sensitivity,

preventing more precise measurements.

7.4.1 NO absorption bands for FRS

Nitric oxide molecule has well distinguished absorption lines in the 5 ym wavelength region.
The presence of HoO and C'Os in this region often interfere with the measurements and is
tried to be avoided by targeting the spectral areas with minimal absorption features from

water and carbon dioxide. As mentioned in Section NO is paramagnetic molecule
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allowing it to be measured using FRS technique without the interference from diamagnetic

molecules.

NO ro-vibrational absorption branch that is located at 1875.81 em ™!, also known as Q-
branch, is of particular interest since it provides the optimum condition for the Faraday
rotation spectroscopy. Due to the Zeeman splitting the net effect of the externally applied
magnetic field on the given ro-vibrational transition is maximized at Q-branch. The Q-
branch line strength decreases with increasing J value, where J is the rotational quantum
number used to describe the splitting of the molecular rotation state resulted from the
applied magnetic field. Therefore making @3/5(3/2) molecular transition at 1875.81 em ™!
the best choice for NO detection using the FRS technique [57]. Figure shows NO
transitions at 5.3 — 5.4 um spectral region with the most sensitive @Q-branch absorption

located at 1875.81 em 1.
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Figure 7.9: NO ro-vibrational transitions at 5.3 um spectral region obtained from HI-
TRAN database.
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7.4.2 Experimental setup

Two QC lasers based on InGaAs/AlInAs heterostructure grown on InP substrate with
the emission wavenumbers of 1858 and 1868 c¢m ™! at room temperature have been used
for the nitric oxide detection. Both lasers were capable of C'W operation at RT with
the output powers in excess of 50 mW, with the FWHM = 0.51 em™! and FWHM =
0.49 cm ™! respectively. The single mode suppression ratio of these lasers were comparable
to the previously observed single mode lasers with unilateral grating and is SMSR =

21 dB.

The experimental arrangement of NO detection system is schematically shown in Fig-
ure The lasers were operated in continuous wave regime at a temperature range
from —37.5°C' (235.5 K) up to +40°C (313 K) depending on the required emission wave-

length.

The collimated QCL beam was directed to 0.32 m long ” Aerodyne Research Inc” multi-pass
cell with the effective path length of 76 m to increase the absorption path length enhancing
the interaction time with the analyte. The output signal was guided to the two-staged
thermo-electrically cooled ” Vigo” photodetector. The lasers were current modulated using
” Agilent 33220A7 waveform generator producing triangular ramp signal at 1 kH z repeti-
tion rate. The current was supplied using ” Newport/ILX Lightwave LDX-3220" precision

laser diode current source.

The gas cell was connected to two mass flow controllers, one - to the pure nitrogen and the
other - to the NO gas cylinder with the concentration of 100 ppmwv. The mass controllers
could be adjusted to reduce the concentration of NO inside the cell down to 1 ppmv
(1:99). The pressure was kept at 100 mBar to reduce the linewidth of the absorption

features.
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Figure 7.10: Schematic diagram of NO direct absorption detection system. The tempera-
ture of QCL is regulated by the TEC controller to coarse tune the wavelength. The current
source, modulated by the waveform generator, powers the QCL, providing the necessary
thermal ramp to scan the wavelength. The beam is focused and diverted through the
multi-pass cell towards the detector. The analyte substance, inside the cell, is controlled
with the mass flow controllers. The pressure is monitored and controlled using pressure
gauge and pump.

7.4.3 Laser wavelength determination and discussion

L wavenumbers at

Two lasers have single mode output at around 1858 and 1868 cm™
room temperature with the FWHM = 0.4 em™" and SMSR ~ 25 db, measured with
FTIR spectrometer in Sheffield, prior to taking them to the Radboud University. One
of the lasers was used for the direct absorption experiment to resolve its actual emission
wavelength in the setup and measure the maximum achievable tuning range in order to

determine whether these devices can be used to target specific nitric oxide absorption

lines.
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The laser was temperature tuned from 260 K (—13°C) to 297 K (24°C') until the NO ab-
sorption bands ranging in the 1856 — 1872 cm ™! region were detected. Once the absorption
signature is discovered, the current modulation was employed to produce sharp, averaged
absorption peak. The result of this wavelength scan is shown in Figure where a
number of absorption peaks, corresponding to the NO and H2O gases, are plotted. The
water absorption peaks arise from the laser light interaction with the atmosphere on its
way to the gas cell. While this path is much shorter than that attained inside the multi-
pass cell, the high water concentration in the atmosphere produces peaks with similar

strength to that observed by NO absorption.

Figure [7.11b] shows ro-vibrational transitions for NO (100 ppmv) and H,O (2 %) obtained
from HITRAN database [40]. Two datasets are similar and can be used to determine the
existing emission wavelength as a function of temperature. It can be noticed that the
measured NO absorption lines correspond to the the actual lines at 1856.5, 1857.3, 1860.1
and 1860.8 cm~!. The water absorption lines, found in this spectral region between
the NO bands are also observed in the experimental measurements. As a result it is
determined that the laser operates at the wavelength range of A ~ 5.372 — 5.386 um
(1856.5 — 1861.5 cm 1) at the temperature range of T' ~ 266 — 296 K, with the calculated

wavenumber change of Av/AT = 0.16 em™!/K.

Assuming the wavelength change rate remains linear with the temperature it would require
cryogenic temperatures to reach Q-branch at 1875.81 em™! (T ~ 175 K). The system
would get too complicated to be used in mobile applications. As a result, different laser
was interchanged with the emission wavenumber of ~ 1868 ¢m™! at room temperature.

The same wavelength detection was performed and is shown in Figure

It can be seen that detected NO modes, correspond to the 1867.2,1867.6 and 1871.1 em ™!
absorption lines. The absorption bands from the water found in the atmosphere are also
present. It was found that the laser emits at A = 5.355 um (1867.2 cm™!) at T = 285 K

and A\ = 5.344 um (1871.1 em™1) at T = 262 K. This gives the wavenumber change rate
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(a) Experimental results of NO and H2O absorption lines.
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(b) Absorption lines obtained from HITRAN database.

Figure 7.11: Experimental (a) and calculated (b) nitric oxide (NO) and water (H20)
ro-vibrational transitions in the 5.37 um mid-IR region
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Figure 7.12: Experimental (a) and calculated absorption lines in the 5.35 pwm mid-IR
region.
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of Av/AT = 0.16 em~ /K. As a result, the emission at the v = 1875.81 Q-branch is

possible at T' ~ 232 K, assuming the wavelength change rate remains linear.

Unfortunately, the laser emission at 232 K did not correspond to the expected ~ 1875 cm ™!
wavenumber. The observed absorption peaks were used to determine that the laser was
emitting near 1871 em ™! region even at low temperatures. It was concluded that the gain
shift of the laser is slower than previously predicted. As a result, even lower temperatures
are required to move emission frequency to sample the proposed @Q-branch region. While
the current setup could be used for neighboring overtone detection achieving sensitivities
as low as 1 ppmv, the more sensitive Faraday rotation spectroscopy is required in order

to bring the sensitivity level into ppbv region [43| [57]

7.5 Summary

The work in this chapter described the techniques and results obtained from targeting
specific volatile organic compounds in the mid-infrared spectral region utilizing quantum
cascade lasers. Two examples of using Sheffield grown and fabricated quantum cascade
lasers for methane (C'Hy) and nitric oxide (NO) detection were demonstrated. The low
absorption sensitivity is attributed to the suboptimal measuring techniques used to obtain
the data. The improvement of the equipment, such as appropriate lenses and mirror coat-
ings, as well as advanced measuring techniques, previously described in this chapter, can
potentially increase the sensitivity and decrease the absorption limits to the competitive

levels of sub—ppmu, that are often required for the sensitive gas trace measurements.

Single mode quantum cascade laser with the emission wavelength of ~ 3039 ¢m ™! has
been used to demonstrate the light absorption by the ro-vibrational modes of the methane
gas. The simple gas detection system was set up achieving detection limits of 160 ppmuv.
Inefficient thermal extraction of these lasers prevented current modulation limiting the

scanning speeds of the system.
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Two quantum cascade lasers with the wavelengths around 5.3 pum were used to detect
nitric oxide. The observed detection peaks corresponded to the emission wavelengths of
A = 539 pm (1855 em™!) and A = 5.36 um (1865 cm™') at room temperature with
the wavelength tuning range of ~ £2 c¢m™!, for the range of temperatures achievable
by the Peltier cooler. It was possible to observe and measure the concentration of NO
up to 1 ppmov with the direct absorption technique. The emerged issues preventing the
laser emission at the proposed Q-branch located at 5.33 um (1875.81 em™1) to be identi-
fied.

It has been showed that QCLs are reliable and efficient mid-infrared light emitting sources,
capable of trace gas detection. The wavelength engineering can be used to target wide

range of gases across the mid-infrared region.
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Chapter 8

Conclusion

In conclusion, the work described in this thesis has demonstrated a number of techniques
to achieve the reliable light sources required for mid-infrared laser spectroscopy based
gas detection applications. The importance of the selective single mode generation in a
quantum cascade laser has been discussed throughout the thesis, where two previously

unreported methods of achieving single mode generation has been presented.

The first method employs a third order distributed feedback grating fabricated on a single
side of the quantum cascade laser ridge. This novel way of achieving selective feedback
has proven to be as effective as the alternative methods involving other types of DFB
gratings. We have also demonstrated that the third order grating can be used for more

sensitive wavelength selection compared to the first order grating.

The second, previously unreported, technique for single mode generation in a QCL device
has been discussed in Chapter [6] The Fabry-Pérot reflector is used in conjunction with a
quantum cascade laser in an external cavity setup. The laser emission is filtered in the FP
reflector and directed back to the laser ridge creating selective feedback that is defined by
the Fabry-Pérot interferometry. We have demonstrated wide emission spectra generation,

although some frequencies could not be accessed for the reasons discussed in Chapter [0}

203



8.0

Despite this, the continuous wave external cavity operation with the wavelength coverage

of 80 em ™! has been reported.

Additionally, a thorough study of QCL active region optimization is given. A number
of changes were made to the active region of a QCL device in order to improve the
performance. The active region adjustments were made in a way that does not affect
the emission wavelength. It has been concluded that surface defects and temperature
instabilities play much bigger role in device performance than the small active region

adjustments.

Finally, the description of the results obtained for methane (C'H4) and nitric oxide (NO)
measurements using laser gas spectroscopy with the Sheffield’s single mode lasers is given.
Previously described devices were successfully integrated into the gas measuring systems
at Radboud University in Nijmegen, Netherlands, and detection of methane and nitric
oxide with corresponding concentrations of 160 ppmv and 1 ppmuv respectively have been

demonstrated.
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Chapter 9

Future Work

The precise wavelength control utilizing unilateral grating (Chapter [5)) opens up the possi-
bility for dual wavelength generation [IH3]. Dual wavelength generation could be achieved
by the integration of differently pitched grating on the opposite ends of the laser ridge to
generate feedback at a different wavelength. Two wavelengths separated by the distance
equal to the maximum achievable tuning range produces twice the wavelength coverage
compared to that achieved with the single grating. Wider wavelength coverage is beneficial
in a laser based spectroscopy systems where there is a need for a multiple closely spaced

absorption line measurements.

Another method of generating dual wavelength emission could be achieved by the fabrica-
tion of two differently pitched gratings on the opposed ends of the laser ridge. Either dual
or single sided grating can be used to explore the feedback strength required to achieve

different frequency single mode generation from each end of the laser facet.

Once the single mode emission process is established and optimized, more work is planned
for short wavelength QCL active region optimization. Further wafer growth with min-
imized growth defects is required in order to continue investigation of the active region

optimization. Additionally, some work involving fabrication optimization is also planned.
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9.0

The development of the fabrication process for epilayer-down bonding is needed in order
to improve the heat transfer from the core region of the laser. Improved heat transfer
reduces threshold current density of the device as well as increasing the operation duty
cycle [4]. The overheating core region is the primary reason preventing continuous wave

operation in InGaAs/AlAs(Sb) based material system.

Further study, determining the origin of the described spectral gaps in QCL emission
obtained using Fabry-Pérot etalon (Chapter 7)), is planned. Elimination of these gaps
opens up the possibility for the FP reflector in conjunction with quantum cascade laser to
be used for sensitive gas spectroscopy, covering much wider gas absorption spectral region

than that achieved with DFB lasers.

Finally, the laser integration into gas measuring systems for formaldehyde and butane
detection is also planned. These compounds absorb light in the short mid-infrared wave-
length region, allowing the integration of Sheffield-made short wavelength QCLs into these
systems. The gas measurements and detection system characterization is planned in col-

laboration with MSquared and SensorSense gas sensing industrial partners.
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Appendix A

Short wavelength QCL Designs

A.1 M4054 laser design for A ~ 3.3 — 3.5 um emission wave-

length
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The laser design for A ~ 3.3 —3.5 um wavelength emission is shown above. The one period
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A.2. MBE GROWN SHORT WAVELENGTH QCL DESIGNS A2

of the active region consists of the following layers:
27/12/10/34/10/31/11/27/11/23/11/21/11/20/11/19/11/18/12/17/13/16/15/15/18 /15

where AlAsSb barriers are in bold, AlAs barriers are in bold #talic and Ing7Gag3As are
in roman. Underlined layers are Si doped to Ny = 6 x 10'7 ¢m™3. The thicknesses of the

above layers are given in angstroms (A).

The radiative transition occurs between the upper laser energy level (yellow) and the lower
energy level (green), with the designed energy difference of AE = 340.1 meV under the
applied electric field of 150 kV/cm.

A.2 MBE grown short wavelength QCL designs

A.2.1 The control QCL design SF0657
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Sample SF0657, designed to emit at A = 3.35 — 3.4 um with the layered sequence of one

period shown below.
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A2 A.2. MBE GROWN SHORT WAVELENGTH QCL DESIGNS

26/13/10/37/10/34/11/30/11/25/11 /23/11/22/11/20/11/19/12/19/13/18/14/
/17/16/17

The design was used as a control structure with all the subsequent adjustments made in
reference to this structure. The diagonal radiative transition occurs from the upper laser
energy level (yellow) to the lower laser energy level (green). The emission is designed to
be at A = 3.35 — 3.4 um under the applied electric field of E = 125 kV/cm. The AlAsSb
barriers are in bold, AlAs barriers are in bold italic and Ing7Gag3As are in roman. The

thicknesses of the above layers are given in angstroms (A)

A.2.2 Raised injector design

The layered sequence of the one period of the lowered injector active region design is given

below.

26/13/10/37/10/34/11/30/11/25/11/23/11/22/11/20/11/19/12/18.5/13/17.5/14/
/16.5/16/16.5

where widened injection wells, responsible for the injector wavefunction energy reduction,
are underlined. The AlAsSb barriers are in bold, AlAs barriers are in bold #talic and

Ing7Gag3As are in roman. The thicknesses of the above layers are given in angstroms

(A).

A.2.3 Longer injector, narrower barriers design

The layered sequence, expressed in angstroms (/—h\)7 of the one period of the longer injector
and narrower barriers active region design is shown below.
23/13/10/37/10/34/10/30/10/25/10/23/10/22/10/21/10/20/10/20/10/19/11/18/
/12/17/13/16/15/16

where the additional 4 quantum wells are underlined. The AlAsSb barriers are in bold,

Al As barriers are in bold italic and Ing7Gag3As are in roman.
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A.2. MBE GROWN SHORT WAVELENGTH QCL DESIGNS A2

A.2.4 Even more lowered injector design

The layered sequence of the one period of the even more lowered injector active region

design is shown below.

26/13/10/37/10/34/11/30/11/25/11 /23/11/22/11/21/11/20/12/19/13/18/14/17/
/16/17

where underlined numbers represent the wider wells responsible injection wavefunction
energy reduction. The AlAsSb barriers are in bold, AlAs barriers are in bold #talic and

Ing7GagsAs are in roman. The thicknesses of the above layers are given in angstroms

(A).

A.2.5 Laser design to improve 7T

The layered sequence of the one period of the improved T} active region design is shown

below.

23/13/10/37/10/34/10/30/10/24/8/20/8,/20/9/21/10/22/10/21/10,/20/10/19/10/
/18/11/17/12/16.5/13/16/15/16

Extra 2 quantum wells inside the miniband are underlined. The addition of these two
wells break the continuity of the energy level cascade in the upper miniband, suppressing
electron escape at higher operational temperatures. The AlAsSb barriers are in bold,
AlAs barriers are in bold italic and Ing7;GagsAs are in roman. The thicknesses of the

above layers are given in angstroms (A).

A.2.6 Vertical transition design

The layered sequence of the vertical transition laser design, expressed in angstroms (A),

is shown below.
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9.2 A.2. MBE GROWN SHORT WAVELENGTH QCL DESIGNS

23/40/10/36/10/32/10/26/8/21/8/21/9/22/10/22/10/21/10/20/10/19/10/18/11/
/17/12/16.5/13/16/15/16

The wavefunctions of the upper and lower laser energy levels are localized in the same
quantum well, providing vertical transition. The AlAsSb barriers are in bold, AlAs

barriers are in bold italic and Ing;Gag3As are in roman.

A.2.7 InGaAs laser design for \ ~ 3.37 um

The layered sequence of the active region emitting near A ~ 3.37 um is shown below.
27/41/9/36/9/34/12/28/10/25/10/23/10/21/11/21/13/21/15/20/17/20/18/19/19/18.

Here the AlSb layers are in bold and Te-doped (Ny = 1-10'7 ¢m~=3) layers are underlined.

The thicknesses of the above layers are given in angstroms (A).
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