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UNIVERSITY OF GLASGOW
Abstract

Divison of Electronics and Nanoscale Engineering
School of Engineering
Doctor of Philosophy
by
Devnath Dhirhe

This thesis is concerned with the design, fabrication and characterisation of mono-
lithic tuneable quantum cascade lasers (QCLs), which are suitable for tuneable
diode laser based absorption spectroscopy and polarisation dependent spectroscopy
in the mid-infrared wavelength range. All investigations and device development
work were carried out using the QCL structure based on strain-compensated
Gag.331Ing 669 As/Alg g50In0 341 As grown on an InP substrate that emits light around
4500 nm wavelength. To make the QCLs electrically tuned, two laser designs were
investigated : the double ring quantum cascade laser based on the Vernier-tuning
effect, and the integrated tuneable birefringent waveguide utilising current con-

trolled birefringence in quantum-wells.

The key advantage of the Vernier tuning effect based the double ring laser design
is that it can facilitate both a single mode and wide-tuning range operation. The
Vernier tuning enhancement factor associated with the coupled waveguide is re-
sponsible for a wide-tuning range observed in double ring configuration. However,
the tuning range is limited by the available gain bandwidth (i.e. FWHM of spon-
taneous spectra) in the material and the maximum obtainable index change of the
tuner ring. Theoretically, the tuning range of 155 nm was estimated for the double
ring quantum cascade laser (DRQCL) design employed in this thesis. However,
experimentally, a single mode (~19 dB single sideband suppression ratio) and

tuning range of 59 nm which covers almost half the bandwidth were observed.

For the first time in the history of the QCL, a research into the design, fabrication
and characterisation of integrated polarisation mode convertors (PMCs) has been
carried out. The PMC design is based upon etching trenches, using the RIE

lag effect, of sub-wavelength dimensions into one side of a waveguide in order to
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achieve an asymmetric cross-sectional profile, resulting in a waveplating effect.
This thesis presents such PMCs integrated with QCLs that emit 69% TE light
with the polarisation angle of 65 from one facet and a pure TM light emitted

from the other facet using a 256 um long PMC design (design D2).

An integrated tunable birefringent waveguide (ITBW) consisting of two PMCs
with a differential phase shift (DPS) section between them. To probe the birefrin-
gence operation, a sub-threshold electroluminescence was employed to investigate
the single pass operation of the ITBW. A theory based on the electro-optic proper-
ties of birefringence in QCL waveguides was used combined with a Jones-matrix-
based description to gain an understanding of the electroluminescence results.
With the QCL operating above threshold, polarisation and wavelength tuning of
the signal output was demonstrated. By comparing the sub-threshold electro-
luminescence and active polarisation angle measurement result with the Jones-
matrix model, the material birefringence (no DPS current), 4n, was estimated to
be around 0.005 for the QCL employed in this work. However, single mode emis-
sion was not observed and 24 nm discontinuous tuning was recorded. Despite this,
using a QCL incorporating an ITBW device, active polarisation control over 459
was demonstrated, and currently, to the best of the authors knowledge there has
been no other QCL device that is capable of electronically controlling the output

polarisation.
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Chapter 1

Introduction

1.1 Introduction

This thesis presents an investigation of monolithic tuneable quantum cascade lasers
(QCLs). QCLs are light sources based on intersubband transitions (i.e. transition
between energy levels within the conduction band) in quantum wells [10]. Cur-
rently, they are made from largely the same set of I11I-V semiconductor alloys (InP
and AlGaAs based alloys) as most conventional interband semiconductor lasers.
Based on this, QQCLs can benefit from the relatively mature materials technology
associated with the fabrication of particularly InP based optical communications
lasers. QCLs emission cover a broad range of wavelengths from mid-wave infrared
(MWIR) to terahertz (THz) [11].The MWIR atmospheric window (A ~ 3 — 6pm)
is important because many greenhouse gases and hydrocarbons show strong molec-
ular absorption fingerprints compare to long-wave infrared (LWIR) atmospheric
window-see HITRAN [12]. Some of these molecules and their characteristic absorp-
tion wavelengths in the MWIR region are shown in Figure 1.1. These molecules
can be detected using laser based absorption spectroscopy techniques, provided
the emission wavelength of the laser is in resonance to the absorption energy of

the targeted molecules.
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Molecular Absorption Fingerprints of some Gases
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FiGURE 1.1: Some of the molecules and their absorption wavelengths in
the MWIR region [1]

Tuneable Diode Laser Absorption Spectroscopy (TDLAS) is a sensitive technique
for the measurement and detection of low concentration of gases using tuneable
diode laser based absorption spectrometry [13]. The key advantage of TDLAS over
other techniques is the ability to detect very low concentration less then 100 ppt
levels [14]. The basic components of a TDLAS system include, a tuneable diode
laser light source, transmitting optics, optically accessible absorbing medium, re-
ceiving optics, and detectors. The laser is tuned over the characteristic absorption
lines of the gas molecules. Using the Beer-Lambert law, the gas absorbance can
be deduced based on intensity variation between gas presence and absence in the

medium [15].

Interband cascade lasers (ICL) and quantum cascade lasers (QCLs), in the MWIR
atmospheric window for TDLAS application, are important light sources due to
single mode CW operation above room temperature. The theoretical concept of
ICL has been proposed by Yang et al in 1995 [16], but an ICL was first realised
in 1997 by Lin et al. [17] by demonstrating 3.8 um wavelength at 120 K. The
structures comprise of a single GalnSb hole quantum well sandwiched by two
InAs electron quantum wells, structure yielding a "W’ like geometry [18] similar
to Type-II diode lasers [19]. Through indirect interband transitions, electrons and
holes recombine between the InAs quantum well and valence band of two GaSb
hole injector quantum wells to emit photons, where they relax into an InAs/AlSb

superlattice and are then injected into the next cascade stage. Single mode CW
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operation of an ICL-DFB, working above room temperature at ~3.7 um wave-
length with 50 mW peak power, has been recently reported [20]. The ultimate
advantage of ICL is that they can operate at threshold current densities 30 times
lower than the QCLs [20]. However, due to low power compare to QCL, trace
gas detection sensitivity is limited to ppm level [21]. In the QCLs, wide single
mode tunability, high power and CW operation above room temperature make
them reliable candidates for sensitive trace gas sensing in the MWIR atmospheric

window.

To obtain single mode operation in these devices, a variety of monolithic chip
designs have been investigated and reported. Some of these include Distributed

Feedback (DFB) [22], DFB with overgrown [23], lateral gratings [24], discrete mode

lasers [25], square ring resonator [26], candy-cane shaped cavity [27].

The QCLs discussed above can be tuned by means of the thermal effect by vary-
ing the heatsink temperature. Using this technique, wavelength tuning coefficient
(dA/dT) of ~0.2 to ~0.49 nm/°C, has been demonstrated [24, 25, 28]. The typ-
ical wavelength tuning range is of the order of 10-12 nm, which is less then 10%
compared with the available material gain bandwidth (i.e. Full Width at Half
Maximum (FWHM) of spontaneous emission spectra). To maximise the tuning
range, three different approaches were reported in the literature. The approaches
are: coupled resonator lasers [29], DFB QCL arrays [30-32] and external cav-
ity QCL [33-36]. Each approach has its advantages and disadvantages as discussed

below:

Coupled resonator: The coupled resonator QCL, this working principal is based
on the Vernier-tuning effect which was proposed by Fuchs et al. in 2010 [29].
Single mode quasi-continuous tuning of about 242 nm was realised between
two areas of 8394 nm and 8785 nm wavelength by injecting current into the

tuning section of the device.

DFB arrays: In 2007, the DFB QCL array approach was proposed by Lee et
al. The device is based on an array of DFB QCLs with closely spaced
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emission wavelengths spanning the gain bandwidth of the QCL material
32 buried DFB gratings were fabricated monolithically on the same chip.
Each DFB were driven individually by a microelectronic controller and in
order to obtain continuous spectral coverage between the individual lasers
in the array, the lasers are tuned over a small range. This can be done
by applying a subthreshold DC current to an individual laser. By utilis-
ing a DFB QCL array, single mode continuous tuning of about 70 nm was
realised between wavelengths of 8700 nm and 9400 nm. Further progress
has been reported by the Lee et al., the beams emerging from the indi-
vidual lasers in the array are combined into a single beam using a beam
combiner [37]. The major drawback of this is the requirement of complex

individual laser controller and processing circuit.

External cavity QCL: The realisation of an external cavity (EC) QCL was first
reported in 2001 by Luo et al. [33], In EC QCL, mirrors are arranged in a
configuration external to the QCL to create the optical cavity and the output
was taken from the zeroth order reflection. In their paper, a tuning range of
65 nm for a 4.5 pym QCL design was reported. One of the key advantages is
the tuning range, which is determined by the material gain bandwidth. By
maximising the gain bandwidth (i.e. FWHM of spontaneous spectra) tuning
range can also be maximised. This can be achieved by utilising the concept
of heterogeneous QCLs which was first demonstrated by Gmachl et al. at
Bell Laboratories who realized a two-wavelength laser emitting simultane-
ously [38]. The external cavity with heterogeneous QCL could be tuned over
3.8 ym from 11.4 pym to 7.6 pm. Compared to tuneable QCLs, discussed
above, the tuning mechanisms of EC QCL are much more complicated and
sensitive toward mechanical instabilities and vibrations [39], thus making

them unreliable for applications out of the laboratory.

In this thesis, two approaches were investigated for the development of electrically
tuned QCLs. First, a double ring quantum cascade laser DRQCL based on Vernier-

tuning effect, and second, an integrated tuneable birefringent waveguide (ITBW)
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by utilising the intersubband transition induced birefringence of the quantum well.

On the DRQCL project, we investigate electrically tuneable DRQCLs based on
the Vernier tuning effect [3]. This technique has been demonstrated for telecom-
munication wavelength semiconductor lasers (1.55 um), experimentally by Choi
et al [40], [41], and Liu et al [42] and theoretically by Oda et al [3] and Kim et
al [43]. The key feature of the Vernier tuning effect based laser design is the single
mode wide tuning operation [3]. In the double ring configuration DRQCLs have
the potential of achieving, F'- F'S R, tuning range , where F' is the Vernier tuning
enhancement factor associated with coupled waveguide [3] and F'SR, is the Free
Spectral Range (FSR) of the tuner ring (i.e. Ring 2). The tuning enhancement
factor is responsible for a wide tuning range observed in double ring configuration.
However, the maximum tuning range of the coupled ring laser is limited by the
available gain bandwidth in the material and maximum obtainable index change
of tuner ring [44]. DRQCLs offer many advantages over other tuneable QCLs,
such as lower fabrication tolerance, simpler fabrication, and the ability to tune
over wide wavelength range (<50nm) with small current injected (<7 mA) [41].

A more detailed investigation is reported in Chapter 3.

In the ITBW project, we investigated the design, modelling, fabrication and char-
acterisation of integrated tuneable birefringent waveguides for quantum cascade
lasers. In the typical waveguide arrangement, used in a QCL, there is only optical
gain for TM polarised modes. In addition it means that, at the operating wave-
lengths, QCL waveguides exhibit birefringence and indeed it has been previously
reported [45] that intersubband transitions can lead to birefringence. In the QCL
waveguides the strength of the intersubband transition can be altered by injecting
current into the waveguide and therefore the QCL waveguides have birefringence
effect that can be adjusted with the amount of injected current. Therefore, by in-
jecting current into the QCL waveguide we can alter the phase relationship between
the TM and TE modes. Altering the phase relationship between the polarisations
is the basis of the wavelength tuning of birefringent filters but wavelength tuning

requires that both TM and TE modes are present and that is usually achieved
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by incorporating waveplates into the birefringent waveguides. We used Jones ma-
trices to describe the operation of the integrated tunable birefringent waveguide.

This is further described in Chapter 5.

Essentially, we required PMC that that convert to 50% TM and 50% TE to design
the ITBW. The PMC is used to control and/or alter the state of polarisation of
the incoming light. The working principals of waveguide PMCs are based upon
the principal of mode beating, first proposed by Shani et al [46]. The PMC
devices, based upon this mode beating effect, use waveguides with asymmetric

cross-sectional profiles. This is described in more detail in Chapter 4.

1.2 Quantum Cascade Laser

The operation of conventional diode lasers (including quantum well lasers) depends
on the transitions between energy bands (conduction band and valance band) - in
which electrons and holes are injected into the active layer and radiatively recom-
bine across the material bandgap. The band gap energy of the active layer material
essentially determines the emission wavelength. On the other hand, in QCLs, the
optical transitions occur between conduction band energy states (subbands) aris-
ing from size quantisation within the quantum wells, and thus, the emission wave-
length depends on the energy separation between subbands. These transitions are
popularly denoted as intersubband transitions. In the intersubband transitions
processes electrons remain within the conduction band and consequently QCLs
are unipolar device. In QQCLs the emission wavelength can be altered by varying

the layer thickness.

Historically, QCLs uses a multistage cascade scheme, where electrons are recycled
from period to period, contributing each time to the gain and the photon emission.
In principle, a single electron can generate photons equal to the number of cascade,

thus, this can lead to a quantum efficiency greater then 1.
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Schematic of Conduction Band and Moduli Squared of the Calculated
Wavefunction of the QCL Structure Based on a Double Phonon
Resonant Design [2]

| ; I i I ; ' . X
| InJe(.:tor | Actlye | Extractor/.lnjector : Actlye : Extractor
| Region i Region Region . Region |
—— Conduction band Profile
— Upper laser energy level wavefunction
NS —— Lower laser energy level wavefunction
™S = Ground level wavefunction
Electro
E3 /__  a j
= -
E
Er A
E3
AEsz‘
E
Ei
Energy
Distance

FIGURE 1.2: Schematic of conduction band energy profile used to illustrate the
operating principle of a portion of the quantum cascade laser. The wavy line
shows the moduli squared of the calculated wavefunction. Calculation was car-
ried out for Ingge9Gag 331 As-Alg g59In0.341 As /InP material system based QCL
design (employed in this thesis) under an average electric field of 70 kV /cm.
Conduction band offset AE. ~ 0.785e¢V and radiative intersubband transition
energy between Eg and Eg, ~ 0.273eV (~4.5 um), was calculated. Calcula-
tion was carried out with the help of nanostructured modelling tool nextnano?.

Further design description can be found on Ref. [2]

QCLs are multi quantum well heterostructures. Their intersubband transition,
between energy levels within the conduction band, is illustrated in Figure 1.2. A
typical QCL structure is divided into three regions: (1) Active region, where the
radiative transition takes place, (2) Extractor region, after radiative transition
electron is extracted from active region by the left side of upper corner of the
miniband, (3) Injector region, usually doped region, which relax electrons from

one active region to the next cascade active region. On the application of sufficient
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TABLE 1.1: Waveguide layer, materials, thicknesses and doping level of the
QCL material we used for this project are shown.

Layer layer name Semiconductor Si doping level ~ Thickness(um)
6 Contact InGaAs >1x10% 0.1

5 Upper cladding layer InP 1x10'7 to 5x 108 2.5

4 Upper waveguide layer InGaAs/AllnAs 6x1016 0.324

3 Active core InGaAs/AllnAs undoped 1.447

2 Lower waveguide InGaAs/AllnAs 6x10'6 0.344

1 Buffer layer InP 2x 107 0.2

0 Substrate InP 2x 107 -

electric field, electrons are injected into the cascade structure from the left side,
as indicated in Figure 1.2, and undergo a radiative transition from energy level E
to energy level E5. The energy difference between the two levels determines the
emission wavelength and can be engineered for desired wavelengths by altering the

widths of the quantum wells and barriers.

For more theoretical aspect on quantum cascade laser including active layer design

fundamentals, the reader is refers to review papers [47-49] and books [50, 51].

1.3 Material system and wafer structure employed

The material system and QCL structure employed in this research work have been
previously reported in Ref. [2]. The material utilised here is a strain-compensated
Gag 331Ing 669 As/ Al g50I10.341 As as on InP substrate and the conduction band offset
(AE) for the material system reported is 0.789 eV. Twenty eight active/extrac-
tor/injector regions were used as emissive layers grown by IQE Ltd. The QCL
structure design is based on a double phonon resonant design. The layer sequence
of one period starting from the injection barrier is (in nanometers): 2.88/1.8/2.58/
1.9/2.29/2.0/2.19/2.19/2.09/2.19/1.86/2.85/1.86/5.96 /1.26/ 1.33/4.40/1.33/
3.87/1.43/3.72/2.28, where Alggs9Ing 341 As layers are italic and bold layers are Si
doped to n = 2.8 x 10'® ecm3. The calculated conduction band profile operates
at a typical operating electric field, ~70 kV /cm. This, together with the moduli

squared of the relevant wave functions is shown in Figure 1.2. The conduction
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band offset Ec ~ 0.785eV and radiative intersubband transition energy between
E; and Eg, 0.273eV (~4.5m), was calculated. Calculation is carried out with the

help of nanostructured modelling tool “nextnano®”

, result showing close agree-
ment with published result [52]. The wafer waveguide is re-design by our former
group member Dr. Thomas J. Slight, currently based on CST, Hamilton, and
is detailed in Table 1.1. Schematic diagram of a ridge waveguide quantum cascade

laser is shown in Figure 1.3.

Illustration of a Ridge Waveguide

FIGURE 1.3: Schematic diagram of a ridge waveguide quantum cascade laser.

1.4 Aim

The main aim of the research work described in this thesis is to design, fabricate

and characterise monolithic tuneable quantum cascade lasers.

1.5 Objective

The aim was achieved through the following objectives:

e To design, fabricate and characterise a double ring quantum cascade laser.

e To design, fabricate and characterise the polarisation mode converter for

quantum cascade lasers.
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e To design, fabricate and characterise the integrated tuneable birefringent

waveguide for quantum cascade lasers.

1.6 Thesis Outline

This thesis consists of six chapters and their layout is as follows:

Chapter 2 describes the E-beam based wafer processing techniques used to pro-
duce the devices reported in this thesis. Greatest achievement of the chapter is
development of the device fabrication process based on E-beam lithography.
Chapter 3 covers the work carried out to realise the double ring quantum cascade
laser. These includes, design, modelling, febrication, characterisation and result
analysis. In this chapter we demonstrated, first single mode tuneable double-ring
quantum cascade laser tuneable upto 59 nm for 0.72 kA /cm? DC current density
injection into Ring 2 that covers 42% of the FWHM of the gain curve.

Chapter 4 describes the polarisation mode converters and chapter also describes
the PMC waveguide integrated equivalent of waveplates. Here for the first time,
we demonstrated a polarisation mode converter integrated with a QCL that emit
69% TE light with the polarisation angle of 65° from one facet (PMC facet), and
pure TM light from other facet.

Chapter 5 details the realisation of integrated tuneable birefringent waveguide.
We demonstrated that the polarisation state of the light can be controlled by vary-
ing the current injection.

Chapter 6 summarise the main achievements, conclusions and recommendations

for future works.



Chapter 2

Fabrication and Characterisation

2.1 Introduction

This chapter describes the fabrication and characterisation techniques for the QCLs
considered in this thesis. The QCLs reported posess sub-micron features and re-
quired precise layer-by-layer alignment. To realise these devices, a fabrication
process based on Electron Beam Lithography (EBL) was used. The QCL devices
reported previously from our group were fabricated using either photolithogra-
phy [9] or photolithography /E-beam lithography process [24, 25, 53]. In this work,
for the first time, a complete e-beam lithography based process was use to fabricate
the QCLs. The section begins with a description of fabrication tools followed by
processes such as e-beam lithography, dry etching, dielectric deposition and metal
contact deposition. Subsequent sections focus on the description of the experi-
mental setup and techniques used to characterise the realised devices. Previously
no characterisation of QCLs that emit both TE and TM polarised light had been
carried out at our characterisation facility. We will discuss how we can charac-
terise QCLs that emit both TE and TM polarised light using Fourier Transform
Infra-Red (FTIR) spectroscopy.

11
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2.2 Fabrication

2.2.1 Fabrication Process Overview

The basic fabrication steps used to fabricate the QCLs reported in this thesis are
shown in Figure 2.1. All processing steps were carried out in the James Watt
Nanofabrication Centre (JWNC) cleanroom facility based in the School of Engi-
neering, University of Glasgow. During the tenure of my device processing, the
( Inductively Coupled Plasma (ICP)) etching facility was under commission and
so deep etching was carried out at Compound Semiconductor Technologies (CST)

using their ICP machine and CST's proprietary QCL waveguide etching processes.

2.2.2 Dielectric Deposition

In the fabrication of QCLs, dielectric (SiOy and SizNy) films were used for three

different applications.

As Hardmask: Unlike a conventional interband laser, QCLs require deep (typ-
ically ~5 pm) dry etching in order to define the waveguide. To protect the un-
exposed areas during deep waveguide etching a resilient hard mask is required.
Silica (SiO9) was used for this application. The required thickness of silica (SiO2)
depends on the selectivity of the ICP-RIE process in this work a 500 nm thick
(SiO3) hard mask was used.

As Electrical Insulator: Composite dielectric layers (500 nm SizN4 and 500 nm
SiOy) were used as electrical insulators so that injected electrons were restricted
within the ohmic contact region and also to passivate the side walls. Another
desirable quality of composite dielectric layers are their ability to withstand the
high electric field produced as a result of the higher bias voltages applied to QCLs

over conventional interband lasers.
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Fabrication Process Flow

FIGURE 2.1: The basic fabrication process steps used to fabricate QCLs re-
ported in this thesis. Step-by-Step Fabrication Processes were detailed in sec-
tion 2.2.6

As Optical Buffer: Composite dielectric layers (500 nm Si3gN, and 500 nm
Si0y), have a low refractive index so can be use as an optical buffer to reduce the

modal overlap between waveguide and metal contact.

500 nm SizNy and 500 nm SiO, thin films were deposited by Plasma Enhanced
Chemical Vapour Deposition (PECVD) process using an Oxford instrument Plas-
malab 80plus tool. The PECVD depositions provide uniform thickness on both

horizontal flat surface and vertical walls. The quality of deposition will depend
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TABLE 2.1: PECVD SiO, deposition process parameter used to deposit SiOs
using Plasmalab 80plus tool. Process parameters used for SiO2 in Plasmalab80
plus tool were optimised by the dry etch laboratory technical staff

Parameter Value
Gas SIH4/NQO/N2
Flow(sccm) 9/710/171
RF power (W) 10
Pressure (mT) 1010
Temperature (°C) 300

TABLE 2.2: PECVD SigN,4 deposition process parameters. Process parame-
ters used for SizNy in Plasmalab80 plus tool were optimised by the dry etch
laboratory technical staff

Parameter Value
Gas SiH4/NH3/Ny
Flow (scem) 20/44/171
RF power (W) 25
Pressure (mT) 1000
Temperature (YC) 300

on how clean the substrate surface is. To ensure high quality (lower pinhole den-
sity) deposition, the substrate must be cleaned as described in Section 2.2.6.1.
Table 2.1 and 2.2 summarised the process parameter used for 500 nm SiO, and

500 nm SizN, deposition, respectively.

2.2.3 Electron Beam Lithography

High resolution lithography was at the heart of device processing, and allowed us
to transfer the fine device features onto the substrate. In this work, only electron
beam lithography (Vistec Vector Beam 6 (VB6) e-beam tool [54]) was used and
not photolithography. The reasons behind this were:

1. Features sizes down to 300 nm were required. It is not possible to expose

such features using photolithography

2. Use of a electron beam spot size down to around 4 nm allows one to define
sharp corners and smooth curves. The write resolution can be as low as 0.5

nm [54] while pattern placement accuracy can be down to 10 nm [54].
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3. Another benefit of EBL tools is the automatic layer-by-layer alignment with
accuracy of +/- 10 nm [54], which is desirable in our device processing; any
horizontal and rotational misalignment will spoil the devices. In our process,
a window opening of 1.5 ym for metallisation on the 3.6 ym waveguide was
required with precise alignment. Disadvantages of EBL over photolithogra-
phy include a lengthy patterning time (the pattern is written serially) and

higher equipment cost.

2.2.3.1 Electron Beam Lithography Resists

Resists can be classified into two types; i.e negative resist and positive resist. In
negative resist unexposed areas dissolve into developer, while with a positive resist,
exposed areas dissolve in developer. Figure 2.2 shows the functional diagram of
negative and positive resists before and after development.

Illustration of e-beam Resists Functionality

l l l ll E-beam exposure

| —
Pattern < Resist

«— Silica
Before devlopment

After devlopment O

Posetive resist Negetive resist

FIGURE 2.2: Functional diagram of negative and positive resists before and
after development. In negative resist unexposed area removed by the developer,
with positive resist, exposed area removed by the developer.

ZEP520a (manufactured by ZEON Corporation, Japan) is a positive tone, high
resolution and high etch resistance EBL resist which was used to define patterns
on the sample. Resists are applied uniformly on the sample by spinning at speeds
between 2000 (for 500 nm thickness) to 6000 (for 300 nm thickness) rpm and
baked at 180°C for 3 minutes on a hotplate [55]. The e-beam exposure energy
will depend on the thickness of the resist layer, but normally ranges from 170 to 220

pC/cm?. The exposed sample is then developed with developer solution o-Xylene
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(ortho-xylene), CgHyg, at 23°C for 60 seconds and then rinsed with Isopropyl
alcohol (IPA). After dry etching, residual ZEP520a was removed using either
Microposit Remover 1165 (50°C for 2 hour) or with O, plasma ashing (50 watt

RF power for 12 minutes) using a Plasmalab 80plus RIE tool.

The etch selectivity of the ZEP520a versus SiOs, in Plasmalab 80plus RIE tool,
using CHF3 + Ar chemistry, is around 1:5 [53].

In this work, a single layer of ZEP520a EBL resist was used for defining alignment
markers and waveguides (along with pattern for PMCs and gratings). Tri-layer
ZEP520a was used for contact window openings (detailed in Appendix A). Simi-
larly, for the metal lift-off process, a single layer of ZEP520a along with a tri-layer
of lift-off resist (LOR 5A) were used in the development of the recipe (detailed in
Appendix B).

2.2.4 Dry Etching

Dry etching of both the insulator and semiconductor, after EBL, is the most critical
step in actually transferring the pattern to the sample. In dry etching techniques,
a high energy ion beam or plasma-driven chemical reactions are used to remove
the selected area of an insulator and/or semiconductor. During this process gasses
flow into a discharge chamber and a plasma generated by a radio frequency (RF)
source, which decomposes the target gas into high energy reactive and non-reactive
ions. The highly directional (perpendicular to the plane of the substrate), high
energy bombardment with reactive ions weakens the surface chemical bonds of the
target material, resulting in anisotropic etching with vertical smooth side walls.
This process is known as reactive ion etching (RIE). In this work, reactive ion
etching RIE was used to etch the insulators (SiO2 and SizN4) and ICP-RIE was
used to etch the semiconductor. Various dry etch chemistries were developed for

insulator and semiconductor anisotropic etching (no undercut) [53].
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TABLE 2.3: Process parameter used to etch the 500 nm SiOs. Process parame-
ters used for 500 nm SiOs in Plasmalab 80plus RIE tool were optimised by the
dry etch laboratory technical staff

Parameter Value
Gas CHF;/Ar
Flow(sccm) 25/18
RF power (W) 200
Pressure (mT) 30
Temperature (°C) 20
Process Time (Minutes) 18

TABLE 2.4: Process parameter used to etch the 500 nm SigNy. Process param-
eters used for 500 nm SisN,4 in Plasmalab 80plus RIE tool were optimised by
the dry etch laboratory technical staff.

Parameter Value
Gas CHF3/0,
Flow (sccm) 50/5
RF power (W) 150
Pressure (mT) 55
Temperature (©C) 20
Process Time (Minutes) 17

2.2.4.1 Insulator (SiO, and Si;N,) Etching

An Oxford instruments Plasmalab 80plus RIE machine was used to etch the in-
sulator (SiO9 and SizNy) hard mask for waveguide definition and contact window
opening. To etch the SiOq, Freon (CHF3) and Argon (Ar) gas composition were
used. To etch the SizN,, CHF3 and O, gas composition were used. With the chem-
istry described above, etch rate around 29 nm/mins was found for insulators and
provided slow (~ 2-3 nm/min) etching of the underneath semiconductor material

after completion of insulators etching. The process parameters used for insulator

(SiO9 and SizNy) is given in Table 2.3 and 2.4.

Prior to starting the etch, it is useful to ash the sample with Oy plasma (using
same machine) in order to remove any residual resist left in the pattern area so as
to avoid micro-masking. The process parameter is given in Table 2.5. This recipe

was also used to wipe out the residual e-beam resist left after dry etching.
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TABLE 2.5: Process parameter used for resist micro-mask and complete e-beam
resist removal.

Parameter Value
Gas O3
Flow (sccm) 20
RF power (W) 50
Pressure (mT) 55

Process Time (Minutes) 0.30 (To remove micro-
masking) and 12 (To wipe
out the residual e-beam re-
sist)

2.2.4.2 InGaAs/InAlAs/InP Etching

A surface technology systems (STS) Multiplex (based at CST Global Ltd, Hamil-
ton) ICP-RIE machine was used to etch the semiconductor (InGaAs/InAlAs/InP)
for waveguide definition and its associated small features such as grating etc. The
fundamental difference between RIE and ICP-RIE processes is the ICP-RIE ma-
chine uses two Radio Frequency (RF) sources; one is coupled inductively with
a low pressure gas mixture resulting in high density plasma, and another RF
source is connected to the platen and is used to accelerate the reactive ions to-
wards the target substrate being etched. Using two independent RF power sources
allows the control of the ion density and energy, resulting in a high etch rate
and low damage ICP process. To ensure smooth ICP etching in QCLs, a two
stage ICP-RIE etching process was developed by Dr. Thomas Slight (cur-
rently based at CST). In first stage, top indium phosphide (InP) cladding lay-
ers are etched using a Chlorine Nitrogen (Cly/N) chemistry and in second stage,
Boron trichloride/Argon (BCl3/Ar) chemistry for the active region (InGaAs/I-
nAlAs). Using the above ICP-RIE process to define the waveguide, CSTs propri-
etary QCL waveguide etching processes, samples were etched to around 4.9 um
deep. The ICP-RIE process parameters used in this work are not detailed here as

they are commercially sensitive.
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2.2.4.3 RIE Lag Effect

In RIE etching, the variation of etch depths with respect to the feature gap width,
also known as RIE lag effect, becomes a critical issue for small and high aspect
ratio feature etching. In small features, this variation of etch depth is mainly due
to depletion of reactive ions from the etching area and thus less number of reactive
ions impacting upon it, as well as restrictions in the angular trajectories of incident
reactive ions. The SEM image in Figure 2.3 illustrates the RIE lag effect; clearly,

etch rate is higher in wider openings.

Illustration of RIE Lag Effect

«"7
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10.0kV 13.5mm x9.14k SE(U) 7/14/11 11:41 5.00um
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10.0kV 13.5mm x9.14k SE(U) 7/14/11 11:42

(c) (d)

FIGURE 2.3: SEM image of variation of etch depth with respect to feature gap

width, (a) w = 0.3 pm (b), w = 0.5 pm (c), w = 0.6 pm, and (d) w = 0.8 pm.

RIE lag study ware carried out using recipe and tool describe in Section 2.2.4.2
for 6 mins etch time on QCL wafer described in Section 1.3.
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As we described later in Chapter 4, to design and fabricate the polarisation mode
converters PMCs we adopted a PMC design based on the RIE lag effect. Before
carrying out the design work, RIE lag effect studies were made, unfortunately, due
to lack of QQCL material, only a single RIE lag test was carried out. Figure 2.4
shows a plot of etch depth as function of gap width at the etch time of 6 minutes.
From Figure 2.4, it is clear that RIE lag effects is critical below 0.9 ym and above
this point etch depth flatens. This RIE lag effect can be positively utilised to design
various components such as evanescent field couplers, gratings and components
for PMCs.
RIE Lag Effect:Plot of Etch Depth vs. Feature Gap Width

5 r T
4 Etch Time 6 mins
£)
= 31 -
S
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§ 2
m
1 e Measured 7
—8— Polynomial fit
0 T T T T T T T T T -
0.0 0.3 0.6 0.9 1.2 1.5

Gap width (um)

FIGURE 2.4: Shows the variation of etch depth as function of feature gap width
for 6 mins etch time using using recipe and tool describe in Section 2.2.4.2.

To utilise the RIE lag effect, a polynomial fit to the experimental results, yields

the equation

y = aw® + asw* + asw? + a,w? + asw + ag (2.1)

where y is the etch depth and w is the gap width. The fitting parameter is given
in Table 2.6. For w = 0.4 pym and 0.5 pm gap width utilised in PMCs design
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TABLE 2.6: Fitting parameters for Equation 2.1 to calculate etch depth for
given feature gap width.

ai as as ay as Qg
-5.253 21.76 -27.3 2.17 16.83 -3.258

(in Chapter 4), the value of etch depth was estimated to be 2.6 ym and 3.47 pum

respectively.

2.2.5 Metal Contact Deposition

In QCLs light is generated by a single carrier type, electrons, making Intersubband
Transition (ISBT) within the conduction band. Being a unipolar device, the QCLs
require only n-type semiconductor contact layers. For QCLs, the most commonly
used n-type contacts are Ti/Pt/Au and Ti/Pd/Au. In contrast to other n-type
contacts, for example Au/Ge/Ni/Au, Ti/Pt/Au and Ti/Pd/Au, these will provide
good adhesion on a dielectric insulator [9]. In this research work, Ti/Pd/Au n-type
metals were used to form ohmic contacts and were deposited using a Plassys MEB
450 Electron Beam Evaporator (EBE). The metal deposition using an electron
beam evaporator is anisotropic, so thicker metal is deposited on the horizontal
surface than on the vertical side walls. Thus, to ensure the metal continuity on
the side walls, 500 nm gold was sputtered on the sample. SEM image in Figure 2.5

show the metal continuity over the waveguide.

2.2.6 Step-by-Step Fabrication Processes

This section details the step by step fabrication processes used to fabricate the

device reported in thesis.

2.2.6.1 Sample Preparation

The sample processing starts with scribing and cleaving of the sample material.

A quarter portion of the 2 inch QCL wafer was allocated for this project; it
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Metal Continuity Over the Deeply Etch Waveguide
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FiGure 2.5: SEM image is the cleaved front facet of fully processed device and
showing the metal continuity over 4.9 ym deep etch waveguide.

was further cleaved into 3 pieces of roughly 10 mm x 12 nm in size. Cleaved
samples were solvent cleaned in an ultrasonic bath. The cleaning steps are: 3
minutes in acetone, 3 minutes in methanol, 3 minutes in IPA. To remove any
polymer layers formed during the solvent cleaning process, samples were rinsed
with Deionised (DI) water and then blow dry with dry nitrogen. Finally, before
further processing, in order to remove the moisture, the sample was baked for half

an hour at 90°C.

2.2.6.2 First e-beam Lithography

This lithography step was used to define the waveguide and its associated small

futures such as grating etc.

The waveguide definition process started with deposition of a 500 nm thick SiO,
hard mask on the sample, followed by spin coating (6000 rpm for 60 seconds)
of 300 nm of ZEP520a electron beam resist and baked on a hotplate at 180°C
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for 3 minutes. Resist patterning was carried out using a EBL tool described in
Section 2.2.3. Patterning was carried out using the following the EBL parameters:
exposure dose 170 uC/cm?; resolution 1.25 nm, beam spot size 19 nm and variable
resolution unit (VRU) of 19. Patterned ZEP520a resist was developed in o-xylene
at 23°C for 60 secs and it was than rinse in IPA for 60 seconds. The sample was
then loaded into Plasmalab 80plus RIE machine, where the machine performs three
different tasks; O, plasma ashing to remove any micro-mask left after development
in pattern area, hard mask SiO, etching and decommissioning the residual e-beam
resist left after RIE etching. The process parameters for all three tasks are given in
Table 2.3 and 2.5. After hardmask etching, the sample was sent to CST, Hamilton
for deep waveguide etching using their [CP-RIE machine. Finally, after [CP-RIE
etching, SiOy was removed by immersing in hydrofluoric acid (HF) : water (H20)
(1:5) mixture for 3 minutes and rinsed in DI water for 3 minutes. Figure 2.6 shows
the top view SEM image of deeply etch waveguide, gratings, trench for PMCs and

markers.

2.2.6.3 Second E-beam Lithography

In the second e-beam lithography step, a contact window is opened through the

composite dielectric layers (500 nm SizNy and 500 nm SiOy).

The process started with deposition of a 500 nm thick SizN, and 500 nm SiOs,
followed by spin coating of a tri-layer ZEP520a electron beam resist. A tri-layer e-
beam resists was used because a single layer coating was not uniform on or around
the waveguides (shown in Figure 2.7(a)). A tri-layer ZEP520a will give a thickness
of ~1.5 um on flat surface with good surface uniformity (shown in Figure 2.7(b))
and coating/baking recipes are detailed in Appendix A. Resists patterning and
development were similar to that described in the first e-beam lithography section
except that a 220 uC/cm? dose was used instead of 170 uC/cm?. The sample was
then loaded into a Plasmalab 80plus RIE machine where ashing, SiOs etching,
SizNy etching and removal of the residual e-beam resist was carried out. The

process parameters for all four tasks are given in Table 2.3, 2.4 and 2.5, respectively.
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Wafer Surface after First E-beam Lithography Step
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FIGURE 2.6: Shows the top view SEM image after ICP-RIE etching (a) Double

ring waveguide (b) Magnified view of ring coupler (c) Integrated PMCs device

(d) Magnified view of taper input section of PMCs (e) and (f) Cross marker
and Global markers.

Shown in Figure 2.8 is the top view of SEM image of the contact window for metal

deposition.
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E-beam Resists Surface Morphology after Spinning Resist
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FIGURE 2.7: Top view photograph of 5ZEP520a resist after spinning (a) a

Single layer: showing non-uniform surface morphology on deeply etch surface

(b) Tri-layer: uniform and smooth surface morphology on deeply etch surface,
coating/baking recipe are detailed in Appendix A

Contact Window for Metal Deposition: Second E-beam Lithography
Step

10.0kV 13.3mm x7.00k SE(U) 5.00um

FIGURE 2.8: Shows the top view of SEM image showing contact window for
metal deposition. Contact window open by etching 1 pum insulator (500 nm
SigNy and 500 nm SiO2) , etch chemistry are detailed in Table 2.3 and Table 2.4.
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2.2.6.4 Third E-beam Lithography

The major works carried out in this step are: top metal contact metallisation
and metal liftoff technique. For QCLs, a metal liftoff technique for non-planarised
waveguide was developed by our former group member Dr. Chidi Nshii, using a
photolithography process. In this work, a metal liftoff technique based on e-beam
lithography process is described.

The process starts with spinning of three layers of liftoff resists (Michrochem
LORBA) followed by one layer of ZEP520a, spin and baking recipes are detailed
in Appendix B. Three layers of LOR and one layer of ZEP520a will give approx-
imately 2 pm thickness on a flat surface. The liftoff pattern was exposed into
the sample using EBL (the parameters are the same as those described in the
first EBL step with exposure dose of 220 uC/cm?). The exposed ZEP520a was
first developed in o-xylene at 23°C for 60 seconds and then LOR5a was developed
in CD 26 developer until a useful undercut was visible on the pattern area, we
observed useful undercutting after 90 second of developments. The sample was

then loaded into a Plasmalab 80plus RIE for O, plasma ashing for 60 seconds.

Prior to metal evaporation on the sample, to remove any native oxides grown on
the surface, oxide stripping was carried out by dipping the sample in HCl:H,O
(1:4) mixture for 30 seconds. After a blow dry with dry nitrogen, the sample is
then immediately loaded into a metal evaporator chamber to prevent any further
native oxide formation. Using the EBE method, Ti(30 nm)/Pd(30 nm)/Au(300
nm) were deposited followed a sputtering of 500 nm of Au on top of the waveguide.
For lift-off the sample was then dipped on SVC-14 solvent for 20 minutes at 50°C.
For small areas, due to thick metal, some gentle brushing is required to remove
the metal, for example, liftoff between two rings where the liftoff area is around

10 pm. Figure 2.9 shows the SEM image of various liftoff patterns.
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Metal liftoff: Third E-beam Lithography Step
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FIGURE 2.9: Shows the SEM image liftoff patterns of (a) Integrated PMCs
device (b) Magnified view DBR and PMC area (c) Metal liftoff between two
rings (d) Liftoff from device ID area.

2.2.6.5 Substrate Thinning, Bottom Contact Metallisation and An-

nealing

The QCL epilayer was grown on an approximately 360 pum thick InP substrate. To
extract heat efficiently from the waveguides, the substrate required to be thinned
by approximately 200 pym. To prepare the sample for thinning, the sample was
mounted on a coverslip using S1818 resist and baked for 60 seconds at 180°C on a
hotplate and then mounted on a metal chuck using wax. The substrate was then
thinned from 360 pum to 160 pum using 9 pm aluminium oxide (Al3O0) powder
and water solution. Then, the thinned rough surface was polished by etching

with III-V semiconductor etching solution (HBr:Nitric:H,O, 1:1:10 mixture) for
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30 seconds. After a rinse with reverse osmosis (RO) water and a blow dry with
dry nitrogen, the sample is then immediately loaded into a metal evaporator and
Ti(30 nm)/Pd(30 nm)/Au(250 nm) was deposited to form the bottom contact.
To remove the coverslip, the sample was immersed into hot acetone for 2 hours.
Finally, samples were annealed at 360°C for 60 seconds to reduce the contact

resistance.

2.2.6.6 Cleaving, Mounting and Wire-bonding

In order to characterise the fabricated devices, the individual QCL devices need

to be cleaved and wire-bonded onto suitable tiles.

The processed wafer was first scribed using a semi-automatic scriber and then man-
ually cleaved into devices using a fine tip tweezer. Cleaved devices were mounted
on an Aluminium Nitrate (AIN) submount using indium solder. All devices re-
ported in this thesis were epi-up mounted onto submount. These submounts are
specially designed and fabricated by CST, Hamilton, to match our cryostat probes.
Due to the high thermal conductivity (285 Wm~'K~! for single crystal) of these
AIN submounts, they provide a good thermal link between chip and heatsink.
Finally, using a semi-automatic universal wedge bonder, the device top contacts
were wire bonded to the contact pads on the AIN tiles. Figure 2.10 shows the SEM

image and photograph of the fully processed devices.

2.3 Characterisation

To fulfil the aim and objective of the thesis, characterisations of fabricated devices
are essential. In this section we detail the experimental technique and experimental
setup used to characterise the device reported in this thesis. The majority of
the characterisation work was focused on observations of the wavelength tuning
operation, carried out using FTIR spectroscopy, using sensitive lock-in step scan

and rapid scan detection techniques. The general performance of the devices were
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Fully Processed Quantum Cascade Lasers
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FIGURE 2.10: Shows the SEM image of the fully processed devices (a) Inte-
grated PMC and (b) Photograph of integrated tunable birefringence waveguide
for QCLs.

characterised by the L-I-V characteristics. The techniques used to obtain L-I-V
characteristics will be discussed. We will also discuss how we can characterise

the QCLs that emit both TE and TM light using FTIR spectroscopy.
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2.3.1 Description of Experimental Setup

The schematic illustration of the experimental setup which was used to characterise
the QCL reported in this thesis is shown in Figure 2.11. The characterisation

system comprises of four sub-systems:

Cooling System

Optical System

e Laser power supply

Data display and acquisition system

Our characterisation facility is equipped with an Oxford instruments closed cy-
cle cooler (CCC1204), to control the operating temperature of the laser diode
heatsink. The heatsink temperature was controlled by an Oxford instrument tem-

perature controller (Model ITC502) using a rhodium iron thermocouple.

The optical system comprises of the Burker Vertex 70 FTIR spectrometer and gold
coated external parabolic mirror (to collect and collimate incoming light from the
cryostat window). The FTIR unit is made up of a Michelson interferometer with
KBr beamsplitter, plane fixed and moving mirror and parabolic mirrors. The light
passes through a Michelson interferometer and is focused onto a liquid nitrogen
cooled Indium Antimonide (InSb) detector, where the FTIR can be operated in
either rapid-scan or step-scan mode. With the rapid-scan technique, one full
spectral scan was carried out by sweeping the movable mirror by a predetermined
distance in one single motion, with the laser operating above its threshold. To
improve the spectral quality and minimize the signal to noise ratio, a number of
scans can be made and the data averaged. When the laser is operating below
the threshold (also known as single pass measurement), a lock-in step detection
technique is used. With step detection technique, a movable mirror is moved in
equal steps, and the mirror stops while collecting and averaging the signal using a

Boxcar averager. On completion of the scan, interferogram data is sent to a PC,
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Typical Quantum Cascade Laser Characterisation Setup
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FIGURE 2.11: Schematic illustration of the experimental setup used to char-
acterised QCLs at the University of Glasgow. The optical system comprises of
the Burker Vertex 70 FTIR spectrometer and gold coated external parabolic
mirrors. The laser heatsink temperature (Oxford instruments close cycle
cooler (CCC1204)) was controlled by Oxford instrument temperature controller
(Model ITC502) using a rhodium iron thermocouple. The electrical system
comprises with High Voltage pulse generator (DEI-HV1000), Gated Integra-
tor/BOXCAR Averager unit, lock-in amplifier and Oscilloscope

where the PC retrieves the spectral contents of the light source using a Fourier

transform algorithm.

Two types of laser power supply were used to characterise the device reported
in this thesis. The first type power supply is ALRAD High Voltage pulse gen-
erator (DEI-HV1000) positive pulser, capable of providing high current upto 17
A with pulse width 50 ns to 10 us at repetition rates of 500 Hz to 4.5 MHz.
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This high current power supply can be computer controlled via a LABVIEW pro-
gramme, General Purpose Interface Bus (GPIB) and Stanford research system
(model No SR250) Gated Integrator/BOXCAR Averager. A Protek (Model No.
B1010) pulse generator was use used to trigger the high voltage pulse generator.
The second type of power supply system is an AGILENT 50 Watt DC Power
Supply (Model No. 6614C), 0-100V/0-0.5A.

To control and monitor the characterisation process, a data display and acquisition

unit were used, consisting of a LABVIEW installed PC and an Oscilloscope.

2.3.2 Spectra Measurements

In this thesis, all EL and laser emission presented were measured using a Burker

Vertex 70 Fourier Transform Infra-Red (FTIR) spectrometer.

For characterization, the devices are soldered epilayer-up onto a ceramic submount
with wire bonds connecting the top of the device to the contact pads on the
submount. The submount is than properly placed on a cryostat rod assembly
system between a copper heatsink and spring loaded pins. To drive and bias the
device, a 50 €2 coaxial cable was wired between the spring loaded pins and the
cryostat rods external electrical access connectors. To roughly match the load
impedance with the output impedance of the high voltage pulsar, a 50 2 Meggit
CGS high power thick film, low inductance resistor was connected in series. Next
the device and wired cryostat rod assembly are mounted in the top of the cold finger
of the cryostat. The cold finger temperature was controlled and monitored by
Oxford instruments temperature controller (Model ITC502) at the desired value.
The light emitted from the device is collected by parabolic mirrors and then focused
into a beamsplitter. The beamsplitter generates an interference signal (also known
as interferogram) and then focuses the light onto a liquid nitrogen cooled indium
antimonide InSb detector. Finally, a Fourier transformation algorithm retrieves

the spectral content from time depandent interferogram.
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For the tuning application, the QCL devices reported in Chapter 3 and Chap-
ter 5 require an additional power supply. The DC power supply detailed in Sec-
tion 2.3.1 is connected to Ring 2 of the DRQCL and DPS section of the ITBW
devices using a 50 (2 coaxial cable without the 50 {2 series resistor on the cryostat

rod.

The laser section (or gain section) of the QCL devices reported in thesis were driven
in pulsed mode with a 100 ns duration current pulses at a 60 kHz repetition rate.

The majority of measurements were carried out at room temperature (298 K).

2.3.3 Light-Current-Voltage (L-I-V) Characteristics

The experimental setup described in section 2.3.2 was also used for L-1-V measure-
ments along with lock-in amplifier (EG&G, Model No. 5209, single phase lock-in
amplifier) and Gated Integrator/BOXCAR Averager unit. The lock-in amplifier
(used for signal recovery) output DC single, injected laser current and voltage were
fed into a Gated Integrator/BOXCAR Averager. The BOXCAR Averaging unit
was then connected to a PC via GPIB. To record electro-optics data and control
the drive electronics, LABVIEW software based code was written and loaded on

to a PC.

2.3.4 Electro-Optics Polarisation Measurement Technique

The PMC and ITBW devices reported in Chapter 4 and Chapter 5 are po-
larisation sensitive, essentially the device emits both TE and TM polarised light.
To measure and report results accurately, requires an understanding of the po-
larisation dependent transmission behaviour of the optical setup used for mea-
surements. Due to the lack of necessary facilities, we asked Bruker Corporation
(Vertex 70 FTIR spectrometer manufacturer) to check the polarisation dependent
transmission behaviour of Vertex 70 FTIR spectrometer. Figure 2.12 shows the
TM/TE transmittance ratio as a function of wavelength for the Vertex 70 FTIR

spectrometer. The measurement was carried out using a BaF2 polariser, KBr
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beamsplitter and deuterated triglycine sulfate (DLATGS) detector at resolution
of 10 nm. From Figure 2.12, the TM/TE transmittance ratio is 89% at our working
wavelength. Thus, to equalise with TE polarised light transmission, all measured
electro-optic TM polarised data require compensation by a factor of 11%.

Polarisation Dependence of Vertex 70 FTIR Spectrometer
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FIGURE 2.12: Shows the TM/TE transmittance ratio as a function wavelength

for the Vertex 70 FTIR spectrometer. Measurement was carried out using a

BaF2 polariser, KBr beamsplitter and DLATGS detector at resolution 4 cm™!

(10 nm). Measurement was carried out by Dr Paul Turner, Applications Scien-
tist, Bruker Optics Ltd., USA.

A grid polariser, comprising of 0.12 um strips of aluminium, on a thallium bro-
moiodiode (KRS-5) window was mounted in front of the detector (in a rotatable
mount) in order to determine the state of polarisation of the device output. Where
the TM and TE polarised light emitted from the PMC and ITBW facet was mea-

sured as described below:
1. without the grid polariser (Total power)

2. with the grid polariser axis parallel to QCL waveguide (TM polarisation)

3. with the grid polariser axis perpendicular to the QCL waveguide (TE polar-

isation)
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2.4 Conclusion

In this chapter we have presented the device fabrication and characterisation tech-
niques employed in this thesis. The main fabrication achievements are: devel-
opment of the device fabrication recipe based on e-beam lithography, developing
multilayer ZEP520a e-Beam resist process for contact window opening and a metal
lift-off recipe for non a planarised deeply etched waveguide. Finally, we discussed
how one can characterise the QCLs that emit both TE and TM polarised light

using FTIR spectroscopy.



Chapter 3

Double-Ring Quantum Cascade

Laser

3.1 Introduction

In this chapter, we investigate tuneable double ring quantum cascade laser (DRQCL)
based on the Vernier tuning effect [40]. This technique has been demonstrated for
telecommunication wavelength semiconductor laser (1.55 pum), experimentally by
Choi et al. [40], Segawa et al. [41], and Liu et al. [42] and theoretically by Oda
et al. [3] and Kim et al. [43]. The key feature of Vernier tuning effect based laser
designing is single mode wide tuning operation [3, 43]. In QCLs, several designs
of coupled ring QCLs were investigated and 13 nm multimode wavelength tuning
was reported by Chidi et al. [53, 56]. However, single mode tuneable operation

and application still required demonstration as a QCL.

Another premise of these DRQCL is their compact in size (typical chip dimensions
are ~ 1000 gm wide x 500 pm long) compared to distributed feedback DFB QCLs
(typically chip dimension are ~ 300 pum wide x 3000 pm long).

36
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3.1.1 Aim

The aim is to design, fabricate and characterise an electrically tuneable DRQCL
for spectroscopy and gas detection in the MWIR atmospheric window. The ba-
sic components of a TDLAS system include a single mode tuneable diode laser
light source, transmitting optics, optically accessible absorbing medium, receiv-
ing optics, and detectors. The laser is tuned over the characteristic absorption
lines of the gas molecules. Using the Beer-Lambert law, gas absorbance can be
deduced based on intensity variation between the presence and absence of gas
molecules [15]. Multimode behaviour of a laser in trace gas detection is not desir-
able as it reduces the spectral contrast and prevents the use of the Beer-Lambert
law as a means for gas detection. To tune the QCLs, three different approaches
were discussed in Chapter 1. The focus of this chapter is on achieving alternative

tuneable lasers using the Vernier tuning effect on coupled ring waveguides.

3.1.2 Objective

The objectives of this research are;

1. To demonstrate single mode emission with Side Mode Suppression Ratio
(SMSR) over 15 dB from DRQCLs. SMSR ~15 dB is the benchmark for

single mode emission and desire for traces gas detection [57].
2. To demonstrate single mode tuneable operation of a DRQCL.

3. To demonstrate spectroscopy of Carbon monoxide gas with a DRQCL.
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3.2 Theory of the Double-Ring Quantum Cas-

cade Laser

3.2.1 Operation of the Double-Ring Quantum Cascade Laser

Figure 3.1 shows a schematic illustration of generic double-ring laser. The figure
and theory in this section is based on [3] and adapted for DRQCLs. The linear
systems scattering matrix (SM) theory is used to calculate the passive resonance
wavelengths of a double ring waveguide structure. We can compare this with the
observed laser wavelengths at different Direct Current (DC) levels injected into
ring two of the generic double-ring laser model illustrated in Figure 3.1 and thus
use the theory to estimate the dependence of the refractive index on the current

injected into one ring of the laser.

Schematic Illustration of Generic Double-Ring Laser

Port 1 bnﬁan K bzl—’azl Port 2
Section I
Ring 1
Section 11
Ring 2
Section III
Port 3 by 33 K byye 43 Port 4

FIGURE 3.1: Shows a schematic illustration of generic double-ring laser adopted
from ref. [3].
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A generic Double Ring Laser (DRL) is composed of two rings of slightly different
radii and two straight waveguides coupled by three directional couplers. When
the rings are uncoupled, the Free Spectral Range (FSR) of individual ring is de-
termined by the effective length and group refractive index of the rings. The FSR
of the ring is given by

)2

FSRi:LQ = L (31)
gt

where A is the resonance wavelength, n, is the group refractive index, L; (= 27 R;)
is the effective length and R; is the ring radius . When the coupled combs of
modes of the rings are in resonance via Vernier effects by setting N /r; = M /r,

the FSR of the coupled ring can be expressed as

FSR = N.FSR; = M.FSR, (3.2)

where F'SR, and F'SR; are the FSRs in ring 1 and 2, respectively. The N and M
are the resonant numbers of comblike peaks of individual rings, where N and M
(= N - 1) are natural and coprime numbers [43]. The tuning enhancement factor
of the coupled ring is equal to natural number (Nth peak of ring 1), where the
tuning enhancement factor (F') can be defined as

_ __FSR
F' = tsr, rsm (3.3)

At A = 4545 nm and n, = 3.41, tuning enhancement factor 33 was estimated
for DRQCL design. At the resonance, the 337¢ peak of ring 1 will coincide with the
32" peak of ring 2 and all other peaks will be suppressed. The wavelength tuning
range (AMune) is defined as Wﬁ_&) = F'SRy * F [43]. The wavelength tuning
range can be increase by increasing the radius of ring 2, 155 nm tuning range was
estimated for DRQCL design. The maximum tuning range of the coupled ring

laser is limited by the available gain bandwidth in the material and maximum

obtainable index change of the tuner ring(Ring 2) [44]. To obtain the material gain
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bandwidth, a spontaneous emission measurement was carried out from the Fabry
Perot (FP) laser we processed from the same wafer. Spontaneous emission was
measured using experimental setup and lock-in step scan detection technique as
described in Chapter 2 (in section 2.3) at pulse current of 100 ns duration with a 60
kHz repetition rate at 298 K. Figure 3.2 shows the measured spontaneous emission
for an 8 pum wide and 3000 pm long FP laser using 8 nm FTIR resolutions. The
measured material gain bandwidth at FWHM is ~ 139 nm. Clearly, the measured
material gain bandwidth is smaller than the tuning range (~ 155 nm) estimated
from the DRQCL design. Furthermore, we observed multiple gain peaks (mark as
A and B in Figure 3.2) within gain bandwidth which can complicate the DRQCL

design to obtain mode hop free and continuous wavelength tuning [53].

Sub-threshold EL Emission measured from the Fabry-Perot (FP) Laser
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FIGURE 3.2: Shows the spontaneous emission spectra from the FP laser at 298

K we process from same wafer, which we utilise in this thesis. The measurement

was carried out using lock-in step scan detection technique with 8 nm FTIR

resolution. Mark as A and B are the gain peaks at 4540 nm and 4610 nm
respectively



Chapter 3. Double-Ring Quantum Cascade Laser 41

3.2.2 DRQCL Numerical Model

Figure 3.1 shows a schematic illustration of a generic double-ring laser. The figure,
theory and mathematical model in this section is based on [3] and adapted for

modelling DRQCL and discussions were summarised below.

To model DRQCL, the generic double-ring resonator was divided into three sec-
tions shown by two broken lines and each section corresponds to a directional
coupler used in the resonator (shown in Figure 3.1). In Figure 3.1, a’s and b’s are
the scattering matrix parameters at the coupling region and K’s are the ampli-
tude coupling ratio for directional couplers. To simplify the model, the following
assumptions were made: (1) no coupling loss in the directional couplers (2) no
facets reflection from the input/output waveguides. Therefore, we can derive the

following equation:

21 = Q41 = Q22 = A4 = A23 = Ay43 = by, = b31 =byy = 532 = b13 = 533 = 0(3-4)

The generalised coupling matrix for n number of directional coupler regions can

be represented by [58]

by Ky K . Ky, ay
b ) ) ) ) a

= B (3.5)
bn Knl Kn2 . Knn (7%

Based on assumption we have made and using Equation 3.5, coupling matrix for

section 1 can be written as

b1 aii ail
bay a2 0
= [S]k=k; * = [S]k=r; * (3.6)
bgl a31 a31
_541_ _a41_ | 0 |
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Where § is given by

b1o a12 ag eI
bao Qg2 0
= [S]k=k, * = [S]k=r, * ‘ (3.8)
bsa a3z agze %2
_b42_ _CL42_ i 0 i
and
bi3 a13 agge 9%
bas ag3 0
= [S]k=r;, * = [S]k=k; * (3.9)
b3 ass 0
_543_ | Qa3 I 0 |

where ¢1, ¢, are the phase delay on the half of the ring and depends on propagation

loss () and propagation constant () of the waveguide, as given by

Giz12 = (Bi —ja).1R; (3.10)

The propagation constant () for ring 1 is given by

fi = Tneint (3.11)
and for ring 2
By = ez (3.12)
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where n.rs is the effective refractive index for ring 1, n.sso(i) is the DC current

dependent refractive index for ring 2 and A is resonance wavelength.

Using Equation 3.6 - 3.12, the transmission equation from the input port (port.1

of section 1) to the output port (port.4 of section III) can be derived as

9 2

jKZe—H(#1+¢2)
1=/ (1=K (1= K3) (7291 o292 (1- K)o 2(01+62)

bas3

ail

(3.13)

Similarly, the transmission equation from the input port (port 1 of section 1) to

the through port (port 2 of section I) can be derived as

2

b2y
a1

2 — 1 (1_ K3(1—/(1—-K3)(1—K3)) KaeH(#11¢2) )
ViR 1-+/(1-K3)(1— K3)(e 721 +e~2%2)+(1—K3)e 2(91192)

(3.14)

The double ring structure given in Figure 3.1 is normally utilized in optical com-
munication lasers and transmissions from each port were measured by coupling the
fiber to the port [41, 42]. In our QCL characterisation facility, the measurement
was carried out by mounting the device into cryostat, thus measurement from each
port became complex. Figure 3.3 shows the SEM image of the simplified structure
we analysed and fabricated for QCL. In this structure we remove the through port
(port 3 and port 4) output coupling waveguide along with its coupler. In absence
of through port waveguide, transmission form this port becomes zero (i.e Equa-
tion 3.14 becomes zero) and analysis is not carried out in this work. The DRQCL
structure employed in this work is analyzed using the above transmission Equa-
tion 3.13 with simulation parameters given in Table 3.1. Figure 3.10(b) shows the
simulation results of the DRQCL. The coupling fraction of the coupler between
ring 2 and the output waveguide (K; ~ 0.036) and the coupling fraction between
the rings (K3 ~ 0.026), required for the SM theory, were calculated using the beam

propagation method as implemented in the software package RSoft [5].
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Realised Double-Ring Quantum Cascade Laser

FIGURE 3.3: Shows the top of the chip SEM image of a double ring quantum
cascade laser. In this structure, we employed two rings with slightly different
radii and one output waveguide through which output measurements were car-
ried out. The coupling fraction of the coupler between ring 2 and the output
waveguide is calculated to be K; ~ 0.036 and the coupling fraction between the
rings is calculated to Ky ~ 0.026, these parameters were calculated using the
beam propagation method and used as input parameters to SM theory.

3.2.3 DRQCL Design Considerations
3.2.3.1 Bending Loss

A very important consideration for ring laser waveguide design is the bending
losses. Bending loss is the loss of guided mode propagating in a curved waveguide.
Bending loss mainly occurs because guided modes are propagated near the outer
edge of the curve and leak out from the edge [59]. A previous theoretical study
shows that the magnitude of loss exponentially depends on the curve radius and
index difference between core and cover index [59]. Thus, bending loss can be min-
imised by utilising a larger curve radius and by increasing the index contrast [53].

Unlike the shallow etched waveguide (i.e. QW laser), the deeply etched waveguide
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(i.e. QCL) will provide better index contrast due to the semiconductor active core

exposed into the air, thus lower bending loss in QCL.

Bending Loss as a Function of Curve Radius
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FIGURE 3.4: Shows the analytically computed bending loss as a function of
curve radius for index contrast, % = ’“n;;” 0.9765 (for core index, n; = 3.36

and cover index ny = 1.7), and 0.9118 (for effective index, n; = 3.25 and cover
index ny = 1.7).

To find out the appropriate curve waveguide radius, where bending loss become
minimum or close to zero, bending losses were calculated using analytical method
for the fundamental TM mode as described in ref. [59]. Calculation was carried
out for a 10 um wide and 4.92 pm deep QCL waveguide with a composite dielectric
insulator (500nm SizN, and 500 nm SiO2) index n = 1.7 [60] used as cover material.
Figure 3.4 shows the analytically computed bending loss as a function of curve
radius for index contrast, % = m=m2 (0.9765 (for core index, ny = 3.36 and
cover index ny = 1.7), and 0.9118 (for effective index, n; = 3.25 and cover index
no = 1.7. Analytical calculation results clearly indicate bending loss exponentially

decreases as curve radius increases and at a curve radius of ~ 2.2 pm (critical

radius), bending loss becomes zero. Similar results were obtained by Dr. Chidi
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SEM image of Couplers

30 um

50 um 50 pm

(d

FIGURE 3.5: Show the SEM image of various coupling scheme (a) Evanescent
field coupler based on RIE lag effect (b) MMI coupler (c) Y-coupler and (d)
general purpose MMI coupler.

C. Nishii in his calculations and a critical curve radius of ~ 2 um [53] is reported

in his thesis.

3.2.3.2 Coupler Analysis

In DRQCL, essentially a require to couple the optical path to a ring or output
coupler waveguide, so coupling coefficient amplitudes (K; and K) are critical to
achieve single mode operation. Through the design and modelling process, we esti-
mate the coupling fraction of the coupler between ring 2 and the output waveguide
(K1 ~ 0.036) and the coupling fraction between the rings (K» ~ 0.026), required
for the SM theory to achieve single mode operation. Based on the analysis made,

we design and fabricated the DRQCL by employing various coupling schemes, i.e
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Detailed Illustration of General Purpose MMI Coupler

FIGURE 3.6: Shows the detailed illustration of general purpose MMI coupler

between output waveguide and ring 1, where coupler length is around 60 pum

and 21 um wide. In the simulation, as indicated in this figure, input powers

were launched from ring 1 from the bottom and coupled/launched power were
monitored from the top.

evanescent field coupler [61], multimode interference coupler (MMI) [62] and Y-
junction coupler [63]. Unfortunately, the first processed sample was broken during
the processing and the majority of the DRQCL designs were lost except the de-
vice reported in this Chapter and Chapter 4. Figure 3.5 shows the SEM images

of various coupling schemes employed during the design process.

The coupling scheme adopted in the device reported in this chapter is MMI cou-
pling. Operation of MMI coupler is based on the principal of self-imaging proposed
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Simulation Result of Coupler Properties
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FIGURE 3.7: Shows the BPM simulation result for different coupler properties
(i.e coupling fraction, launch power and Insertion loss) with respect to mode
propagation distance. From the simulation we conclude the following: Simu-
lation results are summarized as: (1) for rings coupler (55 pm long coupler),
coupling fraction is ~0.026, more than 52% launch power propagates within the
launch ring waveguide (2) for output power waveguide and ring 1 coupler (60
pum long coupler), coupling fraction is ~0.036, more than 54% launch power
propagates within the launched ring waveguide.

by Bryngdahl et al [64]. In which, the applied input field profile is reproduced in
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single or multiple images at periodic intervals along with the propagation direc-
tion of the guide [65]. The DRQCL reported in this chapter utilised a general pur-
pose MMI coupler (Figure 3.6 shows the detail description of general purpose MMI
coupler between output waveguide and ring 1) and 3-D BPM simulation [5] was
carried out to find out the desired coupling fraction. To simulate, modes were
launched from ring 1 (indicated in Figure 3.6) to the coupler and both the cou-
pled and launch power were measured after coupling (indicated in Figure 3.6).
Figure 3.7 shows the BPM simulation result different coupler properties (i.e cou-
pling fraction, launch power and insertion loss) with respect to mode propagation

distance. From the simulation we can conclude the following:

1. for rings coupler (55 pm long coupler, not shown in figure), the coupling frac-
tion is ~0.026, more than 52% launch power propagates within the launched

ring waveguide

2. for the output power waveguide and the ring 1 coupler (60 pm long coupler),
the coupling fraction is ~0.036; more than 54% launch power propagates

within the launched ring waveguide.

the application of a general purpose MMI coupler has a disadvantage of high
insertion loss and ~ 45% insertion loss was estimated for couplers utilised in

the DRQCL.

3.3 DRQCL Modelling and Fitting Parameter

Table 3.1 Shows the parameters input into the SM theory to fit the theory to the
observed wavelengths of the single mode outputs at different DC currents injected

into ring 2 of the DRQCL.
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TABLE 3.1: Shows the parameters input into the SM theory to fit the theory to
the observed wavelengths of the single mode outputs at different DC currents
injected into ring 2 of the DRQCL.

Parameter Value
Group index (n,) 3.41
nerp (effective index ring 1) 3.25

nerpa (effective index ring 2) @ 0 mA  3.2496
nesro (effective index ring 2) @ 30 mA  3.2494
nefra (effective index ring 2) @ 60 mA  3.2492
nerpa (effective index ring 2) @ 90 mA  3.2490

Ry (pm) 203

Ry (pm) 197

Ky 0.036

K, 0.026

«, propagation loss (dB/m) 1x107° [53]

3.4 Characterisation Results and Discussions

In this section we report the electro-optics and tuning characteristics of DRQCL
and the characterisation techniques used are discussed in Chapter 2. To charac-
terise the DRQCL, Ring 1 is operated by pulse current of 100 ns duration with a
60 kHz repetition rate and Ring 2 is biased with a DC current source. Otherwise

stated, all measurements were carried out at 25°C.

3.4.1 Light output-Injection current-Voltage (L-I-V)

Figure 3.8 shows the L-I-V curve from DRQCL measured at 25°C with zero DC
current into ring 2. The threshold current (I;,) of the DRQCL was around 1.1 A.
The threshold peak current divided by the area of ring 1 gives a threshold current
density of 8.62 kA /cm? for the DRQCL. At a drive current of 1.3-I;,, optical peak

powers of 6 and 7 mW were measured at 0 and 90 mA dc injected into ring 2.

For comparison, we fabricate a single ring quantum cascade laser (SRQCL) without
ring 2 from the same wafer, where a ring and output coupler waveguide dimensions

were identical to DRQCL. Figure 3.9 shows that the L-I-V curve from SRQCL
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L-I-V Curves of the DRQCL
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FIGURE 3.8: Shows the L-I-V curves of the DRQCL. The current density is
the peak current density into Ring 1.

yielded a threshold current density of 6.2 kA /cm? and optical peak powers of 12
mW at 1.3-I,.

The I-V dependence of the DRQCL and SRQCL are also shown in Figure 3.8
and 3.9. The measured turn-on voltage are ~11 V and ~9 V respectively which

show close agreement with the reported value ~10 V [52].

From the L-I comparison study; it is clear that DRQCL has a higher threshold
current density (1.3 times higher than SRQCL) and lower optical peak powers
(1/2 times of SRQCL). To estimate the losses associated with the DRQCL, we
compared light vs injection current density curves of SRQCL. From these results
it can be estimated that the loss introduced by the rings coupler and ring 2 (i.e
passive without application of DC current) is approximately 1.2 dB estimated from

the change in the threshold current density.
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L-I-V Curves of the SRQCL
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FIGURE 3.9: Shows the L-I-V curves of the SRQCL measured at 25°C, where
a ring and output coupler waveguide dimensions is identical as DRQCL

3.4.2 Electroluminescence and Wavelength Tuning

In broad outline the tuneable single mode operation of the DRQCL is obtained as
follows: Ring 1 is operated above threshold by injecting current pulses of around
100ns duration with 60 kHz repetition rate and amplitudes of 1.3-Iy, A (where I,
= 1.1 A is the laser threshold current). Ring 1 is coupled to Ring 2 and Ring 2 has
a much smaller DC (up to 100 mA) current applied to it which is below the laser
threshold and used to control the effective refractive index of the Ring 2 waveguide
and thus its resonance condition. The resonance wavelength of the DRQCL can

be tuned by the small DC current applied to Ring 2.

Figure 3.10(a) shows the observed emission spectra and wavelength tuning as
a function of DC current at 30 mA steps applied into ring 2 with drive pulse
current of 1.3-I;, into ring 1. Single mode emission was observed with a side mode

suppression ratio of more than 19 dB for all dc currents injected into ring 2.
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Emission Spectra and SM Theory Fit at Different Current
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FIGURE 3.10: (a) Shows the normalized spectra for DRQCLs device measured

at DC current from 0, 30, 60 and 90 mA with the spectral resolution of 0.5 nm

and (b) The tuning curve estimated by the SM theory for various dc current

applications into ring 2. If we assume a linear dependence of the refractive index

with injection current at -8.25x10™% kA~!cm? then we can fit the SM theory
to the results
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In Figure 3.10(b) we compare the results of current tuning with the SM theory
as summarised in Equation 3.13. Table 3.1 shows the parameters input into the
theory to fit the theory to the observed wavelengths of the single-mode outputs
at different dc currents injected into ring 2 of the DRQCL. Estimated from SM

theory, the effective index at zero injection current is nef o i—o-

If we assume the following form of linear dependence of the n.sp2(i) on the dc

current,

. dn 2
Neffa(i) = Nefraizo + 1 CZf

(3.15)

then by comparing with results shown in Table 3.1 this gives %: -8.25x 1074
kA~'em?. which is in approximate agreement with results reported in [66] and
thus the SM theory gives a reasonable prediction of the resonance condition as

illustrated in Figure 3.10.

Emission Wavelength and SM Theory Fit at Different
Current/Temperature
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FIGURE 3.11: The wavelength tuning as a function of dc current measured at
different heat sink temperatures.
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Figure 3.11 shows the wavelength tuning of the DRQCL measured as a function of
the dc current injection into ring 2 at 5 mA steps and different heat sink temper-
atures. It also illustrates the limitations of the SM theory which can only predict
the resonance wavelengths of the DRQCL as a passive resonance structure. How-
ever, what we observe is discontinuous tuning over a range of 59 nm in a mode
pulling and hopping manner which covers almost half of the gain width shown
in Figure 3.11. There are mode pulling regions of slow tuning at 0.04 nm mA ™!
followed by mode hops of order 10 nm. To fully understand this type of discontin-
uous tuning requires further experimental work and the application of nonlinear

dynamical theory [67] which is beyond the scope of the thesis.

Comparison of Tuning Spectra with Spontaneous Emission Spectra
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FIGURE 3.12: The spontaneous emission spectra measured using 3000 pym long

and 8 ym wide Fabry-Perot laser (from the same wafer as the DRQCL) and the

normalized single-mode output of the DRQCLs at various dc current injected
into Ring 2.

Although the mode pulling and hopping complicates the use of the DRQCL as
a spectroscopic source, it is still possible to utilize it if we combine the tuning

obtained by the dc current in ring 2 with heat sink temperature tuning and the
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chirp tuning arising from the current pulse into ring 1. We demonstrate this by

carrying out spectroscopy of selected absorption lines in CO gas.

3.5 Spectroscopy

For a general description of molecular vibration-rotation spectroscopy see ref. [68].

Carbon monoxide (CO) gas has a strong fundamental vibrationalrotational absorp-
tion lines in the MWIR region centered at around 4666 nm [68]. Using the DRQCL
as the IR source for a FTIR spectrometer we were able demonstrate spectroscopy

of CO gas.

3.5.1 CO Spectroscopy with Globar Source

Initially, for reference, an absorption spectrum was measured by FTIR spec-
troscopy using a broadband silicon carbide (SiC) Globar IR source (the blackbody
source [69] supplied with the FTIR). The FTIR sample cell was filled with CO
at a pressure 105 Torr and had a path length of 11 cm. Figure 3.13 shows the IR

absorption spectrum of the CO from 4540 nm to 4950 nm.

3.5.2 CO Spectroscopy Tuneable DRQCL

The DRQCL then replaced the Globar as the IR source in the FTIR spectrometer
and spectra were measured using two different DRQCL drive conditions. Fig-
ure 3.13(b) & (e) show the FTIR spectra of the DRQCL without the CO cell
present and at DC bias currents of 0 & 90 mA respectively at 25°C. The DRQCL
emission lines at these bias currents approximately align with the R(16) & R(9)
lines of the CO absorption spectrum [68]. Due to pulse induced chirp [70], the
width of the DRQCL emission lines (~1.5 nm) are broadened beyond the FTIR

resolution (0.5 nm). This effect is used to tune the laser through absorption line.
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CO Spectroscopy with Globar Source
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FIGURE 3.13: Shows the IR absorption spectrum of the CO using Globar source
from 4540 nm to 4950 nm.

The emission spectra of the DRQCL with the CO cell present are shown in Fig-
ure 3.13(c) & (f) and exhibit a dip in transmission where the laser emission exactly
coincides with the CO absorption lines. Figure 3.13(d) & (g) show the experimen-
tally derived absorption coefficients («) of 0.116 cm™' and 0.0674 cm™! for the
R(9) and R(16) lines [68].

3.6 Conclusion

We have described the design, fabrication and characterization of a DRQCL and

demonstrated its application to CO spectroscopy.

We have demonstrated first time single mode electrically tuneable operation of
a DRQCL at room temperature. Single mode emission is observed with a side

mode suppression ratio of over 19 dB. However, what we observed is discontinuous
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FIGURE 3.14: (a) CO absorption spectra using Globar source. (b) and (c)
Laser and CO absorption spectra at 0 mA dc current, (e) and ( f) laser and CO
absorption spectra at 90 mA dc current, (d) and (g) experimental absorption
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coefficient at 0 and 90 mA, respectively.

tuning over a range of 59 nm in a mode pulling and hopping manner which covers

wavelength from ~ 4537 nm to ~ 4596 nm, almost half of the gain width (i.e.

full width at half maximum (FWHM) of spontaneous emission spectra. To some

extent the discontinuous tuning can be mitigated by changing the temperature of

the heat sink.
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Using the SM theory of a passive device we could estimate the resonance con-
dition of the DRQCL and thereby predict a current dependent refractive index
of -8.25x107* kA~'cm?.  We observed mode pulling and hopping in the active
devices as a function of DC injected into ring 2. Further work on active devices
is required to gain detail understanding of the nonlinear dynamics that leads to

mode pulling [67].

However, even with a fixed heat sink temperature we are able to tune the laser
to align the output wavelength with a CO gas absorption line using pulse induced
chirp of the output wavelength. We could then measure the absorption coefficient
of the CO absorption. By combining both DC current and temperature, 59 nm
quasi-continuous tuning from ~4537 nm to ~4596 nm was observed and this plus
the chirp tuning can be used for spectroscopy of the absorption lines R(16) to R(9)
of the CO gas [68].
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Integrated Polarisation Mode

Converter

4.1 Introduction

Polarisation mode converters (PMCs), also referred to as waveplates, are used
to control and/or alter the state of polarisation of incoming light. The working
principals of waveguide PMCs are based upon the principal of mode beating, first
proposed by Shani et al. [71]. The PMC devices based upon this mode beating use
waveguides with asymmetric cross-sectional profiles. They can be fabricated as a
single section [72-81] or multi section [46, 81-85], and both have been experimen-
tally and theoretically realised in GaAs/AlGaAs, InP/InGaAsP, Silicon on Insu-
lator (SOI) and InGaAsP/InP quantum well (QW) material structures. In 2009,
a Fabry-Perot TE laser including a monolithically integarated single section PMC
based upon an AlGaAs/GaAs material structure (for an operating wavelength of
867.1 nm) was realised by Bregenzer et al. [86]. This device emitted predominately
over 80% TM light from the PMC facet. More recently, a dynamic polarisation
modulator/converter has been demonstrated by Holmes et al., where the realised
device consists of a Fabry-Perot laser with an integrated polarisation mode con-

verter, followed by a differential phase shifter [87]. Work on producing linearly

60
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polarised light from QCLs by employing integrated plasmonic polarisers on the

output facets of the laser has also been reported [88].

Many applications would benefit from an elliptically polarized output, as required
in some forms of spectroscopy [89] and ellipsometry [90]. The basic component
of a typical polarisation dependent ellipsometry system includes, a light source,
linear polariser, optical system under measurement, linear polarisation analyser,
and a photodetector, respectively. A collimated monochromatic beam from suit-
able light source is passes through a variable angle polariser to produce light of
known polarisation and wavelength. This polarised light reflects from the sam-
ple under study and due to the different reflection coefficients of the ‘p’ and ‘s’
states of polarisation, the effect is to modify the polarisation of the reflected beam.
The modified state of polarisation at the output of the system is then measured
by passing through a linear polarisation analyser followed by photodetector. The
measured response depends upon the optical properties of material under investi-
gation. Knowledge of the angle of incidence, along with wavelength, azimuth and
analyser angle can be used to determine physical properties of individual mate-
rials, such as refractive index and film thickness. Presently, bulk optics elements
are routinely used for polarisation dependent ellipsometry systems. The focus of
this chapter is on developing integrated polarisation mode converter alternative to
the bulk element used in the input section of the ellipsometry system. The polar-
isation mode converter is used to control and/or alter the state of polarisation of

the input light.

In this chapter, we describe how it is possible to control the SOP of the light
emitted from QCLs, using coupled modes. The work presented here is based
upon similar work on conventional interband semiconductor lasers [86] where in-
tegrated PMC are reported. We describe how the design of PMCs are adapted
for QCLs and how the PMCs are fabricated and characterised for QCLs with an
emission wavelength of ~4450 nm. The work reported in this chapter has already

been published in ref. [91].
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4.1.1 Aim

The aim is to design, fabricate and characterise the polarisation mode converter

for quantum cascade laser operating at a wavelength around 4450 nm.

4.1.2 Objective

The objectives of this research are;

e To design and fabricate a polarisation mode converter for a quantum cascade

laser.

e To integrate this polarisation mode converter with a Distributed Bragg Re-
flector QCL. The DBR provides the required single frequency laser operation
to the PMC. This is one of the essential requirements for the PMC in order

to avoid multimode beating effects inside the PMC.

e To demonstrate polarisation mode conversion for the quantum cascade laser.

4.2 Polarisation Mode Conversion Theory

As in the case of conventional interband semiconductor lasers [86], the PMCs
design employed throughout this work are also based upon waveguides with asym-
metric cross-sectional profiles as indicated in Figure 4.1(a). This asymmetric cross-
section results in a rotation of the optical axis of the birefringent guide, such that
as a TM mode enters this asymmetric section, it excites both the single lobed
fundamental modes of the guide (Hybrid TE - TM modes), with the relative
propagation constant (and refractive indices) being dependent upon the degree of
asymmetry and birefringence of the guide. For an offset of the optical axis of 459

(w/4) these modes are, essentially, fully hybridised which leads to beating with



Chapter 4. Integrated Polarisation Mode Converter 63

the characteristics half beat length given by

™

LBeat/2 (41)

ﬁTE - ﬁTM

or

A

2(NeffrE — Neffrm)

LBeat/Q = (42)

where Srg — Bry = AP is the difference in propagation constants between two
fundamental (single-lobed) modes that propagate in the asymmetric guide [79, 81,
86]. At the half beat length Lpcq 2, for a phase difference I' = m and optical axis
angle ¢ = 7, a complete TM — TE or TE — TM polarisation conversion takes
place. The working principal of PMCs is illustrated in Figure 4.1. The PMC
employed in this work (further description can be found in section 4.3) is shown
in Figure 4.1. Figure 4.1(b) shows the propagation of single lobed fundamental
modes (Hybrid TE - TM modes) along the asymmetric guide. The evolution
of the SOP of a linearly planarised TM input beam through various States of
Polarization (SOP) profiles along the guide and corresponding phase difference
between TE - TM modes along the guide are shown in Figure 4.1(c)-(d). Clearly,
by varying the length, and/or, the asymmetry of the waveguide, it is possible to
adjust the fraction of TM and TE polarisation emerging from the asymmetric
section, and fabricate waveguide versions of bulk optic polarisation components,

such as, quarter waveplates and half waveplates.

4.2.1 Polarisation Purity

The polarisation purity, also referred to as polarisation conversion efficiency, P,, at
the output of the PMC, is the percentage of light emerging from the asymmetric
section with polarity different to that of the input light. For example, assum-
ing TM polarised light as the input for PMC, for a phase difference of I' = 7w and
optics axis angle of § = 7/4, a complete 90° rotation of the polarisation (TM

to TE conversion) will take place after propagating the half beat length Lpeq /2
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Illustration of the Complete Functionality of a PMC
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FIGURE 4.1: Tllustration of the complete functionality of a PMC (a) Illustrates
in 3D a side view of the PMC waveguides with asymmetric cross-sectional pro-
files employed in this work the red region indicates the approximation position
of the active region of the device (description can be found in section 4.3) (b)
Ilustrates the propagation of TE and TM polarization modes (Hybrid TE
- TM modes) along (z-direction) the PMC waveguides also indicated are the
circular and elliptical states of polarization (SOP) and direction of polarization
as a function of z (c) Illustrates the evolution of the circular and elliptical SOP
and direction of polarization as a function of z (d) Resulting phase difference
between TE - TM modes along the guide.
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and the TE polarisation purity P, equals 100%. The polarisation purity P can

be found using

Prg
P, = —————— x100% 4.3
Pry + Pri ’ (4:3)

where Pry; and Prg are the TM and TE polarised light output power. Experi-
mentally, the polarisation conversion can approach 100%, but requires increasingly
stringent tolerance requirements for a single waveguide element. Holmes et al. and
Hutchings et al. have identified an alternative approach of exploiting a universal
50% converter (Quarter waveplate) [79, 81] in a half-beat-length which can ap-
proach 100% by using two elements [92].

4.2.2 Definition of Quarter Waveplate and Half Waveplate

The Quarter Waveplate (QW) is a PMC waveguide with asymmetric cross-sectional
profile length equal to a quarter beat length Lpeqi/s. A PMC with this length has
a phase difference between Hybrid TE - TM modes equal to 7/2 and polarisation
purity becomes 50%, which manifests as a linearly polarised input being converted
into circularly polarised output. The optical path length difference between TM
and TE light is equal to a quarter of the wavelength and can be defined as
A

1 (4.4)

(nef fTE — neff,TM)LBeat/4 =

The QW is a particular matter of interest because many applications would benefit
from an elliptically polarised output, as required in some forms of spectroscopy [89],
ellipsometry [90] and integrated optics (such as integrated birefringent waveguide

described in Chapter 5).

The PMC waveguides with asymmetric cross-sectional profiles and of length equal
to a half beat length Lpcq: /o are referred to as a half waveplate. At the PMC with
this length the phase difference between Hybrid TE - TM modes is equals to =
and polarisation purity becomes 100%, which means a complete 90° polarisation

rotation ( TM - TE or TE - TM) will take place and the light will still emerge
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Schematic Illustration of the PMC Chip Layout

PMC section
z=0

Trench

Gain section

DBR

FIGURE 4.2: Schematic illustration of the chip layout of a QCL that includes a

gain section, lateral DBR and an integrated PMC, the trenches of the PMC were

etched using the reactive ion etching lag effect. There is no electrical contact to
the PMC section.

linearly polarised however the polarisation will be perpendicular to that of the
input polarisation. The optical path length difference between TM and TE light
is half of the wavelength and can be defined as

(4.5)

A
(Neff,rE = Neprrnr) LBeatz = 3

4.3 Integrated Polarisation Mode Converter De-

sign

The device configuration employed and realised in this chapter is shown in Fig-
ure 4.2. The integrated device consists of a gain section, a lateral DBR and a
polarisation mode converter. In this section we detail the design description of
the polarisation mode converter and its integration with the DBR QCL. Table 4.1
shows the values of the refractive indices and the thicknesses of the layers used
to design the PMC and lateral DBR. The required refractive indices of the QCL

layers at A ~ 4445 nm were calculated using ref. [9].
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TABLE 4.1: Waveguide layer, materials, thicknesses and refractive indices of
the QCL material we used for this project are shown. Refractive indices of
the QCL material at A ~ 4445 nm were calculated using ref. [9].

Layer layer name Semiconductor Index Thickness(um)
6 Contact InGaAs 3.0 0.1

5 Upper cladding layer InP 3.008 2.5

4 Upper waveguide layer InGaAs/AllnAs  3.39 0.324

3 Active core InGaAs/AllnAs  3.36 1.447

2 Lower waveguide InGaAs/AllnAs  3.39 0.344

1 Buffer layer InP 3.06 0.2

0 Substrate InP 3.06 -

Illustration of the Waveguide Width Dependence Effective Refractive
Indices of Exited Modes
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FIGURE 4.3: Calculated effective index of the guided modes in a ridge waveguide

at different ridge width for a laser operating wavelength A = 4445 nm. Calcu-

lation was carried out using a full-vectorial, 3D eigensolver, as implemented in
the software packages Lumerical Mode Solutions LSM [4]

4.3.1 Waveguide width Optimisation

The first step towards designing the PMC is the optimisation of the waveguide
width in which asymmetric cross-sectional profiles are to be fabricated. Generally
speaking a PMC requires a guide that supports only single lobed fundamental
spatial modes (TE and TM modes) [81, 93], of the guide.
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Lowest Order Guided Mode (TM and TE) without Asymmetric
Cross-section
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FIGURE 4.4: (a) & (b) Show the simulated mode profiles of the TM and TE

components respectively of the lowest order guided mode (without asymmetric

cross-section). Calculation was carried out using a full-vectorial, 3D eigensolver,
as implemented in the software packages Lumerical Mode Solutions LSM [4]

The waveguide width optimisation work was carried out using a full-vectorial,
3D eigensolver, as implemented in the software packages Lumerical Mode Solu-
tions LSM [4]. Figure 4.3 illustrates the waveguide width dependant effective
refractive indices of the exited modes in a 4.9 um high waveguide. Clearly, for
waveguide ridge widths below 3.8 ym (n.fy ~ 3.12) exited higher order modes are
cut-off, where as the fundamental mode cut-off was found to be below 3.0 pm (n.s¢
~ 3.22). Thus, single mode TM propagation is ensured within the range between
3.0 pm to 3.8 um wide waveguides. Within this range, a fundamental TM (TM,)
mode is launched from the DBR QCL. To minimise the optical coupling loss and
insertion loss, a 3.6 um wide waveguide, close to the first order cut-off condition

(3.8 pm, nesp ~ 3.22), was chosen to be designed and fabricated for the PMC.

QCLs are based on intersubband transitions in quantum wells. The selection rules
for intersubband transitions dictate that only light polarised with its electric vector
perpendicular to the plane of the quantum well can couple to the intersubband
transitions. In the typical waveguide arrangement used in a QCL, the optical axis
is perpendicular to the plane of the quantum wells, this means that there is only

optical gain for TM polarised modes. Figure 4.4(a)- 4.4(b) shows the mode profile
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of the TM (99.97%) and TE (0.03%) components of the lowest order guided mode
calculated for symmetric QCL waveguide. Calculation was carried out using a
full-vectorial, 3D eigensolver, as implemented in the software package Lumerical

Mode Solutions (LMS).

4.3.2 Polarisation Mode Converter Design

To gain knowledge, a review of the different designs of already realised PMCs on
different material systems, namely, GaAs/AlGaAs, InP/InGaAsP and SOI and
InGaAsP based QW material structures, was conducted. Most of these PMCs are
shallow etched, asymmetric cross-sectional profile types which required a two step
etch process, generally for telecommunication wavelength. The majority of these
designs suffer from high optical losses due to mode size mismatching between
symmetric and asymmetric waveguide sections. In this regards, Holmes et al
reported relatively simple low loss PMC designs using a single-mask and single
dry etch process [79]. In their design, asymmetric cross sectional profiles were
realised by etching ribs and trenches on one side of the symmetric waveguide
using a phenomena called RIE lag [79]. The RIE lag phenomena can also be
used to create such asymmetric waveguides for deeply etched QCL waveguides.
The work presented in this chapter is based upon a similar design reported by

Bregenzer et al. for conventional interband semiconductor lasers [86].

The waveguide, with tapered input section and cleaved cross section profile of
a PMC, was fabricated by etching the ribs and trenches on one side of the
symmetric waveguide, using RIE lag effects, as shown in Figure 4.5. Figure 4.5(a)
clearly shows that the trenches are tapered to grade the degree of asymmetry
between the symmetric and PMC sections, which results in a smooth rotation of
the optical axis of the guide [79]. This smooth transition ensures minimum optical
loss and a corresponding low reflection between the symmetric and asymmetric

waveguide sections.
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SEM Images of a PMC Waveguide after ICP-RIE Etching (design D1)

(b)

FIGURE 4.5: SEM images of a PMC waveguide after ICP-RIE etching (design
D1) (a) Top view of taper input section of PMC (b) Cleaved cross-section view
of PMC.

Detail PMC Design Description(Design D1)
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FIGURE 4.6: Detail design description of PMC design D1 using by etching two
trench (a) Top view (b) cross-section view
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Calculation of Mode Profiles of the PMC (Design D1)
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FIGURE 4.7: Calculation of mode profiles: (a) and (b) the TM and TE com-
ponents respectively of the lowest order guided mode within the asymmetric

section of design D1. Calculation was carried out at z=10 pm just after tapered
region of PMC.

4.3.3 Design Description and Analysis

4.3.3.1 Design 1 (D1)

A detailed design description of PMC design D1, obtained by etching two trenches,
top and cross-section view are illustrated in the Figure 4.6. The dimensions and
position of the trenches are also indicated in the figure. These trenches are used to
control the degree of asymmetry of the waveguide. This asymmetric cross-section
results in a rotation of the optical axis of the birefringent guide, such that as a TM
mode enters this asymmetric section, it excites both the single lobed fundamental
modes of the guide (Hybrid TE - TM modes), with the relative propagation con-
stant being dependent upon the degree of asymmetry of the guide. To model the
operation of the PMC, we first calculate the mode profiles for the the asymmetric
waveguide (Figure 4.7). The hybrid mode separate into TM and TE components
at the start of the PMC just after the taper trench region. Figure 4.7(a) - 4.7(b)
shows the calculated mode profile of the TM and TE components of the lowest
order guided mode for design D1. The TM and TE fraction calculated by using an
eigensolver for the PMC design described above are 84% and 18%, respectively.



Chapter 4. Integrated Polarisation Mode Converter

72

TM to TE Conversion Vs Propagation Distance & TE Polarisation
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FIGURE 4.8: (a) Calculated TM to TE conversion versus propagation distance
using BPM of design D1 (b) Calculated TE polarisation purity (%) versus prop-

agation distance using BPM of design D1
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Shown in Figure 4.8(a) is the calculated TM to TE conversion as a function of PMC
propagation distance. The calculation was carried out using BPM, as implemented
in the software package RSoft [5]. The calculated TE polarisation purity (%) is
shown in Figure 4.8(b). From this figure, a maximum TE polarisation purity of
up to 60% can be achieved for a ~200 um long PMC. A TE polarisation purity
around 50% is observed for 151 pm (including 10 pum long tapered trench ) and 256
pum (including 10 pm long tapered trench) long PMCs. The grid size used for the
BPM simulation are Ax=20 nm, Ay=20 nm, and Az=20 nm. However, software
default grid sizes are Ax = 50 nm, Ay = 50 nm and Az = 200 nm and less than
5% difference was found in the polarisation purity calculation compared to the 20
nm grid size simulation. Nevertheless, the minimum grid size is limited by the
computer memory. The minimum grid size that is permitted by the software is 10
nm but this requires more than 12 hours of processor time using a Core2 Quad
2.3 GHz 3.21 RAM processor to complete the simulation. Therefore, a 20 nm
grid size was used for faster (~1.5 hours) simulation. The calculated conversion
efficiency of the PMCs with 20 nm simulation grid size showing good agrement

with experimental results, as can be seen in Table 4.2.

The variations of TE polarisation purity at +/- 100 nm change in trench depth
of design D1 are shown in Figure 4.9. Clearly, we observed a very large change
in polarisation purity above 150pum and changes are negligibly small below 150
pm. Thus, from a fabrication point of view precise control over the trench depth
is required, as small variations in the trench depth will lead to large changes in

polarisation purity for PMC’s longer than 150 pm.

4.3.3.2 Design 2 (D2)

After characterisation of design D1, and re-examining the RIE lag effect, we revised
the PMC design to improve the TE polarisation purity. Design D2 also has two
trenches, one of 0.5 ym and another one of 0.4 ym wide, of depth 3.518 ym and 2.82
pm respectively, on a 3.6 um wide, and 4.9 pum height, waveguide. Detailed design

descriptions of PMC design D2, top and cross-section views, are illustrated in
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Variations of TE Polarisation Purity with Trench Height
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FIGURE 4.9: Shows the variations of TE polarisation purity at +/- 100 nm
change in trench height of design D1. Where trench width is fixed at 0.5 ym
and calculation was carried out using a BPM.

Detail PMC Design Description (Design D2)

L1=10 pm !
- LB . 0.6pum 14pum 1.6 um
H [ SRR SRR RSP R SRpRS » . i
L : e Moo .
P B | [* [ *
— | i3.6um g 12.82 um

: s .
~ | . - :
x <> 4.9 P-mi
y v 0.4 um

Z <--p g
Lt—pTapered trench L»;g 0.5 pm *
LB—pTrench length |

(a) (b)

FIGURE 4.10: Detailed design descriptions of PMC design D2 (a) Top view (b)
cross-section view
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Calculation of Mode Profiles of the PMC (Design D2)
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FIGURE 4.11: (a) and (b) show the TM and TE components respectively of
the lowest order guided mode within the asymmetric section of design D1. Cal-
culation was carried out at z=10 pm just after tapered region of PMC.

Figure 4.10, where the dimensions and positions of the trenches on the waveguide

are indicated in the figure.

In a manner similar to design D1, we first calculate the mode profiles for the
the asymmetric waveguide (Figure 4.11). The hybrid mode separated into TM
and TE components at the start of the PMC just after the taper trench region.
Figure 4.11(a) - 4.11(b) shows the calculated mode profile of the TM and TE
components of the lowest order guided mode for design D1. The TM and TE
fraction calculated by using an eigensolver for the PMC design described above

are 65% and 35%, respectively.

Shown in Figure 4.12(a) is the calculated TM to TE conversion as a function
of PMC propagation distance. The calculation was carried out using BPM, as
implemented in the software package RSoft [5]. The calculated TE polarisation
purity (%) is shown in Figure 4.12(b). From this figure, the maximum TE polar-
isation purity of up to 96% can be achieved with a 425 ym long PMC. The TE
polarisation purity around 50%, equivalent to a quarter waveplate or a quarter
beat length (Lpeqi/4), is observed with a 231 pm long PMC. The BPM simulation

settings are the same as described in Section 4.3.3.1
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TM to TE Conversion Vs Propagation Distance & TE Polarisation
Purity
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FIGURE 4.12: (a) Calculated TM to TE conversion versus propagation distance
using BPM of design D1 (b) Calculated TE polarisation purity (%) versus prop-
agation distance using BPM of design D2
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Variations of TE Polarisation Purity with Trench Height
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FIGURE 4.13: Shows the variations of TE polarisation purity at +/- 100 nm
change in trench height of design D1. Where trench width is fixed at 0.5 ym
and calculation was carried out using a BPM.

The variations of TE polarisation purity at +/- 100 nm change in trench depth of
design D2 are shown in Figure 4.13(a). Clearly, design D2 shows less sensitivity
with respect to design D1. -3% changes in polarisation purity were observe for 4 /-
100 nm changes in trench depth. Thus, from a fabrication point of view design

D2 is a more robust design compared to design D1.

4.3.4 Integration with Distributed Bragg Reflector Grat-

ing

In this work, a DBR was integrated with a PMC; the DBR provides the required
single frequency laser operation to the PMC. This is one of the essential require-
ments for the PMC in order to avoid multimode beating effects inside the PMC.
The DBR mirror on QCLs can be formed on a waveguide by using several types
of gratings, including surface [94], discrete-mode [95], buried [96] and lateral grat-
ings [97]. The lateral grating, recently developed for QCLs by Thomas et al [97],

can be formed by etching either side of the waveguide.
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Top View of Fully Integrated PMC Device
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FIGURE 4.14: The top view of fully integrated PMC device is shown.

We exploit lateral grating technology for integration with PMCs. The top view
of a fully integrated PMC device is shown in Figure 4.14. Clearly, a 3.6 pm wide
asymmetric PMC waveguide is integrated by etching 1.8 um either side of the 7.2
pm gain section waveguide. To integrate the gain section and PMC we employed
a first order DBR grating with grating period of 700 nm (50% duty cycle). For the
dimension describe above, a reflectivity around 70% and coupling coefficient of 63
cm ™! were estimated for the 500 um long grating at ~ 4456 nm wavelength. This
calculation was carried out using the GratingMOD tool, as implemented in the
software package RSoft [5]. The calculated stop-band of DBR grating for grating

period of 700 nm is shown in Figure 4.15. Further description and discussion

concerning lateral grating technology applied to QCLs can be found in ref. [97].
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Stop-band of DBR Gratings
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FIGURE 4.15: Shown is the calculated stop-band of DBR gratings for gratings
period of 700 nm. The calculation was carried out using the GratingMOD tool
by RSoft [5].

4.4 Characterisation and Results

The QCLs incorporating PMC devices reported in this section were characterised
using the technique described in Chapter 2. The DBR and PMC design D1
characterisation was carried out at 298 K and design 2 at 250 K, with devices driven
by 100 ns duration current pulses at a 60 kHz repetition rate. First, for reference,
electro-optic and polarisation measurements were carried out for a DBR QCL
laser without a PMC section. Essentially, we require single mode and purely TM
polarised emission the DBR QCL to integrate with the PMCs, since multimode

emission will affect the polarisation purity of the PMCs.

4.4.1 DBR Laser

Figure 4.16 shows the light output intensity vs injection current (L-I) characteris-
tics for a DBR QCL without a PMC. The threshold current density was found to

be 2.98 kA /cm? and a peak optical power of around 0.8 mW was measured at a
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L-I Characteristics of DBR QCL
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FIGURE 4.16: Shows the output peak optical power vs drive current densities
characteristics for a DBRs QCL without PMCs measured at 298 K.

peak pulse current density of 1.3*I;;,. The emission spectra at a drive current den-
sity of 1.3*I, is shown in Figure 4.17. Clearly, single mode emission was recorded

with a SMSR of around 21 dB, at an emission wavelength of 4444 nm.

The polarisation of the DBR output beam can be determined by recording the
detector signal as a function of wire-grid polariser rotation angle (8 = 0° to 360°),
where § = 0© is defined as the angle of the first maxima in transmission for TM
light through the wire grid polariser. First and for reference, the polarisation was
measured from a DBR QCL laser without PMCs (from front and back facets) and
with pure TM emission recorded from the DBR facets as shown in Figure 4.18. A

similar result was recorded from the gain facets.

4.4.2 Integrated Polarisation Mode Converter

4.4.2.1 Integrated PMC (design D1)

Results reported in this section are from the first processed sample where three

integrated PMCs with different lengths were recovered from a damaged sample,
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Emission Spectra of DBR QCL without PMC
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FIGURE 4.17: Emission spectra of pulse and chirped DBR QCL without PMC
acquired with FTIR resolution 0.5 nm at peak pulse current 1.3*%I,.

Polar Plot DBR QCL without PMC
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FIGURE 4.18: Polar plots of output power (red line) from DBR facet of the QCL
as function of wire-grid polarizer angle.
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TABLE 4.2: Comparison of calculated and measured TE polarisation fraction
as a function of PMC length.

Design ~ PMC length (um) TE(%) Measured TE(%) Calculated

1 26 8 7
1 71 7 11
1 119 18 27
2 256 69 65

along with the DRQCL reported in Chapter 3. The QCLs incorporating PMC
devices reported in this section were characterised using the technique described
in Chapter 2. The power emitted from the PMC facet was measured: a) without
the grid polarizer, b) with the grid polarizer axis parallel to QCL waveguide ( TM
polarisation), and ¢) with the grid polarizer axis perpendicular to the QCL waveg-
uide (TE polarisation). All measured electro-optic TM polarised results shown in
Figure 4.19 are compensated by a factor of 11% because with the Vertex 70 FTIR

spectrometer the TM/TE transmittance ratio is 89% at our working wavelength.

The light output intensity vs injection current (L-I) characteristics of a 56 pum,
71 pm and 119 pm long PMC device, based upon design D1 are shown in Fig-
ure 4.19(a), 4.19(c) and 4.19(e). The threshold current densities of 3.25 kA /cm?,
3.35 kA/em? and 3.5 kA /cm? respectively, were extracted from L-T curves. The
emission spectra measured with similar conditions to those described above are
shown on Figure 4.19(b), 4.19(d) and 4.19(f), where measurements were carried
out by driving the laser section above 1.3*I;,. Polarisation purities (= Prg/(Prg
+ Pryr)x100%) of 8% for 56 pm, 7% for 71 pm and 18% for 115 pm, long PMCs
(design D1) were obtained from L-I characteristics and emission spectra. The rel-
ative TE polarisation component of different integrated PMCs with PMC lengths
experimentally derived from both L-I characteristics and emission spectrum are
summarised in Table 4.2. The calculated values in Table 4.2 come from a simula-
tion using the full vectorial 3-D BPM as described above. The polarisation of the
beam can be determined by recording the detector signal as a function of wire-grid
polariser rotation angle (6 = 09 to 360°), where § = 0° is defined as the angle of
the first maxima in transmission for TM light and # = 90° is defined as the angle

of the maxima in transmission for TE light, through the wire grid polariser. The
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FIGURE 4.19: (a),(c) and (e) Shows the light injection current (L-I) charac-
teristics and (b), (d) and (f) are the spectral emission of a 56 ym, 71 pym and
119 pm long PMC devices, based upon design D1.
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Polar Plots of 56 ymand 119 pm long PMC devices (Design D1)
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FIGURE 4.20: Polar plots of normalized output power from PMC facet as

function of wire-grid polarizer angle for 56 pm and 119 pum long PMC (design

D1). The maxima of the beam intensity were recorded around 5° and 20©,
respectively.

Polar plots of normalized output power from PMC facet as function of wire-grid
polarizer angle for 56 pym and 119 pum long PMCs (design D1) are shown in Fig-
ure 4.20. The maxima of the beam intensities were recorded at approximately 5°
and 209, respectively. The maxima of the beam intensity for a 71 um long PMC

was recorded at approximately 79, not shown in figures.

4.4.2.2 Integrated PMC (design D2)

Based on experimental results from design D1, we revised our PMC design for
final fabrication to improve the TE polarisation purity. The design description is

detailed in section 4.3.3.2 and characterisation was carried out at 250 K.

The light output vs injection current (L-I) characteristics of a 265 pm long PMC
device based upon design D2 are shown in Figure 4.21(a). A threshold current
density of 2.19 kA /cm? was obtained for this device. At a drive current of 1.3*Ty,,
a peak optical power of nearly 2 mW (1.18 mW for TE and 0.53 mW for TM) was
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L-I and Emission Spectra of a 265 um long PMC devices (Design D2)
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FIGURE 4.21: (a) L-I characteristics of 265 pm PMC device showing
the TM, TE and total power (b) showing TE and TM spectra by drive laser
section above 1.3*I;,

measured from the PMC facet (design D2) and 18 mW from the gain section facet.
The majority of the power in our QCLs was emitted from the gain section facets.
The emission spectra, measured with similar conditions to those described above,
are shown on Figure 4.21(b). Measurements were carried out by driving the laser
section above 1.3*I;,. Polarisation purities (= Prg/(Prg + Prar)x100%) of 69%
for a 256 pum long PMC (design D2) were obtained from L-I characteristics and

emission spectra.

The Polar plots of normalised output power from the PMC facet and gain facet, as
a function of wire-grid polarizer angle, for the 256 pym long PMC device, are shown
in Figure 4.22. The maxima of the beam intensity were recorded at approximately
65° and pure TM emission was recorded from the gain facet. Table 4.2 shows
the relative TE polarisation component of different integrated PMCs with PMC
lengths experimentally derived from both L-I characteristics and emission spec-
trum. The calculated values in Table 4.2 were obtained from a simulation using

the full vectorial 3-D BPM as described previously.

Whilst losing some devices during fabrication, PMC conversion efficiencies of up

to 18% were obtained with design D1 and 69% for design D2, with PMC lengths of
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Polar Plots of 265 ym long PMC devices (Design D1)
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FIGURE 4.22: Polar plots of normalized output power from 256 pm long PMC
& gain facet of the QCL as function of wire-grid polarizer angle.

around 119 pgm and 256 pm, respectively. Theoretically, the polarisation conver-
sion can approach 100%, but requires increasingly stringent fabrication tolerance
requirements. We have identified an alternative approach of exploiting a universal
50% converter [92] in a half-beat-length which can approach 100% by using two

elements.

4.5 Conclusion

In this chapter, we have described the design, fabrication and characterisation
of PMCs for QCLs operating in the MWIR, and demonstrated that by integrat-
ing a PMC with a QCL, the output polarisation can be controlled. We have
demonstrated that it is possible to have a QQCL that emits TM from one facet and
predominately (69%) TE from the other facet. We have shown that there is a

good agreement between our simulation and experiment.

With further optimization, control of the polarisation of a QCL will become im-

portant in several applications and in the operation of future designs of QCLs.
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For example, as indicated in Chapter 5, if we combine PMCs with an integrated
waveguide section that tunes the relative phase between TM and TE modes, a
so called DPS section, then a tuneable integrated birefringent waveguide [98] can
be integrated with a QCL to electronically tune the output wavelength and/or

polarization as recently demonstrated in conventional interband lasers [99].



Chapter 5

Integrated Tuneable Birefringent
Waveguide

5.1 Introduction

The birefringent filter [100] was first designed for astronomical purposes by Lyot
in 1933, and Solc designed a similar birefringent filter which is known as Solc fil-
ter [101]. A typical birefringent filter consists of linear polarisers and waveplates
of birefringent material, as shown in Figure 5.1. If electrically tuneable birefrin-
gent elements are inserted, such as liquid crystal or electro-optic element, then
electrically tuneable birefringent filter is obtained. The birefringent filters are rou-
tinely used for wavelength [102, 103] and polarisation control [104]. In Chapter 4
we described an polarisation mode converter integrated with a quantum cascade
laser. In this Chapter a novel wavelength technique for quantum cascade lasers is
presented based on the polarisation mode converter elements demonstrated in the

previous Chapter.

Quantum cascade lasers(QQCLs) are based on intersubband transitions in quantum
wells [22] but we can expect that QCL material will exhibit electro-optic proper-
ties based on intersubband transitions and interband transitions [105, 106]. The

selection rules for intersubband transitions dictate that only light polarised with

88
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Illustration of the Birefringent Filter

P BC P BC P BC P

P = Linear polariser BC = Birefringent crystal

FiGure 5.1: Hlustration of the Birefringent Filter, consisting of a sequence of
birefringent crystals (BC) and polarisers (P).

its electric vector perpendicular to the plane of the quantum well can couple to the
intersubband transitions. In the typical waveguide arrangement used in a QCL
this means that there is only optical gain for TM polarised modes. In addition, it
means that at the operating wavelengths, QCL waveguides exhibit birefringence
and indeed it has been previously reported [107] that intersubband transitions can
lead to birefringence. In the QCL waveguides the strength of the intersubband
transition can be altered by injecting current into the waveguide and therefore
the QCL waveguides have birefringence that can be adjusted with injection cur-
rent. Also associated with the quantum wells that make up the QCL material
are interband transitions and these transitions are strong and highly dispersive
at photon energies close to the band gap resonance [106]; at the photon energies
well away from the band-edge where the QCL operates the effect of the interband
transitions is weaker and much less dispersive. The interband transitions are also a
function of applied electric field and injected current and so at the QCL operating
wavelength we can expect an interband electro-optic effect which is not dispersive.
Altering the phase relationship between the polarisations is the basis of the wave-
length tuning and polarisation control of birefringent waveguides but wavelength
and polarisation tuning requires that both TM and TE modes are present and

that is usually achieved by incorporating waveplates into the laser.
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The feasibility of electro-optically altering the phase relationship between polarisa-
tions has been recently demonstrated for quantum well semiconductor laser diodes
by monolithically integrating the laser, polarisation mode control (PMC) section

and differential phase shift (DPS) section [99].

The integrated equivalents of waveplates are polarisation mode convertors [6, 7].
We have discussed how PMCs are fabricated in Chapter 4. The PMCs are made
by etching trenches on the waveguides to make the waveguide cross-section asym-
metric. With PMCs it is possible to make the integrated equivalent of a bulk
quarter waveplate and to produce a hybrid mode that is 50% TE and 50% TM.
The other component required for a tuneable waveguide is a DPS section; this is
a section of the QCLs waveguide with electrical contacts that allow the injection

of current which alters the strength of the intersubband transitions.

In this Chapter we discuss the design of the ITBW and we report results on ex-
periments that employ the sub-threshold electroluminescence (EL) to probe the
operation of the ITBW. We develop a theory of the operation based on a Jones
matrix [108] description of the ITBW and a description of the electro-optic prop-
erties of the birefringence of the QCL waveguide. This splits the electro-optic bir-
fringence into a current dependent but wavelength independent effect that arises
from interband transitions and current and wavelength dependent birfringence
that arises from the intersubband transitions. Finally we demonstrate wavelength

and polarisation tuning of the quantum cascade laser operating above threshold.

5.1.1 Aim

The main aim of this research work is to design, fabricate and characterise an
integrated tuneable birefringent waveguide for quantum cascade lasers within op-

erating wavelength at 4450 nm.
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5.1.2 Objective

The aim was achieved through the following objectives:

1. Design, fabrication and characterisation of integrated tuneable birefringent

waveguide for quantum cascade laser.

2. Sub-threshold electroluminescence characterisation to probe the operation

of the ITBW.

3. Demonstration of wavelength and polarisation tuneable QCL operating above

threshold.

5.2 Integrated Tuneable Birefringent waveguide
Design

Our design for an [ITBW for QQCLs is shown in Figure 5.2. It consists of 2 PMCs
configured as quarter waveplates with a DPS section between them. The PMCs
are passive optical waveguides that are made asymmetric by, for example, etching
trenches on one side on the waveguide. Full theoretical and design details of PMCs
on QCLs can be found in Chapter 4. The DPS section adjusts the relative phase of
the TM and TE components of the circularly polarised light from the first PMCs.
This is achieved because of the selection rules of the intersubband transitions and
in a QCL structure the strength of the intersubband transitions can be altered
by the injection of current so the birefringence of DPS section can be adjusted by
injection current. The relative phase of the TE and TM components at the input
into the second birefringent waveguide determines the output polarisation of the
second PMC. In a QCL, only TM light will be amplified and the wavelengths that
are rotated back to TM polarisation are determined by the current in the DPS
section thus we have a QCL that has its operating wavelength selected by an

electro-optic tuneable birefringent waveguide.
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Illustration of Integrated Tuneable Birefringent Waveguide

FIGURE 5.2: Schematic design for an integrated tuneable birefringent waveguide

for QCLs, it shows the gain section (GS) and trenches in the upper part of the

waveguide that form the PMCs [6, 7] which are designed as 1/4 waveplates,

between the PMCs is the DPS section where current can be applied to alter the

phase relationship between the TE and TM modes. The approximate position
of the active region is indicated in red

5.3 Electro-Optic Birefringence of the Quantum
Cascade Laser and the Jones Matrix Descrip-

tion

In the DPS section of the ITBW we utilize the electro-optic birefringent properties
of the quantum cascade laser structure to tune the polarisation and wavelength.
We regard the electro-optic birefringence of the DPS section as made up three
parts, a natural birefringence (i.e birefringence with zero injection current into
the DPS section), An, an interband birefringence, An;g(ipps), and an inter-
subband birefringence, An;gs(\,ipps). The electro-optic interband birefringence
comes from interband transitions and arises from the effect of current on inter-
band transitions and the electro-optic intersubband birefringence arises from the
effect of the current on the intersubband transitions. For An;p(ipps), we ig-
nore the wavelength dependence because a QCL operates at wavelengths far from
the band-gap resonance of our quantum well material and so is almost constant

for wavelengths close to the laser wavelength. For An;s(X, ipps), we explicitly
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include the wavelength dependence because it is much more dispersive for wave-
lengths close to the laser wavelength [107]. Note that the Anjs()\, ipps), only

results from change in TM polarisation. So we have:-

An()\,iDpS> = An—l—An[B(iDpS)+An15(>\,ipp5) (51)

Jones matrices are routinely used to describe the polarisation behaviour of bulk
optics systems [108] and have been used to describe the operation of a laser in-
corporating a birefringent filter and the gain medium [109]. Here we use Jones
matrices to describe the operation of the integrated tuneable birefringent waveg-
uide. The coordinate system we use is as follows; y is the direction of growth of
the epilayers (so TM light is y-polarised) and x is perpendicular to the direction
of growth ( TE light is x-polarised).

In what follows we assume that the PMCs can be described by Jones matrix
description and that operation is wavelength independent [6]. For the co-ordinate

system illustrated in Figure 5.2 the generic Jones matrix is:-

cos?(0) + e “sin?(0) (1 — e ®)cos()sin(6)

) ) e o (5.2
(1 —e")cos(0)sin(0)  sin*(0) + e€”’cos*(0)

where 6 is the angle the optic axis makes with the x direction and § is the phase

retardation.

5.3.1 Single Pass Jones Matrix Model for ITBW Device

From our previous work on PMCs (Chapter 4) we have designed a PMC that
converts a TM mode into a hybrid mode that is 50% TM and 50% TE. Our
experiments do not allow us to measure the relative phase between the TM and TE

modes and so we can adapt the generic Jones matrix to describe this behaviour in

us

7 and phase retardation of

various ways; for example an optics axis rotation of 6 =
d = 7, or we could set 0 = ¢ and § = 7. As explained in [6] it appears that PMCs

that convert to 50% TM and 50% TE in a half beat length are described by setting
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¢ = ¢ and ¢ = 7:- Using these values into Equation 5.2 we obtain the Jones matrix

for the PMC.

pvc— - |" ! (5.3)
V2 11 '
The Jones matrix for the DPS is given by setting # = 0, because the plane of the
quantum wells is in the x- direction and 6 = M, where L is the length
of the DPS, is the free space wavelength. Thus the Jones matrix for DPS section
is,

1 0
DPS = (5.4)
0

_iQWAn(A,iDPS)L
(& A
Thus the overall single pass Jones matrix (or Transfer Matrix), T for the ITBW

is given by:-
Tp, = PMC x DPS x PMC (5.5)

We assume the input into the [TBW section is TM polarised because the QCL gain
section selects for TM polarisation, , then the polarisation vector representing

1
the ITBW response is given by:- )

0 1(1—e
1 2 1+e

2mAn(Nippg)L
—i RS

I(\ipps) = Tp (5.6)

2rAn(Nippg)L
¢ by

For TM and TE polarisation intensity fraction of the ITBW response is given by:-

2xAn(\ippg)L |2
¢ X

, 1 -
ITM()HZDPS) = 5 ‘1 +e (57)

2xAn(\ippg)L |2
—2mandippg)t

, 1
ITE(/\7ZDPS) == 5 ‘1 — € (58)
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In the dynamic polarisation control operation of ITBW we measure the angle of
polarisation, ¢, of the output from the QCL as a function of input current into

the DPS and if we assume a single pass through the ITBW then that is given by

Irp (A, iDPS))

Ire(N ipps) (5.9)

© = arctan (

5.3.1.1 Single Pass Jones Matrix Model for Alternative ITBW Design

If ITBW uses PMCs that convert to a 50% TM and 50% TE in a quarter beat
length (described by setting 6 = 5 and § = 7). For example PMC design (design
D2) described in Chapter 4, that convert to a 50% TM and 50% TE in a quarter
beat length.

Similarly, as described above, we can derive equations for TM and TE polarisation
intensity fraction of the ITBW response, and, angle of polarisation of the output
from the QCL as a function of input current into the DPS. The TM and TE

polarisation intensity fraction of the ITBW response is given by

1 2

2rAn(N\ippg)L

I’TM()\, iDpS> = 5 1 —ie" A (510)
1 2TAn(, 2
I'rp(Aipps) = 5 ’1 T v (5.11)
and angle of polarisation, ¢, can be given as
Dry(), iDPS))
> = arctan : 5.12
v (I,TE()H ipPS) ( )

In the realised ITBW device, we employed the PMCs that convert to 50% TM and
50% TE in a half beat length and described by setting 6 = T and § = 7). However

we analysed our experimental results with both conditions to see the difference.

The single pass EL results for the ITBW device structure employed in this work
is analysed using [TBW response Equation 5.7 and Equation 5.10 in Matlab with
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the conditions described above. Where the active polarisations control operations

were analysed using Equation 5.9 and Equation 5.12 also in Matlab.

5.3.2 Theory of Laser Operation with Birefringent Com-

ponents

As is discussed in [109], the operation of a laser with polarisation dependent gain
and including birefringent components is a more complex situation than the single

pass case we have analysed in the previous section.

In general the resonance requirement for a resonator with birefringent components
imposes the following conditions, first the phase change in a round trip must be a
multiple of 27 and second the polarisation must repeat after a round trip. These

two conditions were expressed in the following equation:-
M- X=p-X (5.13)

Where M is the round trip Jones matrix, X is the two-component vector repre-

senting polarisation and f is a positive real number.

We can get some insight into the operation of the laser by analysing the QCL
that includes the ITBW optical circuit using Jones matrix method as described in
ref. [109]. In this analysis we will derive the phase conditions for laser action and
so we ignore the amplitude of the modes and assume an amplitude normalised to
one for all the components. First, analysis were carried out by considering PMCs

as half beat length and then for PMCs as quarter beat length.

The Jones matrix of an ideal mirror (~100% reflection) is given by

0
MR = (5.14)
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Illustration of Full Round Trip Optical Circuit for ITBW

Propagating direction
Rear facets . . . Front facets
mirror Gain section PMC1 DPS section PMC2 mirror
% %
/ /
% u
[ N— &
g /
7 /
7 /

Counterpropagating direction

FIGURE 5.3: Shows the equivalent optical circuit of ITBW for full round trip
consideration. Figure also indicates the different components of optical circuit.
The X marks the starting point for the round trip analysis.

Using the convention described in [109], when the direction of light propagation
through a reciprocal element is reversed, the Jones matrix of the element is trans-

formed as follows:

m m m —m
S IR s ’ (5.15)

ms3 Mg —mg M2

In the ITBW the only element modified by the above transformation is that of
the PMC (for § = g and § = 7). Thus, the Jones matrix of the PMC for forward
propagation is given by Equation 5.4, and for counterpropagating light is then
given by

1 1 -1

PMC., = —
ToV2l

(5.16)

The gain section (GS) provides gain for TM modes only, so we approximate its
effect on the polarisation by describing it as TM linear polariser. The Jones matrix

for GS is then given by
GS = (5.17)

For the DPS section the Jones Matrix is given by Equation 5.4 for both forward
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and counterpropagating light. Starting at the position indicated on Figure 5.3,
the overall round trip Jones matrix, M, for the ITBW is given by the following

multiplication of matrices:-

M = MR.GS.PMCyp.DPS.PMCcp.MR.PMC.DPS.PMC.GS

0 0
= (5.18)

0 0.5+ 0.5et  CxPEE

In the above we have followed the usual convention for the Jones matrices and
omitted the phase factor that describes the common phase change for TM and TE
modes as the wave travels through the component. In order to completely take
account of the phase change in the round trip matrix we follow [109] and explicitly
include the phase factor that is common for TM and TE modes. If we assign
the following variables: Ly is the average path for a single pass and the average
refractive index for the round trip of the whole device; ny is as follows -then

Equation 5.18 becomes:-

0 0 4mngLg
A

AnAn(N\ippg)L
X

0 0.5+0.5e¢™"

(5.19)

that is TM polarisation we

0
Returning to Equation 5.13 and setting X = {
1

have

0 0 0

Ar(An(N\ippg)L+ngLyg)
A

0 0.5+0.5¢e"

M:

An(An(A, n O
R (5.20)
1




Chapter 5. Integrated Tuneable Birefringent Waveguide 99

If we compare Equation 5.20 with Equation 5.13 then it is apparent that the phase
exponential in Equation 5.20 can only be a real number, that is 1, if the following

phase condition is satisfied:-
1 :
X(n()\,szs)L—i—nde) = 0,05,1,15 (521)

The laser modes in the QCL ITBW device must satisfy this phase condition.

In general ng and Ly (L4 = total length of device) will be a weighted mixture of TM
and TE refractive indices and paths as the laser mode swaps between TM and TE
propagation. In an approximate approach we can expect that ng ~ W and

npy effective index for the TM mode and npg effective index for the TE mode.

According to this simple analysis the mechanism for tuning the QCL ITBW will be
the injection current induced change of the phase condition given by Equation 5.21
and although this gives some insight it does not include the effect of gain. For
lasing to occur, in addition to the phase condition the optical gain experienced
by the TM mode must equal the optical loss after a round trip. But it can
be seen from Equation 5.20 that the phase condition for positive feedback in
the QCL ITBW device can be tuned by injecting current in the DPS section and
altering the An(\,ippg) factor. However, there will also be some injection current

dependence of the ny factor.

5.3.2.1 Description for Alternative ITBW Design

Similar analysis can be made for PMC that convert to a 50% TM and 50% TE in

™

a quarter beat length by setting # = 7 and § = 7. Similarly, as described above,

we can derive the round trip Jones matrix, M’ for the ITBW which is given by

0 0 o
e (5.22)
0 e

ArAn(N\ippg)L
—g T DPS
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0
Returning to Equation 5.13 and setting X { that is TM polarisation we have

1

0 0 0 _ananippg)Ltngty) |0

M’: = e A (5.23)
0

_An(An(Nippg)L+ngLyg)

e’ X 1 1

If we compare Equation 5.23 with Equation 5.13 then it is apparent that the phase
exponential in Equation 5.23 can only be a real number, that is 1, if the following

phase condition is satisfied:-
1 :
X(n()\, ipps)L+nglg) =0,0.5,1,1.5... (5.24)

The laser modes in the QCL-ITBW device have to satisfy this phase condition.

Thus, for both PMC descriptions, an QCL ITBW device satisfies the condition
described in Equation 5.13 i.e. the phase change in a round trip is multiple of 27
and second the polarisation repeat after a round trip. Furthermore, we conclude

that we can use both PMCs design for future ITBW device fabrication.

5.4 ITBW Device Description

The ITBW we report here was the device that had the gain section length of
2500 pm then DPS section length 1125 ym and the PMC sections were designed
to split 50% TE and 50% TM in half beat length [6] with a length of 151 pm,
cross-section width of 3.6 pm and 4.9 pm waveguide height. The PMC design
employed in this work is described in Chapter 4 as Design D1. The PMCs were
designed to split 50% TE and 50% TM in half beat length; so that in the first PMC
( PMCI1 in Figure 5.4) light at the input from the GS, (polarised TM), originating
from intersubband transitions was converted into circularly polarised light at the
output of the PMC. This required a trench to be etched into the waveguide. The
trenches etched were 0.5 ym wide and 3.518 pum deep and were fabricated using a

reactive ion etching technique by exploiting the RIE lag effect (-see Chapter 4).
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A photograph of the wire bonded QCL ITBW device with different sections is
shown in Figure 5.4. Gain section, PMC1, DPS and PMC2 is indicated on
photograph. In the ITBW device, only the gain section and DPS section contact
windows were etched onto the top of the waveguides, with the rest of the structure
protected by 500 nm Si3N,; and 500 nm S0 insulating layers. Gain section
and DPS section metal contacts were electrically isolated using a metal lift-off

technique.

Photograph of the Realised ITBW Device

» o .

"R

é}in section
N

PMC1,DPS
and PMC2

500 um

FIGURE 5.4: A photograph shows the top view of the processed ITBW device.

Underneath the Gain section (GS) and DPS section waveguide contact windows

were opened for current injection and the rest of the structure is protected by
500 nm Siz3 N4 and 500 nm SiO5 insulating layers.

5.5 Characterisation and Result

The QCL ITBW devices reported in this chapter were characterised using a tech-

nique described in Chapter 2.2. For polarisation measurements, a grid polariser
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was mounted in front of the detector, in a rotatable mounting. Characterisation
was carried out at a laser heat sink temperature of 250 K. The GS current density
was pulsed and had values around 4.2 kA /cm?. The DPS had direct current (DC)
injection at around 1/10 of the GS current density to avoid excessive TM gain in

the DPS section.

5.5.1 Sub-threshold Single Pass Measurements

To gain an insight into the operation of the ITBW we carried out single pass
measurement using the sub-threshold EL from the GS. This allows us to estimate
the values of An, natural birefringence without DPS current and An(\, ipps)
of the DPS. The intersubband birefringence, An;g(A,ipps), was estimated by
measuring the small amount of current dependent gain as a function of wavelength
in the DPS and taking a Kramers-Kronig (KK) transformation [110] of the gain

spectra.

Block Diagram of experimental Setup Used to Characterise ITBW
Device

isain i
= DPS Opt1cal output

Optical output i
. FTIR
: PMCI DPS PMC2|
! | ' Polarlset
¢ - - - - ---- - L
(Gain section ' ITBW '
5 ! Signal output

FIGURE 5.5: Shows a schematic of the experimental setup for characteris-
ing the QCL that includes an ITBW; the GS is injected with current i, and
the ITBW has a current ippg injected, that electro-optically alters the birefrin-
gence of the DPS section. The polarisation is selected using a linear polariser
and the output spectrum of device is measured using a FTIR spectrometer. All
experiments were conducted at 250 K QCL heat sink temperature.

The experimental setup used to characterise the integrated ITBW is illustrated
in Figure 5.5. The GS was driven with 100 ns duration current pulses with a 60

kHz repetition rate and the DPS section driven with DC current. The device was
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driven 20% below the lasing threshold current density at ¢, = 4.2 kA /cm? to ensure
single-pass operation and avoid multimode beating effects on PMCs [111, 112].
The TM fraction of the EL spectra was measured by placing a grid polariser
between the ITBW device and FTIR (with the optical axis of the grid polariser

parallel to the QCL waveguide). The experimental TM response curve of the sub-

Sub-threshold EL at Diffrent DPS Current Densities

1.4 ' 1 ' 1 ' 1 4 1 4 T

—  0kAlcm?
—0.33 kAlcm? |
—0.69 kAlcm?

TM spectra
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1.0
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0.8

resolution
] Il
[}

0.6

Intensity (arb.)

0.4

0.21

0.0 — T
4200 4300 4400 4500 4600 4700 4800
Wavelength (nm)

FI1GURE 5.6: The TM spectrum of the sub-threshold EL spectra of a QCL
incorporating a ITBW measured at various DC current densities injected into
the DPS section.

threshold EL spectra emitted from the ITBW device with and without application
of DC current into the DPS section is shown in Figure 5.6. When DC current (0.33
kA /cm? and 0.69 kA /cm?)is applied into the DPS section, increased transmission
is observed through electrically modulating the gain [113]. Furthermore, when
0.69 kA /cm? DC current is applied into the DPS section, 13 nm tuning (blue shift
of the peak of EL ) with rate of ~19 nm/(kA/cm?) was recorded.

To gain an insight into the operation of the QCL ITBW device we compare the the-
ory of the electro-optic birefringence and the Jones matrix description of the [TBW

against the experimental results. To make the comparison we calculate the TM
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intensity fraction of the ITBW response function using Equation 5.7 and multi-
ply the result with the EL spectra measured from the GS facets (shown in Fig-
ure 5.7). We assume that when no current is injected that the birefringence is en-
tirely dominated by the material (natural) birefringence, An, thus in Equation 5.1
An(\,ipps) replace with An, and we regard An, as an adjustable parameter. We
take An as positive when the TE refractive index is greater than the TM refrac-
tive index. To fit the Jones matrix model to the experimental result, we adjust
the value of An = 0.005, with these values we obtain an approximate fit with the
experimental result as is shown in Figure 5.8.

Sub-threshold EL Spectra Measured from Gain Section Facets

1.0 ——@Gain Side
g 08- -
2
g 0.6 - -
E
B 04- -
g 18nm
:2 0.2 resolution ]

0. O v 1 " 1 Ll T T T T T T
4200 4300 4400 4500 4600 4700 4800
Wavelength (nm)

FIGURE 5.7: Shows the sub-threshold TM EL spectra emitted from the facet
next to the gain section of the QCL ITBW device. For detailed experimental
setup, refer Figure 5.5.

Similarly, in order to fit the Jones matrix model with the experimental results,
when DC current is applied into the DPS section, we require to estimate the value
of Anss(X,ipps). To estimate the Anys(A, ipps), we require to measure the gain
using I = I,e Pt where I, is TM EL intensity without the DPS current, I is
the TM EL intensity with the DPS current, L is the length of the DPS section
and -p is the amount of gain. More details about the gain measurement can be

found in reference [8]. At DPS current of 0.33 kA/cm? and 0.69 kA/cm?; the
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Sub-threshold EL and Jones Matrix Model Fit at 0 kA /cm?
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FIGURE 5.8: Experimental result (red curve) and Jones matrix model fitting
curve (black curve and mark as theory) of the EL spectra of the ITBW device
without current injection into the DPS section is shown.

measured gain is shown in Figure 5.9,the modulation observed with a period of
~130 nm in the gain spectra fits with a Fabry-Perot resonance associated with
an additional ~40 pm long waveguide section between the end of PMC2 and the
end facet (present due to imprecise cleaving). using the KK relation [110] the gain
measurement is transformed into current and wavelength dependent intersubband
birefringence, Anys(A, ippg)) is shown in Figure 5.10. In our model we also include
the electro-optic interband birefringence contribution, An;z(ipps), -0.0014 and -
0.0022 were the values used, for 0.33 kA /cm? and 0.69 kA /cm? respectively that
gave the best fit to the results.

So using the Jones matrix description, regarding An and An;g(ipps), as an ad-
justable parameter and calculating Anyg(\,ipps) from the gain measurements
we obtain an approximate fit of the theory to the experimental results - see Fig-
ure 5.11. Clearly, from Figure 5.11, for high current densities and at the longer
wavelengths there is substantial deviation of the theory from the measured re-

sponse and some more refinements to the theory may be required, for example



Chapter 5. Integrated Tuneable Birefringent Waveguide 106

Measured Gain Spectra
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FIGURE 5.9: Measured gain spectra by injecting DC current density 0.33
kA /cm? and 0.69 kA /cm? into DPS section.

Kramers-Kronig Transformation of Gain Spectra
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FIGURE 5.10: Wavelength and current dependence of the refractive index which
is calculated from the data using a Kramers-Kronig-transformation of the gain
spectra. More details about the gain measurement can be found in reference [8].

taking account of relative TE and TM losses [114], for a more complete under-

standing of the QCL-ITBW device.
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Sub-threshold EL and Jones Matrix Model Fit at 0.33 and 0.69

kA /cm?

10 DPS current densfty ' o
"1 033 kAlen? 1M specira
— 0.8
E
>06-
5
£ 044
o
)
Z 02 18 nm i
=7 resolution
_”_
0.0 T T T T T T T 1 ¥ 1 '4/
4200 4300 4400 4500 4600 4700 4800
Wavelength (nm)
(a)
1.0 DPS current density I I i
0.69 kA/cm?
,._\0.8-
e
)
3\0.6-
5
8 04+
=
S
Z 0.2- 18 nm
resolution |
00 T T T T T T T T T T T
4200 4300 4400 4500 4600 4700 4800

Wavelength (nm)
(b)

FIGURE 5.11: The experimental EL spectra and Jones matrix model curve fit
of the ITBW device (a) ipps = 0.33 kA/cm? and (b) ipps = 0.69 kA /cm?.
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5.5.1.1 Alternative Analysis of Sub-threshold EL Results

We have done similar analysis as above for TM polarisation intensity fraction of
the ITBW response using Equation 5.10. Where we consider PMCs that convert
50% TM and 50% TE in a quarter beat length and described by setting 6 =
w/4 and § = 7/2. We obtain an approximate fit to the experimental result as
shown in Figure 5.12 by setting natural birefringence, An = 0.0036 and electro-
optic interband birefringence contribution, An;g(ipps), -0.0007 and -0.0012 at
DPS current density of 0.33 kA /cm? and 0.69 kA /cm? respectively, together with
measured wavelength and current dependence of the intersubband birefringence

shown in Figure 5.12.

Two different values for natural birefringence, An, 0.005 and 0.0036 were esti-
mated from analysis by considering PMCs at half beat length and quarter beat
length respectively. Later, in the Section 5.5.3, we will compare this analysis with
active polarisation control analysis to estimate the accurate value of birefringence

for QCL employed in this work.

5.5.2 Measurement of Operation of Laser Incorporate Bire-

fringent Components

Figure 5.13 shows the observed emission spectra and tuning at different DC current
densities from 0 to 1.11 kA /cm? applied to the DPS while a fixed pulsed peak
current of 1.3-/th (6.8 kA /cm?) is applied to the GS. No single mode emission was
observed and 24 nm discontinuous tuning with tuning rate of 25 nm/(kA/cm?)

was recorded.

The spacing between the modes shown in Figure 5.13(b) and Figure 5.13(e) is 11
nm. According to the phase condition theory in section 5.3.2, Equation 5.21, and
using the values An(\,ipps)L ~ 10° nm and AngLg ~ 10° nm the mode spacing

is dominated by the second factor and we would have expected mode spacing more
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Sub-threshold EL and Jones Matrix Model Fit
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FIGURE 5.12: The experimental EL spectra and Jones matrix model curve fit
of the ITBW device (a) ipps = 0 kA/cm? (b) ipps = 0.33 kA/ecm? and (c)
ipps = 0.69 kA /cm?.
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Laser Emission with Birefringent Components at Various Current
Densities
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FIGURE 5.13: The wavelength tuning at different DC current densities injected
into DPS section.

like 0.7 nm. The 11 nm spacing that we do observe is consistent with there being

sub-cavities present in the device.

The PMC, employed in the I[TBW, is an asymmetric waveguide and is formed by
etching trenches into one side of the symmetric waveguide. The index contrast
between symmetric and asymmetric waveguide can lead to reflections and we have

from a finite- difference time-domain analysis estimated that the mirror reflectivity
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could to be as large as 0.2. This reflectivity may lead to the formation of sub-
cavities. The 11 nm spacing that we observe is consistent with the gain section
and DPS section acting as coupled sub-cavities as indicated in Figure 5.14. This is
similar to the Vernier mode selection described in Chapter 3. To eliminate this
effect the interfaces between waveguide elements will need to be redesigned with
optimized etch depths and tapering, ensuring smooth mode transitions without
reflections.

Free Running FP Mode Plot
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FIGURE 5.14: Free running FP mode plot for gain section and DPS section.
Figure clearly indicates that FP modes are in-phase every 11 nm.

5.5.3 Active Polarisation Control

For polarisation control measurements, the GS pulsed current was fixed at 6.8
kA/cm? (1.3-1th) and the current to the DPS section was varied between 0 kA /cm?
and 0.97 kA /cm? in steps of 0.13 kA /cm?. We measured the maximum transmis-
sion as a function of wire-grid polariser rotation angle (¢ = 0° to 360°), where

= 09 is defined as the angle of the first maxima in transmission for the TM light
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Active Polarisation Control with Jones Matrix Model Fit
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FIGURE 5.15: Shows the change in polarization angle as a various current

density injection values into DPS section. the GS pulsed current was fixed at

6.8 kA /cm? (1.3-Tth) and the current to the DPS section was varied between 0
kA /cm? and 0.97 kA /cm? in steps of 0.13 kA /cm?.

through the wire grid polariser. This experiment does not completely determine
the output polarisation; for example, it cannot discriminate between elliptical and
linear polarisation but it does indicate that the polarisation state can be tuned by

the current injected into the DPS.

Figure 5.15 shows the change in polarisation angle for maximum transmission as a
function of the current injection into the DPS section. At 0 kA /cm? a polarisation
angle of 379 ( TM fraction > TE fraction) was recorded and the polarisation angle
increases upto 82° ( TM fraction < TE fraction) with an applied DC current of
0.97 kA /cm?2 with no further change in polarisation angle recorded above 0.97

kA /cm? current.

In order to fit the polarisation angle measurement result with the Jones matrix
model, we are required to estimate the phase retardation with and without the DPS

current. Phase retardation of DPS section can be written as:

dpps = 6(ipps = 0) + (A, ipps) (5.25)
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where
S(inps = 0) = 272 (5.26)
and
5(\ ipps) = T NinrslDPSE (5.27)

d(ipps = 0) and J(\,ipps) are the phase retardation without and with DPS
current, An is the birefringence before current is applied, n;,,, is the rate of
change of birefringence with respect to current density, ipps , we assume a simple
linear dependence. Equation 5.25 is substituted with the single pass Jones matrix
Equation 5.7 and 5.8, the polarisation control operation is then analysed using
Equation 5.9, where PMCs are defined by setting # = 7/8 and § = 7. To fit the
Jones matrix model to the experimental result, we adjust the value of An = 0.005,
and,An;, .. = —1 x 107% kA /cm? and with these values we obtain a good fit with
the experimental result for lower current densities as is shown in Figure 5.15. The
discrepancy between the theory and experiment at higher current densities may be
due the fact that the theory is incomplete and it does not take account of gain and
loss for the TE and TM mode in the DPS section. At the higher DPS injection
currents there will be some gain for TM light and this prevents the output from

being completely TE polarised.

5.5.3.1 Alternative Analysis of Active Polarisation Control Results

Let us now analyse polarisation angle measurement with second case: where PMCs
are defined by setting § = 7/4 and § = w/2. Equation 5.25 is substituted with the
single pass Jones matrix Equation 5.10 and 5.11, the polarisation control operation
is then analysed using Equation 5.12. To fit the Jones matrix model to the exper-
imental result, we adjust the value of An = 0.00306, and,An;,,, = —9.0 x 10~*
kA /cm? and with these values we obtain a good fit with the experimental result

for lower current densities as is shown in Figure 5.16. However in this case too,
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we observe the discrepancy between the theory and experiment at higher current

densities.

Active Polarisation Control with Jones Matrix Model Fit
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FIGURE 5.16: Shows the change in polarization angle as a various current

density injection values into DPS section. the GS pulsed current was fixed at

6.8 kA /cm? (1.3-Tth) and the current to the DPS section was varied between 0
kA /cm? and 0.97 kA /cm? in steps of 0.13 kA /cm?.

5.5.4 Comparison of Analysis

We now compare the single pass measurement and Jones matrix analysis with
polarisation angle measurement and Jones matrix analysis, to estimate the natural
birefringence or material birefringence, at zero DPS current. By comparing we

conclude the following:

e If PMCs are defined by setting §# = 7/8 and § = m; from single pass
and polarisation angle measurement analysis, in both cases we estimate the

natural birefringence are consistent with An = 0.005.
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e If PMCs are defined by setting # = 7/4 and § = 7/2; from single pass and
polarisation angle measurement analysis, we estimated the natural birefrin-
gence are inconsistent and two different values were estimated An, 0.0036

and 0.0030, respectively. We have found a discrepancy of around ~15% in
An.

Thus we conclude that PMCs (Design D1 in Chapter 4) utilised in the ITBW
device are PMCs that convert to a 50% TM and 50% TE in a half beat length
and can be describe by setting § = 7/8 and 6 = 7. Furthermore, the natural
birefringence for QCL employed in this work could be around 0.005. However, we

did not find any literature to compare the value.

5.6 Conclusion

In thesis, for the first time in MWIR wavelength regime, we have described the
design, modelling, fabrication and characterization of integrated tuneable birefrin-
gent for QCLs and demonstrated that an electro-optically tuneable birefringent
property can be used in quantum cascade laser waveguides to achieve active con-

trol of the polarisation and the wavelength.

We have used a simple Jones matrix description of the polarisation components
in the QCL ITBW device to construct a Jones matrix model that gives a good
fit to the results obtained by measuring the output polarisation rotation as a
function of DPS injection current. The model also helps explain the single pass
experiments obtained by operating the device below the laser threshold. Further,
from the Jones matrix description, we developed a simple phase only theory for
the phase condition for modes in a laser with birefringent components, however
applying our theory to the observed wavelength output spectra and DPS injection

current tuning was complicated by sub-cavity effects.

By comparing the active polarisation angle measurement result with the Jones ma-

trix model, we estimate the natural birefringence (no DPS current), An around
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0.005 for the QCL employed in this work. This compares with the value that we
obtain from the single pass measurements which is also 0.005. Also we can fit
the dynamical polarisation angle control results if we assume a value of An;, ., =
-1x1073 ecm?/kA the value indicated by the fit to the single pass measurements
is 3.1x107% cm?/kA. The results in Fig. 6 indicate that at the laser wavelengths,
the intersubband contribution, An;g, to birefringence is small at around 1.0x1075
compared to the values given above. This value of An;g is in approximate agree-
ment for the values reported in [66, 115] for the linewidth enhancement factor
for QCL albeit for different structures and wavelengths. Therefore we conclude
that for laser operation, the electro-optic effect the current dependent birefrin-
gence, is dominated by the interband transition and is not highly dispersive. This
limits the wavelength tuning. To obtain significant wavelength tuning requires a

redesign of the QCL active region.

Further experimental and theory work is required to obtain a more complete un-
derstanding of the operation of the QCL- ITBW device. Experimentally a QCL
active region designed specifically to enhance the electro-optic properties is re-
quired and a variety of device architectures should be investigated. The theory of
birefringent effects in lasers needs to be extended to include both amplitude and

phase effects.

The polarisation angle control range is 45 and we are not aware of any other QCL
device that is capable of electronically controlling the output polarisation. Active
control of the polarisation state of a QCL output could find applications in polar-

isation dependent spectroscopy [116] and in infrared ellipsometry [117].
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Conclusions and

Recommendations for Future

Works

The goal of this work was to design, fabricate and characterise monolithically tune-
able quantum cascade lasers, operating around 4450 nm wavelength. This aim was
achieved with the double-ring quantum cascade laser, polarisation mode converter
and integrated tuneable birefringent waveguide. The significant achievements of

this work are:

1. We have described how for the first time, the development of the device
fabrication process based on e-beam lithography for non-planarised deeply
etched waveguide were demonstrated. The benefits of EBL are: (i) the write
resolution can be as low as 0.5 nm, (ii) pattern placement accuracy can be
down to 10 nm and (iii) the automatic layer-by-layer alignment with accuracy

of +/- 10 nm, which is desirable in our device processing.

2. The first ever single mode tuneable double-ring quantum cascade laser tune-
able upto 59 nm for 0.72 kA /cm? DC current density injection into Ring 2
that covers 42% of the FWHM of the gain curve was demonstrated. This

117
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is comparable to the 3800 nm [35], 242 nm [29] and 70 nm [30] tuning us-
ing EC-QCL, FP coupled cavity QCL and DFB QCL arrays, respectively.
However, we observe mode hopping and pulling in the DRQCL and further
work on active devices is required to gain a detailed understanding of the

nonlinear dynamics that leads to mode pulling.

3. To the authors knowledge, first polarisation mode converter integrated with
the QCLs that emit 69% TE light with the polarisation angle of 65 from
one facet and pure TM light from other facet was demonstrated. The PMC
designs are based on RIE lag effect and we can fabricate PMCs that emit
~69% TE light based on PMC design D2. However, using QCL with inte-
grated plasmonic polariser, 45° linearly polarised light was demonstrated in

Ref. [118].

4. Demonstration of the first active polarisation control of QCLs using ITBW,
459 polarisation tuning was recorded from 379 to 82° by injecting 0.97
kA /ecm? DC current into the DPS section. However, we are not aware of any
other QCL capable of electronically controlling the output polarisation over

this range.

A summary of main conclusions obtained from the previous chapters are as follows:

In this thesis, investigation and device development were carried out using the QCL
structure based on strain-compensated Gag sziIngegoAs/Algesolngsq1As/InP ma-
terial system reported by Yu et al. [52]. To realise devices, a fabrication process
based on electron beam lithography (EBL) was used. In this thesis, for the first
time, a complete E-beam lithography based process was described to fabricate
the QCLs. The main fabrication achievements are: development of the device fab-
rication process based on E-beam lithography, developing a multilayer ZEP520a
E-Beam resist process for contact window opening and a metal lift-off recipe for
non planarised deeply etched waveguide. The contact window opening and metal

lift-off process are in Appendix A and Appendix B.
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By exploiting the Vernier-tuning effect, we have demonstrated the single mode
electrically tuneable operation of a DRQCL at room temperature. Single mode
emission is observed with a side mode suppression ratio of over 19 dB. However,
what we observed is discontinuous tuning over a range of 59 nm in a mode pulling
and hoping manner which covers wavelength from ~ 4537 nm to ~ 4596 nm, almost
half of the gain width (i.e. full width at half maximum (FWHM) of spontaneous
emission spectra. To some extent the discontinuous tuning can be mitigated by
changing the temperature of the heat sink. Furthermore, using the SM theory of
a passive device we could estimate the resonance condition of the DRQCL and
thereby predicting a current dependent refractive index of 8.25x10~% kA~tcm?.
Future work on active devices is required to gain a detailed understanding of the
nonlinear dynamics that leads to mode pulling. However, even with fixed heat sink
temperature we are able to tune the laser to align the output wavelength with a
CO gas absorption line using pulse induced chirp of the output wavelength. We
experimentally derived absorption coefficients (a) of 0.116 cm™! and 0.0674 cm™!

for the R(9) and R(16) lines [68].

We have described how for the first time, polarisation mode convertors (PMCs)
are realised in quantum cascade lasers. Polarisation mode convertors (PMCs)
are waveguides with asymmetric cross-sectional profiles integrated monolithically
with QCLs. The RIE lag phenomena was used to fabricate the asymmetric cross-
sectional profiles by etching ribs and trenches on one side of the symmetric QCLs
waveguide. From our first batch of fabrication, design D1, polarisation purities
of 18% 115 um long PMCs were obtained from L-I characteristics and emission
spectra with maxima of the beam intensities were recorded at 20°. From the
last batch, design D2, polarisation purities of 69% for a 256 pum long PMC were
obtained from L-I characteristics and emission spectra with maxima of the beam
intensities were recorded at 65°. With PMC lengths of around 419 um (design
2), PMC | polarisation purities of upto 94% could be obtained. The polarisa-
tion conversion can approach 100%, but requires increasingly stringent tolerance

requirements for a single waveguide element. We have identified an alternative
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approach of exploiting a universal 50% converter [81] in a half-beat-length which

can approach 100% by using two elements.

In this thesis we have made a first attempt to design, fabricate and characterise
integrated tuneable birefringence waveguide (ITBW) using the current controlled
birefringence in quantum wells. The I[TBW design reported in this thesis consists
of 2 PMCs that convert to 50% TM and 50% TE in a half beat length with a DPS
section between them. We have developed a numerical model based on the Jones
matrix to explain the experimental results of [ITBW. By comparing the active po-
larisation angle measurement result with the Jones matrix model, we estimate the
natural birefringence (no DPS current), An around 0.005 for the QCL employed
in this work. The current dependent intersubband contribution to birefringence
is small at around 3.6x107* kA~lem? (@ \ ~ 4445 nm), is dominated by the
interband transition and was not highly dispersive. This limits the wavelength
tuning. To obtain significant wavelength tuning requires a redesign of the QCL
active region to increase the current dependent birefringence. No single mode
emission is observed and 24 nm discontinuous wavelength tuning with tuning rate
of 25 nm/(kA/cm?) is recorded. For active polarisation control measurements,
459 polarisation tuning was recorded from 379 to 82¢ by injecting 0.97 kA /cm?
DC current into the DPS section. We are not aware of any other QCL capable of

electronically controlling the output polarisation over this range.

The ITBW device was realised in the last phase of the project and no wafers were
left for further design and optimisation. The Jones matrix employed in this work
is a normalised model and is unable to predict the laser emission and discontinuous
tuning behaviour. To understand the discontinuous behaviour and its theoretical

verification requires more devices with different DPS section length and design.

6.1 Recommendations for Future Works

Some suggestions for future work as a follow up to this research are as follows:
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1. In the DRQCL, we observed 10 nm mode hopping which is twice of the FSR
(~5 nm for 203 pm ring radius) of the ring 1. The mode hopping may be
minimised by utilising large ring radii (smaller FSR), for instance 1000 pm

ring radii will give ~0.9 nm FSR.

2. We have identified an alternative approach of exploiting a universal 50% con-
verter in a half-beat-length which can approach 100% by using two elements.
This novel concept is recently realised by Naeem et al [92] for telecommuni-
cation wavelength. Further work is required to translate this design concept

for quantum cascade lasers.

3. In this thesis, we reported the work on integrated tuneable birefringent
waveguide and we have demonstrated the 45 active polarisation control
using 1125 pm long DPS section. The polarisation control over 90 degree

may be achieved by double the DPS section length.

4. Recently, Holmes et al [99] reported relatively simple active polarisation
controller design for telecommunication wavelengths compared to the ITBW
design reported in this thesis. The design consists of, the laser section,
polarisation mode control (PMC) section and differential phase shift (DPS)
section. Further work is required to translate this design for quantum cascade

lasers.

5. In ITBW device, no single mode emission is observed and the spacing be-
tween the modes is 11 nm. The 11 nm spacing that we observe is consistent
with the presence of sub-cavities in the device. The index contrast between
symmetric and asymmetric waveguides can lead to reflections [119] and this
may lead to the formation of sub-cavities. To minimise this effect the inter-
faces between waveguide elements will need to be redesigned with optimised
etch depths and tapering, ensuring smooth mode transitions without reflec-

tions [120].



Appendix A

Tri-layer ZEP520A EBL resist
deposition, development and

removal process

Process begin just after waveguide etching using ICP-RIE tool

1. SiO, hardmask removal process

e Sample dip into 5SHF:H50 for 5 mins
e Rinse with DI water

e Blow dry with Ny
2. Sample solvent cleaning without ultrasonic

e 3 mins in Acetone
e 3 mins in methanol

3 mins in IPA

Rinse with DI water flow for 2 mins

Blow dry with Ny

e Bake on hotplate at 120°C for 1 mins
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3. Insulator deposition

e 500 nm SiOs(see Table 2.1 for process)
e 500 nm SizNy (see Table 2.2 for process)
4. Layer 1 and layer 2 ZEP deposition process
e Spin ZEP EBL resist first at 300 RPM for 5 secs than at 500 RPM for
5 secs and finally 2000 RPM for 60 secs
e Bake on oven at 120°C for 1 mins

e Allow sample to cool down the sample

e Spin second layer of ZEP EBL resist first at 300 RPM for 5 secs than
at 500 RPM for 5 secs and finally 2000 RPM for 60 secs

e Bake on oven at 120°C for 1 mins

e Allow to cool down the sample
5. Layer 3 ZEP deposition process

e Spin ZEP EBL resist first at 300 RPM for 5 secs than at 500 RPM for
5 secs and finally 2000 RPM for 60 secs

e Bake on oven at 120°C for 1 mins

e Bake on hotplate at 180°C for 1 mins
6. Tri-Layer ZEP development process after EBL

e Soak into o-xylene at 23°C for 60 secs and agitate the sample
e Rinse with IPA flow for 25 secs (60 secs for high resolution feature)

e Blow dry with Ny

7. Tri-Layer ZEP removal process

Chemical Process

e Soak sample in Microposit 1156 striper for overnight

e Rinse with DI water flow for 2 mins
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e Blow dry with Ny

e O, plasma ash in Plasmafeb 80pulse RIE tool for 60 secs
Dry process

e Follow the Table 2.5 for Plasmafeb 80pulse RIE tool settingt

e O, plasma ash for 12 mins
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Metal lift-off process

Listed below is the metal lift-off process developed for devices reported in this

thesis. This process was developed for non planarised waveguide.

1. Sample solvent cleaning without ultrasonic

e 3 min in Acetone
e 3 min in methanol

3 min in [PA

Rinse with DI water flow for 2 min

Blow dry with Ny

Bake on hotplate at 120°C for 1 mins

2. Layer 1, Layer 2 and layer 3 LOR5a deposition process
e Spin LORDBA lift-off resist first at at 500 RPM for 5 secs and finally
2000 RPM for 60 secs
e Bake on oven at 120°C for 1 mins
e Allow to cool down the sample

e Spin second layer of LOR5A resist first 500 RPM for 5 secs and finally
2000 RPM for 60 secs
125
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Bake on oven at 120°C for 1 mins

Allow to cool down the sample

Spin third layer of LOR5A resist first 500 RPM for 5 secs and finally
2000 RPM for 60 secs

Bake on oven at 120°C for 1 mins

Allow to cool down the sample
3. Layer 4 ZEP EBL resist deposition process

e Spin ZEP EBL resist first at 300 RPM for 5 secs than at 500 RPM for
5 secs and finally 2000 RPM for 60 secs

e Bake on oven at 120°C for 1 mins

e Bake on hotplate at 180°C for 1 mins
4. Development process after EBL

Soak into o-xylene at 23°C for 60 secs and agitate the sample

Rinse with IPA flow for 60 secs

Develop LOR5A on CD26 developer for 90 secs

Rinse with DI water for 60 secs

e Blow dry with Ny
5. Metal lift-off process

e Deposit Ti/Pd/Au(30 nm/30 nm/250 nm) metal on sample (see sec-
tion 2.2.5)
e Deposit 500 nm Au sputtering method

e Soak sample in SVC-14 for 20 mins

e Blow dry with Ny
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Abstract

The design, fabrication and characterization of a monolithic double-ring quantum- cascade
laser (DRQCL) are described. At a wavelength of 4.6 um, we demonstrate tunable,
single-mode operation of a DRQCL and use it as a source for spectroscopy of CO gas.

(Some figures may appear in colour only in the online journal)

1. Introduction

Quantum cascade lasers (QCLs) were invented in 1994 [1] and
their operation is based on intersubband transitions in quantum
wells. Currently, they are made from largely the same set of
III-V semiconductor alloys (InP and AlGasAs based alloys)
as most conventional interband semiconductor lasers. QCLs
cover a broad range of wavelengths from mid-infrared to
THz. QCLs can benefit from the relatively mature material
technology associated with the fabrication of particularly
InP-based optical communication lasers. For many
applications, single-mode tunable operation is required and
the mature fabrication technology associated with the InP
process can be employed to make single-mode QCLs,
and, furthermore, many of the concepts developed for
communication lasers can be utilized for single-mode
QCLs [2].

A variety of monolithic chip designs have been used to
obtain single-mode QCL operation; these include distributed
feedback with both overgrown [3] and lateral gratings [4],
discrete mode lasers [5] and coupled resonator lasers [6].
The coupled resonator QCL was used as a source for gas
phase spectroscopy. In this paper, we report on the design,
fabrication and characterization of a new variety of monolithic
coupled resonator QCL based on a double-ring structure, the
double-ring quantum cascade laser (DRQCL) which gives
tunable single-mode operation. We employ the DRQCL as
a source for spectroscopy in the mid-infrared (Mid-IR) of gas
phase CO.

0268-1242/12/094007+406$33.00

2. Theory of the double-ring quantum cascade laser

Figure 1 shows a schematic illustration of the generic double-
ring laser (DRL). The figure and theory in this section is based
on [7] and adapted for DRQCLs. The linear systems scattering
matrix (SM) theory is used to calculate the passive resonance
wavelengths of a double-ring waveguide structure. We can
compare this with the observed laser wavelengths at different
direct current (dc) levels injected into ring 2 of the generic
double-ring laser model illustrated in figure 1 and thus use the
theory to estimate the dependence of the refractive index on
the current injected into one ring of the laser.

The generic DRL is composed of two rings of slightly
different radii and two straight waveguide coupled by three
directional couplers. When the rings are uncoupled, the free
spectral range (FSR) of an individual ring is determined by the
effective length and group refractive index of the rings. The
FSR of the ring is given by

2

FSR; = — (i=1,2), (1)

ng i
where A is the resonance wavelength, 7, is the group refractive
index, L; ( = 2 wR;) is the effective length and R; is the ring
radius. When the coupled combs of modes of the rings are in
resonance via Vernier effects by setting N/r; = M/r,, the FSR
of the coupled ring can be expressed as

FSR = N.FSR; = M.FSR,, @)

where FSR; and FSR; are the FSRs in rings 1 and 2,
respectively. The N and M are the resonant numbers of
comblike peaks of individual ring, where Nand M (=N -1)

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. The schematic illustration of the top view of a generic double-ring laser; the waveguides that make up the laser are shown as two
coupled rings and two straight sections. The scattering parameters that are used in the SM theory are shown in the figure.

are natural and coprime numbers [8]. The tuning enhancement
factor of the coupled ring is equal to the natural number (N
peak of ring 1), where the tuning enhancement factor (F) can
be defined as

FSR,

F=e e
FSR, — FSR,

(3)

AtA =4545nm and n, = 3.41, tuning enhancement factor
33 was estimated for DRQCL design. At the resonance, the
33rd peak of ring 1 will coincide with the 32nd peak of ring 2
and all other peaks will be suppressed. The wavelength tuning
range (Aluye) is defined as Wi—&) = FSR, - F [8]. The
wavelength tuning range can be increased by increasing the
radius of ring 2, and 155 nm tuning range was estimated for
DRQCL design.

In broad outline, the tunable single-mode operation of
the DRQCL is obtained as follows. Ring 1 is operated above
threshold by injecting current pulses of around 100 ns duration
with a 60 kHz repetition rate and amplitudes of 1.3*/th A
(where Ith = 1.1 A is the laser threshold current). Ring 1 is
coupled to ring 2 and ring 2 has a much smaller dc (up to
100 mA) current applied to it that is below laser threshold
and used to control the effective refractive index of the ring
2 waveguide and thus its resonance condition. The resonance
wavelength of the DRQCL can be tuned by the small dc current

applied toring 2. The coupling matrix in the directional coupler
regions can be represented by [9]

by Ki K a
b, a

=1 . A I @
b,, Knl Knn An

where a and b are the SM parameters at coupling region and
Ks are the amplitude coupling ratio for directional couplers. In
this work, DRQCLSs are composed with two rings of slightly
different radii and one straight waveguide coupled by two
directional couplers. The transmission equation from the input
port (port 1 of section I of figure 1) to the output port (port 4 of
section III of figure 1) can be derived using the condition and
method described in [7]. The transmission equation is given
by

2
by

an

JK2K eI @1+62)

17\/(1—1(12) (1-K2) 201 4 e202) 4 (1-K? ) =010
(6))

where ¢, and ¢, are the phase delays on the half of the ring

and depend on propagation loss («) and propagation constant
(B) of the waveguide, as given by

¢i= (B — ja).R;

(i=1,2). (©6)



Appendix C. Published Papers

130

Semicond. Sci. Technol. 27 (2012) 094007

D Dhirhe et al

Table 1. Parameter used to simulate the DRQCL.

Parameter Value
Group index () 3.41
nerr1 (effective index ring 1) 3.25
e (effective index ring 2) @ 0 mA 3.2496
e (effective index ring 2) @ 30 mA 3.2494
negr (effective index ring 2) @ 60 mA 3.2492
e (effective index ring 2) @ 90 mA 3.2490
R, (um) 203

R, (um) 197

K 0.036
Ky 0.026

«, propagation loss (dB m™!) 1x10°°[11]

The propagation constant (8) for ring 1 is given by

27Tﬂeff]
= — 7
B ; (7
and for ring 2
27 Negpr (1)
== 8)

where nef; is the effective refractive index for ring 1, ner ()
is the dc current-dependent refractive index for ring 2 and A is
the resonance wavelength.

The DRQCL structure employed in this work is analyzed
using the above transmission equation (5) with simulation
parameters given in table 1. Figure 4(a) shows the simulation
results of the DRQCL. The coupling fraction of the coupler
between ring 2 and the output waveguide (K; ~ 0.036)
and the coupling fraction between the rings (K, ~ 0.026),
required for the SM theory, were calculated using the beam
propagation method as implemented in the software package
RSoft [12].

3. Fabrication

The DRQCLs reported in this work are based on a double-
phonon resonant QCL wafer structure reported previously
in [10].

Device processing started with deposition of a 500 nm
thick SiO2 hard mask on the sample, followed by spin
coating of 500 nm of ZEP520A electron beam resist. Resist
patterning was carried out using a Vistec VB6 electron beam
lithography tool. After SiO; hard mask reactive ion etching,
inductively coupled plasma (ICP) etching in chlorine/nitrogen
(Cl/N,) chemistry was used to define the ring and output
coupler waveguide. 500 nm of SizN4 followed by 500 nm
of SiO, were deposited as an insulating layer through which
contact windows were etched on top of the waveguides.

The substrate was mechanically thinned to 200 pm and
then polished by etching in a solution of HBr:Nitric:H,O,:H20
(1:1:1:10) to improve the ohmic contact. Ti/Pd/Au
(30 nm/30 nm/250 nm) was deposited on the top and bottom
of the sample to form ohmic contacts. The two rings were
electrically isolated using a metal lift-off technique. Finally,
the processed sample was annealed at 380 °C. Figure 2(a)
shows a scanning electron micrograph (SEM) image of the
DRQCL, (b) detail coupling area between waveguide and ring

5um

7

50 pm

500 pm

Figure 2. (a) The SEM image of DRQCL, (b) detail coupling area
between waveguide and ring1 after ICP etching and 3 and (c) shows
the front facet of fully processed DRQCL.

1 after ICP etching and (c) the front facet of fully processed
DRQCL. Detailed step-by-step information of the fabrication
process can be found in [11, 12].

4. Characterization and results

For characterization, the DRQCL was soldered epilayer-up
onto a ceramic submount with wire bonds connecting the
rings to contact pads on the submount. Spectral characteristics
and optical power were measured using a Bruker Vertex
70 Fourier transform infrared (FTIR) spectrometer. A liquid
nitrogen cooled indium antimonide (InSb) detector was used
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Figure 3. L-I-V curves of the DRQCL the current is the peak
current into Ring 1.

with a lock-in amplifier for signal recovery. Measurements
were carried out at room temperature, using 100 ns duration
current pulses at a 60 kHz repetition rate.

Figure 3 shows the light—current-voltage (L— I-V) curve
from DRQCLs measured at 25 °C with zero dc current into
ring 2. The threshold current of the DRQCL was around 1.1 A.
At a drive current of 1.3 » Ith, optical peak powers of 6 and
7 mW were measured at 0 and 90mA dc injected into ring 2.
The threshold peak current divided by the area of ring 1 gives
a threshold current density of 8.62 kA cm™2 for the DRQCL,
which compares to 1.65 kA cm™2 for a typical Fabry—Perot
(FP) laser made from the same wafer.

Figure 4(b) shows the observed emission spectra and
tuning as a function of dc current at 30 mA steps applied
into ring 2 at drive pulse current 1.3+/th into ring 1. Single-
mode emission was observed with a side mode suppression
ratio of more than 19 dB for all dc currents injected into
ring 2.

In figure 4 we compare the results of current tuning with
the SM theory as summarized in equation (12). Table 1 shows
the parameters input into the theory to fit the theory to the
observed wavelengths of the single-mode outputs at different
dc currents injected into ring 2 of the DRQCL. Estimated
from SM theory, the effective index at zero injection current
iS Regra, i =0

If we assume the following form of linear dependence of
the neg(i) on the de current,

. e
efr2 (i) = Regr2,i=0 + 1 dei s 9)
then by comparing with results shown in table 1 this gives
dnen/di = 6.6 x 107 mA~! which is in approximate

agreement with results reported in [13] and thus the SM theory
gives a reasonable prediction of the resonance condition as
illustrated in figure 4.

Figure 5 shows the wavelength tuning of the DRQCL
measured as a function of the dc current injection into ring
2. It also illustrates the limitations of the SM theory which
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Figure 4. (a) The tuning curve estimated by the SM theory for
various dc current applications into ring 2. If we assume a linear
dependence of the refractive index with injection current at

6.6 x 107° mA™! then we can fit the SM theory to the results and
(b) show the normalized spectra for DRQCL device measured at dc
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Figure 6. The spontaneous emission spectra measured using

3000 pm long and 8 um wide Fabry—Perot laser (from the same
wafer as the DRQCL) and the normalized single-mode output of the
DRQCL at various dc current injected into Ring 2.

can only predict the resonance wavelengths of the DRQCL
as a passive resonance structure. However, what we observe
is discontinuous tuning over a range of 59 nm in a mode
pulling and hoping manner which covers almost half of the
gain width shown in figure 6. There are mode pulling regions
of slow tuning at 0.04 nm mA~' followed by mode hops of
order 10 nm. To fully understand this type of discontinuous
tuning requires further experimental work and the application
of nonlinear dynamical theory [14] which is beyond the scope
of the current paper.

Although the mode pulling and hopping complicates the
use of the DRQCL as a spectroscopic source, it is still possible
to utilize it if we combine the tuning obtained by the dc current
inring 2 with heat sink temperature tuning and the chirp tuning
arising from the current pulse into ring 1. We demonstrate this
by carrying out spectroscopy of selected absorption lines in
CO gas.

5. Spectroscopy

Carbon monoxide (CO) gas has a strong fundamental
vibrational-rotational absorption lines in the Mid-IR region
centered at around 4666 nm [15]. Using the DRQCL as the
IR source for an FTIR spectrometer we were able demonstrate
the detection of CO gas.

Initially, for reference, an absorption spectrum was
measured by FTIR spectroscopy using a broadband silicon
carbide (SiC) Globar IR source (the blackbody source supplied
with the FTIR) [16]. The FTIR sample cell was filled with
12C 60 at a pressure 105 Torr and had a path length of 11 cm.
Figure 7(a) shows the IR absorption spectrum of the CO from
4540 to 4600 nm.

The DRQCL then replaced the Globar as the IR source
in the FTIR spectrometer and spectra were measured using
two different DRQCL drive conditions. Figures 7(b) and (e)
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Figure 7. (a) CO absorption spectra using Globar source. (b) and
(c) Laser and CO absorption spectra at 0 mA dc current, (e¢) and

(f) laser and CO absorption spectra at 90 mA dc current, (d) and
(g) experimental absorption coefficient at 0 and 90 mA, respectively.

show the FTIR spectra of the DRQCL without the CO cell
present and at dc bias currents of 0 and 90 mA, respectively,
at 25 °C. The DRQCL emission lines at these bias currents
approximately align with the R(16) and R(9) lines of the
CO absorption spectrum. Due to temperature induced chirp
[17], the width of the DRQCL emission lines (~1.5 nm) are
broadened beyond the FTIR resolution (0.5 nm). This effect is
used to tune the laser through absorption line.

The emission spectra of the DRQCL with the CO cell
present are shown in figures 7(c) and (f) and exhibit a dip
in transmission where the laser emission exactly coincides
with the CO absorption lines. Figures 7(d) and (g) show the
experimentally derived absorption coefficients («) of 0.116
and 0.0674 cm™! for the R(9) and R(16) lines.

6. Conclusion

‘We have described the design, fabrication and characterization
of a DRQCL and demonstrated its application to CO
spectroscopy.

Using the SM theory of a passive device we could estimate
the resonance condition of the DRQCL and thereby predict a
current-dependent refractive index of 6.6 x 107° mA~!. We
observed mode pulling and hopping in the active devices
as a function of dc injected into ring 2. Further work on
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active devices is required to gain detailed understanding of
the nonlinear dynamics that leads to mode pulling. To some
extent, the discontinuous tuning can be mitigated by changing
the temperature of the heat sink.

However, even with fixed heat sink temperature, we are
able to tune the laser to align the output wavelength with a CO
gas absorption line using pulse-induced chirp of the output
wavelength. We could then measure the absorption coefficient
of the CO absorption. By combining both dc current and
temperature, 59 nm quasi-continuous tuning from ~4537 to
~4596 nm was observed and this plus the chirp tuning can be
used for spectroscopy of the absorption lines R(16) and R(9)
of the CO gas.
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Abstract: We discuss the design, fabrication and characterization of
waveguide polarization mode converters for quantum cascade lasers
operating at 4.6 pm. We have fabricated a quantum cascade laser with
integrated polarization mode converter that emits light of 69% Transverse
Electrical (TE) polarization from one facet and 100% Transverse Magnetic
(TM) polarization from the other facet.
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1. Introduction

First demonstrated in 1994, Quantum Cascade Lasers (QCLs), based upon semiconductor,
intersubband transitions in quantum wells [1], now cover an extensive range of output
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wavelengths from the mid-infrared [2] to the far infrared and terahertz. Under the selection
rules for intersubband transitions, only interaction with light polarized with the electric field
perpendicular to the plane of the quantum wells is allowed. Consequently, in the typical
semiconductor optical waveguides employed in quantum cascade lasers, gain is only achieved
in Transverse Magnetic (TM) waveguide modes. However, many applications would benefit
from an elliptically polarized output, as required in some forms of spectroscopy [3] and
ellipsometry [4], and work on producing linearly and right circularly polarized light from
QCLs by employing integrated plasmonic polarizers on the output facets of the laser has
recently been reported [5].

In this paper we show how it is possible to control the polarization of the light from a
QCLs using coupled modes. The work presented here is based upon similar work on
conventional interband semiconductor lasers [6] where integrated polarization mode
converters (PMCs) are reported. We describe how the design of PMCs are adapted for QCLs
and how the PMCs are fabricated and characterized for a QCLs with an emission wavelength
of ~4.6 pm.

2. Theory of Polarization Mode Converters (PMCs)

Gain section PMC section

(a) (b)

Fig. 1. (a) Schematic illustration of the chip layout of a quantum cascade laser that includes a
gain section, lateral distributed Bragg reflector and an integrated polarization mode converter
(PMC), the trenches of the PMC were etched using the reactive ion etching lag effect. There is
no electrical contact to the PMC section. (b) SEM image of fully fabricated and mounted
integrated PMC device.

Figure 1(a) shows a schematic illustration of the integrated PMC and scanning electron
micrograph (SEM) image of fully fabricated and mounted integrated PMC device shown in
Fig. 1(b). Details of the wafer design can be found in [7] and a discussion of the lateral DFB
gratings and be found in [8]. As in the case of conventional interband semiconductor lasers
[6], the PMCs are based upon waveguides with asymmetric cross-sectional profiles. This
asymmetric cross-section results in a rotation of the optical axis of the birefringent guide,
such that as a TM mode enters this asymmetric section, it excites both the single lobed
fundamental modes of the guide (Hybrid TE-TM modes), with the relative propagation
constant being dependent upon the degree of asymmetry and birefringence of the guide. For
an offset of the optical axis of 45 degrees these modes are, essentially, fully hybridised which
leads to beating with the characteristics half beat length given by L = (n/Af), where AS = f5; —
B> is the difference in propagation constants between two fundamental (single-lobed) modes
that propagate in the asymmetric guide [6,9,10]. By varying the length, and/or, the asymmetry
of the waveguide, it is possible to adjust the fraction of TM and TE polarization emerging
from the asymmetric section, and fabricate waveguide versions of bulk optic polarization
components, such as, quarter waveplates or half waveplates. A desirable feature of PMCs,
particularly if they are to be incorporated in a QCL resonator, is that they be low loss.
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Fig. 2. (a) and (b) Show the simulated mode profiles of the TM and TE components
respectively of the lowest order guided mode (without asymmetric cross-section). (¢) and (d)
show the TM and TE components respectively of the lowest order guided mode within the
asymmetric section of design 1. (e) and (f) show the TM and TE components respectively of
lowest order guided mode within the asymmetric section of design 2. Both z = 10 pm just after
tapered region of PMC.

Design 1 has two trenches of 0.5 um width on a 3.6 pym wide, and 4.9 um high waveguide.
Design 2 has two trenches, one of 0.5 um and one of 0.4 um widths, on a 3.6 um wide, and
4.9 um height waveguide. The Table 1 shows the values of refractive indices and thickness of
the layers used in the calculation of the mode profile for the TM mode.

To model the operation of the PMC, we first calculate the mode profiles for the hybrid
mode in the asymmetric waveguide (Fig. 2) with the hybrid mode separated into TM and TE
components at the start of PMC for two different waveguide cross-sections. Figure 2(a)-2(f)
shows the mode profile of the TM and TE components of the lowest order guided mode for
two designs, optimized using a full-vectorial, 3D eigensolver, as implemented in the software
package Lumerical Mode Solutions (LMS). Figure 3(a) shows the normalised TM and TE
transmission as a function of propagation distance within the mode conversion sections of
two optimised designs. In order to ensure a smooth mode transition with low fluctuation and
low insertion losses between the symmetric and asymmetric sections, a graded degree of
asymmetry and birefringence (of the guides) were created by tapering the trenches.
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Table 1. Refractive indices of the QCL material at .~4.6 pm as used in the model to
calculate TM & TE mode profiles (obtained from [11]).

Layer Layer name Semiconductor Index Thickness (um)
6 Contact InGaAs 3.0 0.1
5 Upper cladding layer InP 3.008 2.5
4 Upper waveguide InGaAs/AllnAs 3.39 0.324
3 Active core InGaAs/AllnAs 3.36 1.447
2 Lower waveguide InGaAs/AllnAs 3.39 0.344
1 Buffer layer InP 3.06 0.2
0 Substrate InP 3.06 -
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Fig. 3. (a) Calculated TE conversion versus propagation distance using BPM of two designs.
(b) Plot of etch depth vs. trench width at etch times of 6 minutes for QCL wafer. Inset SEM
image shows the etch profile of a PMC waveguide after ICP etching (design 1).

3. Fabrication of PMCs

The PMC designs used in this work are based upon the fabrication of “trenches” within the
waveguide which are positioned to produce an asymmetric cross-sectional profile structure,
that results in an effective rotation of the optical axis [9] of the guide. The depth of the
trenches was controlled using the reactive ion etching (RIE) lag effect [9,10], where smaller
trenches etch at a lower rate than larger ones. The effect was investigated in QCL material
using an Inductively Coupled Plasma (ICP) etch tool. The results are given in Fig. 3(b) and
clearly show how the etch depth significantly decreases as the trench width drops below 0.8
um. The advantages of the RIE lag effect for fabricating the PMC include: a one step etch and
a naturally occurring taper region of the PMC asymmetric waveguide.

The QCLs used in this work are based upon a double phonon resonant QCL wafer
structure reported previously in [ 7] that emitted at a wavelength of approximately 4.6 pm.

Samples were deposited with 500 nm of SiO, to act as a hard mask and coated with
ZEP520A positive electron beam resist. Resist patterning was carried out using a Vistec VB6
electron beam lithography (EBL) tool, using a proximity error correction algorithm generated
from a Monte Carlo simulation. After the SiO, hard mask was formed, using a CF,/Ar plasma
in a standard RIE tool, inductively coupled plasma (ICP) etching in a chlorine/nitrogen
(ClL/N,) chemistry was used to define the asymmetric waveguide and DBR grating. 500 nm of
Si;sN, followed by 500 nm of SiO, was deposited as an insulating layer and contact windows
were opened on top of the waveguides. Samples were thinned to 200 um and finally 30 nm
Ti, 30 nm Pd and 250 nm Au were deposited to form ohmic top and bottom contacts. Figure
4(a)-4(c) shows the SEM of an integrated PMC device after ICP etching and the inset of Fig.
3(b) shows the cross section of a PMC (design 1). Further information on the fabrication steps
can be found in reference [12].
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Fig. 4. (a) Shows the SEM top view of integrated PMCs device after ICP etching. (b)
Magnified SEM view of taper input section of PMC. (¢) Magnified SEM view of output
section of PMC.

4. Characterization

The QCLs incorporating PMCs were soldered, epilayer-up, onto aluminum nitride tiles
(shown in Fig. 1(b)) and then mounted onto the cold finger of closed cycle helium cryostat.
Both the spectral characteristics and optical power were measured using a Bruker Vertex 70
Fourier transform infrared (FTIR) spectrometer. The spectrometer was equipped with a liquid
nitrogen cooled indium antimonide (InSb) detector, with a lock-in amplifier used for detector
signal recovery. A grid polarizer, comprising 0.12 pm strips of aluminium, on a thallium
bromoiodiode (KRS-5) window, was mounted in front of the detector, in a rotatable mount.
Designl characterization was carried out at 298K and design 2 at 250K, with devices driven
by 100 ns duration current pulses at a 60 kHz reputation rate.

Figure 5(a) shows the light — injection current (L-I) characteristics of a 265um long PMC
device, based upon design 2, where the power emitted from the PMC facet was measured: a)
without the grid polarizer, b) with the grid polarizer axis parallel to QCL waveguide (TM
polarization), and c) with the grid polarizer axis perpendicular to the QCL waveguide (TE
polarization). The inset in Fig. 5(a) shows the emission spectra measured with similar
conditions to those described above. A threshold current density of 2.19 kA/cm” was obtained
for this device. Polarization purities (= Prp/(Prg + Pry) x 100%) of 18% for a 115 um long
PMC (design 1) and 69% for 265um long (design 2) PMC were obtained from L-I
characteristics and emission spectra.

For devices based upon design 1, with 56 um and 119 pum long PMCs, threshold current
densities of 3.25 kA/cm® and 3.5 kA/cn?’, respectively, were measured, and for one without a
PMC section, 3 kA/cm® (Fig. 5(b)).

At a drive current of 1.3+Iy, an peak optical power of ~2 mW (1.18 mW for TE and 0.53
mW for TM) was measured from the PMC facet for the device with a 265 pm long PMC
(design 2) and 18 mW from the gain section facet. However, from measurements of a device
with no PMC section, 9 mW was measured at the gain facet, and only | mW from the grating
facet, implying the majority of the power of our QCLs was emitted from the gain section
facets.

For comparison, a 6 um wide, 3000 um long, Fabry-Perot (FP) laser processed from the
same wafer and measured at 298K, yielded a threshold current density of 2.4 kA/cm® with a
power of 35 mW at 1.3 «J,
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With PMC lengths of around 419 um (design 2), PMC conversion efficiencies of upto
94% could be obtained. The polarization conversion can approach 100%, but requires
increasingly stringent tolerance requirements for a single waveguide element. We have
identified an alternative approach of exploiting a universal 50% converter [10] in a half-beat-

length which can approach 100% by using two elements.

The polarization of the beam can be determined by recording the detector signal as a
function of wire-grid polarizer rotation angle (6 = 0° to 360°), where 8 = 0° is defined as the
angle of the first maxima in transmission for TM light through the wire grid polarizer. First
and for reference, polarization was measured from a DBR QCL laser without PMCs (from
front and back facets) and pure TM emission was recorded (red dots) as shown in Fig. 6. For
lasers with integrated PMCs, the maxima of the beam intensity was recorded at 20° for design
1 with a 119 pm long PMC and 65° for design 2 with a 265 um long PMC, as shown in Fig.

6.
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Fig. 5. (a) L-I characteristics of 265um PMC device with inset showing the TM, TE and total
emission spectra. (b) L-I characteristics of QCLs DBR and no PMC, 56 pm PMC and 119 pm

PMC.
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Fig. 6. Polar plots of normalized output power from PMC & DBR facet of the QCL as function
of wire-grid polarizer angle for different PMC lengths and asymmetric waveguide cross-

sections.

Table 2 shows the relative TE polarization component of different integrated PMCs with
PMC lengths experimentally derived from both L-I characteristics and emission spectrum.
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The calculated values in Table 2 come from a simulation using the full vectorial 3-D BPM as
described above.

Table 2. Compares calculated and measured TE polarization fraction as a function of

PMC length.
Design _ PMC length TE (%) TE(%)
(um) Measured Calculated
1 56 8 7
71 7 11
119 18 27
2 256 69 65

To estimate the losses associated with the PMCs, we compared light — threshold current
density curves of several QCLs each with different lengths of PMC. The results are
summarized in Fig. 5(b) where it can be clearly seen that longer PMCs are associated with
higher threshold current densities. From these results it can be estimated that the extra loss
introduced by a PMC of design 1 is approximately 6 cm™' estimated from the change in the
threshold current density [13] with the length of the PMC. Since the loss for TE light in QCL
structures has been reported as lower [13] we attribute the extra loss associated with the PMC
to scattering losses arising from the rib and trenches of the PMC and possible modal
mismatches at their input and output.

5. Conclusion

We have described the design and fabrication of a PMC for QCLs operating in the mid-
infrared and demonstrated that by integrating a PMC with a QCL, the output polarization can
be controlled. We have demonstrated that it is possible to have a QCL that emits TM from
one facet and predominately (69%) TE from the other facet. We have shown that there is
good agreement between our simulation and experiment — for the typical case the simulation
predicts to within approximately 10% accuracy. From a consideration of the threshold
conditions, with our PMC design (design 1), we have estimated that the increased scattering
losses, introduced by the PMCs, are approximately 6 cm .

We anticipate that with further optimization, control of the polarization of a QCL will
become important in several applications and in the operation of future designs of QCLs. For
example, as indicated in [10], if we combine PMCs with an integrated waveguide section that
tunes the relative phase between TM and TE modes, a so called differential phase shift (DPS)
section, then a tunable integrated birefringent filter [14] can be integrated with a QCL to
electronically tune the output wavelength and/or polarization as demonstrated in conventional
interband lasers recently [ 15].
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Active polarisation control of a quantum cascade
laser using tuneable birefringence in waveguides
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Abstract: We discuss the design, modelling, fabrication and
characterisation of an integrated tuneable birefringent waveguide for
quantum cascade lasers. We have fabricated quantum cascade lasers
operating at wavelengths around 4450 nm that include polarisation mode
converters and a differential phase shift section. We employed below laser
threshold electroluminescence to investigate the single pass operation of the
integrated device. We use a theory based on the electro-optic properties of
birefringence in quantum cascade laser waveguides combined with a Jones
matrix based description to gain an understanding of the
electroluminescence results. With the quantum cascade lasers operating
above threshold we demonstrated polarisation control of the output.

©2013 Optical Society of America

OCIS codes: (140.5965) Semiconductor lasers, quantum cascade; (250.5960) Semiconductor
lasers; (310.2790) Guided waves; (310.5448) Polarisation, other optical properties.

References and links

1.

2.

10.

11.

13.

14.

15.

I. Moreno, J. A. Davis, T. M. Hernandez, D. M. Cottrell, and D. Sand, “Complete polarization control of light
from a liquid crystal spatial light modulator,” Opt. Express 20(1), 364-376 (2012).

A. Kasapi, G. Y. Yin, and M. Jain, “Pulsed Ti:sapphire laser seeded off the gain peak,” Appl. Optics 35(12),
1999-2004 (1996).

G. Holtom and O. Teschke, “Design of a birefringent filter for high-power dye lasers,” IEEE J. Quantum Elect.
QE-10(8), 577-579 (1974).

J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y. Cho, “Quantum cascade laser,”
Science 264, 553-556 (1994).

1. Bar-Joseph, C. Klingshirn, D. A. B. Miller, D. S. Chemla, U. Koren, and B. I. Miller, “Quantum-confined
Stark effect in InGaAs/InP quantum wells grown by organometallic vapor phase epitaxy,” Appl. Phys. Lett. 50,
1010-1012 (1987).

R .P. G. Karunasiri, Y. J. Mii, and K. L. Wang, “Tunable infrared modulator and switch using Stark shift in step
quantum wells,” IEEE Electron Device Lett. 11(5), 227-229 (1990).

G. Almogy, A. Shakouri, and A. Yariv, “Observation of birefringence induced by intersubband transition in
quantum wells,” Appl. Phys. Lett. 63(20), 2720-2722 (1993).

B. M. Holmes, M. A. Naeem, D. C. Hutchings, J. H. Marsh, and A. E. Kelly “A semiconductor laser with
monolithically integrated dynamic polarization control,” Opt. Express 20(18), 20545-20550 ( 2012).

D. C. Hutching, and B. M. Holmes, “A waveguide polarisation toolset design based on mode-beating,” IEEE
photon. J. 3(3), 450-461 (2011).

D. Dhirhe, T. J. Slight, B. M. Holmes, D. C. Hutchings, and C. N. Ironside, “Quantum cascade lasers with an
integrated polarisation mode converter,” Opt. Express 20(23), 25711-25717 (2012).

A. Gerald and J.M. Burch, Introduction to Matrix Methods in Optics ( John Wiley & Sons, 1975).

A.J. Kemp, G. J. Friel, T. K. lake, R. S. Conroy, and B. D. Sinclair, “Polarization effects, birefringent filtering
and single frequency operation in lasers containing a birefringent gain crystal,” IEEE Quantum Elect. 36(2),
228-235 (2000).

J.S. Yu, A. Evans, S. Slivken, and M. Razeghi, “High-performance continuous-wave operation of A~4.6 pm
quantum cascade laser above room temperature,” IEEE Quantum Elect. 44(8), 747-753 (2008).

T. J. Slight, G. Tandoi, D. G. Revin, A. McKee, S. Y. Zhang, W. Meredith, J. W. Cockburn, and C. N Ironside,
“A~3.35 pm distributed-feedback quantum-cascade lasers with high-aspect-ratio lateral grating, ”” IEEE Photon.
Technol. Lett. 23,420-422 (2011).

D. C. Hutching, M. S. Bahae, D. J. Hagan, and E. W. V Stryland, “Kramers-Kroning relation in nonlinear
optics,” Opt. Quantum Electron 24, 1-30 (1992).



Appendix C. Communicated Paper 143

16. J.J. Bregenzer, S. McMaster, M. Sorel, B. M. Holmes, and D. C. Hutchings, “Compact polarization mode
converter monolithically integrated within a semiconductor laser,” J. Lightwave Technol. 27(14), 2732-2736
(2009).

17. J. Teissier, S. Laurent, C. Manquest, C. Sirtori, A. Bousseksou, J. R. Coudevylle, R.Colombelli, G. Beaudoin,
and I. Sagnes, “Electrical modulation of the complex refractive index in mid-infrared quantum cascade lasers,”
Opt. Express 20(2), 1172-1183 (2012).

18. S.D. McDougall and C. N. Ironside, “Measurements of reverse and forward bias absorption and gain spectra in
semiconductor laser material,” Electron. Lett. 31(25), 2179-2180 (1995).

19. D. G.Revin, J. W. Cockburn, S. Menzel, Q. Yang, C. Manz, and J. Wagner, “Waveguide optical losses in
InGaAs/AlAsSb quantum cascade laser,” J. Appl. Phys. 103, 043106 (2008).

20. N. C. Pistoni, “Simplified approach to the Jones calculus in retracing optical circuits,” Appl. Opt. 34(34), 7870-
7876 (1995).

21. D. Dhirhe, T. J. Slight, C. C. Nshii, and C N Ironside, “A tunable single-mode double-ring quantum-cascade
laser,” Semicond. Sci. Technol. 27(9), 094007 (2012).

22. M. Lerttamrab, S. L. Chuang, C. Gmachl, D. L. Sivco, F. Capasso, and A. Y. Cho, “Linewidth enhancement
factor of a type-I quantum-cascade laser,” Appl. Phys. Lett. 94(8), 5426- 5428 (2003).

23. T. Acllen, R. Maulini, R. Terazzi, N. Hoyler, M. Giovannini, and J. Faist, “Direct measurement of the
linewidth enhancement factor by optical heterodyning of an amplitude-modulated quantum cascade laser,”
Appl. Phys. Lett. 89, 091121 (20006).

24. P.Kluczynski, S. Lundqvist, J. Westberg, and O. Axner ,“Faraday rotation spectrometer with sub-second
response time for detection of nitric oxide using a cw DFB quantum cascade laser at 5.33 um,” Appl. Phys. B
103, 451459 (2011).

25. H. Fujiwara, Spectroscopic ellipsometry: principles and applications (John Wiley & Sons Inc., 2007).

1. Introduction

For many applications including laser diode spectroscopy and ellipsometry the control of
wavelength and polarisation of a laser is required. Presently, bulk optics elements are
routinely used for polarisation control [1] and wavelength tuning [2, 3]. In this paper we
describe the design, fabrication and characterisation of an integrated electro-optically tuneable
birefringent waveguide for polarisation control and wavelength tuning of a semiconductor
laser, the quantum cascade laser (QCL) [4].

QCLs are based on intersubband transitions in quantum wells but we can expect that QCL
material will exhibit electro-optic properties based on intersubband transitions and interband
transitions [5, 6]. The selection rules for intersubband transitions dictate that only light
polarised with its electric vector perpendicular to the plane of the quantum well can couple to
the intersubband transitions. In the typical waveguide arrangement used in a QCL this means
that there 1s only optical gain for Transverse Magnetic (TM) polarised modes. In addition 1t
means that, at the operating wavelengths, QCL waveguides exhibit birefringence and indeed it
has been previously reported [7] that intersubband transitions can lead to birefringence. In the
QCL waveguides the strength of the intersubband transition can be altered by injecting current
nto the waveguide and therefore the QCL waveguides have birefringence that can be adjusted
with injection current. Also associated with the quantum wells that make up the QCL material
are interband transitions and these transitions are strong and highly dispersive at photon
energies close to the band gap resonance [6]; at the photon energies well away from the band-
edge where the QCL operates the effect of the interband transitions is weaker and much less
dispersive. The interband transitions are also a function of applied electric field and injected
current and so at the QCL operating wavelength we can expect an interband electro-optic
effect which 1s not dispersive. Altering the phase relationship between the polarisations 1is the
basis of the wavelength tuning and polarisation control of birefringent waveguides — but
wavelength and polarisation tuning requires that both TM and TE modes are present and that
is usually achieved by incorporating waveplates into the laser.

The feasibility of an electro-optically altering the phase relationship between the
polarisations has been recently demonstrated for quantum well semiconductor laser diodes by
monolithically integrating the laser, polarisation mode convertor (PMC) section and
differential phase shift (DPS) section [8].
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The integrated equivalents of waveplates are polarisation mode convertors [8, 9]. We have
previously report how PMCs are fabricated for QCLs [10]. The PMCs are made by etching
trenches on the waveguides to make the waveguide cross-section asymmetric. With PMCs it
1s possible to make the integrated equivalent of a bulk quarter waveplate and to produce a
hybrid mode that is 50% TE and 50% TM. The other component required for a tuneable
waveguide is a DPS section; this is a section of the QCLs waveguide with electrical contacts
that allow injection of current that alters the strength of the intersubband transitions.

In this paper we discuss the design of the integrated tuneable birefringent waveguide
(ITBW) and we report results on experiments that employ the sub-threshold
electroluminescence (EL) to probe the operation of the ITBW. We develop a theory of the
operation based on a Jones matrix [11] description of the ITBW and a description of the
electro-optic properties of the birefringence of the QCLs waveguide that splits the electro-
optic birfringence into a current dependent but wavelength independent effect that arises from
interband transitions and current and wavelength dependent birfringence that arises from the
intersubband transitions. Finally we demonstrate wavelength and polarisation tuning of the
quantum cascade laser operating above threshold.

2. ITBW design

Our design for an ITBW for QCLs is shown in Fig. 1. It consists of 2 PMCs configured as
quarter waveplates with a DPS section between them. The PMCs are passive optical
waveguides that are made asymmetric by, for example, etching trenches on one side on the
waveguide. Full theoretical and design description of PMCs on QCLs can be found in [10].
The DPS section adjusts the relative phase of the TM and TE components of the circularly
polarised light from the first PMCs. This is achieved because of the selection rules of the
intersubband transitions and in a QCL structure the strength of the intersubband transitions
can be altered by the injection of current so the birefringence of DPS section can be adjusted
by injection current. The relative phase of the TE and TM components at the input into the
second birefringent waveguide determines the output polarisation of the second PMC. In a
QCL, only TM light will be amplified and the wavelengths that are rotated back to TM
polarisation are determined by the current in the DPS section thus we have a QCL that has 1ts
operating wavelength selected by an electro-optic tuneable birefringent waveguide.

Fig. 1. Schematic design for an integrated tuneable birefringent waveguide for QCLs, it shows
the gain section (GS) and trenches in the upper part of the waveguide that form the
polarisation mode convertors (PMCs) [9, 10] between the PMCs is the differential phase shift
(DPS) section where current can be applied to alter the phase relationship between the TE and
TM modes. The approximate position of the active region is indicated in red.

3. Electro-optic birefringence of the QCL and the Jones matrix description

In the DPS section of the ITBW we utilize the electro-optic birefringent properties of the
quantum cascade laser structure to tune the polarisation and wavelength. We regard the
electro-optic birefringence of the DPS section as made up three parts, a natural birefringence
(1.e birefringence with zero injection current into the DPS section), Az, an interband

birefringence, Any (i, ), and an intersubband birefringence, Any(A.iy,g). The electro-optic
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interband birefringence comes from interband transitions and arises from the effect of current
on interband transitions and the electro-optic intersubband birefringence arises from the effect
of the current on the intersubband transitions. For An (ipps), we ignore the wavelength

dependence because a QCL operates at wavelengths far from the band-gap resonance of our
quantum well material and so is almost constant for wavelengths close to the laser
wavelength. For An(4,1,,,) , we explicitly include the wavelength dependence because it is
much more dispersive for wavelengths close to the laser wavelength [7]. Note that the
Anyg (A, ipps) , only gives rise to a change to the TM mode. So we have:-

An(A,ipps) = An+ Any (ippg )+ Angg (A, ippg) (D

Jones matrices are routinely used to describe the polarisation behaviour of bulk optics
systems [11] and have been used to describe the operation of a laser incorporating a
birefringent crystal and gain medium [12]. Here we use Jones matrices to describe the
operation of the ITBW. The coordinate system we use is as follows; y is the direction of
growth of the epilayer (so TM light is y-polarised) and x is perpendicular to the direction of
growth (TE light is x-polarised).

In what follows we assume that the PMCs can be described by a Jones matrix description
and that their operation is wavelength independent [9]. For the co-ordinate system illustrated
in Fig. 1 the generic Jones matrix is:-
cos*(B)+e ™ sin’(8) (1—e™)cos(8)sin() @

(1-e)cos(8)sin(@) sin’(6)+e ™ cos*(0)

Where 6 1s the angle the optic axis makes with the x direction and J 1s the phase retardation.

From our previous work on PMCs [10] we have designed a PMC that converts a TM mode
into a hybrid mode that is 50% TM and 50% TE. Our experiments do not allow us to measure
the relative phase between the TM and TE modes and so we can adapt the generic Jones
matrix to describe this behaviour in various ways; for example an optics axis rotation of 6 =
n/4 and phase retardation of J = 7/2, or we could set 0 = n/8 and J =m. As explained in [9] it
appears that PMCs that conversion to 50% TM and 50% TE in a half beat length are best
described by setting 6 = /8 and J = m:- Using these values we obtain the Jones matrix for
the PMC.

pmc=—L|" ! 3
201 A )

The Jones matrix for the DPS is given by setting § = 0, because the plane of the quantum

27N,y )L

wells is in the x- direction and § = , where L is the length of the DPS, 1 1s the

free space wavelength. Thus the Jones matrix for DPS section is,

1 0
DPS = _2n(Reips )L “)
0 e A

Thus the overall single pass Jones matrix (or Transfer Matrix), Tp for the ITBW is given by:-

T, = PMC.DPS.PMC 5)
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We assume the input into the ITBW section is TM polarised because the QCL gain section

selects for TM polarisation, [ﬂ , then the polarisation vector representing the ITBW response

is given by:-

_;2mn(Aipps)L
o]_1{1- *

ITBW:TD'|:1:|:_ e_iw ©)
I+e 4

For TM and TE polarisation intensity fraction of the [ITBW response is given by:-

2

1 2 (Aipps )L
Iy (ﬂ,,iDPS) :E l+e A 7
_izm(ﬂvaPS)L 2
]TE()“’Z-DPS):E l-e 4 ®)

The ITBW device structure employed in this work is analyzed using [TBW response Eq. (7)
with the conditions described above.

In the dynamic polarisation control operation of ITBW we measure the angle of
polarisation, ¢, of the output from the QCL as a function of input current into the DPS and if
we assume a single pass through the ITBW then that is given by

ITM (i’ iDPS) ]

ITE (ﬁ" iDPS) (9)

O A,ipps) = arctan{

4. Fabrication of QCL-ITBW devices

The QCLs used in this work are based upon a double phonon resonance QCL wafer structure
reported previously in [13] that emitted at a wavelength of around 4600 nm.

Figure 2(a) shows the SEM image of a PMC after ICP etching and Fig. 2(b) a SEM image
of the cross section of a PMC. Figure 2(c) shows a photograph of the wire bonded QCL-
ITBW device with different sections (GS, PMCI1, DPS and PMC2) indicated on the
micrograph. Fabrication processes were similar to those used for the PMCs described m [10].
In the ITBW device, only the GS and DPS section contact windows were opened on the top of
the waveguides with the rest of the structure protected by Si;N,; and Si0O, insulating layers. GS
and DPS section metal contacts were electrically isolated using a metal lift-off technique.
Detailed step-by-step information of the fabrication process can be found in [10].

Using the design methodology outlined in [10] the PMCs were designed to convert 50%
TM and 50% TE in a half beat length; so that in the first PMC (PMC1) in Fig. 1 light from the
GS, (polarised TM), originating from intersubband transitions is converted into to 50% TM
and 50% TE light at the output of the PMC and input to the DPS. This required trenches to be
etched into the PMC waveguides, the trenches were 0.5 pm wide and 3.518 pm deep and were
fabricated using a reactive ion etching technique [14]. PMC1 and PMC?2 are designed to be
1dentical.

5. Characterisation and results

The QCL-ITBW devices were soldered epilayer-up onto aluminium nitride tiles and then
mounted onto the cold finger of closed cycle helium cryostat. Spectral characteristics were
measured using a Bruker Vertex 70 Fourier transform infrared (FTIR) spectrometer. The
spectrometer was equipped with a liquid nitrogen cooled indium antimonide (InSb) detector,
with a lock-in amplifier used for detector signal recovery. For polarisation measurements, a
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grid polariser was mounted in front of the detector, in a rotatable mounting. Characterisation
was carried out at a laser heat sink temperature of 250K. The results that we report here were
for devices that had the gain section length of 2500 um then DPS section length 1125 pm and
the PMC sections were designed to be half waveplates [9] with length 151 pm to give 50%,
50% TE, TM mode intensity split and cross-section of 3.6 pm wide and 4.9 pm high
waveguides.

The GS current density was pulse injection with values around 4.2 kA/cm’ and the DPS
had direct current (DC) injection at around 1/10 of the GS current density — to avoid excessive
TM gain in the DPS section.

(©)
Fig. 2. (a) SEM (top view) of a PMC after ICP etching. (b) SEM image showing the etch
profile of a PMC waveguide. (¢) Photograph of the top of the processed ITBW device.
Underneath the Gain Section (GS) and DPS section waveguide contact windows were open for
current injection and rest of the structure as protected by Si;N, and SiO, insulating layers.

Ioain i
> DPS Opncal output
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Fig. 3. Shows a schematic of the experimental setup for characterising the QCL that includes
an ITBW; the GS is injected with current i, and the ITBW has a current I, injected that

electro-optically alters the birefringence of the DPS section. The polarisation is selected using
a linear polariser and the output spectrum of device is measured using a FTIR spectrometer.
All experiments were conducted at 250K QCL heat sink temperature.
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5.1 Sub-threshold single pass measurements
To gain an insight into the operation of the ITBW we carried out single pass measurement
using the sub-threshold EL from the GS. This allows as to estimate the values of A, natural
birefringence without DPS current and An(A, i, ) of the DPS. The intersubband birefringence,
Ang (A,ipps ), Was estimated by measuring the small amount of current dependent gain as a
function of wavelength in the DPS and taking a Kramers-Kronig (KK) transformation [15] of
the gain spectra.
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Fig. 4. (a) The TM spectrum of the sub-threshold EL spectra of a QCL incorporating a ITBW
measured at various DC current densities injected into the DPS section. (b) Shows the sub-
threshold TM EL spectra emitted from the facet next to the GS of the QCL-ITBW device.
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Fig. 5. (a) Experimental and Jones matrix model curve of the EL spectra of the ITBW device
without current injected into the DPS section. (b) Measured gain spectra by injecting DC
current into DPS section.

Figure 3 shows the experimental setup used to characterise the ITBW. The GS was driven
with 100 ns duration current pulses (i, = 4.2 kA/cm®) with a 60 kHz repetition rate and the

DPS section driven with DC current. The device was driven below the lasing threshold current
to ensure single-pass operation and avoid multimode beating effects on PMCs [9, 16]. The
TM fraction of the EL spectra was measured by placing a grid polariser between the ITBW
device and FTIR (with the optical axis of the grid polariser parallel to the QCL waveguide).
Figure 4(a) shows the experimental TM response curve of the sub-threshold EL spectra
emitted from the ITBW device with and without application of DC current into the DPS
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section. When DC current (0.33 kA/cm” and 0.69 kA/cm®) is applied into the DPS section,
increased transmission is observed through electrically modulating the gain [17].

To gain an insight into the operation of the QCL-ITBW device we compare the theory of
the electro-optic birefringence and the Jones matrix description of the ITBW against the
experimental results. To make the comparison we calculate the TM intensity fraction of the
ITBW response function using Eq. (7) and multiply the result with the EL. spectra measured
from the GS facets, shown in Fig. 4(b). We assume that when no current is injected that the
birefringence is entirely dominated by the material birefringence, An,thus in Eq. (1)
An(A, i) replace with An, and we regard An, as an adjustable parameter. We take Anas
positive when the TE refractive index is greater than the TM refractive index. To fit the Jones
matrix model to the experimental result, we adjust the value ofAn=0.005, with
An(A,ippe =0) with these values we obtain an approximate fit with the experimental result as
is shown in Fig. 5(a).
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Fig. 6. Shows wavelength dependence of the refractive index which is calculated from the data
using a Kramers-Kronig-transformation of the gain spectra.
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Fig.7. The experimental EL spectra and Jones matrix model curve fit of the ITBW device (a)
ipps = 0.33 kA/cn‘f and (b) ipps = 0.69 kA/sz.
In order to fit the Jones matrix model with the experimental results, when DC current 1s
applied into the DPS section, we require to estimate the value of An (A,ips) . To estimate

the Any(A,ippg), we required to measure the gain using [=1 ¢, where I is TM EL
intensity without the DPS current, 7 is the TM EL intensity with the DPS current, L is the
length of the DPS section and -a 1s the gain [18]. Fig. 5(b) shows the measured gain at DPS
current of 0.33 kA/cm” and 0.69 kA/cm®, the modulation observed with a period of ~130 nm
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in the gain spectra fits with a Fabry-Perot resonance associated with an additional ~40 pm
long waveguide section between the end of PMC2 and the end facet (present due to imprecise
cleaving). Using the KK relation [15] the gain measurement is transformed into Anyg (A4, i)

and shown in Fig. 6. In our model we include the electro-optic interband birefringence
contribution, Any (i), -0.0014 and -0.0022 were the values used, for 0.33 kA/cm? and 0.69
kA/cm’ respectively that gave the best fit to the results.

So using the Jones matrix description, regarding Anand Any,(i,,,)as an adjustable

parameters and calculating Ang(A4,ipp) from the gain measurements we obtain an

approximate fit of the theory to the experimental results - see Fig. 7. Clearly, from Fig. 7(b),
for high current densities and at the longer wavelengths there is substantial deviation of the
theory from the measured response and some more refinements to the theory may be required,
for example taking account of relative TE and TM losses [19], for a more complete
understanding of the QCL-ITBW device.

5.2 Theory of laser operation with birefringent components

As is discussed in [ 12], the operation of a laser with polarisation dependent gain and including
birefringent components is a more complex situation than the single pass case we have
analysed in the previous section.

In general the resonance requirement for a resonator with birefringent components
imposes the following conditions, first the phase change in a round trip must be a multiple of
2 and second the polarisation must repeat after a round trip. These two conditions were
expressed in the following equation:-

MX =X (10)

Where M is the round trip Jones matrix, X is the two-component vector representing
polarisation and £ is a positive real number.

We can some insight into the operation of the laser by analysing the QCL that includes the
ITBW optical circuit using Jones matrix method as described in [20]. In this analysis we will
derive the phase conditions for laser action and so we ignore the amplitude of the modes and
assume an amplitude normalised to one for all the components.

Propagating direction
Rear facets Gai i ) Front facets
iirrer ain section PMC1 DPS section PMC2 mitror
3 —~ EEEEY | T,
7. < _
/| k& h
Y/ =] - L/

Counterpropagating direction

Fig. 8. Shows the equivalent optical circuit of ITBW for full round trip consideration. Figure
also indicates the different components of optical circuit. The X marks the starting point for
the round trip analysis

The Jones matrix of an ideal mirror (~100% reflection) is given by

MR:B _ﬂ (11)
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Using the convention described in [20], when the direction of light propagation through a
reciprocal element is reversed, the Jones matrix of the element is transformed as follows:

EERER
my, m, -m, m,
In the ITBW the only element modified by the above transformation is that of the PMC. Thus,

the Jones matrix of the PMC for forward propagation is given by Eq. (3), and for
counterpropagating light is given by

PMC,, =L[_1 ‘1} (12)

N

The gain section (GS) provides gain for TM modes only, we approximate its effect on the
polarisation by describing it as TM linear polariser. So the Jones matrix for GS is given by

_10 0
6s=|g 1| (13)
For the DPS section the Jones Matrix is given by Eq. (4). Starting at the position indicated on

Fig. 8, the overall round trip Jones matrix, M, for the ITBW is given by the following
multiplication of matrices:-

M = MRGS.PMC,, .DPS.PMC,, MR PMC .DPS.PMC GS (14)
0 0
=l o 0.5+0.5e—i74’m(’1’ fpps )L (13)

In the above we have followed the usual convention for the Jones matrices and omitted the
phase factor that describes the common phase change for TM and TE modes as the wave
travels through the component. In order to completely take account of the phase change in the
round trip matrix we follow [12] and explicitly include the phase factor that is common for

TM and TE modes. If we assign the following variables L,is the average path for a single
pass and the average refractive index for the round trip of the whole device #n,1s as follows -
then Eq. (15) becomes:-

0 0

. Azn, L
= AmAn L |e—d7d
M=l 054050 P hiprs )L e (16)
A
Returning to Eq. (10) and setting X = [ﬂ that is TM polarisation we have
0 0 _am )
o} _ i (M0 (Ruipps Y+ng L) [o}
i An(Roipps YemaLa =0.54+0.5¢ (17)
0 0.5+0.50 ** “Ml 1

If we compare Eq. (17) with Eq. (10) then it is apparent that the exponential factor in Eq.
(17) can only be a real number, that is 1, if the following phase condition is satistied:-

%(An(/l,iDPS)—knde) =0,0.5,1,1.5.... (18)

The laser modes in the QCL-ITBW device have to satisfy this phase condition.
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In general n,and L, (L, =total length of device) will be a weighted mixture of TM and
TE refractive indices and paths as the laser mode swaps between TM and TE propagation. In

(nTM + nTE)

an approximate approach we can expect that n, = and n,,, effective index for the

TM mode and n,, effective index for the TE mode.

According to this simple analysis the mechanism for tuning the QCL-ITBW will be the
injection current induced change of the phase condition given by Eq. (18) and although this
gives some insight it does not include the effect of gain. For lasing to occur, in addition to the
phase condition the optical gain experienced by the TM mode must equal the optical loss after
a round trip. But it can be seen from Eq. (18) that the phase condition for positive feedback in
the QCL-ITBW device can be tuned by injecting current in the DPS section and altering the
An(A, i) factor. However, there will also be some injection current dependence of the n,

factor.
5.3 Measurement of laser operation with birefringent components

Figure 9 shows the observed emission spectra and tuning at different DC current densities
from 0 to 1.11 kA/cm?® applied to the DPS while a fixed pulsed peak current of 1.3%/; (6.8
kA/cm?) is applied to the GS. No single mode emission was observed and 24 nm
discontinuous tuning with tuning rate of 25 nm/(kA/em’) was recorded.

The spacing between the modes shown in Figs. 9(b) and 9(e) is 11 nm. According to the

phase condition theory in section 5.2, Eq. (18), and using the values An(A4, i, )L =10’ nm and

n,L, =10°nmthe mode spacing is dominated by the second factor and we would have

expected mode spacing more like 0.7 nm. The 11 nm spacing that we do observe 1s consistent
with there being sub-cavities present in the device.
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Fig.9. (a)- (h), Comparison of QCL-ITBW device output wavelengths for different DC current

C ipps™

—
IlIkA/«.mz | M3

i pg= 0.97 kA/om? (@]

1 1 L 1 L 1

DPS

E i = 0.83 kA/em? H (2 1

g (ﬂ'

=0.69 kA/cm

- (e)

=0.55 kA/cm

F@

=041 kA/cm

[ (c)'

=0.27 kA/em? :

- (b).

I)Ps =0.13 kA/em? _

L
_J
AJ

- ) 0. Snm

resolution
S E—

A i[)I'S: 0 kA/em~

4400 420

densities injected into the DPS section.

4440 4460 4480 4500
Wavelength (nm)



Appendix C. Communicated Paper 153

The PMC, employed in the ITBW, is an asymmetric waveguide and is formed by etching
trenches into one side of the symmetric waveguide. The index contrast between symmetric
and asymmetric waveguide can lead to reflections and we have from a finite- difference time-
domain analysis estimated that the mirror reflectivity could to be as large as 20%. This
reflectivity may lead to the formation of sub-cavities. The 11 nm spacing that we observe is
consistent with the gain section and DPS section acting as coupled sub-cavities. This is similar
to the Vernier mode selection described in [21]. To eliminate this effect the terfaces between
waveguide elements will need to be redesigned with optimized etch depths and tapering,
ensuring smooth mode transitions without reflections.

6. Active polarisation control

For polarisation control measurements, the GS pulsed current was fixed at 6.8 kA/em” (1.3*
I,) and the current to the DPS section was varied between 0 kA/cm?® and 0.97 kA/cm?” in steps
of 0.13 kA/cm®. We measured the maximum transmission as a function of wire-grid polariser
rotation angle (p = 0° to 360%), where ¢ = 0° is defined as the angle of the first maxima in
transmission for the TM light through the wire grid polariser. This experiment does not
completely determine the output polarisation; for example, it cannot discriminate between
elliptical and linear polarisation but it does indicate that the polarisation state can be tuned by
the current injected into the DPS.

Figure10 shows the change in polarisation angle for maximum transmission as a function
of the current injection into the DPS section. At 0 kA/cm” a polarisation angle of 37° (TM
fraction > TE fraction) was recorded and the polarisation angle increases upto 82° (TM
fraction < TE fraction) with an applied DC current of 0.97 kA/cm” with no further change in
polarisation angle recorded above 0.97 kA/cm’ current.

In order to fit the polarisation angle measurement result with the Jones matrix model, we
are required to estimate the phase retardation with and without the DPS current. Phase
retardation of DPS section can be written as:

§DPS = J(iDPS =0)+o(4, Ipps) (19)
where,
8ligs =0)= 21 0)
and
2mAn, i, L
e @1

A6 (ipps = 0) and AS(A,iypg ) are the phase retardation without and with DPS current, Anis
the birefringence before current is applied, An, is the rate of change of birefringence with

respect to current density, i,,,, we assume a simple linear dependence. Equation (19) is

substituted with the single pass Jones matrix Eqs. (7) and (8), the polarisation control
operation is than analysed using Eq. (9). To fit the Jones matrix model to the experimental

result, we adjust the value of An=0.005, and, An,.DPS =— 1 x 10® cm”kA and with these

values we obtain a good fit with the experimental result for lower current densities as is
shown in Fig. 10. The discrepancy between the theory and experiment at higher current
densities may be due the fact that the theory 1s incomplete and it does not take account of gain
and loss for the TE and TM mode in the DPS section. At the higher DPS injection currents
there will be some gain for TM light and this prevents the output from being completely TE
polarised.
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Fig.10. Shows the change in polarisation angle as various current densities are injected into the
DPS section- 90 degrees corresponds to TE linear polarisation; the corresponding wavelength
response is given in Fig. 9. The experimental results are compared with the Jones matrix
theory- see Eq. (9).

7. Conclusions

We have described the design, modelling, fabrication and characterisation of integrated
tunable birefringence waveguide (ITBW) for QCLs and demonstrated that an electro-optically
tuneable birefringent property can be used in quantum cascade laser waveguides to achieve
active control of polarisation and wavelength. We have used a simple Jones matrix description
of the polarisation components in the QCL-ITBW device to construct a Jones matrix model
that gives a good fit to the results obtained by measuring the output polarisation rotation as a
function of DPS injection current. The model also helps explain the single pass experiments
obtained by operating the device below the laser threshold. Further, from the Jones matrix
description, we developed a simple phase only theory for the phase condition for modes in a
laser with birefringent components, however applying our theory to the observed wavelength
output spectra and DPS injection current tuning was complicated by sub-cavity effects.

By comparing the active polarisation angle measurement result with the Jones matrix
model, we estimate the natural birefringence (no DPS current), Anaround 0.005
for the QCL employed in this work. This compares with the value that we obtain from the
single pass measurements which is also 0.005. Also we can fit the dynamical polarisation
angle control results if we assume a value of An, =-1x 107 cm?/kA — the value indicated

by the fit to the single pass measurements is — 3.1 x 10° cm?/kA. The results in Fig. 6 indicate
that at the laser wavelengths, the intersubband contribution, An,, to birefringence is small at

around 1.0 x 10” compared to the values given above. This value of Anis in approximate

agreement for the values reported in [22, 23] for the linewidth enhancement factor for QCL
albeit for different structures and wavelengths. Therefore we conclude that for laser operation,
the electro-optic effect— the current dependent birefringence, is dominated by the interband
transition and 1s not highly dispersive. This limits the wavelength tuning. To obtain significant
wavelength tuning requires a redesign of the QCL active region.

Further experimental and theory work is required to obtain a more complete understanding
of the operation of the QCL-ITBW device. Experimentally a QCL active region designed
specifically to enhance the electro-optic properties is required and a variety of device
architectures should be investigated. The theory of birefringent effects in lasers needs to be
extended to include both amplitude and phase effects.

The polarisation angle control range is 45° and we are not aware of any other QCL device
that is capable of electronically controlling the output polarisation. Active control of the
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polarisation state of a QCL output could find applications in polarisation dependent
spectroscopy [24] or in infrared ellipsometry [25].
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