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Abstract

Optically-pumped type-II mid-infrared index-coupled tunable distributed feed-
back (DFB) semiconductor lasers have been developed to provide continuous-wave
(CW) single longitudinal mode (SLM) operation with features including narrow spec-
tral linewidth, high output power, good beam quality and wide continuous wave-
length tunability for applications such as remote sensing or spectroscopy in the 3 to

5 pm midwave-infrared range of atmospheric transmission window.

In the demonstration of this type of laser, a hyperbolically chirped grating was
patterned using interferometric lithography (IL) with spherical wavefronts which was
then transferred into the top clad of the slab waveguide epi-structure of the laser de-

vice. Wavelength tuning is achieved by translationally projecting pump stripe at

vi



different positions of this chirped grating on the laser device, thus different grat-
ing periods along the pump stripe at different pump positions select different las-
ing wavelengths. Primary results were acquired on one device of 4 mm in lateral
dimension with continuously tuning range of about 80 nm centered at 3100 nm,
single facet output power of 830 mW and typical spectral linewidth of 1.2 nm at
2.5 xthreshold pumping. Fabry-Perot (F-P) interferometer was used as artificial tar-
get gas to demonstrate potential application of gas spectroscopy with this type of

laser.
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Chapter 1

Introduction to Distributed
Feedback Lasers

1.1 Overview

Distributed Feedback (DFB) lasers are laser devices with spatially periodic (some
times, even quasi-periodic or aperiodic) corrugation structure such as grating or other
form of refractive index modulation along the entire length of gain medium or cavity,
in which the periodic structure provides coherent distributed reflection as optical
feedback to select and lock the laser to operate at a single longitudinal frequency. A
DFB laser was first demonstrated by Kogelnik and Shank in an optically pumped
gelatine medium in 1971 [1]. DFB lasers should not be confused with distributed
Bragg reflector (DBR) lasers which have gratings as distributed feedback mirrors on
either end or even arbitrary sections of the cavity, although both DFB and DBR lasers
utilize distributed reflection for longitudinal mode selection. For further knowledge

or related concepts about DFB lasers, please refer to these text books [2-8].

Depending on the location of the periodic corrugation structure relative to the ac-
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tive region, DFB lasers are categorized into index-couple, gain-coupled and complex-
coupled types [9-11]. Simply speaking, for the case that the periodic structure is
located outside of the active region or in the cladding layers if the laser cavity takes
a waveguide form, then this periodic structure only modulates the real part of the
refractive index and is an index-coupled DFB laser. In comparison, gain-coupled
DFB lasers have the periodic corrugation inside the gain medium/active region of
the device, essentially with periodic modulation of the imaginary part of the refrac-
tive index. Complex-coupled DFBs are those have the combination of index and gain
coupling. Our tunable DFB laser to be presented in this dissertation falls into the
index-coupled DFB category. For index-coupled DFB lasers, the gain medium in-
volves relatively simple epitaxial growth procedure without active region regrowth or
post-growth as required by gain-coupled DFBs because the periodic structure could
be patterned prior to or after the active region is grown. The main drawback of this
type of DFB laser devices is that they don’t operate exactly at Bragg wavelength
defined by the product of grating period and effective refractive index because of ex-
isting stop band [12] or in other words the the oscillation condition can’t be reached
at the exact Bragg wavelength. What is even worse is that two degenerate DFB
modes symmetric with respect to the Bragg frequency might lase at the same time
or hop between one and the other in operation due to their similar lasing thresholds.
This is not only undesirable but also against the intention of the introduction of
a grating for single-longitudinal mode operation. Due to the imperfect fabrication
such as unequal fractional facet periods in the process of device facet cleaving, these
two degenerate DFB modes could have asymmetric thresholds such that only one
mode lases. But two modes lase simultaneously or mode hopping between the two
could still happen under different especially high pump power conditions, without
extra controls. This problem can be partially solved with anti-reflection (AR) and
high-reflection (HR) coatings on the laser device’s front and rear facet respectively

or any forms of unequal loss introduced to these two degenerate DFB modes. Even
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though the difference of front/rear facet reflection could be controlled with differ-
ent coatings, the facet phases due to the random cleaving positions relative to the
grating phase as mentioned above will still cause uncertainty that affects the yield
of single-longitudinal mode operation. For index-coupled DFBs, the best solution to
break the DFB mode degeneracy is to introduce a quarter Bragg wavelength shift
or m/2 phase shift segment in grating usually at the center of the laser cavity, which
then latches the lasing wavelength exactly at the Bragg wavelength. Unfortunately,
this method meanwhile brings some side effects such as uneven intra-cavity longi-
tudinal electric field intensity called spatial hole burning (SHB) especially at high
pump level that degrades laser performance [9,13-19]. To solve the SHB issue, more
phase shifts of different values at different locations [20-22] in the cavity were intro-
duced to achieve a relative even cavity longitudinal field intensity distribution but
these also makes the design and fabrication of DFB laser devices more complicated.
When these shifts are patterned with e-beam lithography, it will unavoidably in-
crease the cost of fabrication meanwhile lower the production throughput. Or if the
phase shifts are fabricated using optical lithography with masks, then it might be
technically challenging for the first or low order of grating period which usually is
of few hundred nanometers given by A/2n,,04.. Where X is the lasing wavelength in

vacuum and n,,.4. is the effective group refractive index of the lasing mode.

In contrast to index-coupled DFB lasers, gain and complex coupled DFB lasers
which have periodic structures patterned in the active region or gain medium of
the cavity do not have DFB mode degeneracy issue that the emission is exactly at
the Bragg wavelength. But as mentioned above, a periodic gain medium requires
post-growth after periodic structure was patterned in it, which needs delicate pro-
cess controls including lowering surface defects density before regrowth and as such
involves more complicated fabrication procedures. SBH issues also need to be con-

sidered in the design of the gain/complex-coupled DFBs [23].
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Most DFB lasers are either fiber lasers or semiconductor lasers. In this chapter
and dissertation, we will only concentrate on semiconductor DFB lasers. Semicon-
ductor DFB lasers often times are built with an integrated grating structure, e.g. a
corrugated waveguide. The grating structure may be fabricated in or on top of the
active region in the cladding or in an laterally coupled structure, where the gratings
locate laterally on both sides of the active region for greater index modulation be-
cause of closer distance between grating and active region. Other than fulfilling the
function of single longitudinal mode operation and wavelength selection, grating in
DFB lasers also contributes to narrow spectral linewidth of devices. The linewidth
is typically a few hundred MHz or even in the KHz range with special designs, feed-
back techniques or stabilization techniques involved. All these special features of
DFB laser make it ideal for applications such as WDMA in fiber-communication,

spectroscopy and any experiments require a very stable and high spectral resolution.

In this chapter, recent research work exploring different active region types for
Mid-IR, particularly in the range of 3 to 5 um as well as different forms of DFB lasers
based on these active regions will be first introduced. Then different wide wavelength
tuning methods will be presented for comparison with our approach presented in
the Chapter 2, although some of them are not directly DFB-related technique and

originally developed mainly for fiber-communication systems.

1.2 Mid-Infrared DFB Semiconductor Lasers

DFB lasers operate at different wavelength ranges determined by their gain material
spectra. Considering that the main goal or motivation of our tunable DFB laser
project is to develop light source for gas remote sensing and spectroscopy in Mid-
IR range, we mainly focus on the semiconductor lasers with active region or gain

medium epi-structures designed for wavelength range of first atmospheric transmis-
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sion window, 3 to 5 pum range as mentioned in the previous section.

In this section, an overview of the four major types of semiconductor lasers in
this Mid-IR wavelength range classified mainly according their active region gain
media and the energy band alignment structures, namely type-I diode laser (DL),
quantum cascade laser (QCL), interband quantum cascade laser (ICL) as well as
type-11 optically pumped semiconductor laser (OPSL) is presented. QCL and ICL
are electrically pumped and also require bias voltage applied to align energy levels
in neighboring quantum wells or different active regions in the gain medium for
electron tunneling enhancement as shown in Fig. 1.1. DL could be optically pumped
but mainly electrically pumped for convenience. Unique possibilities of these four
types of lasers as well as their limiting factors are discussed. Based on these four
different active region types, several designs or approaches of DFB structures to

achieve single-longitudinal mode laser operation will also be presented.

Electron
Injection |
>

Electron
Injection ~] - ] - "M>hv L
; QC
Intraband ] B
Tunneling
" »>hy A\~ »hy "»>hv
A
Electron Intraband ] B
] _ _Extraclion Tunneling
Active Active N>
Region Region E]lvt
v ectron
Extraction
e
Electron
Injection
E—
A>hv
L“}ﬁf,‘??}lﬂ ICL Electron OP SL
Tunneling Injection
> hy hveas, WhVElectmn
Interband Extraction
Tunneling
A~ >hy
Electron
Extraction
—>

Figure 1.1: Schematic sketch of energy band diagram and the radiative recombination
processes in the active regions of DLs, QCLs, ICLs, OPSLs
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It is well known that one of the major applications of Mid-IR laser devices is
their use in gas-sensing equipments whose underlying measurement principle is tun-
able laser absorption spectroscopy (TLAS) [24,25]. Basically in TLAS, tunable laser
sources are scanned over the rotational-vibrational absorption spectral lines of target
gas molecules to acquire information about composition and concentration. Although
this spectroscopic measurement could also be carried out with a wide or finite spectral
bandwidth light sources such as nonlinear optics based optical parametric oscillator
(OPO), continuous-wave (CW) single-mode with narrow spectral linewidth and tun-
able light sources are preferred. Usually, these type of light sources are fabricated
into the form of DFB or DBR devices with wavelength tunability and they become
prerequisite for gas mixtures analysis with high selectivity and sensitivity in the part

per billion (ppb) range.

1.2.1 Different Active Region Types of Mid-IR Semiconduc-

tor Lasers

1.2.1.1 Type-I Diode Lasers (DLs)

Type-I diode laser is based on double heterostructure pioneered by work from Alferov
and Kroemer [26-32], but developed and optimized with quantum wells (QW), quan-
tum wires (QWire) or quantum dots (QD) inserted into the potential well of the dou-
ble heterostructure to introduce quantum effects and provide higher carrier density
at particular energy levels. Although QD DLs have been demonstrated in lab decades
ago, QW lasers remain the mainstream type of commercialized semiconductor lasers

at present.

Distinct from QCL and ICL structure described below, all QW DLs are pumped

in a parallel manner. Talking about electrically pumped DLs, the bias voltage only
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needs to be slightly higher than the theoretical limits given by the actual lasing
wavelengths. This renders DLs extremely efficient in converting electric power to
optical power [33], which is crucial for portable spectroscopic apparatuses driven
by batteries. However, limited by the type-1 energy band configuration, this type
of DLs can’t emit photons with energy lower than the QW material’s band gap.
Till early 1990s, the emission wavelength demonstrated with type-I Sh-based DLs
was at ~2 pm [34-39] then later got pushed into longer wavelength by continu-
ously adding indium to the Ga,In;_,As,Sb;_, [40,41]. For this material system, the
barrier for carrier confinement is Al,Ga;_,;As,Sb;_, with aluminum content up to
50%. Cladding of laser waveguide structure is made of exactly same composition but
different content ratio. With this material system, DL devices have reached up to
and slight beyond 3 pm [42], which might be close the limit to this design because
as indium content in the QW increases for longer lasing wavelength, the band off-
set relative to carrier barrier layers decreases so that hole confinement is eventually
completely lost. The only possible solution to this issue at the moment is switch-
ing to quinternary Al,Ga,In;_,_,As,Sb;_, barrier materials which can still offer
enough confinement for both electrons and holes [43]. Obviously, epitaxial growth
with such many-component alloy is very challenging for energy band engineering,
lattice constant matching and reasonable yield. 3.4 to 3.6 pum emission at room
temperature (RT) by type-I DLs based on quinternary material system have been
reported lately [43-46]. Another limiting factor for type-I DLs in the Mid-IR range
is Auger recombination which has a coefficient that increases by one order higher as

the emission wavelength goes from 2 to 3 pm [47-49].

1.2.1.2 Quantum Cascade Lasers (QCLs)

To access light emission below the host band gap energy, radiative transitions need to

happen either between the sub-bands in conduction /valence band or between effective
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energy bands in a type-II QW or super lattices (SL) epi-structures (Type-II QW are
utilized by ICLs and OPSLs to be introduced next.). QCLs are representative of
light source devices based on intra-band transitions [50,51]. Usually, QCLs exploit
these intra-band transitions in the conduction band due to the fact that electrons
have lower effective mass and less complex band gap engineering requirements than
holes. As mentioned earlier, all QCLs are electrically pumped and require proper
bias voltage to align different transition energy levels in the cascading active regions
so that electron tunneling happens conveniently, as shown in the Fig. 1.1. Because
of this mechanism, one carrier passes several active cascades while traveling through
the whole QCL epitaxial structure and generates more than one photon resulting in

a quantum efficiency greater than 1 [52].

The most obvious advantage of QCLs compared with other types of semicon-
ductor lasers is their outstanding performance in long wavelength emission at room
temperature or even higher. Given a properly designed active region, CW emission
wavelength beyond 10 ym at RT can be achieved [53]. In pulsed operation mode,
wavelength over 100 pum can be reached at lower temperatures [54]. But on the
shorter wavelength side, QCLs’ performance degrades rapidly in the range from 3
to 4 pm, due to an insufficient conduction band offset for effective electron con-
finement. By finding the right composition of different material systems and right
composition ratio to offer higher band offset for electron confinement, emission wave-
length of QCLs has been extended significantly to shorter wavelength side. Using
InAs(Sb)/Al(As)Sb structures on InAs, so far the highest energy QCL emission has
been achieved at 2.6 pm at cryogenic temperatures [55]. Generally, it’s difficult
for QCLs to emit shorter than 3 pum at cryogenic temperature even in pulse mode.
Reaching RT operation is very difficult [56-58]. The reason is believed to be the
pronounced I'-L valley scattering at short wavelengths, and a satisfactory solution
has not emerged as yet. Nonetheless, QCLs at ~3.3 um areo still a very good can-

didate for detection of hydrocarbon stretches. For example, InP-based QCLs deliver
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appealing performance in the range of 3.3-3.5 um although not quite good enough
for spectroscopic applications [59]. So far, CW operation of QCLs at RT is limited
to wavelength above 3.8 um, whereas it could be extended to shorter wavelength as
progresses are made [60]. Due to extremely fast phonon mediated relaxation pro-
cesses on the order of 1 ps, QCLs have to be pumped with fairly high current until
the threshold is reached, while showing comparably low external efficiencies per ac-
tive stage [61]. In conjunction with the high bias voltage required for mini-band
alignment in tens of cascades, this leads to relatively high power consumption and
needs extra effort for thermal management, which also lowers the overall efficiency

of the QCL devices [62,63].

1.2.1.3 Interband Cascade Lasers (ICLs)

Common to both ICLs and OPSLs as shown in the Fig. 1.1, the approach to
tailor the emission wavelength almost independently of bandgap energy or band
offsets can be acquired using spatially indirect type-II transitions between neigh-
boring different material layers offering electrons and holes respectively, e.g. InAs
and Gag,In;_,Sb sandwiched between AISb barrier layers which offer efficient car-
rier confinements. Different from DLs and QCLs which have been demonstrated
in all common III-V materials systems including (AlGaln)(As), (AlGaln)(AsP) or
(AlGaln)(AsSb) on suitable substrate, ICLs and OPSLs utilize the broken gap align-
ment of InAs/Ga(In)Sb/AISb layering sequences so that they are accordingly limited
to this type-II material system. Due to the fact that electrons and holes are located
in different layers, the transition probability characterized by the spatial overlap
of electron and hole wave function overlap is lower as compared with type-I QW
transitions. But with so called W-shaped QW configuration (as shown in Fig. 2.1)
consisting of one layer of InGaSbh offering holes sandwiched by two layers of InAs

providing electrons, the e-h recombination probability can be still up to ~70% of
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the value of a type-I QW which means this type of QW configuration offers suffi-
cient gain for lasing. Also, type-II QW’s effectively suppress Auger processes which
deplete carriers from radiative recombination particularly due to the high energetic
separation of the split-off band. In addition, the small in-plane effective hole mass
accompanied by a reduced density of states helps decrease threshold carrier density
needed to reach population inversion [64]. Combining this type of QW structure
with the concept of cascade designs led to the appearance of ICL devices as shown
in the Fig. 1.1. ICLs are relative newer in terms of theoretical development [65] and
experimental realization [66], but device performance is steadily increasing such that
CW operation above RT at 3.75 um was reported in 2008 [67]. For the wavelength
range from 3 to 4 um, it is very impressive for ICLs to tune the emission wavelength
by only changing the W-shaped active region dimensions with the remainder of the
device design remaining the same [68]. Multiple and single mode ICLs with this
approach have been reported to achieve CW operation at RT in this range in recent
years [69,70]. Compared with DLs and QCLs, ICL outperforms both particularly in
the wavelength range from 3.3 to 3.7 ym [71].

1.2.1.4 Optically Pumped Semiconductor Lasers (OPSLs)

Different from the aforementioned three types of lasers, this type of laser is optically
pumped instead of being electrically pumped as its name indicates. OPSL’s active
region is actually very similar to that of ICL as shown in the Fig. 1.1. Since no
cascadable design is intended, the epitaxial growth of the active region is fairly
simple compared with QCL and ICL. It also does not require a bias voltage to be
applied for cascading processes and can be made convenient for optical pump for
some special device design as our tunable DFB laser device to be introduced in
Chapter 2. More information about Mid-IR OPSL could be found in the book, Mid-
infrared Semiconductor Optoelectronics, edited by A. Krier [72]. And the detailed

10
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introduction to this type of semiconductor laser gain medium will be presented in

Chapter 2, together with our unique method of wavelength tuning.

1.2.2 Different Grating Patterning Approaches to DFB Mid-

IR Semiconductor Lasers

As mentioned in the beginning of this section, an essential requirement especially for
applications such as spectroscopy and gas sensing is single longitudinal mode (SLM)
operation, with a narrow spectral linewidth. Although quite some different technical
approaches could be applied to achieve single-mode operation in lasers, we will focus

on DFB lasers based on the aforementioned active region types in this sub-section.

There are generally three major different approaches to fabricated DFB lasers
based on the four types of active regions discussed above. These three approaches
are all optimized for electrically pumped DFB semiconductor lasers taking the form
of ridge waveguide. The first approach is to use a metal such as a chromium grating
patterned on both sides of the ridge waveguide with an embedded gain medium
fabricated previously [73]. The metal grating interacts with the evanescent part of
the guided optical modes thus introduces extra loss to all modes except the lasing
one. This approach works well for DLs but is very difficult to apply on QCLs and
ICLs mainly because the grating or periodic corrugation can’t be patterned close
enough to the active region so that its interaction with optical mode is too weak.
The second approach is to etch a grating that extends over the side walls of the
laser ridge, which provides modulation of the effective refractive index (both real
and imaginary parts) to select the lasing wavelength [74,75]. This approach has
been applied on QCLs successfully in recent years. For QCL or ICL, the deep etch
to form the high aspect ratio gratings needs to go through active region layers, so

refractive index modulation from grating is much stronger than the first approach.

11
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But the quality of the deep etch needs to be carefully controlled especially when the
grating period is small for relatively short lasing wavelengths. The final approach is
to etch a grating on the top of laser ridge usually formed by wet etch that its cross-
section takes trapezoid-like shape. For electrically pumped lasers, contacts are then
deposited on the whole surface of the ridge including the sloped side walls atop the
grating so that the grating located between the contact and optical modes modulates
both the refractive index and gain at the same time to select a single wavelength in
operation [76,77]. Top grating approach is conventional, convenient and has been
applied on all different types of semiconductor lasers. To have enough perturbation
or modulation of refractive index in DFB devices, the top clad thickness of the laser
waveguide epitaxial structure usually needs to relatively thin or the clad refractive
index needs to be well controlled for interaction between grating and optical modes.
We adopted this top grating approach for refractive index modulation on our tunable
DFB laser device. But due to the optical pump design, a ridge waveguide structure

can not be used, as shown in Chapter 2.

1.3 Widely Tunable Semiconductor Laser

Generally speaking, many different technologies for wavelength tuning have been
demonstrated on different types of lasers. For example, an intra-cavity birefrin-
gent, crystal could be rotated to achieve over 200 nm tuning range for a solid state
laser. In this section, introduction to wavelength tuning techniques is limited to
those that have been applied to semiconductor lasers. There are quite some differ-
ent wavelength tuning approaches implemented by different research groups, such
as thermal/temperature tuning, external cavity, MEMS/VCSEL, grating coupled
sampled-reflector (GCSR), sampled-grating DBR (SGDBR) [78-80], super-structure
gratings (SSG) DFB [81-84], and selectable DFB array [85-89]. All these technical

12
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approaches have been applied on semiconductor lasers for different purposes or appli-
cations, with different wavelength ranges. Some of them involve the use of gratings

in the laser structure, some do not necessarily have grating as shown in this section.

1.3.1 Temperature Tuning

Temperature or thermal tuning as its name indicates is to tune the laser output
wavelength by varying the operation temperature of the device. It mainly utilizes
the effect that band gap energy changes as temperature varies, although refractive
index, thermal expansion also get involved slightly as operating temperature changes.
Temperature tuning is usually not practical for wide wavelength tuning applications
because of the detuning of gain spectral peak with respect to the wavelength selection
mechanism of the laser cavity. Also the output power normally varies significantly
when temperature variation is too large. But still when it was applied on QC-DFB
lasers which have a huge operating temperature range, this approach generated single
mode tuning range of 150 nm as laser heat sink temperature increased from 10 K to
300 K [90]. Additionally, the selectable DFB array approach to be presented later in
this section for wide wavelength tuning uses temperature tuning on each individual
DFB laser device in the array for about 3 to 4 nm tuning range. Temperature
wavelength tuning is continuous, but it has to be conducted at fairly slow speed on

the order of milli-second to allow thermal equilibrium to be achieved.

1.3.2 MEMS/VCSEL Tunable Lasers

This technical approach to wavelength tuning is more or less limited to vertical
cavity surface emitting lasers (VCSEL) through varying cavity length. Single mode
lasing can be easily achieved with this type of laser, benefiting from its large free

spectral range (FSR) due to the ultra-short cavity length. In its implementation,

13



Chapter 1. Introduction to Distributed Feedback Lasers

the top distributed reflector in single wavelength VCSEL is replaced with a mirror
mounted on cantilever or piezo actuator fabricated with micro-electro-mechanical
systems (MEMS) technique which raises or lowers under control that equivalently
changes the cavity length thus tunes the laser wavelength [91-95]. This wavelength
tuning approach can usually achieve tuning range of tens of nanometers, and the
latest tuning range from F. Taleb et al. reached 117 nm [96]. As mentioned in the
beginning, this technology can hardly be integrated or applied onto the DBR or DFB

lasers which usually are fabricated in the form of edge emitters.

1.3.3 External Cavity Tunable Laser
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Figure 1.2: Schematic for external-cavity tunable laser

External-cavity tunable lasers take cavity arrangements as illustrated in Fig.1.2,
in which a) is so-called Littman-Metcalf Cavity and b) is Littrow configuration. This
type of laser generally consists of a linear cavity with a semiconductor gain medium
and an external cavity diffraction grating and a mirror or combination of two as
shown in b) aligned in above configurations that rotates at different angles to se-
lect different lasing wavelengths [97-105]. Although the highly dispersive diffraction

grating functions well to select single wavelength to lase, the laser cavity is still con-
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ventional F-P cavity which means the lasing longitudinal mode hops from one F-P
mode to the next. Of course, the mode spacing or the free spectral range (FSR)
is small because of large cavity length. To correct this, Intel has reported to use
two independently temperature-tuned etalons to increase mode spacing to achieve
truely continuous wavelength tuning. Most of the scientific research tunable lasers
with this technology do not have these extra optical parts in the cavity but still
achieve quasi-continuous wavelength tuning. The main drawbacks of this type of
laser are manufacturability and reliability issues given the need for assembling nu-
merous micro parts and holding them in precise alignment. In addition, high quality
anti-reflection coatings are required to cover wide wavelength ranges. This wave-
length tuning technique can be combined with different gain media to achieve tens
of nanometers tuning range easily. To the knowledge of author, an external cavity
QCL reported by A. Hugi achieved wavelength record of about 3.8 pum of tuning
range [105].

1.3.4 Super-Structured Grating or Grating-Coupled DBR
Tunable Lasers

1 2

Q) Front SSG-DBR  Gain  Phase Rear SSG-DBR D) Gain Coupler  Phase Reflector S-DBR
| I — N
SO T

Figure 1.3: a) Super-Structured-Grating-DBR (SSGDBR) and b) Grating-Coupled
Sampled-Reflector (GCSR) Tunable Lasers

These two types of semiconductor lasers as shown in Fig. 1.3 are presented
together because they both use super-structured gratings or sampled gratings while

the particular wavelength tuning mechanism of the two is not exactly the same.
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Both types of laser were originally developed for wavelength division multiplexing
(WDM) in fiber-communication systems, but there is no reason they can not be
applied on Mid-IR lasers. Sampled grating DBR (SGDBR) is actually a special
case of super-structured grating DBR lasers (SSGDBR). Super-structured gratings
are usually designed as phase modulation of the constant period gratings and could
take the form of periodic bursts of a chirped grating [106]. In comparison, sampled-
gratings are normally amplitude modulation of grating, as shown in the Fig. 1.3
which is a constant-period grating modulated by a periodic square wave function
with larger period. SSGs typically require e-beam lithography for fabrication, but
SGs can be easily patterned by combination of holographic and photo-lithography
or photo-lithography alone if grating period is sufficiently large. For both types of
modulated gratings, the desired reflection spectrum of the whole grating as function

of wavelength or frequency is a multiple-peaked comb for wavelength tuning purposes.

SGDBR as a simplified SSGDBR case shown in the Fig. 1.3 a) typically consists
of four sections: gain, phase, front mirror, and back mirror. In the front and rear
mirror sections, periodically sampled DBR gratings are patterned to form a comb-
like reflectivity spectrum as mentioned above. The sampling periods (corresponding
to the spacing between the comb-teeth in reflectivity spectrum) in these two sections
differ and reflectivity peak positions of the two gratings can be tuned independently
with injection current or bias voltage variation, so that only one of mirror reflectivity
peaks from each of the two section overlaps or coincides to select the lasing wavelength
in tuning range. In the process of wavelength tuning, adjacent reflectivity peaks
can be aligned by differentially tuning the front and back mirrors, then the laser
will operate at this new wavelength. Another way of understanding this tuning
mechanism is that the laser is tuned by the beating effect between the two different
mirror reflection combs, namely the Vernier effect. Mathematically, if the reflectivity
from the front and back mirrors are Ry and Ry respectively, the lasing wavelength

is determined by R;Rs. If injection current is used to tune the reflectivity comb of
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these two mirrors, then the laser output wavelength is function of Ry(I;)Ra(Iz). In
this case, the total wavelength tuning capability of the device is the product of An/n
and 0A/AN, where An/n is the single grating tuning capability and dA/AM\ is the
difference in spacing between the mirror reflection peaks of the two mirrors divided
by mean mirror peak spacing. This design can accomplish discontinuous tuning
range from 50 to 100nm and quasi-continuous tuning range of about 20nm [81]. Due
to the grating losses from current injection for tuning, the differential efficiency and
chip output power are limited. But the good feature of this type of laser is that it is
very convenient to integrate semiconductor optical amplifier (SOA) or other optical
modules with the laser [107]. It is ideal for monolithic design and optical integrated

circuits.

GCSR tunable lasers appeared later than SGDBR and actually incorporate a
grating-assisted co-directional coupler (GACC) with a SGDBR. GCSR tunable laser
is accomplished by using the property of GACC or vertical-coupler filter as shown
in the coupler section of the Fig. 1.3 b). The enhanced tuning of this type of device
derives from the refractive index tuning relative to the difference in modal refractive
indices between the two coupled waveguides as illustrated in the coupler section of
GCSR in the Fig. 1.3, An/(n;-ny) rather than An/n; as in most other tunable
filters [108]. Because the filter is broad band, a back multiple-order sampled-grating
reflector is required for good mode selectivity to achieve single mode lasing. GCSR
structure is fairly complex with two vertical waveguides, three different bandgap
regions, three changes in lateral structure and two different gratings and is very
difficult to fabricate compared with a SGDBR. Nonetheless, significant efforts have
led to relatively good performance such as 40 nm continuous or 114 nm discontinuous
wavelength tuning range with SMSR of >30 dB have been achieved by different
research groups [108-111].

Practically, the above two types of tunable lasers achieve wavelength tuning
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through differential variation of current injection in different mirrors or filter sec-
tions which turns out be very complicated requiring current injection look-up tables
or microelectronic circuits for operation. All these could bring in some potential

operation reliability issues.

1.3.5 Selectable DFB Array Tunable Laser
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Figure 1.4: Schematic of selectable DFB array tunable lasers

Selectable DFB array as illustrated in the Fig. 1.4, consists of a array of N dif-
ferent single longitudinal mode DFB lasers that operate at a series of closely spaced
but discrete wavelengths. Different single DFB lasers can be selected and coupled
through multi-mode interface (MMI) or MEMS mirror to output for expected wave-
length. The wavelengths in between these different wavelengths can be acquired by
temperature-tuning on individual DFB laser, usually in range of 3 to 4 nm with tem-
perature variation of 30-40 °C. So the total wavelength tuning range of the DFB laser
array is 4N nm. This approach has been applied to different types of semiconductors
from fiber-communication to far infrared wavelength ranges for wavelength tuning
purposes [88,112-114]. The whole array of DFB lasers is fabricated monolithically on
a single die. It is a relatively easier implementation of tunable laser compared with
SSGDBR or SGDBR approaches, but still unavoidably involves fairly complicated
design, structure, processing and temperature control mechanisms. Usually custom-
designed controller or electronic circuit is required to power each single DFB device

in the array and DC current bias circuitry is also used to control the operation tem-
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perature for wavelength tuning. In addition, some controlling interface for computer
is required for the control of laser firing. Often times, the array consists of tens of
single DFB laser devices which makes the fabrication processes difficult and yield
low to guarantee all of them work properly. Unexpected variation in performance
of different single device are always observed due to the above reasons. Other than
that, some tapered waveguide or other low loss beam combining schemes need to
be developed to couple out the whole array of laser into a single output and special
attention needs to be paid for temperature control and heat dissipation. Through
this approach and combined with QCL, about 700 nm of single longitudinal mode

continuous tuning has been demonstrated [88].

1.4 Projection Motivation

The motivation of our research project presented in this dissertation, as mentioned
earlier, is to develop a tunable DFB laser device based on type-II quantum wells
(QW) gain medium in the Mid-IR range, especially in the range of 3 to 5 ym within
one of the atmospheric transmission windows that is ideal for for gas remote sensing
and spectroscopy applications. In this range, there are quite some signature absorp-
tion spectral lines for identifying molecular vibrations of bonds between different
atoms, for example, N-H stretch at ~3 um, C-H stretch at ~3.3 ym. The target
features and performance characteristics of our tunable DFB laser device are listed

as following,

1. Continuous-wave (CW) operation,
2. Single longitudinal mode operation and mode-hopping free,

3. Narrow spectral linewith on the order of 1 nm,
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4. Wide wavelength tunable range of about 100 nm, suitable for atmospheric

pressure broadened molecular spectroscopy,

5. High output power up to the order of 1 Watt.

1.5 Outline of the Dissertation

The dissertation is presented in five chapters, including Chapter 1 for general in-
troduction to DFB lasers. In this chapter, four different types of active region and
epitaxial structures of gain media in the Mid-IR wavelength range from 3 to 5 pm,
and several technical approaches to implement SLM operation and wavelength tuning

were presented.

Chapter 2 covers the design and fabrication of our optically pumped tunable DFB
laser device. Specifically, it includes slab waveguide mode solver for effective refrac-
tive indices, confinement factor, coupling strength calculation and chirped grating

period calculation as well, followed by fabrication.

Chapter 3 presents the experimental results of the tunable DFB laser device
characterization, including threshold, single facet output power, spectral linewidth

and tuning range.

Chapter 4 presents some preliminary simulation results based on transfer ma-
trix method (TMM) for determining laser emission wavelength and also proof of

continuous wavelength tuning.

Chapter 5 summarizes the research work of this project at the moment and also

proposes the future work .

20



Chapter 2

Device Design and Fabrication

2.1 Our Approach to Tunable DFB Lasers

Different from other methods introduced in Chapter 1 to implement wavelength tun-
ing, our approach is to fabricate an index-coupled DFB laser with location-dependent
hyperbolically chirped grating etched in the top clad layer of the device to select the
lasing wavelength. The tuning mechanism can be explained as such that as the op-
tical pump stripe is translated relative to the device to different lateral positions,
different grating periods at the excited locations select different lasing wavelengths.
In contrast to other electrically pumped laser designs with effective ridge structure
for lateral mode confinement, our laser does not have ridge structure. The optical
pump stripe laterally defines the so-called activated region within where the DFB
laser device lases, which makes it a laterally gain-guided device. In summary, this
type of tunable DFB laser device is analogous to the previously introduced selectable
DFB array in the sense of offset grating periods at different locations(ridges), but
with infinitesimal small continuous grating period offset and needs to be pumped

optically.
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The method for wavelength tuning of our DFB laser is very straightforward, while
the fabrication of this chirped grating can be a challenge. Interferometric lithogra-
phy (IL) technology was chosen to pattern the chirped grating, thanks to its obvious
advantages in patterning periodic structures such as gratings over large area with ad-
equate flexibility of varying period, simple experimental setup and high throughput.
Normal IL with collimated incident beams produces only straight gratings which do
not fulfill the function required for our approach to achieve wavelength tuning. For
that reason, interference between two spherical waves is utilized to form the chirped
gating to be presented in this chapter. The idea is not brand new [115-118], but
to the knowledge of author, no other research groups have used chirped gratings for

wavelength tuning purposes.

In this chapter, design and fabrication, including the calculation of the grating
period and the IL experiment setup for chirped grating patterning of the tunable
DFB laser will be presented systematically.

2.2 Introduction to Gain Medium—Type-II Quan-
tum Well

GaSb based type-IT quantum wells (QW) have been widely used for Mid-IR, optically
pumped semiconductor lasers (MIR-OPSL), which was first proposed by J. Meyer et
al. [119] and demonstrated by researchers at MIT the Lincoln Laboratory [120]. A
generic design of the type-II QW gain medium for optically pumped device is shown
in Fig. 2.1 a). The InGaSb layer, functioning as hole well is surrounded by two
coupled InAs electron wells. Two layers of integrated absorbing layer (IA) are grown
on either side of this InGaSb and InAs sandwich structure, to generate carriers after

absorbing the excitation light and inject them into the InAs and InGaSb wells. In
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this QW structure, electrons can be confined very well. But the composition of the TA
that leads to the energy band offset, as well as the thickness of InGaSb are critical for
efficient hole injection and confinement. In addition, the composition of TA also has
effect on the total effective refractive index since it constitutes a substantial portion
of the core layer of slab waveguide structure in OPSL shown in the Fig. 2.1 b). The
beauty of this material system and epi-structure is that by varying only the thickness
of the InAs layers, the gain spectrum can be tuned to cover very wide range from
Mid-IR to long-wave IR, from ~2 to ~10 pm [72,121] without significantly altering
the electron and hole wave functions overlap so that there is no accompanying loss
of gain. But the drawback of this structure is that it loses hole confinement as
temperature increases to about 150K, so lasers with this type of gain medium only
operate in CW mode at around liquid nitrogen (LNy) temperature [122]. The energy
band alignment of these total 5 layers of different materials forms a “W” shape,

which is also the reason this type of quantum well is commonly called W-QW.

The optically pumped tunable DFB laser presented in this dissertation is based on
the above introduced gain medium and epi-structure but with integrated absorber
optimized for a 1.9 pm pump source meanwhile offering a low confinement slab
waveguide design with better output beam quality and reduced filamentation [123—
127]. As shown in the Fig. 2.1 a), it consists of a 8 mono-layer thick center layer of
In 4Ga gSb sandwiched by two layers of InAs of about 4 mono-layer thick. Two layers
of ~100 nm thick integrated absorber (IA) composed of In ;Ga gAs 15Sb g2 are grown
next to the InAs layers with optimized band gap, band-alignment and thickness to
efficiently absorb the pump power and inject excited carriers into the type-II QW,

offering carrier confinement as well.

A wafer with the above epi-structure, V9-18, was grown with molecular beam
epitaxy (MBE) by Dr. Ron Kaspi at Air Force Research Laboratory (AFRL). The

cross-section view of the wafer is shown in Fig. 2.1 b). Basically, it is a slab waveguide
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a) Photon Emission

Top Clad: GaSb
n=3.82

Core:
14-sets-of

_._ __.,_

n=3.842

__O__O__
I I Substrate: GaSb
InAs InAs n=3.82

Figure 2.1: Epi-structure of the wafer with type-I1 QW gain medium

structure consisting of 3 major layers. Grown on a GaSb:Te substrate also functioning
as a bottom cladding layer, the core layer of the slab waveguide in red is 1.5 pm thick
and contains 14 sets of W-shaped type-II QWs as shown in part a) of the figure,
corresponding to the black lines in core layer shown in part b). 1.5 um core thickness
is determined for all IAs to both fully absorb the pump power and to function as a
single transverse mode slab waveguide at the same time. The equivalent refractive
index of core layer is about 3.842 as labeled. A 1.5 um of GaSb layer is grown atop
of the core layer as top clad, in which the chirped grating will be patterned. GaSh
layers have refractive index of about 3.82. So the difference of the refractive indices
between core and clads is 0.022, a low confinement waveguide design for better output
beam quality as mentioned. Wafer V9-18’s PL spectral peak measured at 80K by
AFRL is centered at 3.06pum, with FWHM of about 100nm.

2.3 Device Design

In the design of our tunable DFB laser, the most important part is the chirped

grating for wavelength tuning. Other than that, there are generally three constraints
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that need to be taken into account for grating design of DFB lasers, namely

1. Target grating period needs to match the gain medium’s gain spectral peak
at the operation temperature of ~80K, to fully utilize the material gain to

maximize laser output power;

2. Coupling strength xL, should be in the range between 1 and 3, enough to offer
strong feedback for wavelength selection but not so high as to cause issues such

as uneven intra-cavity field intensity or spatial hole burning (SHB);

3. Confinement factor I' should be higher than 0.3 to have enough modal gain for

laser device to easily reach threshold and have high output power.

In addition, there are a few other concerns particularly for our device design that
need to be considered such as grating angle and the control of lateral and longitudinal

chirp. All of these will be introduced in the following sections.

In the analysis of grating on this index-coupled DFB laser device, including wave-
length selection, coupling strength and the confinement factor, effective refractive
index approach introduced in the Chapter 3 of Diode Laser and Photonic Integrated
Circuits by L. A. Coldren, S. W. Corzine and M. L. MaSanovi¢ is applied [8]. This
approach was developed to unify transfer matrix method (TMM) in analysis of both
DBR and DFB structures. When it is applied for DFB devices, the only difference
from when being applied on DBR structures, is that all of the refractive indices of
different layers in DBR are replaced with the effective refractive indices solved in
the slab waveguide analysis with a top clad thickness corresponding to the distances
from either ridge top or groove bottom of the grating to the core layer respectively,
namely Dy and D¢ labeled as shown in Fig. 2.2. In other words, the ridge and groove
segments of the grating correspond to slab waveguides with different top clad thick-

nesses, and therefore support different transverse electric field modes with different
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effective refractive indices as labeled in the figure. Then, the grating structure is
equivalent to layer stack with different effective refractive indices as shown in Chap-
ter 4 of this dissertation. Once the effective refractive indices are solved, the grating

in the DFB laser is treated exactly the same as layers in DBR structure.

Grating cross section profile in DFB laser does not have to be square as shown in
Fig. 2.2. But a square grating is our choice since it happens to be the most convenient
profile to fabricate and offers the highest coupling coefficient. The geometry and
dimensional information about grating are labeled in the figure. Ridge and groove
width are Wi and Wg. Top clad thickness at the ridge and groove segments of
grating are D and Dg respectively. So depth of grating groove is D=Dr—Dg. The
different effective refractive indices, ngss_g and ngss_, are calculated with the slab

waveguide model to be presented in the next section.

A A A ‘
W | W,
. .
D Y
D, Top Clad
Core

Nggep Dgig Deger Dere | Deer | Dere  Deer Nerre  Dppr

Figure 2.2: Schematic of the cross section profile of in-plane grating, and correspond-
ing effective refractive indices of grating ridge and groove segments

Because all of the above mentioned three constraints involve the guided mode
solution to slab waveguide structure of wafer shown in Fig. 2.1 b), slab waveguide’s
solution will be introduced first. Due to the reason that the top clad of wafer V9-18
slab waveguide is not thick enough to fully contain the decay of the guided mode

completely, a 4 layer slab waveguide model with an extra cover layer atop the clad
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layer is included for the mode solution. In this case, the cover layer is air, taken as
infinitely thick. Besides, DFB laser with the same QW material system and similar
slab waveguide dimensions has been shown by previous group member, Liang Xue
to support only in TE modes [128]. Accordingly, only the TE mode solution of the

slab waveguide will be presented in the dissertation for brevity.

2.3.1 Solution to Four-Layer Slab Waveguide Structure

The slab waveguide model adopted for calculation of TE mode distribution for the
4-layer slab waveguide is from the paper by Yi-Fan Li et al. [129], as a special case of
multilayer structure. The side-view geometry of this 4-layer slab waveguide is drawn
in Fig 2.3, with coordinate system built as shown. Z direction is the epitaxial growth

direction and Y direction is the TE mode polarization direction.

+2: Air
n.,=1
Z+|:t+l Z
+1: GaSb
n.,=3.82
Z.,=d,
0: IA/InAs/InGaSb/InAs/IA 7—0 X
n,=3.842 - Y
Z-oz'do
-1: GaSb
n,=3.82

Figure 2.3: Geometry of a 4-layer slab waveguide. dj is the half thickness of the core
layer.

Only the fundamental TE mode, TEj exists in this slab waveguide and the so-
lution of the guided TEy mode is given with the following set of equations 2.1,
corresponding to the mode profiles in different layers of the waveguide. Subscript

integers +2,+1,0,—1 are used as layer indices standing for cover layer, top clad
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layer, core layer and substrate layer respectively as labeled in the Fig. 2.3 and the
equations. dg is the half thickness of the core layer which is 0.75 um for wafer V9-18.
And the top clad thickness t,1 — dy is to be varied to scan across possible ranges of
top clad thickness and grating groove depth for different effective refractive indices
based on which grating period, coupling coefficient /strength can be calculated. And
confinement factor can also be calculated once the guided mode electric field profile

given by the following equation set is acquired.

cosh(piidit —¥41)

EY,J,_Q = COS(kadO — QZS_()) EXP[—]?+2(Z — Z+1)] (21&)

coshtpyy
By = cos(2kydy — ¢0)C°Sh[p+1(jsg 5*0) — Vil (2.1b)
Eyo = coslkz(Z — Z_o) — ¢-0] B (2.1c)
By_1 = cosé_oEXPlp_\(Z— Z_y)] (2.1d)

Where propagation constants p; and kz, and phase terms ¢;, ¥; are given in the
following equations. k and [ are the TE mode propagation constants in vacuum and
the slab waveguide. In the calculation, vacuum wavelength is set at 3.06 pym for k

to match the PL spectral peak wavelength measured at 80K.

k2 = k*ng® — 2 (2.2a)

pi? = B%—kn? (i=—1,+1,+2) (2.2b)

o = tan (2 (2.3a)
kz

brg = tan_l[%tanhwﬂ] (2.3b)
Z

b = pH(tH—do)Hanhl(zi) (2.3¢)

+1

kz, which is the Z component of the guided mode propagation constant, is graph-

ically solved from the waveguide eigenvalue equation 2.4, with top clad thickness
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of 1.5 um as an example shown in Fig. 2.4. ¢ in the equation 2.4 as shown is a

non-negative integer for different order guided modes if they exist.
kad() = ¢+0+¢_0+q7'(' (q:(),]_,?,) (24)

Effective refractive index npgysy is calculated by the following equation.

nEff = % (2.5)

1 T T T T T T T T

Left Hand Side=k *Width -® -®
05 - z core -0 " +0 |
' Right Hand Side=qr, q=0, 1, 2....

TopClad=1.5pm

-0.5

Left/Right HandSide Amplitude

_35 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

k (1/um)

Figure 2.4: Graphic solution of 4-layer slab waveguide eigen function

As examples of slab waveguide solution, the field distributions of the fundamental
TE mode, TE, are plotted in Fig. 2.5, for three different thicknesses of the top
clad GaSb layer 0.5 ym, 1.0 pgm and 1.5 pgm as shown. Obviously, different top
clad thicknesses significantly affect the guided mode electric field profile. Simply
speaking, thicker top clad thickness will pull the mode out from the substrate and
make the mode decay faster in the clad layers. Matlab code for the solution of TE,
mode to this 4-layer slab waveguide can be found in Appendix C.1.
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Figure 2.5: Field of TEy Mode in slab waveguide with different top clad thicknesses
of 0.5 pym, 1.0 yum and 1.5 um. Mode profile in cover and top clad layers and
substrate is plotted in magenta, blue, and green respectively. The red area in the
figure corresponds to the mode profile in the core layer. Once converted to intensity,
red area relative to the full area under mode profile gives confinement factor, I'.
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2.3.2 Target Bragg Grating Period

For DFB Lasers, the grating used for wavelength selection is often called a Bragg
grating. Its period, together with the effective refractive index of laser cavity de-
termine the Bragg wavelength (equal or in the vicinity of lasing wavelength), which
should match the gain medium’s spectral peak in operation condition as mentioned.
The relation between Bragg wavelength, Ap,q4, and the grating period, A = Wr+Weg

is given by the following equation.

)\Bragg = Q(REff_RWR + nEff_GWG) = QﬁEffA (26)

Where ngss_g and ngys_q are the effective refractive indices acquired in solving the
slab waveguide mode with different top clad thickness of Dg or D¢, corresponding to
the ridge or groove segment of the Bragg grating as presented in the previous section.
Average effective refractive index, ngsy is the average of ngss_p and ngsr_¢ when
Wr=W¢. In calculation of target grating period, Apyqg is set to be equal to or in
the vicinity of the gain medium’s PL spectral peak wavelength at device operation
temperature (80K) which is at 3.06 pm for our case as given in the previous section.
Then grating period can be calculated with above equations 2.5 and 2.6 once effective
refractive indices are determined. Since the period of hyperbolically chirped grating
on our device varies at different locations, the target Bragg grating period (with
assumption of straight grating or constant grating period) acquired through the
above method will be taken as the center grating period of some target grating
period range. This target range of the grating period on the actual tunable DFB
laser device is determined to fully take advantage of the bandwidth of gain spectrum
to achieve the widest wavelength tuning range. In addition, the grating period range
also depends on the available lenses for IL setup as to be shown in the following

section about chirped grating period calculation.
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2.3.3 Coupling Strength

Coupling strength is the product of the coupling coefficient x and physical grating
length L4, used to characterize the feedback from the Bragg grating of a DFB laser.
Assuming that the discontinuity of effective refractive indices in grating ridge and
groove segments is small enough, then coupling strength of the Bragg grating can
be given as following equation 2.7. Many different equations could be found for
kL, calculation, the reason we chose this is because of its simplicity. It needs to
be emphasized that this equation is meant for non-chirp straight grating case. But
it should be still applicable for our chirped grating design, considering the grating
chirp along the pump stripe is small as shown in the next few sections. Equation 2.7

provides an estimation of the coupling strength for our device design.

_ & ) AnEff _ 2L9AnEff

kL (2.7)

g A ﬁEff )\laser

Where Angyy is the effective refractive index difference between the cases with top
clad layer as thick as the grating ridge or groove segment. And M. in equation
stands for the lasing wavelength. For the calculation of coupling strength in our laser
device design, A\juser i set to be 3.06 pm , matching the PL spectral peak wavelength
at 80K.

2.3.4 Confinement Factor

The confinement factor is the fraction of intensity profile of a guided mode within
the active or core region in the waveguide. For our laser device with a slab waveguide

structure, it can be given by the following well known equation.

0o Dk +d *
F(Z) _ fActiveRegionE - ErdZ _ f—doo EY(Z) ’ EY(Z) dz (28)
[**E - Brdz "2 Ev(2Z)- BEv(2)dZ

Where E and E* stand for the electric field amplitude and its conjugate value and 7 is

the epitaxial growth direction, or transverse direction as referred in this dissertation.
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Accurately speaking, ActiveRegion, the subscript that defines the integral range
in the above equation means where electron-hole recombination occurs, namely the
InGaSbh and InAs QWs inside the core layer of the slab waveguide structure. So the
lower and upper limits in the equation numerator integral are not correctly defined.
But it is fair to assume that the confinement factor in the core region of the waveguide
is proportional to that in the actual active region. So the above expression is used
to define confinement factor of our tunable DFB laser device. Once the guided mode
electric field profile is calculated as shown in the section 2.3, confinement factor can

be easily acquired with above equation 2.8.

After the introduction of the above constraints in generic grating design of a DFB
laser and our device as a particular case, the practical parameters need to determine

for our device design can be simply summarized as following.

1. How thick should the top clad (distance from grating ridge top to core layer)

of the slab waveguide be?

2. How deep do the grating grooves need to be etched into the top clad?

Based on all the known values such as PL spectral peak wavelength, refractive indices
of different layers in slab waveguide, core layer thickness, effective refractive index,
confinement factor and coupling strength as function of top clad thickness, Dg, and
grating groove depth, D, are calculated with the introduced 4-layer slab waveguide

model and plotted in Fig.2.6, 2.7 and 2.8.

Because confinement factor with top clad less than 500 nm thick is too low to
meet the constraint presented previously, all the three figures are plotted with top
clad thickness range from 500 nm to 1500 nm. For the same reason, in Fig 2.7,
coupling strength is plotted only for cases with Dg equal or bigger than 500nm. In
addition, due to the fact that the ICP recipe used for grating pattern transfer into
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Figure 2.6: Effective refractive index of DFB device as function of top clad thickness
of the slab waveguide

waveguide top clad doesn’t give good etch profile for groove depth larger than 700
nm, the grating depth range plotted in this figure is from 50 nm to 700 nm with 50 nm
increment. Shown in the Fig. 2.6 and 2.8, as thickness of the top clad increases, the
effective refractive index of the slab waveguide sub-linearly increases, and the mode
confinement increases as well. Coupling strength by equation 2.7 for 2.5 mm long
grating as function of different combinations of top clad thickness, Dy and grating
groove depth, D, is plotted in the Fig. 2.7. Generally speaking, coupling strength
increases as the grating groove depth increases. But for a given grating groove depth,
the coupling strength decreases as top clad thickness increases. The decreasing trend
of coupling strength with deeper grating groove as top clad thickness increases is more
obvious as shown in the figure. Any combinations of top clad thickness and grating
groove depth between 1 and 3 as shown in the shaded area in the figure can be chosen

for our device.
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Figure 2.7: DFB laser device coupling strength, L, with grating length L, = 2.5mm
as function of top clad thickness of slab waveguide and the grating groove depth D,
assuming 50% duty cycle square grating case. Shaded area in the figure gives the
target coupling strength range from 1 to 3. And the golden star corresponds to the
actual parameters determined for our device fabrication, namely top clad thickness
of 1500 nm and grating depth of 500 nm.

With calculation for effective refractive index, coupling strength and confinement
factor with different top clad thicknesses and grating depths, we finally decided not
to thin the top clad layer on wafer V9-18 and to etch the grating 500 nm deep into
the top clad, taking into account the trade-off between the coupling strength and
the confinement factor as shown in the Fig. 2.7 and 2.8. Effective refractive indices
for top clad thickness of 1.5 pm (grating ridge) and 1.0 um (grating groove) are
3.8238 and 3.8224 as labeled in the Fig. 2.5. Center Bragg grating period is about
405 nm. And the coupling strength for a 2.5 mm long grating DFB device is about
2.2 as shown by the golden star in the Fig. 2.7. Confinement factor is about 0.42.
Effective refractive index acquired in the 4-layer slab waveguide turned out to be a

bit larger than the fitted effective index with characterization data, which is about
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Figure 2.8: Confinement factor, I' of DFB device as function of top clad thickness of
the slab waveguide

3.75 as shown in Chapter 3.

2.4 IL Experimental Setup

As mentioned earlier in this chapter, interference between two spherical wavefronts
is utilized to fabricated a chirped grating. With that in mind, we designed this
experimental setup for IL as shown in Fig. 2.9. It is basically a Lloyd mirror setup
mounted on a rotation stage with an extra spherical lens mounted perpendicular to
the mirror, which converts the collimated incident beam into the spherical waves
for interference. Coordinate systems (X, Y, Z) and (X’, Y’) are drawn as shown in
the schematic to help better explain how this setup works for our purpose. For the
same reason, collimated coherent incident beam coming from the left-hand side is

intentionally drawn in two separate circular cross-section portions. One portion of
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Sample
Graded Intensity Filter

Figure 2.9: Schematic of interferometric lithography experiment setup to pattern
chirped grating

incident beam impinges on the spherical lens directly then gets converted to spherical
wave by the lens and focused at point B. Likewise, the other portion of the incident
beam, after being reflected by the mirror, shines onto the lens then gets converted
and focused at point A. When a photoresist (PR) pre-coated sample (In our case,
it’s a 10x10 mm die diced from the epitaxial growth wafer. For the rest of this
dissertation, it is referred as the die.) is placed in the overlapped region of these
two converging spherical waves as shown as the cone-shaped zone behind lens in the

schematic, a quadratically chirped grating pattern will be registered in the PR layer.

In theory, any spherical lens could be used to get spherical wavefronts. But we
decided to use a plano-convex lens with its curved surface facing the incident beam
side because it is convenient to mount sample immediately next to the back surface if
necessary. Coordinate system (X, Y, Z) is built with its origin located at the center
of the back (flat) surface of the lens. And X, Y axis are parallel and perpendicular

to the mirror respectively. 7 axis is colinear with the optical axis of the lens and

37



Chapter 2. Device Design and Fabrication

pointing in the direction the light propagates. Some distance after the X-Y plane on
Z axis, coordinate system (X', Y’) is used to explain the positioning of the die in the
experimental setup. X’ and Y’ are parallel to the X and Y respectively as shown.
The die is tilted with angle g relative to the back surface of the plano-convex lens as
labeled in schematic with the middle point of its bottom edge on 7Z axis. Meanwhile,
the die is intentionally azimuthally rotated about it’s normal for angle « to tilt the
grating line orientation relative to edges of the die to suppress Fabry-Perot (F-P)
modes. Die tilt and azimuthal rotation will be presented in detail in the following

sections 2.6 and 2.7 .

As shown in the IL setup schematic of Fig. 2.9, incident beam falls into Y-Z plane
and has incident angle of 6 with respect to the axis Z or the optical axis of plano-
convex lens. Due to the particular geometric configuration of the optical elements in
the IL experimental setup, foci A and B are also located in the Y-Z plane and are
symmetric with respect to Z axis. L is the half separation of the foci A and B. Their
distance to the back flat surface of lens is labeled as D. L and D are the parameters
we need solve first for the calculation of chirped grating period as function of location
on the die. They both are lens and beam incident angle 6§ dependent. Calculation of

L and D will be presented in the following section 2.6.

2.5 Lateral and Longitudinal Chirps in Grating

Due to the fact that the grating is acquired from interference of two spherical wave-
fronts as explained, grating lines are hyperbolic which means grating period varies
in two orthogonal directions at the same time. To characterize this hyperbolically
chirped grating, two different types of chirp along these two directions are defined in

this section.

Before that, it is necessary to introduce two typical pump stripe orientations for
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our tunable DFB laser as shown in Fig. 2.10, in which these two orthogonal direc-
tions required for chirp definition are also introduced. The rectangles with shaded
lines in the figure stand for the DFB laser device cleaved from patterned die. Their
left /right laterals correspond to the front/back device facets. And the shade lines
titled with respect to the facets stand for the grating line orientation on the device
due to the azimuthal rotation of angle « in IL exposure as mentioned in the pre-
vious section. Pump stripe, shown as the blue stripe can be applied either normal
to the facets or the grating lines as shown in the part a) and b) in the Fig. 2.10.
These two different configurations are referred as facet normal configuration (FNC)
and grating normal configuration (GNC) respectively. When talking about device
or die dimensions, longitudinal direction means the horizontal direction and lateral
direction means the vertical direction or along facets as labeled in the part a) of
the Fig.2.10. When talking about grating chirps, longitudinal direction is along the
pump stripe orientation and lateral direction is the direction perpendicular to longi-
tudinal direction. In short, device dimensional directions coincide with grating chirp
directions for FNC, but are different for GNC as shown in the figure. Additionally,
optical pump stripe orientation can actually be rotated to an arbitrary angle relative
to device facets or grating lines for wavelength tuning purpose [130,131]. But this

technique is out of the scope of this dissertation and will not be presented here.

Although the pump stripe has the flexibility of being applied in these two config-
urations, only GNC is preferred. Since pump stripe is not normal to the laser device
facets, F-P modes from facet feedback are successfully suppressed. Also because of
the pump stripe configuration GNC, laser output beam shown in red in the part b)
of Fig. 2.10 is not perpendicular to the facets but holds an angle of about 23.5°
determined by the Snell’s law. All the device characterization results presented in

Chapter 3 are done in GNC.

With these two directions explained, longitudinal and lateral chirps are defined
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Figure 2.10: Two different pump stripe orientations in laser operation, FNC and
GNC.

as follows.

Longitudinal Chirp: Grating period variation along the pump stripe, which is
not necessarily perpendicular to the grating line orientation as shown in FNC.
Lateral Chirp: Grating period variation along the direction perpendicular to the

pump stripe, in both GNC and FNC.

Things to bear in mind are that lateral chirp is desirable because it is what we
use to tune the lasing wavelength. Longitudinal chirp has both positive and negative
effects on the performance of DFB laser devices [15,17,132-144]. In this dissertation,
we mainly concern its impacts on laser’s spectral linewidth so that it needs to be
avoided or at least kept under control. To characterize the aforementioned two types
of grating chirps, figure of merit (FOM) is defined as the ratio of lateral chirp to

longitudinal chirp, as shown in the following equation.

FOM — AA/\|Latev"alDirection

et 2.9
A/X|LongitudinalDirection| roenarea ( )

The goal for optimization of this quadratically chirped grating is to maximize the

value of FOM and control the value of longitudinal chirp at the same time. As dis-
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cussed below, the die tilting (rotate sample about Y’ axis by angle § as mentioned
and shown in the Fig. 2.9) with respect to the back surface of the lens in IL expo-
sure, allows some control of FOM. In section 2.8, FOM and variation of lateral and
longitudinal chirp as function of die tilting angle $ and some other parameters will
be discussed in detail, after calculation of grating period is introduced in the next

section.

2.6 Calculation of Quadratically Chirped Grating

Period on Die

The derivation of the chirped grating period as function of location on the die surface

is to be done in such procedure listed below.

Step 1. Get coordinate transformation between pattern space (X,Y, Z) and sam-
ple space (u,v), namely to get the expression of X, Y, Z in terms of u, v
respectively. These two spaces will be introduced in sub-section 2.6.1.

Step 2. Write the expression of interference pattern in pattern space, basically the
interference fringe pattern as function of coordinates (X,Y,7) in the pattern
space.

Step3. Substitute coordinates (X, Y, Z) with (u, v) according to the relation derived
in Step 1. to get the expression of chirped grating period as function of location

(u,v) on the die.

2.6.1 Coordinate Systems

For the convenience of explanation, two coordinate systems need to be introduced

before we start deriving this hyperbolically chirped grating period expression on the
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die. They are shown in the following Fig. 2.11. The first one is a 3-D so-called
“pattern” space required to describe the locations of optics in experimental setup,
relevant spatial parameters in grating period calculation and interference fringe in
space. It is defined with coordinates (X,Y,Z). The second coordinate system is
a 2-D “sample” space meant for the die surface on which chirped grating is to be
patterned. For clarity in derivation, a 3-D coordinate system defined by (u,v,7) is
temporarily used. But what actually needed is just the u-v plane corresponding to
the die top surface that faces in y direction as shown in the Fig. 2.11 b). To derive
the expression for hyperbolically chirped grating patterned by IL on die surface, we
will start with the transformations between these two coordinate systems, (X,Y, Z)

and (u,v,7y), which will make the whole derivation easy to understand.

2) x b) 1

AW
v
) 0
, U

Plano-convex Lens Sample/Die

Figure 2.11: Coordinate systems for pattern space and sample space.

In pattern space, coordinate system (X, Y, Z) is built as introduced in section 2.4
and as shown in Fig.2.9 and 2.11 a), with plano-convex lens’ back/flat surface sits in
X-Y plane and its optical axis colinear with Z axis. the lens curved surface faces in
the —Z direction. For the sample space (u,v,7), coordinate system is constructed
as shown in Fig. 2.11 b). The Origin is chosen to be at the middle point of the
bottom lateral of the 10 x 10 mm die. w axis is in the horizontal direction parallel
to the top/bottom lateral, and v axis is in the vertical direction. Before die tilt and

azimuthal rotation, v and v axes are parallel to the X and Y axes respectively and

42



Chapter 2. Device Design and Fabrication

~ axis points to —Z direction as shown in Fig. 2.11. Both pattern and sample space

coordinate systems are right-handed systems.

2.6.2 Sample Position and Coordinate Transformations

From its reference position, against the back surface of the lens with u, v axes col-
inear with the X, Y axes respectively, the die can be moved to its actual position
in IL exposure with three operations, namely tilt relative to the back surface of
the lens with angle 3; azimuthal rotation about its own surface normal for angle
a; and translation from the origin with offsets C,, Cy and C7 in X, Y, Z direc-
tions respectively. To describe the actual positioning of the die in IL patterning,
these operations could be mathematically defined as three coordinate transforma-
tions represented by different matrices and applied in the following order as shown.
Combining them together, the mapping relation between the pattern space coordi-
nates (XY, Z) and sample space space coordinates (u, v,7y) can be obtained, which
is required to calculated the chirped grating period on the 10x10 mm die. Mathe-
matically, the first two transformations are identical, which is coordinates rotation
about one of the three axes in Cartesian coordinate system as defined in appendix
A. The third transform is just translation of a Cartesian coordinate system. In the
derivation of the mapping relation between pattern space coordinates (X,Y, Z) and
sample space coordinates (u, v, ), another intermediate coordinate system (u', v', ")
is used to better explain the coordinate transformations. The aforementioned three

coordinate transformations are listed as followings.

1. “Tilt” of sample relative to the back surface of the plano-convex lens that is
equivalent to a rotation of pattern space (X, Y, Z) about Y axis or sample space

(u,v,7) rotate about the u axis for angle £.

2. “Azimuthal rotation” of sample about its surface normal, v axis for angle a.
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3. Translation of the origin of the sample space coordinate system (u,v,7) in
pattern space with offsets of C'x, Cy, Cz from origin O. The Origin of sample
space coordinate system (u, v, ) falls in X’-Y” plane on IL experimental setup

as shown in Fig. 2.9.

Transformation 1., die tilt relative to the back surface of the plano-convex lens could
be defined with matrix A; as shown below. Equation 2.10 presents the rotation
operation of intermediate coordinates (u',v’,~") about u’ axis to get the pattern

space coordinates (X,Y, 7).

X 0 cosf sinf u’ u’
Yy i=|1 o 0 o =AY (2.10)
Z 0 sinf8 —cospf v 04

Likewise, transformation 2. which is the azimuthal rotation of sample about its
surface normal, axis v could be defined with Ay as below. Equation 2.11 shows
this operation to get from sample space coordinates (u,v,7y) to the intermediate

coordinates (u', v, 7).

u cosaw  sina 0 u u
v | = | —sina cosa 0 v | =42 | v (2.11)
ol 0 0 1 gt gt

So combining the first two transformations, relation between coordinates in pattern

space (X,Y, Z) and those in sample space (u, v,7) is given by the following equation.

X u 0 cosf sinp cosa  sina 0 v
V [=AA v ]|=]1 0 0 —sina cosa 0 u | (2.12)
Z ¥ 0 sinf8 —cosf 0 0 1 ¥

The entire coordinate transformation taking into account all above three transforma-

tions including the translational offsets of the sample in coordinate system (XY, Z)
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with respect to its origin in IL patterning could be written as

X u CX
Y | =44 v |+ ]| Cy |- (2.13)
A Y CZ

As mentioned before that we only care about the die surface when calculating the
grating period as function of the location on its surface. Mathematically, this means

to let v = 0 in the above expression. Which is,

X —cosfsina cosfcosa  sin 3 u Cx
Y | = cos v sin « 0 v |+ ]| Cy |- (2.14)
Z —sinfsina sinfcosa  —cosf 0 Cy

Space coordinates (X, Y, Z) in the above matrices can be rewritten in terms of sample

space coordinates (u,v), as shown in the expressions below.

X = —wucosfsina+ vcosfcosa+ Cx (2.15a)
= wucosa+vsina + Cy (2.15b)
Z = —usinfsina+vsinfcosa+ Cy (2.15¢)

2.6.3 Interference Pattern in Pattern Space

The method to calculate the interference pattern of these two spherical waves is based
on the fact described in the following sentence. If at any point in the pattern space,
its optical path length to the two source points of the interfering spherical waves is
multiple of the wavelength, then at this particular point electric field has constructive
interference from the above mentioned waves. Or if a screen is put at this location,

a bright spot can be seen on it. Likewise, if the difference of the optical path length
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from this particular point to the source points of the spherical waves is odd multiple
of half wavelengths, interference between these two waves will be destructive. All
the points with these attributes in the pattern space form bright and dark fringes
that could be recorded with screen at arbitrary positions. In here, the screen or the
medium that we use to record the fringes is the photoresist (PR) pre-coated on the
die. These bright or dark fringes are the grating lines we are trying to pattern in
PR. Due the attribute that optical rays are reversible, we can take the foci, A and
B as shown in Fig. 2.9, formed by the two converging spherical waves after lens in
the IL experimental setup in section 2.4 as the source points. Because the geometric
configuration of the optics in our IL experimental setup and the construction of the
coordinate system as shown in Fig. 2.9, assuming the incident beam is in Y-Z plane,
then the foci A and B should be in the same plane and their location coordinates are
(0, L, D) and (0, —L, D) respectively, as labeled in figure. With these explained, the
expression that defines the difference of optical path length from a arbitrary point
(X,Y, Z) in pattern space to these foci to get constructive interference can be written

as following.

mh=vVX2+ Y +L)2+(D—-22—/X2+ (Y -L)2+(D—-2)2 mel (2.16)

Where )\g is the vacuum wavelength of spherical waves in IL patterning which is 355

nm from a frequency tripled Nd:YAG laser.

In the pattern space, the interference pattern/chirped grating period as function

of location then can be written as expression shown below.

AXY.2) = e (2.17)

Where Vm is the gradient of integer m in pattern space. Every time m is changed by
1, above equation will give a interference fringe curve in pattern space corresponding

to a bright fringe.
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2.6.4 Chirped Grating Period on Die

To get the chirped grating period as function of location on the die, we just need
to substitute (X, Y, Z) in equation 2.17 with coordinates (u,v) in sample space with
their relation given by equation 2.15 to get the following equation for chirped grating
period on the die .

Ao _ Ao
IVm(u,v)] — \/(Om]ou)? + (Om/]ov)?

A(u,v) = (2.18)

After some mathematical manipulations, the grating period on the die can be
written as following. To make the expressions brief and neat, we still use the pattern
space coordinates X, Y and Z in them. In the calculation or plot of grating period,
they need to be substituted with sample space coordinates (u, v) as shown in equation

2.15.

Ao
V/ (Termy — Terms)? + (Termy — Termy)?

A(u,v) = (2.19)

Where Termy, Terms, Termsz and Termy are listed in the following expressions

respectively.

Term, — Xcosfeosa+ (Y + L)sina — (D — Z)sin S cosa (2.200)
VXI+ (Y + L2+ (D - 2)2

Termy = Xcosfeosa+ (Y — L)sina — (D — Z)sinfcosa (2.20b)
: VX2 4+ (Y - L)?+ (D - Z)? |
Torm. — —XcosBsina+ (Y4 L)cosa+(D—Z)sinfsina (2.20c)
3 \/X2 Y+ L)?+(D—-Z2)? .
Term, — —Xcosfsina+ (¥ —ljcosa+(D-Z)sinfisina 4,0,
' VXV - L2+ (D= 2p |
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2.6.5 Calculation of Hyperbolically Chirped Grating Period
on Real Tunable DFB Laser Device

In this sub-section, chirped grating on the 10x10 mm die from which our tunable
DFB laser device characterized in Chapter 3 will be presented as an example of the
hyperbolically chirped grating period calculation. To calculate the grating period as
function of location on the die, we still need the values of L, D, 8 and a. Die tilting
angle § in IL patterning is set at 45° and azimuthal rotation angle of die, a is 6°
which means the die is azimuthally rotated 6° clockwise about v axis. Translational
offsets C'x and Cy are set to 0 mm. C in the equation 2.19, the Z-offset in pattern
space of the origin of sample space coordinate is 2 mm in our calculation. The chosen
setting values of 3, a, Cx, Cy and Cy are mainly for maximum FOM as defined in
section 2.5 and the reason why they are set at these values will be explained in detail
in section 2.8. L and D for the locations of foci A and B can not be directly set.

They have to be calculated before grating period calculation.

As mentioned in the previous section, L and D are plano-convex lens and incident
angle dependent. The lens we selected for grating patterning for our DFB laser device
is a PLCX-50.8-51.5-UV from CVI Melles Griot whose dimensional information and
material refractive index can be found online [145]. Incident angle 6 was acquired
in a recursive manner that we started with some guessed initial value, then adjust
the incident angle according to the patterned grating period measurement results at
a series of locations on dummy samples, till we reach the expected range of grating
period to match with the gain spectrum in PL measurement of the wafer. The
incident angle used in IL exposure of the chirped grating patterning for the die of

real DFB laser device characterized in the Chapter 3 is about 21.7°.

Due to the reason that the incident angle is too large to apply paraxial equations

for foci location calculation, we decided to analytically and graphically solve for L
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and D with ray tracing approach using Snell’s law. The calculation of the values of
L and D is done in Matlab and plotted in Fig. 2.12. The calculated foci locations
match the measurement conducted on IL setup very well. Assuming the collimated
incident beam is in the Y-Z plane, then the locations of the foci also should be in
the same plane as mentioned in the previous section. Also due to the geometric
configuration of the IL setup and construction of pattern space coordinate system,
locations of foci A and B are symmetric with respect to Z axis. So only location of
either focused point needs to be solved and the location of the other can be easily
acquired by mirroring the location of the solved one with respect to Z axis. With
the dimensions of the lens, refractive index and the incident angle known, Snell’s law
is used to get the refraction angles and the positions of each ray at the front and
back surfaces of the lens, till they cross each other behind the lens. The ray tracing
calculation is shown in the Fig. 2.12. Five equally separated parallel incident rays
in green come from the left hand side at angle 6 = 21.7°, get refracted on the front
and back surface of the lens and finally converge after passing through the lens, with
rays in and behind lens drawn in blue and magenta respective as shown in the figure.
Due to spherical aberration of the lens, the five rays do not cross each other at single
point after the lens. Although the locations of all these cross points are calculated,
the final location of the focused point is manually determined as the mass center of
the triangle formed by the three middle rays. The values of the L and D acquired
by above explained method are 32.98 mm and 76.47 mm respectively. The Matlab

code solving for foci locations can be found in Appendix C.2.

With all the parameters in equation 2.19 determined, the quadratically chirped
grating period contour on the 10 x 10 mm die is solved and plotted in Fig. 2.13.
Obviously, these quadratically chirped grating lines show hyperbolic patterns and the
grating period and angle are both location dependent. Over the entire 10x10 mm
die, the grating period varies in the range from about 405 nm to over 440 nm. The

4x2.5 mm actual tunable DFB laser device characterized and presented in Chapter 3
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Foci Location by Ray Tracing
-50 s e e

Figure 2.12: Ray tracing solution for the locations of foci A and B. The location of
A(B) at (0, £L, D) corresponds to the focused points of the converging spherical
waves. L, D are labeled as shown.

is cleaved from the upper middle section of the die with exactly same chirped grating
as shown in the figure. The specific location and dimensions from where device is
cleaved from the die will be discussed in the following section 2.8. The Matlab code

for the grating contour plot can be found in Appendix C.3.

2.7 Grating Angle

In so-called conventional DFB lasers, gratings are usually fabricated parallel to the
laser facets. If the facets are not properly anti-reflection coated, then facet feedback
will interfere with the distributed feedback from grating and possibly overtakes its

function for wavelength selection especially under high power pump conditions, which
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Figure 2.13: Chirped grating period contour on a 10 x 10 mm die, with die titling
angle $=45° azimuthal rotation angle a=6°, offsets Cx = Cy = 0 mm and Cy = 2
mm.

is the reason these lasers only operate as DFB lasers at fairly low output power.

In the design of this tunable DFB laser, we decided not to anti-reflection coat the
facets not only because it is not a process very easy to control the coating quality
across a wide wavelength range but also because the issue of coating peeling-off due
to the different thermal expansion coefficients between the coating layers and the
device, as well as nonuniform local heating from pump stripe in operation induces
uneven thermal expansion. To suppress the Fabry-Perot (F-P) modes due to the
feedback from laser facets, we intentionally apply an azimuthal rotation of the die
for angle o about its surface normal as mentioned in the previous section such that

the patterned grating line orientation is tilted with respect to the device facets after
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it is cleaved from the die. So if the pump stripe is applied perpendicular to the
grating line orientation (GNC) in operation, which is not normal to the facets, F-P

modes are successfully suppressed in lasing, as presented in Chapter 3.

In this section, the grating line orientation or grating angle on the 10x10 mm
die will be presented. For the exactly same chirped grating patterned on the die as
shown in the Fig. 2.13, its line orientation or grating angle contour on the die is
calculated and plotted in the Fig. 2.14. As seen in the figure, grating angle contour
is overlaid on top of the grating period contour. Because of the existing quadratic
chirp, grating angle varies by a few degrees over the 10x10 mm die, which means
the grating lines along the pump stripe hold different angles at different locations,
as shown in the Fig. 2.10. Obviously different from straight grating case for most
typical DFB lasers, this angle variation affects the feedback of the grating, lowers
the coupling strength, causes extra losses that increase the lasing threshold as well.
Fortunately, the laser device cleaved from the die with dimensions of 2.5x4 mm in
longitudinal and lateral direction respectively, the angle variation along pump stripe
should be roughly a quarter of value shown in the Fig. 2.14. So the grating angle
variation along the pump stripe does not affect the laser performance significantly,
as discussed in the following sections. In the simulation of the grating feedback and
wavelength selection presented in Chapter 4, we take into account both the grating
angle and period variation in the construction of the laser cavity transfer matrix as

will be presented.

The equation derived for grating angle calculation shown below is based on the
gradient of integer m, Vm as introduced in sub-section 2.6.4. The Matlab code used

to calculate the grating angle and plot this figure can be found in Appendix C.4.

om/ov
om/ou

GratingAngle(u,v) = © — tan™*( ) (2.21)
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Figure 2.14: Chirped grating line orientation on a 10x10 mm die. Die tilting angle
[=45° and azimuthal rotation angle a=6°. translational offsets C'y=Cy=0 mm and
C7=2 mm.

2.8 Discussion About The Chirped Grating

In this section, FOM on a 2.5x4 mm device as function of translational offsets C'x
and Cy with die tilting angle § as parameter will be calculated first to prove that
to maximize FOM as a goal of the chirped grating optimization, the die positioning
parameters set in IL exposure are necessary. After that, the grating tilting angle with
respect to pump stripe in GNC as function of Cx, Cy and  will be discussed. It
has to be pointed out that FOM is also function of some other parameters such as «,
Cz or L and D, but they do not impact FOM’s value as significantly. So to simplify
the discussion, we temporarily take FOM as function of only 8, Cx and Cy. These

values were actual numbers used in grating fabrication of real DFB laser device as
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well as the calculation of grating period and angle on the 10x10 mm die presented in
previous sections. To further simplify the calculation, plots and discussion of FOM
and also the grating tilt angle relative to pump stripe, die azimuthal angle « is set
to be 0°. This should not change the setting values of 3, C'x and Cy for real device
fabrication with a=6°. Neither will the results presented in grating tilt angle change
for real device with a=6°, considering the grating normal configuration for pump
stripe. After these, a of 6° is taken into account in the calculation of the lateral and
longitudinal chirp on real 10x10 mm die. Based on these calculation results, cleaving
location of 2.5x4 mm device is determined for fabrication at the end of the section.
DFB laser device longitudinal dimension of 2.5 mm is determined for comparison
with previously fabricated devices and its lateral dimension of 4 mm is decided to
avoid substrate cleavage in operation due to the uneven thermal expansion from local

heating by the optical pump stripe.

2.8.1 Determine 3, Cxy and Cy to Maximize FOM

As mentioned in section 2.5, the goal of chirped grating optimization is to maximize
the FOM. This can be achieved by varying the die tilt angle $ and die positioning
translational offsets C'x and Cy. Variation of C'; will significantly change the chirped

grating periods, but not the FOM.

Translational offsets C'xy and Cy define the off-axis (Z axis) shifts of the die in
IL exposure corresponding to the translations of die in X’-Y” plane (Please refer to
the Fig. 2.9) from its origin as shown in the part a) of Fig. 2.15. The half circle
stands for the 2-inch diameter plano-convex lens used in IL and the small gray square
behind it stands for the die to be exposed. Since we only care about the upper half
space in X-Y plane, only the upper half of the lens is shown in the figure, which

also defines the range of translational offset C'x and Cy. For convenience in FOM
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calculation, the ranges of C'y and Cy are changed to the rectangular area as shown

in the part b) of the figure, for which the entire die is exposed.

a) X b) Ci
[ A I
v <«——F+—50mm-—>
linch | € C;u _> 25111m
\ 7 Y o ~Cy

Figure 2.15: C'x and Cy range definition for FOM calculation/plot

FOM over actual DFB laser device with dimensions of 2.5x4 mm is then calcu-
lated with the derived formula of chirped grating period, equation 2.19 presented in
section 2.6. In this calculation azimuthal rotation angle « is set at 0° and die trans-
lational offset in Z direction, Cz is 2 mm. FOM is taken as a function of C'y and Cy
with different die tilting angle g as parameter. With a=0°, lateral and longitudinal
grating chirps are simplified to grating period variation along directions of v and u
axes as indicated in the Fig. 2.15. FOM defined in equation (2.9) is then the ratio
between the grating period variation along these two directions over device area.
And the result of FOM as function of C'y and Cy with 8 as parameter is plotted in
Fig. 2.16.

As shown in the Fig. 2.16, FOM as function of translational offsets C'xy and Cy
changes significantly with different die tilting angles, 8. It gets peak values along
line C'y=0 mm and is symmetric with respect to this line for opposite signs of Cy’s,
which is obvious since the interference fringes pattern in pattern space is symmetric
relative to X-Z plane with no azimuthal rotation of the die in IL patterning. For the
case when the die tilting angle 3 is 0° as shown in the figure, FOM value increases
from small value at C'xy=0 mm and gets its maximum value of about 50 at C'x=25

mm which physically corresponds to the top rim of the 2-inch diameter plano-convex
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Figure 2.16: FOM as function of translational offsets, C'x and Cy with die tilting
angle [ as parameter, azimuthal rotation angle a=0° and C'z=2 mm.

lens. Taking into account the trend of FOM seen in this case, it should be possible

to get a larger value if Cx further increases for a larger lens. As [ increases, the

5
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peak value of FOM at C'x=25 mm decreases at the same time another peak of FOM
appears at location of C'xy=0 mm as shown in the case 5=5°. When f increases to
10°, these two peaks of FOM are almost equally high. Then, as § further increases,
FOM peak at C'y=0 mm becomes the higher one of the two and gets larger quickly,
meanwhile the original peak at C'x=25 mm shifts out of the range of C'y and Cy
defined in the Fig. 2.15. For the case of f=45° which is shown in Fig. 2.22 in a later
section, FOM gets its maximum value of about 127 at C'xy=Cy=0 mm and decreases
to 75 or so as C'x shifts to 25 mm. Value of FOM along C'y=0 mm keeps increasing
as [ increases above 45°. Eventually, FOM will get his maximum value of about
225 at C'y=0 mm when J reaches 90° (not shown in the figure). So considering the
FOM variation trend as [ increase as shown in the Fig. 2.16, translational offsets
Cx and Cy should be at zero and 8 needs to be at 90° to maximize the value of
FOM. This conclusion should be also applicable for different size and focal length
of plano-convex lenses. Unfortunately, our present IL experimental setup can only
set maximum die tilting angle of 45°, this is the reason why [ was set at 45° and
translational offsets C'y and Cy were set at 0 mm in IL exposure and used in the the
calculation of chirped grating period presented previous section. For actual grating
patterning with azimuthal angle « is 6°, FOM might reach its peak value at slightly
different locations on the die, but the above setting values of 5, C'x and Cy should
hold still. C'x and Cy stay at 0 mm for all the real device grating related calculations

with a=6° in the rest of this chapter.

As mentioned earlier, FOM peak value of 127 acquired at f=45° and C'x=Cy=0
mm can also be reached for the situation when S=0°, but the die has to be placed
at the upper rim of a lens as large as 5 inches which is not practical. Besides, it is
also impractical for die tilting angle 8 equal to 90° to maximize FOM because this
grazing incident angle of interfering beams makes no light able to penetrate into PR
to get it exposed to pattern the grating. This is also the reason why case of 5=90°
was not plotted in the Fig. 2.16. In addition, there is a trade off between FOM
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and coupling of light energy into photoresist as function of die titling angle to get
uniform grating pattern on the die. Nonetheless, modification of present IL setup to

find a larger but practical die tilting angle is worth investigating.

2.8.2 Grating Tilt Angle Relative to Pump Stripe As Func-
tion of Cx, Cy and f3

As mentioned in section 2.5, the pump stripe is oriented perpendicular to the grating
lines for all calculations and characterizations presented here. But due to hyperbolic
grating pattern, grating lines hold different angle with respect to the optical pump
stripe. In other words, not all of the grating lines are perpendicular to the pump
stripe even in grating normal configuration. To quantize this angle variation of off
90° for all grating lines along the pump stripe, we calculated the angle between the
grating lines and the pump stripe to get the range of this angle variation. To simplify
the calculation of grating angle variation along the pump stripe, azimuthal rotation
angle a was set zero and device dimension is 2.5x4 mm in longitudinal and lateral
direction respectively. As shown in Fig. 2.17, grating tilt angle variation along pump
stripe in GNC is plotted as function of translational offsets C'xy and Cy in the same
range as defined in the Fig. 2.15, with die tilt angle 8 as parameter. For the situation

when a=6° in real device fabrication, these results stay roughly the same.

As shown in the Fig. 2.17, grating tilt angle relative to the pump stripe is
symmetric with respect to the line of C'y=0 mm. The value of grating tilt angle
variation relative to pump stripe stays almost the same along straight lines of C'x
as constant which is also the direction of pump stripe in this calculation. At die tilt
angle $=0°, value of grating tilt angle variation increases monotonically from 0° to
over 0.5° as translational offset C'y gets larger. As [ increases in the range from

0° to ~19°, grating tilt angle variation along pump stripe first decreases from some
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Figure 2.17: Grating tilting angle relative to pump stripe on 2.5x4 mm device as
function of Cx, Cy with g as parameter, a=0° and Cz=2 mm

value to get its minimum and then increases again as C'x changes from 0 to 25 mm.
Cases of f=5° 10° are taken as examples to show this trend in the figure. Once
is larger than 20°, value of grating tilt angle variation decreases monotonically from

its maximum at C'x=0 mm as Cx increases to 25 mm. Different cases with different
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[ values in the Fig. 2.17 show the changing trend of the grating tilt angle variation
along pump stripe on a 2.5x4 mm device as die tilt angle [ increase from 0° to 90°.
For the extreme but not practical case of die tilt angle f=90°, the maximum grating
tilt angle variation is about 1.55° at Cx=0 mm (not shown in the figure). In the
case of real device fabrication with C'x=Cy=0 mm and $=45° also not shown in the

figure, the grating tilt angle variation along pump stripe takes value of about 1.14°.

Although the grating lines tilt variation relative to the pump stripe on the order
of 1° seems not large, we still take into account actual non-normal angles in the
construction of the cavity transfer matrix elements in simulation of our DFB laser
device be presented in Chapter 4. But for simplification of the simulation, we ne-
glect the loss or deviation of the counter-propagating electromagnetic waves in the
cavity defined by pump stripe due to refraction of lights happening on the interface
of grating ridge and groove segments because of oblique incidence as explained in
Chapter 4. Due to the loss from this refraction just mentioned and the scattering of
grating, our DFB laser’s lasing threshold will definitely be higher than those DFBs
with straight gratings. Meanwhile, we think the grating line angle variation with
respect to the pump stripe also enhances the spectral linewidth of our laser device.

Both of these conjectures need to be investigated as future work.

2.8.3 Lateral and Longitudinal Chirps as Function of

In previous sub-section, the FOM on the 2.5x4 mm device as function of Cx, Cy
and § on 2.5x4 mm device was presented. But FOM as the ratio of lateral chirp
to longitudinal chirp for characterization of the chirped grating does not have full
information of the quadratically chirped grating. Absolute values of lateral and lon-
gitudinal chirps still need to be calculated respectively as function of die tilting angle

B in IL exposures, locations on die/device to know better about the hyperbolically
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chirped grating for information such as tuning range and required data for simulation
as well. In this sub-section, die azimuthal rotation angle a=6° is taken into account
for the calculation of lateral/longitudinal chirp. Translational offsets C'y and Cy are

zero for all calculations as mentioned before.

Before lateral and longitudinal chirps of the grating are calculated, it is necessary
to calculate and plot contours of the chirped grating period on the 10x10 mm die at
several particular die tilting angles 3 to show the trend how this hyperbolic grating
varies as [ increases although die tilting angle has been determined to be 45°. The
calculation result is plotted in Fig. 2.18. Obviously, grating period range and distri-
bution on the 10x10 mm die experience abrupt changes as f increases, especially in
the range of 5 from 0° to ~10°. As g further increases, grating period contours tend
to follow similar pattern over the die area but grating period and range still change

very fast as indicated by the separation between contour curves in the figure.

As defined in section 2.5, lateral chirp can be taken as grating period variation
along the grating line orientation. Unfortunately, as an example of this hyperbolic
grating patterned on die at f=45°, the grating line orientation changes over the die
as shown in Fig. 2.14. To simplify the process of quantifying lateral chirp, grating
period variation along the straight line v=tan(96°)u which corresponds to equal
optical path length interference fringe of the two spherical waves on die, is taken
as reference for lateral chirp (For the coordinate system built for the die, please
refer to sub-section 2.6.1.), assuming grating period variation along this straight
line determines the lasing wavelengths that provide the information of device tuning

range. The equation used to calculate lateral chirp in percentage is given below.

A ax A » V)min
LateralChirp|%] = (u,v)j\\/[(u o) (u ) |lv=tan(96°)u X 100 (2.22)

With the above method, the maximum and minimum of grating period along

this line v=tan(96°)u on the 10x10 mm die and the corresponding lateral chirp as

61



Chapter 2. Device Design and Fabrication

©
9385
GeY
53

G 6ev

107 p=0° - N 10 y/ —
/ 4‘11_5 \ XY} ¥ / y% %
v . q
T 4 9 : '
8t » W i e& 7 ‘

v (mm)
N w £ (9] [=2] ~
0,5
3
3}4\\
W
&
&
g W/ @Q
o
vy g
v (mm)
~N w £ (9] [=2]
'6}1 4 gBTV!
2
W
Q |
\i
3
438 5
439
4395

s -
—.
L
Le:
[—=IC5
|—of
s =~
U
S
<
&
w

©

©

0
10 B= . 10 . g
| ,'/ | /
o
\ J 4 o ’
\Y o
[ 3 7t /
> 6 ~5

~

61 A
g -

s 5 o1
Esf, ; Es o
> >

4 r 4+
G
N 430 430
3 436 3k
g
2 32 ey %J 2

5 0 5 5 0 5
B=50° u (mm) B=70° u (mm)
10 : 10 e
5_/,405/ gy oo
9 40 101 9
0
PE—] 8
—41 1] "
7F / 7 05— a0
1
= 410
6f M ol 6 410 e
g g
415
Es5f a0 420 o5 ES5rais 420
> > 20
4 4+
425 420 25
r 5
425 30]
430
5 430 .l .\ 0//
-—430—/’_4 /

31
/ ? 35|
35— 43 . ! ’_435_/_,._-‘3
Al A0
N ‘ e . ‘ I
-5 0 5 -5 0 5
u (mm) u (mm)

Figure 2.18: Contour of chirped grating period on 10x10 mm die as function of die
tilting angle 3, with azimuthal rotation angle a=6°, C'xy=Cy=0 mm, and Cz=2 mm.
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function of die tilting angle g are plotted in Fig. 2.19. Maximum grating period
is plotted in red and the minimum is in blue. Apparently, lateral chirp plotted
in green increases monotonically as the die tilting angle is increased beyond 3.9°
(corresponding to the turning point on lateral chirp curve in the figure). Referring
to Fig.2.18, when [ increases from 0°, minimum grating period location shifts from
origin along this straight line to the top end as /3 increases. And for g larger than 3.9°
(not shown in the figure), the grating period along this straight line monotonically
decreases from its maximum value, when leaving from origin towards the top end
as indicated by Fig. 2.18 and 2.19. For the goal of maximizing lateral chirp to get
wide laser tuning range, the die should be tilted with a as large as possible angle
B, provided that longitudinal chirp is under control. So we now need to check how

longitudinal chirp varies as die tilting angle changes.

A(u, v)| and Lateral Chirp vs. 3, on 10x10mm Die

v=tan(96°)u
T T

IN
@
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©
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Figure 2.19: Grating period along line: v = tan(96°)u and lateral chirp on 10x10
mm die as function of die tilting angle £, with a=6° and C'x=Cy=0 mm, Cz=2 mm.

Longitudinal chirp is calculated with the exactly same equation 2.22, except grat-
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ing periods in the equation need to be replaced by their values along the pump stripe.
Its calculation is more complicated because longitudinal chirp depends on multiple
parameters, including die tilting angle  in IL patterning, pump stripe angle and
lateral position on the die/device. In addition, longitudinal chirp also depends on
the longitudinal dimension of the laser device and location of the device from where
it is cleaved from the 10x10 mm die as well. All these different dependence will be
presented in this sub-section. As for the pump stripe angle, only grating normal con-
figuration (GNC) is presented in this dissertation, due to its advantage for F-P modes
suppression. It is also the only configuration applied in device characterization pre-
sented in Chapter 3. To simplify the quantification of longitudinal chirp, pump stripe
orientation and location is defined by straight line equation v=tan(6°)u+vintercept 88
shown in Fig. 2.20. Where vjptercepr is the intercept of this line on axis v which
is necessary to account for different pump stripe lateral positions on the die/device
as to be presented. This set of straight lines are perpendicular or approximately
perpendicular to the grating line orientation (due to quadratical grating chirp) on

die/device due to the azimuthal rotation in IL exposure.

With these introduced, longitudinal chirp along aforementioned straight lines on
10x10 mm die as function of die tilting angle is calculated and plotted in the Fig.
2.20. Five different vinsercepe values, 1, 3, 5, 7 and 9 mm, are plotted corresponding to
5 different pump stripe lateral positions as shown in lower right corner of the figure.
In GNC, pump stripe represented by blue ribbon is tilted 6° with respect to u axis
or the normal of the left/right facets of the die. In the Fig. 2.20, red curves stand
for the maximum grating period along the pump stripe and blue curves are for the
minimum grating period. Longitudinal chirp defined by equation 2.22 is plotted in
green. At different vi,sercept values, longitudinal chirp shows sinusoidal-like pattern
as die tilting angle [ increases from 0° to 90° and monotonically decreases for die
tilting angle [ larger than 20° as shown in the figure. Value of longitudinal chirp

increases with larger viptercepr 00 the die (as pump stripe gets closer to the top edge
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of the die). Over the entire 10x10 mm die and across the whole range of die tilting
angle, longitudinal chirps stay below 0.7%, which is reasonably low. This conclusion
is based on assumption that longitudinal chirp varies gradually as 8 and Vintercept
change and could be represented by these 5 different pump positions shown in the
figure. The longitudinal chirp value for real DFB laser device with longitudinal

dimension of 2.5 mm will be even less.
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Figure 2.20: Longitudinal chirp along pump stripe in GNC as function of die tilting

angle 3, at different lateral positions given by Viptercepr=1, 3, 5, 7, 9 mm, a=6°,
Cx=Cy=0 mm, and C'z=2 mm.
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Obviously, in the whole range of die tilting angle /3, longitudinal chirp stays at
reasonably low level, which again supports the conclusion that die should be tilted
with an as large as possible angle /3 in IL to get large lateral chirp (by Fig. 2.19) to
achieve large lateral chirp for wider tuning range on the DFB laser device. Practically,
IL experimental setup is set at its maximum die tilting angle S=45° at present to

maximize the device wavelength tuning range.
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Figure 2.21: Relative Field Intensity on 10x 10 mm die in IL patterning, with 5=45°,
a=6°, Cx=Cy=0 mm and C'z=2 mm

Another practical issue that needs to be considered is the nonuniform electric field
intensity distribution in IL patterning from the bottom to the top of the die with
large die titling angle, § in exposures. Large die tilting angle induces undesirable
different grating duty cycles at different heights on die due to different exposure
dose. That’s the reason why in the IL experimental setup schematic Fig. 2.9, there
is a so-called graded intensity filter, as represented by the orange rectangle placed
in front of die. We don’t have such a graded intensity filter at present. Fortunately,

the relative electric field intensity difference over the 10x10 mm die is calculated to
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be about 15% for die tilting angle f=45°, as shown Fig. 2.21. A dummy sample
of about the same size of die was exposed on the IL experimental setup and then
cleaved at different lateral positions for cross section view duty cycle exam under

SEM to confirm that 45° tilting in IL without graded intensity filter is feasible.

Lateral /longitudinal chirp calculation with azimuthal rotation angle a=6° and
field intensity distribution on 10x10 mm die presented above all support the con-
clusion reached before that the die tilting angle § in IL exposure should be set at
45°, maximum value at present. Together with FOM calculation results presented in

previous sub-section, translational offset C'y and Cy should be set at 0 mm.

2.8.4 Determine Device Cleaving Location on Die

Based on the criterion of maximizing FOM meanwhile keeping longitudinal chirp
of grating low, optimized die positioning in IL exposure for real device fabrication
has been determined to be as such, die tilting angle f=45° and translational offsets
Cx=Cy=0 mm. Another practical issue in the design and fabrication of our tunable
DFB laser device is to find where the 2.5x4 mm device should be cleaved from
the 10x10 mm die. Again, FOM is used to find the cleaving location of device
from 10x10 mm die patterned with above positioning parameters in IL. FOM on a
2.5x4 mm device as function of device center location (u, v) over the 10x10 mm
die is calculated for peak value of FOM, with the corresponding location gives the
optimized device cleaving location. In this calculation, azimuthal rotation angle « is
set to 0° to for simplicity, but the situation of actual grating with azimuthal angle

of 6° should be similar. Calculation result of FOM is plotted in Fig. 2.22.

As shown in the Fig. 2.22, FOM gets its peak values along u-axis and is symmetric
with respect to u-axis with a=0°. FOM maximum value of 127 is reached at v=0 mm

and decreases to about 102 at vY=10 mm. Obviously, the 2.5x4 mm device should be
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Figure 2.22: FOM on 2.5x4mm device as function of location on 10x10 mm die,
with 5=45°, a=0°, Cx=Cy=0 mm, C'z=2 mm.

cleaved from the bottom center or locations along and symmetric relative to v-axis
on the die for high FOM. In actual chirped grating patterning on die with a=6° and
azimuthal rotation center at origin in u-v plane, the above conclusion is still valid

although FOM’s distribution will be slight rotated.

In Fig. 2.23, the middle rectangular section on the die as potential cleaving
section of 2.5x4 mm device is shown in part a). In this region, FOM of device stays
in the range of [~102, ~127] as mentioned. Grating period along the straight line
v = tan(96°)u as function of v or lateral pump positions is shown in part b), which
we used for prediction of the lasing wavelength of device as presented in Chapter
3. In part c¢), grating line angle in this potential region is shown, the grating tilting
angle variation along the pump stripe with respect to it in GNC is in the range from
~1.09° to ~1.14°. Part d) gives the longitudinal chirp along the pump stripe in

GNC on a 2.5 mm long (in longitudinal direction) device at different lateral pump
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Figure 2.23: a)Diagram of potential region on die that 2.5x4 mm device could be
cleaved from, b)Grating period along straight line v = tan(96°)u, c¢)Grating line
angles in the region, d)Longitudinal chirp along pump stripe in GNC (along straight
line, v = tan(6°)u + Vintercept) at different lateral pump positions.

positions. Longitudinal chirp stays below 0.1% at different pump positions as shown.

2.9 Device Fabrication

The fabrication of this tunable DFB laser device follows very standard procedures

and include three major steps.
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1. Chirped Grating Patterning with IL Using Interferometric lithography,
hyperbolically chirped grating is patterned into the pre-coated photoresist (PR)
layer on top of the 10x10 mm die.

2. Grating Pattern Transfer with Dry Etch Using inductively coupled plasma
(ICP), chirped grating pattern is transferred into the to the top clad of the

previously presented slab waveguide structure on the die.

3. Laser Device Packaging This step includes, die lapping, device cleaving and

indium bonding to the heat-sink mount.

Each of these steps and the detailed process flow are presented in this section.

2.9.1 Process Flow

In this sub-section, the whole procedure of tunable DFB laser device fabrication is
explained in detail, step by step. At the end, a schematic of the process flow, together
with SEM photos of important processing steps will be also presented.

Stepl. Die Clean The samples we get from AFRL is pre-diced into 10x10 mm
dies. The very first step for processing a die is to clean it. Die is sequentially
rinsed with acetone, methanol, and isopropanol for 10 to 15 seconds, then
followed by a DI water rinse for about 10 seconds. Immediately afterwards, die
is blow dry with Ny gas. Then die is baked in contact mode, at 200 °C on hot
plate for about 5 minutes for dehydration. After that, die is cooled down to

room temperature for spin coating.

Step2. ARC Coating Anti-reflection coat (ARC) is required to avoid standing-
wave pattern on the side walls of the grating patterned in photoresist (PR)

and it helps PR adhesion as well. ARC has complex refractive index so is
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absorptive at the IL wavelength. The mechanism that ARC works is based on
processes of light absorption in it and also the destructive interference between
the light reflected from the PR/ARC interface and the light transmitted back
into PR layer through that interface from ARC layer after reflected by the
substrate surface. With given substrate and PR and ARC, the thickness of
the ARC layer needs to be correct for particular IL incident angles, which is
controlled in the spin coating process. With well controlled ARC thickness,
only IL incident light beams interfere and make patterns, without standing
wave pattern showing on the side wall of PR pattern. The target thickness of
ARC is calculated with our MathCAD program to be ~70 nm, then spin coat
RPM is looked up from the spin coat speed curve in the ARC data sheet, as

shown in the following table. ARC spin coat recipe is shown in table 2.1.

ARC Model iCON-T7
Spin Coating Speed (rpm) 3500
Soft Bake Temperature (°C) | 205

Soft Bake Mode Vacuum
Soft Bake Time (Sec) 60
ARC Thickness (nm) ~T70

Table 2.1: Recipe for anti-reflection coat (ARC) spin coating

Step3. PR Coating Spin coat of PR is very similar to that for ARC and is
done right after ARC coating. To determine the thickness of the PR layer, the
etch rate in the following pattern transfer step and its etch selectivity vs. the
substrate material need to be taken into account, because PR layer functions as
dry etch mask in the fabrication of our tunable DFB laser device. Other than
that, target grating period also needs to be considered because the aspect ratio
(ratio between PR line height and width of patterned grating in PR) should not
be too high to cause PR pattern collapse which will affect the pattern transfer

into substrate. Based on the above considerations, SPR-505 from Shipley Inc.
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is chosen for the IL grating pattern process which gives target thickness of
~500 nm at speed of 3500 rpm in spin coat. PR spin coat recipe is shown in

table 2.2.

Photoresist Model SPR-505
Spin Coating Speed (rpm) 3500
Soft Bake Temperature (°C) | 95

Soft Bake Mode Vacuum
Soft Bake Time (Sec) 60
Target PR Thickness (nm) | ~500

Table 2.2: Recipe for photoresist spin coating

Step4. IL Patterning This step is actually combination of IL exposure, post
exposure bake and development. IL experimental setup needs to be aligned
before exposures, including the perpendicularity of the plano-convex lens to
the Lloyd mirror, position relative to the lens of the vacuum chuck on which

the die sits during exposure.

Dummy samples need to be exposed before real die, for incident angle adjust-
ment, exposure dose and field uniformity examination. Initially, incident angle
0, die tilting angle § and die azimuthal rotation angle a are set with values as
presented in section 2.6. But incident angle still needs to be finely adjusted
according to the grating period measurement carried out at different positions
on dummy samples on another experimental setup especially for grating period
measurement, with He-Ne laser as light source. The whole angle adjustment
process is recursive, till the target grating period range is reached as mentioned
in section 2.6. Dummy samples are also checked under scanning SEM for ex-
posure field uniformity and exposure dose to get target grating duty cycle of
40% in PR. 40% of PR duty cycle is determined according to the etch profile
of grating pattern transfer process (introduced in the next step) to get 50%

grating duty cycle in the top clad of the slab waveguide on the die. Exposure
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dose is controlled by varying the exposure time for a given pulse energy and

repetition rate. IL Patterning Recipe is shown in table 2.3.

The Laser used for the IL patterning in the fabrication of our DFB laser device
is an Infinity 40-100 frequency tripled Nd:YAG laser from Coherent Inc. It
is a Q-switched laser with output pulse duration of 3.0 ns, repetition rate
adjustable in the range of 0.1 to 100 Hz. This laser has wavelength at 355 nm
and maximum output power of about 16 W. Actual output power is controlled
by setting the pulse energy and repetition rate. With a beam expander, laser

raw beam is expanded to about 6 inches in diameter for large IL exposure area.

Laser

Infinity 40-100

Laser Wavelength (nm)

355

UV Pulse Energy (mJ) 100

UV Pulse Energy Density (mJ/cm?) ~3
Laser Pulse Repetition Rate (Hz) 60
Exposure Time (Sec) 3.5
Post Exposure Bake (PEB) Temperature (°C) | 110
PEB Mode of Hot Plate Contact
PEB Time (Sec) 60

Developer

MF-702 or MF-321

Develop Time (Sec)

60

Deionized (DI) Water Rinse Time (Sec) ~10
Nitrogen (/NV3) Blow Dry Time (Sec) ~10
Photoresist (PR) Duty Cycle (%) 40

Table 2.3: Recipe for chirped grating IL patterning

is transferred through ARC layer then ~500 nm into the top clad of the slab
waveguide structure on the die, as mentioned in the previous section. Induc-
tively coupled plasma etcher(ICP) from Plasma-Therm Inc. is used for this

pattern transfer. Before real die is etched, GaSb dummy samples with same
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chirped grating are etched for different durations, and then measured under
SEM for the grating depth to get the information of clad etch rate, etch profile
and time to etch through ARC layer. Etch time of 500 nm deep grating on
real device is then calculated based on the etch rate acquired through linear
fitting of the etch data got in GaSb dummy samples. Recipe for grating pattern
transfer with ICP is shown in table 2.4.

ICP Recipe Sandial
Reactive Gas BCl;
Reactive Gas Flow (sccm) | 32

He Flow for Cooling (sccm) | 5.5

Pressure (mTorr) 3.5
ICP Power (W) 240
RF Power (W) 23
DC Bias (V) 115
Temperature (°C) 25
Etch Time (min) 8.5

Table 2.4: Recipe for grating pattern transfer

Step6. Residual PR/ARC Removal Once grating pattern has been transferred
into the die or top clad of the slab waveguide structure, residual PR and ARC
are removed with reactive ion etcher (RIE), PlasmalLab RIE-80 from Oxford
Instrument Inc.. PR and ARC tend to be harder to remove after the grating
pattern transfer process in ICP, so RIE etch time in the removal process is
intentionally set to be long for a thorough removal with oxygen plasma, con-
sidering the etch gas Os etches PR and ARC but not GaSb top clad. Recipe
for residual PR and ARC removal is shown in table 2.5.

Step7. Die Lapping In this step, substrate side die is thinned from ~500 um
down to ~150 um for better heat dissipation in operation. Die is wax mounted

on a stainless cylinder-shaped adapter on polisher jig with substrate side facing
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Etch Gas Mixture O,
Gas Flow (sccm) 15
Etch Pressure (mTorr) | 10
RF Power (% of 250W) | 15
DC Bias Reading (V) 190
Etch Time (min) 15

Table 2.5: Recipe for residual PR and ARC removal

down for lapping. In the whole lapping process, lapping sheets with finer grit
size need to be used to lower lapping speed and better surface smoothness
as approaching the target thickness of 150 pum. Polisher used in this process
is Ecomet-3 from Buehler Inc. Once lapping is finished, adapter with wax
mounted die is soaked in acetone for about 12 hours to dissolve the wax for die

liff-off.

Step8. Device Cleaving DFB laser device of 2.5x4 mm, in longitudinal and
lateral directions respectively is cleaved from the middle region on die, as shown
in Fig. 2.24. The reason we did not cleave the device from bottom center of
the die is because grating pattern there seems not good enough. Wafer scriber,

Karl Suss RA120M was used for device cleaving.

Before cleaving, protective tape is applied on grating side of the die. Then the
die is scribed about 75 um deep from the back side (substrate side ), at pre-set
locations. Once scribing is done, slight force is applied from a sharp stainless
roller tip to the grating side of die, but behind the tape at the exact location
of scribes to break the die along the crystal orientation to get flat facet. In this
manner, device of aforementioned dimensions is cleaved from the die. Tape is

then removed after cleaving is finished.

Step9. Device Bonding The final step for device fabrication is to indium bond

the device onto a gold coated H-shaped heat sink mount. Practically, H-shaped
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Figure 2.24: Dimensions and Location of DFB Device Cleaving

heat sink mount is first put on hot plate to heat up to a bit over 160°C, indium’s
melting point. Then a small piece of indium foil is laid along the right edge of
the mount to melt. Once indium foil is melted, razor blade is used to spread
out indium to form a thin film along the edge of mount. After that, DFB device
is placed with epi-up on top of melted indium film along the mount edge, with
front facet parallel but protruding a little bit from the mount edge. Slight
pressure is applied on top of the device so shift it laterally slightly that device
breaks the indium oxide layer formed in melting process and makes very good
contact with indium. Finally, hot plate temperature is lowered to let indium
solidify to finish bonding process. Special attention need to be paid not to let

indium get onto the facets, especially the front facet of laser device.

76



Chapter 2. Device Design and Fabrication
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Figure 2.25: Processing flow chart of tunable DFB laser device

Figure 2.26: SEM pictures of dummy samples in cross-section view, (a) Grating in
PR after development, (b) Grating pattern transfer into GaSb top clad after ICP
etch, (¢) Residual PR/ARC removal after RIE etch
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The whole processing flow chart is shown in Fig. 2.25, in which most of the
important processing steps are showed. Together with this picture, SEM pictures
of three major process steps on dummy samples, namely PR grating patterns after
development, grating pattern transfer into the top clad on the die and the residual

PR and ARC removal are also shown in Fig. 2.26.

Steps 7 through 9 were done by Joe Sanchez at AFRL.

2.9.2 Device Specification

Although quite a number of devices have been fabricated, but most of them more
or less have some defects that do not allow tuning across the whole lateral length of
the device. The device that has the best performance is V9-18-9, from the No. 9 die
of wafer V9-18. And its specifications are listed in the table below.

Device Number V9-18-9
Lateral Dimension (mm) 4.0
Longitudinal Dimension (mm) | 2.5
Device Thickness (pm) ~150
Grating Period Range (nm) [408, 422]
Lateral Chirp (%) ~3.4
Longitudinal Chirp (%) <0.85
Grating Duty Cycle (%) ~50
Grating Depth (nm) ~500
Mounting Direction Epi-Up
Coupling Strength <L, 2.2
Mode Confinement 0.42

Table 2.6: Tunable DFB laser device specification
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2.10 Summary

In this chapter, our wavelength tuning approach to implement tunable DFB laser was
first introduced, followed by design considerations, introduction of IL experimental
setup, calculation of hyperbolic grating as function of location on the die, and finally
the fabrication procedure. Discussion of the lateral and longitudinal chirps together
with definition of FOM used to characterize this hyperbolic grating were applied to
determine the die tilting angle, translational offsets and the location from where a

2.5x4 mm device should be cleaved from the 10x10 mm die.

As mentioned in the previous sections, the yield for good performance devices
with wide tunable range is unacceptably low for some unknown reasons. I think the
biggest issue is reflected and scattered light from different surfaces such as the lens
back surface and the vacuum chuck surface which ruin the IL patterning. Although
I have tried different methods including covering the exposed area on the vacuum
chuck what holds 10x10 mm die in IL with rough surface absorbing tapes, none
of them worked very well. In addition, using PR as etch mask to transfer pattern
into top clad layer of die is also not ideal. Because the PR layer does not have high
enough etch resistance and does not hold its rectangular profile during the whole
etch time (turns to rectangular shape towards the end of etch process) which makes
the etch profile of grating teeth not rectangular as expected, as shown in Fig. 2.26.
This is solvable by using another harder etch mask such as a metal layer. Besides,
experimental setup should also be modified to have larger die tilting angles to further

increase the lateral chirp for wider tuning range.

In next chapter, the characterization of the fabricated device will be presented in

detail.

79



Chapter 3

Device Characterization

In this chapter, the device characterization experimental setup will be first intro-
duced. Then the best performance device, V9-18-9, characterization results will be
presented. All characterizations, including output power, wavelength tunability tests
and spectral measurements as well as spectroscopy demonstrations were all conducted
at 80K in a liquid nitrogen Dewar, with pump stripe oriented in grating normal con-
figuration (GNC). In the spectral linewidth measurement, both monochromator and
Fabry-Perot interferometer were used for comparison reasons. The Fabry-Perot in-
terferometer in fixed cavity length mode was used for spectroscopic demonstration

of this tunable DFB laser device in the laboratory.

3.1 Characterization Experimental Setup

A schematic of the device characterization experimental setup is shown in Fig. 3.1.

Different sections of the experimental setup will be presented separately.
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Figure 3.1: Schematics of tunable DFB laser characterization experimental setup

3.1.1 Optical Pump Section

As shown in the characterization experimental setup, the optical path of pump sec-

tion is drawn in blue. The pump laser is a thulium fiber laser from IPG Photonics,
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with specification shown in table 3.1. 1.908 pm light is coupled out through a fiber to
the optics table. A polarizing beam splitter (labeled as Cube Polarizer in schematics)
is mounted in front of pump laser fiber output, functioning as attenuator which can
be rotated to let a fraction of pump the power through. The rest of pump power is
bypassed by the splitter and goes to a beam dump. The transmitted pump beam is
formed into a pump stripe with a cylindrical lens and projected normally onto the
tunable DFB laser device mounted on the cold finger of liquid nitrogen (LNj) Dewar
through its front CaF, window as shown in the Fig. 3.1. All the optical surfaces
except the the Dewar window in the pump beam path are AR coated for 1.908 pm
light. To avoid damage to the pump laser output fiber from retro-reflection from
the CaFy window and other optical surfaces as well as backward scattering from the
laser device surface (Because its location is close to focus of pump stripe beam. ),

an isolator is placed in between the polarizing beam splitter and cylindrical lens as

shown.
Laser Manufacturer IPG Photonics
Model TLR-20-1908-L
Operation Mode CW
Maximum Output Power (W) 20
Output Wavlength (nm) 1908
Spectral Linewidth (nm) 1
Output Fiber Termination Collimated
Beam Profile Circular Gaussian
Beam Cross-section Diameter[1/e?] (mm) | 4.5
Beam Quality Factor M? ~1.1

Table 3.1: Specification of pump laser in characterization

The aforementioned cylindrical lens to form the pump stripe is mounted on a
rotation mount whose rotational axis is colinear with the pump beam so that the
orientation of the pump stripe relative to the DFB laser device facets can be conve-

niently adjusted by rotating the mount. Although we have the flexibility of varying
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the pump stripe angle, grating normal configuration (GNC) is the only configuration
used in the device characterization due to its advantage of F-P mode suppression.
Meanwhile, this rotation mount is placed on top of a translation stage moving along
the pump beam direction so that distance between the cylindrical lens and device is
adjustable. In this manner, pump stripe can be focused at different depths on the
device from top clad through to somewhere into the substrate to investigate if the
pump stripe beams waist location contributes to laser performance. The minimum
pump stripe width can be evaluated by the following equation 3.1 [146].
AfM?

TWr,

(3.1)

Wmin =

Where A is the pump laser wavelength; f is the focal lens of the lens; wy is the
collimated pump beam radius at lens; and M? is the beam quality factor of pump
laser. The cylindrical lens chosen for this setup is SCX-25.4-30.5. Actual pump stripe
width is measured to be in the range of 70 to 100 um. In the wavelength modulation
spectroscopy demonstration to be presented later in this chapter, original cylindrical
lens was substituted with one with longer focal length so that an optical resonant
scanner could be placed in between the Dewar front window and the cylindrical lens
to modulate the pump stripe position on device. Because the cylindrical lens for this
purpose is not as powerful as the original one to focus the pump stripe as tight, a
Galilean telescope beam expander (not shown in the schematic) was inserted in front
of cylindrical lens that expands the pump beam diameter for ~2X so as to get as

tight pump stripe with this less powerful cylindrical lens.

Throughout the entire process of device characterization, the pump laser was
operated at a fixed output power value for stability considerations. Pump power
is adjusted by rotating the polarizing beam splitter at different angles relative to
the pump laser polarization direction. The transmitted pump power through the

polarizing beam splitter is given by following equation.

Pout - -Pzn X COSQ ¢ (32>
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Where P,,; and P, are the transmitted and input power (pump laser output power)
respectively and ¢ is the angle between the polarization directions of polarizing
beam splitter and pump laser. In calibration of actual pump power on the laser
device, pump power was measured first behind the cylindrical lens with a power
meter as a function of the polarizing beam splitter angle at a given laser output
power. Then, reflection from the CaFy Dewar window as well as the ratio between
device longitudinal dimension (2.5 mm) vs. full pump stripe length need to be taken
into account to calculate the actual pump power applied on the laser device. The
reflection from the CaF, is calculated to be about 0.9 and factor for the effective

pump stripe length is about 0.5.

3.1.2 Temperature Control Section

This section consists of a liquid nitrogen Dewar, its thermostat and vacuum pump
station. The Dewar is model DET-2154-SLN manufactured by Cryo Industries, Inc.
And the thermostat is Cryo Con 32B Temperature Controller. The pump station
used in the characterization is made by Alcatel Inc.. The temperature control system
can adjust operation temperature from 77 K to higher temperature for investigation
about the thermal effect on the device’s performance although all the characterization

results presented in this chapter was acquired at about 80 K.

3.1.3 Monitoring Section

The monitoring system includes an infra-red (IR) camera with specification listed
in table 3.2, lenses and mirrors required to image the spontaneous emission excited
by pump stripe, from the laser device surface onto the camera sensor. It’s very
helpful to display the real time pump stripe orientation relative to the device facets

and pump stripe width (due to focusing) as well, meanwhile the image can also be
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used to tell the pump stripe lateral position on the device when it is close to the
upper/lower edge of the device. The optical path of the monitoring section is drawn
in green in the Fig. 3.1. A long pass filter with cut-off wavelength of 3 pum could be
used to block the scattered pump laser light in case it damage the IR camera sensor.
Considering the germanium lens with the camera has coating of 3-14 um, use of this

long pass filter is optional.

Image acquired by the IR camera can be displayed either on a TV monitor or
on computer screen with an image acquisition card installed. Most of time in this
research work, TV monitor was used to display the relative pump stripe angle and

positions.

Specification of the IR camera used in this experimental setup is shown in table

3.2.

Manufacturer Electro Physics

Model PV32L.27Z

Sensor Type Uncooled BST

Resolution (Pixels) 320240

Pixel Dimension (pm) 30

Pixel Pitch (um) 148.5

Spectral Response (pm) 0.6-20

Lens 35mm/F1.0 Germanium Lens
Lens Coating Range (um) | 3-14

Video Output Protocol 30Hz NTSC

Table 3.2: Specification of infra-red camera in device characterization

3.1.4 Dewar Translation Stage Section

This section is required for laser wavelength tuning purpose, represented by the box

Step Motor Driven Translation Stage as shown in Fig. 3.1. As mentioned in Chapter
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2, pump stripe needs to be translated laterally to different positions on the device for
the chirped grating to select different lasing wavelengths. Inside the Dewar the DFB
laser device is mounted vertically on the cold finger, with its facets or the lateral
direction perpendicular to the optics table. In wavelength tuning characterization,
the Dewar instead of pump stripe was shifted up or down (with the pump stripe
kept fixed) which is equivalent to shifting the pump stripe down or up at different
positions on the device. In this manner, the emission collection optics of the laser
device do not need to be readjusted since pump stripe is kept fixed. With that
explained, the platform on which LNy Dewar sits is bracket mounted on a vertically
mounted translation stage able to be shifted up or down to scan across the whole
lateral dimension (4mm) of the laser device. The original manual translation stage
was converted to be driven by a step motor with a transmission box for fine scan
step and heavy load considerations. The step motor is controlled using a National
Instrument (NI) data acquisition (DAQ) card with Labview program running on
computer so that the Dewar/device shifting can be synchronized to data acquisition
for wavelength tuning test and spectroscopy demonstration. Gear ratio setting of

the transmission box is 1:50 for all the different characterizations.

3.1.5 Emission Section

The tunable DFB laser emission section includes mainly the emission collection lens,
power meter, monochromator, Fabry-Perot (F-P) interferometer and mirrors/lenses
required to steer the output beam and couple it into the above mentioned appara-
tuses. The optical patch of DFB laser emission is drawn in red as shown in Fig.

3.1

Emission of the DFB laser device goes through the CaFy side window of the

Dewar and then is collected and collimated with a ZnSe lens, before it is coupled
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to apparatuses for all different types of measurements. ZnSe instead of CaFy lens
was chosen mainly because ZnSe has higher refractive index and can be made into
more powerful lens to achieve higher F numbers/numerical aperture for higher solid
angle coverage that efficiently collects highly divergent laser emission from the device.
Since GNC is the only pump stripe orientation applied in device characterizations,
the laser emission is not normal to the device facets. Actual exit angle for laser
emission in our characterization setup is about 23.5° relative to the facet normal,
tilting up as shown in the Fig. 2.10. Accordingly, ZnSe collection lens needs to
be tilted normal to the laser emission and is put on a translation stage traveling
in line with the laser emission direction to conveniently adjust its distance to the
emission spot on facet for collimation. This whole assembly is then mounted on

X-Y-Z translation stage to align the collection lens in line with device emission.

Because a lock-in amplifier is used to increase the signal-noise ratio (SNR) in de-
vice characterizations, chopper needs to be placed in either pump or laser emission
beam. To avoid the alternatively turning on/off induced thermal instability of the
DFB laser device, chopper is placed in the laser emission beam and the chopper con-
troller generates the reference frequency signal for lock-in amplifier and the external

trigger signal for oscilloscope.

A long pass filter with 3 pm cut-off wavelength is placed in the laser emission

beam to filter out the scattering and the leaked pump laser light through facets.

In output power measurement, laser emission is steered to Labmaster power meter
with a thermal-pile sensor head LM-10, manufactured and calibrated by Coherent
Inc.. The same sensor was used for both the pump power and tunable DFB laser
device output power measurements. Analog value of power is digitized on the meter

and read out to the computer through GPIB port with Labview program.

For spectrum acquisition, laser emission is coupled into a monochromator with a
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F number matched CaF; lens. Monochromator (specification shown in table 3.3) is
programmable through GPIB port for different settings, including grating selection,
slit width, scan range and scan step size, etc.. Most of time, grating No.2 with 150
grooves/mm was used in laser device spectral acquisition. An InSb detector 1S-040
manufactured by Electro-Optics Inc. is placed behind monochromator exit slit to
detect the output light. Detector signal, through its pre-amplifier, is then sent to
lock-in amplifier SRS510 by Stanford Research Inc. for measurements. Meanwhile,
detector signal is also displayed on oscilloscope for help in optics alignment to max-
imize the signal. Considering this model of lock-in amplifier is fairly old that has
built-in ADC with only 8 digits resolution, analog signal was read out and digitized
with a NI DAQ card USB-6259 and upload to computer. Labview programs were

written for spectral acquisition.

Manufacturer Spectral Products
Model DK480 1/2 Meter
In/Out Slit Width Range (pm) | 10-3000

Controlling Interface GPIB

Grating Dimension (mm?) 6868

Grating Density (Grooves/mm) | 300 150 75
Peak Wavelength (pm) 2.5 4 8
Spectral Coverage (um) 1.5-6 | 2.5-9 | 5-15
Wavelength Accuracy (nm) 1.2 2.4 4.8
Resolution[10pxm Slit] (nm) 024 |048 |1
Minimum Scan Step (nm) 0.04 |0.08 |0.16

Table 3.3: Specification of the monochromator in characterization

For comparison, a F-P interferometer is also used for spectral linewidth measure-
ment. This sub-system consists of F-P interferometer(with specification shown in
table 3.4) and its ramp generator, RC-44 from Burleigh, a InSb detector J10D-M204-
RO1M-60 from Judson Technologies and a digital oscilloscope. Due to the reason that

we could not synchronize between the F-P interferometer scanning and lock-in ampli-
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fier, digital oscilloscope was used to display and record the waveforms from detector
placed behind F-P interferometer for transmitted signal, which was later analyzed
and processed on computer. Together with the laser output wavelength acquired
with monochromator, spectral linewidth in wavelength can be calculated once F-P

transmission signal waveforms from detector is acquired.

In addition, the interferometer in a fixed-cavity-length mode was also used as
spectral filter (to simulate a molecule or target gas) in the spectroscopy demon-
strations to be presented in this chapter. In spectroscopy demonstration, the InSb
detector placed behind F-P interferometer records the transmittance signal as the
Tunable DFB laser device is tuned. The detector signal is sent to the lock-in ampli-
fier. And the analog output signal from lock-in amplifier is then digitized by DAQ

card and uploaded to computer with particular Labview programs for display and

processing.
Laser Manufacturer Burleigh
Model RC-110
Max Mirror Separation (mm) 150
Mirror Diameter (inch) 2
Mirror Coating Range (um) 3-5
Mirror Reflectivity [3~ 5um Range] (%) > 98.5
Set Cavity Length in This Experiment (um) | ~364
Free Spectral Range [FSR] (GHz) ~412
Finesse ~208
Minimal Resolution (GHz) FSR/Finessex1.9808
Piezo Scanning Range (um) ~1.5

Table 3.4: Specification of the Fabry-Perot interferometer and the mirror set in
characterization
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3.1.6 Electronics System

This section mainly includes instruments such as pre-amplifiers for detectors, lock-in
amplifier, USB-GPIB data acquisition (DAQ) card , PCI-GPIB interface conversion

cards as well as the computer to run the Labview programs.

3.2 Output Power

Single facet output power of device V9-18-9s as function of pump power was measured
at different pump positions and three of those are selected to represent the whole
DFB laser device. This device is 4 mm long in the lateral direction as introduced
earlier, so pump stripe position y=0.2 mm, 1.8mm and 3.7 mm, correspond bottom
end, near the middle and top end of the device respectively. Single facet output power
at above three different pump positions are plotted in Fig. 3.2. The pump stripe
focusing and emission collections were optimized particularly for these three different
positions to compensate the situation that the tunable DFB laser device might not
have been mounted perfectly vertical or Dewar does not shift perfectly vertically.
Both pump and emission power results are corrected by taking account factors such
as effective pump stripe length and reflections from different optics surfaces such as

windows and lenses.

As shown in the Fig. 3.2, typical threshold for this device is in the range from
0.5 to 1 W and its output power increases linearly as pump power increases. Slope
efficiency of single facet efficiency is about 14%, similar to previous device fabricated
by former group member, Liang Xue. (Fig. 2.16 [128]). At all the three different
positions, output power does not show signs of roll-over indicating output power
measurement result is limited by the available pump power. Particularly at pump

position y=1.8 mm, this device has a single facet output power of about 830 mW as
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Single Facet Output Power of Device V9-18-9
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Figure 3.2: Single facet output power of device v9-18-9, at three different pump
stripe position on the device

shown in the blue curve in the figure. At the same time, this figure also shows some
problems of the device such as, device has very soft turn on at pump position y=0.2
mm, and output power at y=3.7 mm does not strictly follow a linear pattern. We
believe all these are due to fabrication non-uniformity issues and partially because

these two pump positions are close to the lateral ends of the device.

At all the three pump positions across the whole range of pump power, device
lases in single longitudinal mode. As an instance of device emission spectra, the
spectra at about 3.5xthreshold pump level at these three pump positions are shown
in Fig. 3.3, color coded with the output power curves shown in Fig. 3.2 for different
pump positions. At this particular pump power, the side mode suppression ratio

(SMSR) at all three different pump positions on the device is over 30 dB.
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Spectra at Three Positions on Device V9-18-9
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Figure 3.3: Spectra of the three different pump stripe positions where single facet
output power measurement was conducted, at ~3.5xthreshold

3.3 Wavelength Tuning

In device wavelength tuning test, LN, Dewar was shifted up or down so that pump
stripe was equivalently translated laterally at different positions on the tunable laser
device to select different emission wavelengths. The spectrum at each position was
acquired with monochromator, InSb detector and lock-in amplifier as shown in the
schematic of the characterization experimental setup, Fig. 3.1. Once scanning across
the whole lateral dimension of device was complete, all spectral data digitized and
saved in the computer were processed together. At present, we don’t have capa-
bility to compensate the non-vertical device mounting or Dewar translation in this
characterization experimental setup. As a temporary solution to guarantee that
pump stripe is properly focused at least for most parts on the device during this

wavelength tuning scanning, some arbitrary pump position at about middle of the
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device was picked for pump stripe focusing and emission collection optimization be-
fore the device tunability test was conducted. This approach turned out to be fine,
although spectral linewidth data at some pump positions might become wider due to
non-optimized pump stripe focusing. Spectral linewidth as function of pump stripe

focusing will be presented later in this chapter.

During this test, pump power was set at about 2.5xthreshold of the device V9-
18-9. Because spectrum acquisition using monochromator and lock-amplifier across
the whole wavelength range with high resolution is a relatively slow process, only
55 equally separated different pump positions are measured across the whole lateral
length of this device to assure stable operation considering the LN, fill time, in
case LN, evaporates completely that the operation temperature control is lost. The
monochromator setting for the spectrum acquisition in this test includes, in/out slit
width at 10 pm, scanning range 90 nm from 3050 nm to 3140 nm, and scan step at
0.3 nm. The time constant for lock-in amplifier is set at 300 ms, and integration time
is 1 s at each particular wavelength selected by monochromator. Step motor rotates
1100 steps in between two neighboring pump positions, corresponding to about 685
pm shift of pump stripe and wavelength tuning step of about 1.46 nm. The total

lateral travel to scan across the 2.5x4 mm device in GNC is 4-2.5xtan6° ~3.74 mm.

The spectra at these 55 different pump positions on device at about 2.5 xthreshold
pump level is plotted in Fig. 3.4.

In order to plot the wavelength tuning curve of device V9-18-9, spectral peak
wavelengths at all pump positions were extracted from these 55 raw spectra and
plotted in blue curve in Fig. 3.5. As shown in the figure, this device V9-18-9 has
tunable range of about 80 nm from 3056 to 3136 nm. Quadratic fitting of the
device emission is also plotted overlaid on top of the raw data in red. The fitted
curve agrees very well with measurement except in the part close to the lower-end

of the device at y~0.35 mm, where there is a slight jump of ~2.4 nm between
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Tunability of Device V9-18-9
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Figure 3.4: Emission spectra of device V9-18-9, at different pump positions on the
device, at ~2.5xthreshold

the neighboring spectral peaks. Similar wavelength tuning scan has been repeated
several times trying to reproduce the jump because we doubt if it’s from degenerated
DFB modes [10, 142] since our device is an index-coupled type. But we could not
reproduce it, which indicates that this device does not have DFB mode degeneracy

issue and can be tuned continuously.

In Chapter 2, grating period range along straight line v = tan(96°)u on the 10x 10
mm die has been used to predict the tuning range of the DFB device. To check if
this approach is valid, grating period on the die along this line and the corresponding
Bragg wavelength given by Agragg = 2npssAlu—tan(96°)u are plotted in Fig. 3.6. The
blue rectangle in the figure gives the range of grating period on the device V9-18-9
cleaved from location shown in the Fig. 2.24. With ngs;=3.73, Bragg wavelength
calculated gives very close value of tuning range that matches the actual laser output

wavelength measured shown in red dots very well. Although, effective refractive index
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Tuning Range of Device V9-18-9
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Figure 3.5: Wavelength tuning range of device V9-18-9, at ~2.5xthreshold

is relatively smaller than the calculation result in slab waveguide modeling, it’s fair
to conclude that the grating period along straight line v = tan(96°)u can be used to
predict the tuning range of the DFB laser device.

3.3.1 Wavelength Fine Tuning

In order to demonstrate that the device V9-18-9 can be tuned continuously, instead
of hopping from one F-P mode to another or between degenerate DFB modes, fine
wavelength tuning test was conducted on a small sections on this device. Basically,
it’s same as the full device tunability test just presented, but with a finer tuning
step. Interval between neighboring pump stripe positions in this test was about 93.4
pm, with step motor rotating 150 steps. By wavelength tuning fitting curve shown
in the Fig. 3.5, this pump stripe position shift corresponds to wavelength tuning

step of approximately 0.2 nm. This wavelength tuning step was determined by the
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Figure 3.6: Grating period along straight line v = tan(96°)u on the 10x10 mm die,
V9-18-9 and DFB laser device grating period range (within the blue rectangle) as

well as expected Bragg wavelength with ng¢;=3.73. The measured lasing wavelength
on the device is shown in red dots as well.

monochromator’s highest resolution of 0.24 nm, with the 300 grooves/mm grating
and 10 pm slit width set in this measurement. If the device was still affected by facet
feedback from the facets, then the free spectral range (FSR) of F-P modes given by
equation FSR=MA?/2n,L is in the range of 0.49 to 0.51 nm across the wavelength
tuning range of device V9-18-9, considering n, is about 3.825 and L, as cavity length
is 2.5/cos6° mm for grating normal configuration. So if there are no wavelength
jumps on the order of F-P FSR in the wavelength tuning curve, it is safe to conclude
that the device is not affected by F-P modes. Other than F-P modes, degenerate
DFB modes common for index-coupled type of DFB laser also may affect the single

longitudinal lasing and continuous tuning of laser that need to be tested.

The wavelength fine tuning measurement results are plotted in Fig. 3.7. Total

tuning range of about 10 nm was achieved in 51 steps, and the laser output wave-
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Spectral Peak Position in Fine Tuning
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Figure 3.7: Fine wavelength tuning test of device V9-18-9, at arbitrary section on
the device. a) Device output wavelength measurement results in blue curve overlaid

with quadratic curve fitting plotted in red. b) Device output wavelength increment
in the fine tuning test.

length extracted from spectra acquired with monochromator at all different pump

positions are plotted in blue in part a). Quadratic fitting curve is also shown as well
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in red. To quantify wavelength tuning step, the increment of laser output wavelength
in this fine tuning is plotted in part b). Unfortunately, there are still few places that
output wavelength increment in tuning is larger or on the order of F-P mode FSR
given above. But it’s still not conclusive to say that device V9-18-9 is affected by F-P
modes, considering that the algorithm of simply taking maximum amplitude in spec-
trum as output wavelength without accounting for the signal amplitude fluctuation
induced by unstable laser output power as well as actual monochromator wavelength
scan step of 0.08 and 0.12 nm alternatively. We did not observe any spectrum with
two degenerated spectral peaks appearing at the same time. The largest wavelength
increment in this fine tuning test is 0.8nm. If it corresponds to stop band width
A\, then by equation 3.3 [12,147], the coupling strength of device V9-18-9 is only
~0.662 which is far from our calculated value. It’s more likely that these steps are

the results of lateral modes.

AN =" (3.3)

So we can probably rule out the existence of degenerate DFB modes, at least in this
fine tuning test range. The most convincing method to prove whether laser device
is continuously tunable is to tune the device’s emission wavelength to scan across
some well known absorption spectrum of a target gas. If there are stair-like steps
or random jumps showing in the absorption spectrum amplitude as seen in methane
absorption spectroscopy demonstration conducted by previous group member, Liang
Xue [128], then laser is not tuning continuously. Because we could not find gas with
absorption spectral lines in the device wavelength tuning range, F-P Interferometer
in fix cavity length mode was used as an artificial gas or spectral filter to demonstrate

this device V9-18-9 is continuously tunable, as to be presented in section 3.5.
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3.4 Spectral Linewidth

When the device wavelength tunability test was conducted, full width half maximum
(FWHM) or spectral linewidth of the spectra acquired at all pump positions was
extracted and is plotted in Fig. 3.8. The blue curve in the figure is raw data
and the red one is for FWHM value of Gaussian lineshape fitting of all the spectra
at different pump positions. The discrepancy between them is mainly because the
wavelength increment of monochromator was not small enough that the original
spectral lineshape turned into form of folded lines and caused error in FWHM. Finer
spectral scan was not possible because it is too time consuming and LNy would
evaporate completely before full scan across device is finished. Generally speaking,
device V9-18-9 has a typical spectral linewidth of about 1.2 nm reflected by raw
data. If a pump stripe focusing control mechanism to optimize pump stripe focusing
at each pump position on the device while wavelength tuning was implemented, we
should be able to get narrower spectral linewidth. This value of spectral linewidth
is quite broad for a DFB laser device. The wide spectral linewidth result could
be attributed to following reasons. First, pump stripe width on the order of 70-
100 pm makes the this DFB laser a broad area laser which commonly suffers from
multi-lateral mode issues [148]. Second, as calculated with assumption that pump
stripe is about 100 pgm width, longitudinal chirp along the pump stripe as well as
lateral chirp across the pump stripe on the order of 0.05% to 0.09% on device both
contribute to the broadening of the laser spectral linewidth. Third, as mentioned in
the previous reason, the longitudinal chirp makes only partial length of grating along
the pump stripe contribute to the selection of lasing wavelength which leads to an
effectively shorter cavity length with smaller coupling strength, <L that results in
broader device spectral linewidth compared with straight grating case. Fourth, due
to wide pump stripe width and especially under high pump power condition, lateral

spatial hole burning (LSHB) and filamentation related to linewidth enhancement
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factor (LEF) tend to appear in broad area lasers to broaden the spectral linewidth
[121,125,149-151]. Fifth, linewidth enhancement factor (LEF) itself in type-II lasers
with values from 0.7 to 5 also directly contributes to the lasing spectrum broadening

[119,152-154].

Spectral LineWidth of Device V9-18-9
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Figure 3.8: Spectral linewith of device v9-18-9, at ~2.5xthreshold

For this research work, modeling of the longitudinal and lateral chirps’ effect on
device characteristic such as spectral linewidth is one of the future works that should

be carried out.

3.4.1 Spectral Linewidth vs. Pump Stripe Focusing

Spectral linewidth of device V9-18-9 as function of pump stripe focusing was also
investigated due to lack of compensation for any non-verticality in the mounting of

device or Dewar translation on the stage in experimental setup as mentioned earlier.
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At different arbitrary pump positions on the device, spectra of device emission were
measured with different pump stripe focusing knob settings. The spectral linewidth
was extracted together with signal amplitude from these acquired spectra. The
reason both were extracted is in hope that possible correlation between them could
offer some guidance for pump stripe focusing adjustments in characterization. Result
at one of these pump positions that gives output wavelength at about 3069 nm is

plotted in Fig. 3.10.

In this measurement, both monochromator and F-P interferometer were used for
cross check reasons. When measuring the spectral linewidth with F-P interferom-
eter, its cavity length has to be measured first to get FSR which later is required
to calculate the device V9-18-9’s spectral linewidth. To calculate spectral linewidth
in wavelength domain with F-P interferometer for comparison with monochromator
results, spectral peak wavelength is also required. In the spectral linewidth as func-
tion of pump stripe focusing investigation, spectral peak wavelength was measured

by monochromator.

To measure the cavity length of F-P interferometer, device V9-18-9’s emission
wavelength was first tuned to acquire the transmittance spectrum of F-P interferom-
eter in fixed cavity mode (ramp generator off), as shown in Fig.3.11 presented in the
next section. Then pump stripe positions corresponding to these transmittance peaks
were re-visited by reversing the step motor driven stage accordingly so the transmit-
tance peaks’ wavelengths could be measured with monochromator. Once all the F-P
interferometer transmittance peaks’ wavelengths were acquired, F-P interferometer’s

cavity length Lgpp was calculated and fitted with following equation.
Ai :
Lpp = (m—l—z)? m,1 € I (34)

Where ); is the wavelength of the ¢th transmittance spectral peak. m is solved using
different transmittance peak wavelengths and through curve fitting. For present F-

P interferometer cavity length, only 5 complete transmittance peaks were acquired
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for full device wavelength tunable range, as shown in the Fig. 3.11. With above
method, the cavity length is calculated to be about 364 um, corresponding FSR of
about 4.12x 10 Hz. There are some system errors and uncertainties in the peaks’
wavelengths due to reasons such as translation stage back lash that the F-P interfer-
ometer cavity length determination might not be very accurate. But it is the best
we could get and spectral linewidth in wavelength calculated with F-P interferome-
ter transmittance data agrees well with the FWHM measured by monochromator as

shown in the Fig. 3.10.

After the F-P interferometer cavity length was determined, it was switched to
scanning mode (ramp generator on) for transmittance measurement to acquire spec-
tral linewidth of DFB laser device emission. The DFB laser emission, after passing
through F-P interferometer, was registered by InSb detector placed behind it. This
transmittance signal was also displayed and saved on digital oscilloscope for process-
ing later. A typical F-P interferometer transmittance signal waveform displayed on
oscilloscope for a given DFB device emission wavelength (In this case, it is 3069 nm.)
is shown in Fig. 3.9. The two wider peaks in the middle are transmittance signal
when F-P interferometer’s cavity length equal to multiple of emission wavelength
in the scanning and the two narrow ones on the sides are from retracing. Limited
by maximum travel of the piezoelectric transducer actuators in F-P interferometer,
only two transmittance peaks could be resolved. This waveform on oscilloscope is
basically a linear spatial-temporal mapping between the F-P interferometer cavity
length (with light frequency information embedded) and transmittance signal that
the light spectral linewidth information can be derived by measuring the signals’
temporal width. L is the temporal FWHM of the transmittance peak signal and Lo
is the temporal distance between the neighboring transmittance peaks, which cor-
respond respectively to the frequency spectral linewidth of device V9-18-9 output
at this particular wavelength and the FSR of F-P interferometer. Assuming F-P

interferometer scans linearly, then ratio of L; /Ly gives the spectral linewidth of the
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device in term of F-P interferometer FSR in frequency domain. With known wave-
length A by monochromator, the spectral linewidth in wavelength domain can be
easily calculated with following equation.
_ XL

2nLpp Lo

AN (3.5)

n is the group refractive index of the medium in the F-P interferometer cavity, which
is 1 for air in our case.
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Figure 3.9: F-P interferometer transmittance signal waveform on oscilloscope for
device V9-18-9 spectral linewidth measurement

Back to the measurement of DFB laser device spectral linewidth as function
of pump stripe beam focusing, the result is plotted in the Fig. 3.10. The top
plot is the spectral amplitude of the measured at emission wavelength 3069 nm as
function of pump stripe focusing. The bottom plot is the FWHM /spectral linewidth
results as function of pump stripe focusing from both monochromator (red) and F-P
interferometer (blue). Obviously, there is correlation between signal amplitude and

spectral linewidth as pump stripe focusing varies as shown. To the left of the valley
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Spectral Amplitude vs. Pump Stripe Focusing
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Figure 3.10: Device V9-18-9 spectral linewidth vs. pump stripe focusing, at arbitrary
pump position

in the signal amplitude plot on top, corresponding to focusing deeper into the device,

signal amplitude changes gradually and smoothly as pump stripe focusing varies. On
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the contrary, signal amplitude fluctuates strongly as focusing changes on the other
side of the valley, corresponding to the cases pump stripe is focused shallower on
the device. On both sides of the valley, signal amplitude has comparable amplitude.
Referring to the spectral linewidth plot at the bottom, aligned with pump focusing
setting where the signal amplitude valley locates, device has the widest spectral
linewidth. When focusing is deep into the device, the spectral linewidth is much
narrower than for the shallow focus case. In addition, the spectral linewidth also
fluctuates strongly as amplitude does for the case focusing is shallow. The valley in
the signal amplitude probably corresponds to the situation when the beam waist of
pump stripe is exactly in the core layer of the slab waveguide. At the moment, we
conjecture that the reason device V9-18-9 behaves as such might be due to the mode
matching between the modes excitation by pump and waveguide eigen mode (Slab
waveguide was design to support fundamental mode only.).We speculate that this
behavior should be dependent on pump stripe focusing tightness and the cylindrical
lens focal length as well. But no experiments were conducted for investigation to

prove this.

Due to the above results, without pump stripe focusing optimization mechanism
to compensate for the non-orthogonal translation and focusing adjustment, pump
stripe focusing was adjusted to maximize the signal amplitude and on the stable side
of focusing to acquire a narrower spectral linewidth in all the different characteriza-
tion tests. As part of future work, a pump stripe focusing optimization mechanism

should be developed.

3.5 Spectroscopy Demonstration

Spectroscopy demonstration with device V9-18-9 was conducted by measuring the

F-P interferometer transmittance spectrum while tuning the device across its full
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tunable range, with F-P interferometer in fixed cavity length mode functioning as
artificial target gas because no proper target gas could be found for our laser device.
In addition, wavelength modulation spectroscopy was also demonstrated with an op-
tical resonance scanner which modulates the device V9-18-9’s emission wavelength
simultaneously when its wavelength was being tuned. Strictly speaking, F-P inter-
ferometer might not be appropriate to function as artificial target gas because the
transmittance signal measured in this manner is the convolution of the laser device
emission spectrum and the eigen transmission function of F-P interferometer, but
not uniquely from gas absorption. F-P interferometer with ideal cavity mirrors has
eigen transmission function looks like unit height delta-function comb in frequency
or wavelength domain which is nonlinear. With not high enough reflectivity cavity
mirrors, these delta-function like transmission peaks drop amplitude and get broad.
For the wavelength slightly off the eigen transmission peaks of F-P interferometer,
only small portion of the laser device emission can pass though the interferometer
and gets detected by detector placed behind it due to nonlinear transmission at-
tenuation from F-P interferometer. For wavelengths far from eigen transmittance
peaks, they are completely blocked by F-P interferometer. If the whole wavelength
tuning range needs to be tested, F-P interferometer cavity length has to be set at
a series of different values (Not done in this research work) consequently to let its
eigen transmission peaks cover all different emission wavelengths from the tunable
laser device. As mentioned above, the transmitted light power also gets modulated
by the nonlinear F-P interferometer transmission function that might be suppressed
at some wavelengths that makes some originally obvious amplitude differences not
as obvious. Nonetheless, F-P interferometer could be used to demonstrate tunable

laser device’s potential application in spectroscopy.
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3.5.1 Direct Absorption Spectroscopy Demonstration with

F-P Interferometer

In this demonstration, device V9-18-9 pumped at about 2.5xthreshold was tuned
across its full tunable range with tuning step of ~0.067 nm by pump stripe position
shift of ~31.13 pum, corresponding to step-motor rotating 50 steps. Transmitted laser
light is recorded by InSb detector placed behind F-P interferometer, then amplified
with lock-in amplifier, finally digitized with DAQ card and uploaded to computer.
F-P interferometer transmittance spectrum acquired is shown in Fig. 3.11. Mathe-
matically, it is the convolution product from device emission spectra in tuning and
the eigen transmission function of F-P interferometer as mentioned earlier. The
FWHM of these transmittance peaks are wider than expected probably due to the
non-optimized pump stripe focusing explained before. Peak 6 is incomplete because

pump stripe in tuning was at the very end of device.

Considering the mirror reflectance of F-P interferometer is >98.5% in 3 to 5 um
range, the finesse given by equation 3.6 is ~208.

F%wMMUﬂ—RV_wRW (3.6)

2 " 1—-R

And the spectral resolution in wavelength domain is about 0.063 to 0.065 nm across
the whole device tuning range, given by equation 3.7.
A1 —R)

mrvVR

Where A is the laser emission wavelength and m is the order of interference which

AN — (3.7)

is in the range of [233, 237| corresponding to the first 5 spectral peaks in the Fig.
3.11, calculated when F-P interferometer cavity length was solved. The wavelength
tuning step and the resolution of F-P interferometer is about the same which means
all the peaks in transmittance from actual wavelength tuning should be resolvable

by F-P interferometer. In other words, any mode hopping or wavelength change
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Transmittance of F-P Interferometer
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Figure 3.11: F-P interferometer transmittance in wavelength tuning range test of
device V9-18-9

greater than F-P interferometer spectral resolution or amplitude fluctuations in the

laser device emission should be detectable in the F-P interferometer transmittance
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measurement. Due to the nonlinear transmission function of F-P interferometer,
some of the transmittance signal variation may be not as prominent as they originally
are. As examples of transmission discontinuity corresponding to the possible mode
variation or hopping, two different cases are shown in subplots for peak2 and peakb at
the bottom of the Fig. 3.11. First one is the small hump at the left foot of peak2 and
the second one is the the sub-peaks on the left shoulder of Peak5. We can exclude
the probability of F-P mode hopping in these two cases. Considering the typical
spectral linewidth of 1.2 nm for the device V9-18-9 measured by monochromator at
this pump level as shown in the Fig. 3.8, and F-P mode spacing on the order of
0.5 nm should cause more pronounced transmission fluctuation on the shoulder of
transmission peaks. Especially for the narrow sub-peaks on shoulder of transmittance
peak5, whose width correspond to 3 or 4 tuning steps in this test (corresponding to
0.2 to 0.25 nm wavelength tuning), they to some extent indirectly confirm that the
laser spectral linewidth should not be very wide. We can also almost exclude the
existence of degenerate DFB modes. Assuming the coupling strength of device V9-
18-9 is 1, half of the calculated value introduced in Chapter 2, then DFB stop band
width by equation 3.3 at wavelength 3070 nm is about 1.2 nm. And if that’s the
case, the transmittance signal fluctuation would be larger than what is shown in
plot of transmittance peak5. Other fluctuations or roughness in the transmittance
spectrum of F-P interferometer are more likely due to the device emission amplitude
fluctuations or lateral modes considering the pump stripe is as wide as 70 to 100 pym
which is tens of order of lasing wavelength. Another reason might cause sub-peaks

to appear on the should of peak5 could be fabrication defects.

We conclude that multi-longitudinal mode lasing is not shown on this device V9-
18-9. The sub-peaks showing on the shoulder in peakb and peak3, 4 are real and
are likely due to the existing lateral modes in laser, fabrication defects or probably
unstable device output power. Device output power fluctuation issue could be solved

with a beam split to get reference output portion not passing through F-P interfer-
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ometer to be detected with another detector then cancel out the fluctuation in data

processing.

3.5.2 Wavelength Modulation Spectroscopy Demonstration

3.5.2.1 Wavelength and Frequency Modulation Spectroscopy

Wavelength /frequency modulation spectroscopy (WMS/FMS) has been implemented
since 1970’s due to its two main advantages over direct absorption (DA). Firstly, in-
stead of measuring the signal amplitude directly due to absorption, WMS measures
the difference of signals which is proportional to the target species concentration.
Secondly, it shifts measured signal to a relatively higher frequency with improved
noise characteristics to achieve improved signal-to-noise ratio and thus higher sensi-

tivity.

In practice, this technique is divided into two categories, namely WMS and FMS.
WMS is referred to the cases when the modulation frequency is much lower than ab-
sorption linewidth or spectral feature with detection carried out at the fundamental
modulation frequency (1f) or higher harmonic frequencies (2f etc.). Typical mod-
ulation frequency is usually in the range of a few KHz to a few MHz. For FMS,
modulation frequency is usually comparable or even higher than target spectral fea-

tures.

For electrically pumped laser, particularly semiconductor laser such as QCLs
[155,156], through current modulation to implement WMS technique is widely used
in the whole IR range for trace gas detection. Besides current modulation, external
cavity modulation could be applied to other types of lasers or light sources such as
optical parametric oscillator (OPO) [157,158] to achieve WMS. Our demonstration

of WMS also falls in this category, because we used an optical resonant scanner
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outside the laser cavity to modulate the device output wavelength as shown in the

next sub-section.

More detailed knowledge about modulation/frequency modulation spectroscopy
is beyond the scope of this research work. If interested, please refer to the these

publications. [24,159-168].

3.5.2.2 Wavelength Modulation Demonstration

Same as direct absorption spectroscopy demonstration, WMS with device V9-18-9
was demonstrated using F-P interferometer of fixed cavity length as artificial target
gas. To implement wavelength modulation, a fused silica parallel plate mounted
on an optical resonant scanner was placed in the pump stripe after cylindrical lens,
which wobbles to shift the pump stripe position up and down on the device V9-19-9
as shown in Fig. 3.12, thus selecting different lasing wavelengths. In the figure, pump
stripe is in the direction perpendicular to the page. This wavelength modulation was
superimposed on top of the wavelength tuning exactly as introduced in the previous

section in the demonstration of WMS.
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Figure 3.12: Optical resonant scanner with fused silica plate functioning as wave-
length modulator on the device V9-18-9

The fused silica plate is 10x6 mm in the directions along and perpendicular

to the pump stripe respectively, so not to truncate the pump stripe formed after
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cylindrical lens in the pump beam. And the plate thickness is 1 mm for enough
pump stripe shift Ax for the laser device wavelength modulation. Plate is AR coated
for 1.908 pum at 45+5°. Determined by the inertia of the this fused silica plate, the
resonant /modulation frequency is ~4.35 KHz which is far below the laser spectral
linewidth and F-P linewidth so we are in the wavelength modulation regime rather
than in a frequency modulation regime when the modulation frequency is large or on
the same order compared to the spectral linewidth. The still angle for this plate with
respect to the pump beam is measured to be about 48.3° and the oscillation angle
Af is 0.99° which shifts the pump stripe ~22.4 yum up and down, corresponding to
output wavelength difference of ~0.048 nm. This value is much smaller compared
to device’s typical spectral linewidth of ~1.2 nm, which means our modulation is in

derivative modulation regime as shown in Fig. 3.13.
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Figure 3.13: Lock-in amplifier signal of F-P interferometer transmittance when Aprp
is modulated with optical resonant scanner in wavelength tuning

In WMS demonstration, the tunable laser device was tuned exactly as the case in
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direct absorption spectroscopy as described in the previous sub-section, but without
using chopper in data acquisition. The optical scanner’s synchronization signal was
used as the reference for the lock-in amplifier for the F-P interferometer transmittance
measurement. Lock-in amplifier’s time constant was still 300 ms and integration time
was kept at 1 s as before. The transmittance of F-P interferometer with modulation
acquired is shown in Fig. 3.13. It basically corresponds to the derivative signal of
the transmittance of F-P interferometer without wavelength modulation as shown

the Fig. 3.11.

Because the stage translation starting point and travel in this demonstration were
not exactly same as those in the demonstration without modulation introduced in the
previous sub-section, so the spectrum peaks shown in this figure is not well aligned
with those in the Fig. 3.11. Last peak is incomplete because pump stripe was at the
very end of the device. These oscillating peaks are not strictly symmetric with respect
to zero amplitude baseline mainly because the device output beam is not perfectly
perpendicular to the F-P interferometer cavity mirrors. Assuming the peaks in this
figure correspond to roughly the same pump positions to get the transmittance peaks
without wavelength modulation as shown in the Fig. 3.11, peak5 looks cleaner than

the peakb which indicates continuous wavelength tuning of the device V9-18-9.

Because we did not have an actual absorbing gas in the wavelength tuning range
of our device, we did not investigate the signal enhancement with different mod-
ulation strength. So not enough information about SNR could be easily acquired
in comparison to the transmittance spectrum acquired without modulation. In the
wavelength tuning ranges of F-P interferometer eigen transmittance spectral peaks
with present configuration, transmittance signal is generally smooth which indirectly

proves that device V9-18-9 tunes continuously.
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3.6 Summary

Device V9-18-9 lases in single longitudinal DFB mode at all different pump posi-
tions across the whole pump power range, with SMSR of over 30 dB, and achieves
maximum single facet output power of about 830 mW without showing signs of ther-
mal roll-over. In other words, the output power is limited by the available pump.
This device achieved wavelength tuning range of ~80nm, from 3056 to 3136 nm at
~2.5xthreshold, typical spectral linewith of ~1.2 nm. We are very confident that
continuous wavelength tuning is demonstrated. Although the spectral linewidth of
this device is fairly wide, but it should still be suitable for atmospheric pressure
gas remote sensing application. Also the idea of fabricating tunable DFB laser with
chirped grating is proved to be feasible. Direct absorption and wavelength modu-
lation spectroscopy were both demonstrated in the lab on this device V9-18-9 with

F-P interferometer.

The undesirable issues revealed by this device includes wide spectral linewidth of
device emission and the appearance of lateral modes which need to be investigated
in the future. Together with experimental investigation for wide spectral linewidth,
modeling of lateral/longitudinal chirps’ impacts on device spectral linewidth as well
as other performance are very necessary and important as part of future work. Nar-

rower pump stripe width with a powerful cylindrical lens should also be investigated.

Besides, due to the present configuration of mounting LNy Dewar on the trans-
lation stage which is not designed for vertical usage, vibration issue with the trans-
lation stage directly affects the laser emission stability which partially caused emis-
sion wavelength instability issue and the output power fluctuations through the
monochromator. This vertically mounted translation stage should be replaced with a
stabler motorized lift stage in future. Furthermore, we also noticed the issue of pump

power and device emission power fluctuation issues with water vapor absorption and
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turbulence due to air flow in the lab, so a nitrogen purged box covering both the
pump beam and laser device emission would be necessary to for more stable operation

as well as lowering device output power fluctuations.
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Preliminary Simulation for

Tunable DFB Laser Device

In principal, the simulation of the spectral properties of a DFB laser device needs to
take into account spontaneous emission or noise. Mathematically demonstrated by
other research groups, a Green’s function is required together with transfer matrix
method to predict the lasing wavelength, spectral linewidth, side mode suppression
ratio and other performances in operation [169-176]. About our device, our simula-
tion was particularly focused on calculating emission wavelength of the laser device
but not for characteristics such as spectral linewidth, so we did not introduce Green’s
function in the the simulation of our DFB laser device although it is definitely nec-
essary and should be one of the future works to be carried out. As just mentioned,
the main goal of our simulation is to determine the lasing wavelength of the DFB
laser device at a given pump position on the device which defines a specific laser
cavity with chirped grating as well as pump condition known, and to investigate the
impact of both the lateral and longitudinal grating chirps. Based on that, continuous
wavelength tuning as pump stripe is translated to different lateral pump positions

on the device was also proved with small pump stripe position shift. Transfer matrix
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method (TMM) with effective refractive index was utilized in the simulation of our
DFB laser device. This simulation work was mainly carried out by Dr. Steve Benoit
and implemented using programing language Java, with help and discussion with

author.

With the consideration of constructing a model that is flexible and can be adapted
to other devices with different designs and fabrication parameters in future, the
system modeling is broken down into many sub-modules as shown in diagram Fig.
4.1. The first two rows of sub-modules are meant for the calculation of effective
refractive indices and grating period as a function of location on device which have
been presented in the previous chapters. The procedure to determine the lasing
wavelength of device at particular pump position can be summarized as below. Based
on the aforementioned grating period calculation and the the pump stripe geometry,
grating periods along an particular pump stripe on the device will be calculated
first and then with the 1D slab waveguide model introduced in Chapter 2, effective
refractive indices of the grating ridge and groove segments are calculated to construct
the transfer matrices of these different segments. The product of this whole set of
transfer matrices mathematically describe a particular DFB laser cavity on device
defined by the pump stripe. Finally, based on the oscillation condition introduced in
this chapter, lasing emission wavelength corresponding to this particular cavity on
the device is determined. Basically, the sub-modules enclosed with red dashed-line

box shown in the third row of the diagram will be presented in this chapter.

Epitaxial Transverse o T
Structure Mode B
Interferometric Grating
Lithography Pattern A(u, v)
O v Fo-=--=====--m--m---
evice Pump Stripe Stripe Transfer Lasing |
Cleaving ™ Location | | Geometry | '[ Matrices 7 Wavelength |:

Figure 4.1: Partitioning of system modeling into sub-models
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In this chapter, transfer matrix method is first introduced. After that, its appli-
cation to our hyperbolically chirped grating DFB laser device will be presented in
detail, including solving the grating periods along the given pump stripe on the de-
vice, the construction of the transfer matrices of chirped grating with pre-calculated

grating period and refractive indices and determination of the lasing wavelength.

4.1 Introduction to Transfer Matrix Method

For simulation of DFB lasers, transfer matrix method (TMM) [3,8,169,170,177—184]
is a popular approach adopted by many different researchers. It was developed
after the extensively used approach of coupled mode theory (CMT) [3,8, 180, 185]
first proposed by Kogelnik and Shank [12] which has limitation of applicability to
only shallow corrugations because the theory is based on a perturbation method. It
also lacks accuracy in coupling coefficient calculation especially for TM modes on
devices [182]. In comparison, TMM has advantages over CMT in aspects such as
accuracy for both TE and TM modes in the device simulation, without restriction
to shallow corrugations cases, flexibility for chirped grating/layer stack or aperiodic
structures and it can also handle some intentional phase shifts at arbitrary locations
in the device cavities as well. The detailed introduction to the advantages or features
of TMM is out of the scope of this dissertation. Please read the references for more

information [3, 8.

TMM is based on a transmission matrix that is defined mathematically for a
two bi-direction ports networks module to model either an homogeneous medium
in which light propagates or the interface between two different media on which re-
flection and transmission happen. The transmission matrices for these two different
cases are shown respectively by equations 4.1 and 4.2. Usually transmission ma-

trix is a 2x2 matrix, but could have higher dimensions such as 4x4 if additional
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parameters need to be considered. The different elements in the matrix embed the
physical relationships between the different inputs and/or outputs of the module
ports. These two types of unit transmission matrices work as the building blocks
for modeling complicated multi-section systems. In modeling of structures such as
corrugated waveguide or stack of different material layers, the transmission matri-
ces corresponding to different sections of the system can be conveniently cascaded

together through matrix multiplication for the mathematical definition of the whole

LRI

TOp Clad I::> Dper g Dpge o Mpge R Dere o Dpe R Dere o Beee R Dere o/ Dpse R Dper 6

system.

a)

Core

Figure 4.2: Grating is equivalent to layer stack structure with effective refractive
index approach

For simulation of our DFB laser, the grating patterned in the top clad as shown
in the Fig. 4.2 a) was first converted into the layer stack structure shown in part b)
of the figure, through the effective index approach [186,187] introduced in Chapter
2. The effective refractive indices of these layers corresponding to the grating ridge
and groove segments, ngsr—r and ngsr_q assigned are calculated using the 1D slab
waveguide mode solver with different top clad thicknesses Dg and D¢ as introduced
in Chapter 2. And the thicknesses of these layers in the stack structure are exactly
same as the width of the corresponding grating ridges and grooves, W and W¢ as
labeled in the figure. After this conversion is done, the unit translation and interface
transmission matrices for TMM to define the whole cavity can be defined as shown

below. For the ridge or groove segment of the grating, the translation matrix is
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written as,

Ti = A i = Ridge, Groove. (4.1)

O e]¢1
Where 7 stands for translation and e3¢ = ¢=454 = ¢—dnikod represents the phase shift
when light wave propagates from one end of the layer to the other. n; stands for the
complex effective refractive index of the layer. Any material gain/loss is embedded
in the imaginary part of the effective index. d is the optical path length inside the

layer. For the case of normal incidence, it is same as the layer thickness.

Likewise, the coupling matrix for the reflection and transmission on an interface
between the ridge and groove segments of the grating or the equivalent layers in the
stack could be written as,

L B i
=

i,7 = Ridge, Groove. (4.2)
tij Tij ti]’t]’i — rijrji

Where Z stands for interface and subscript ij stands for the location of interface
between layers i and j and the light propagates from layer i to j where layer j locates
on the right of layer i. 7;; and ¢;; are the field reflection and transmission coefficients
calculated with Fresnel relationship, using complex effective refractive indices ngsr_g
and ngyss_q of the neighboring layers solved with the 1D slab waveguide mode solver.
There are two different cases, namely light propagates through the interface from
groove to ridge segment or vice versa. In the simulation of our tunable DFB laser, we
only need reflection and transmission coefficients of TE fundamental mode because it
has been proved to be the only existing mode of our laser by previous group member,

Liang.

With these two unit transmission or transfer matrices and effective refractive
index method introduced above, the two-dimensional grating structure shown in

the Fig. 4.2 a) can be simplified to the one-dimensional layer stack structure as
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shown in part b). The transfer matrix relating the counter-propagating light waves

representing the electric fields in laser cavity can be defined as

t || T e . (4.3)

b1 T Ty | | bw b
Where section m+1 locates to the right of section m, a; and b; stand for the light
waves propagating in the right bound and left bound directions respectively as men-
tioned above and T(™) represents the transfer matrix for mth section of the whole
cavity. By mth section, we mean mth layer and the interface on the-left hand side
boundary of this layer as shown in the Fig. 4.2 b). So depends on the layer cor-
respondence to either grating ridge or groove, the section transfer matrix can be

expressed as

TI(%T?S'ection = mm)zé”]? (44&)
Tén—I)Section = 7—G(m)II(%Tg) (44b)

Then the transfer matrix for a single period consists of ridge and groove sections,
the mth period can be written as following if the period started with grating ridge

section.

G—Section™ R—Section

With transfer matrix for a single period of grating, the transfer matrix M for the
whole cavity or the whole complicate structure then can be constructed and written

as
M = T TEDTE HT (4.6)

Where L is the total number of grating periods. And the matrix multiplication
shown in above equation is right multiplication, which means the matrices standing

for different components of the whole cavity appear in multiplication in the reverse
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order of what they do in the actual cavity from left to right facet. This is very

important especially for our DFB laser device because of the existing grating chirp

or asymmetric variation of grating periods relative to the center of the cavity defined

by the pump stripe on device, as shown in Fig. 4.3 in section 4.3 of this chapter.

4.2

Presumptions to Simplify TMM Simulation

To simplify the device simulation, the following assumptions were made.

The grating cross-section profile is assumed to be perfectly rectangular, and
we neglect all kinds scattering and other types of loss from the actual grating

profile as shown in the Fig. 2.26.

Although the actual non-normal grating line angle with respect to the pump
stripe in grating normal configuration (GNC) as shown in Chapter 2 is taken
into account for the calculation of the amplitude of the elements in transfer
matrices, we neglect the loss from the reflection, refraction and scattering on
the interfaces of equivalent grating ridge/groove layers and also assume that
the counter-propagating light does not deviate in the lateral directions from the
laser cavity axis defined by the pump stripe. The actual case is that some of the
light in cavity will leak from the side of the cavity (determined by the width
of pump stripe) after propagating for certain distance due to the reflection,
refraction and scattering on these grating ridge/groove interfaces at oblique
incident angles because grating lines are not perfectly perpendicular to the
pump stripe. Of course, the gain guiding mechanism in the lateral direction

pulls some of the these deviating lights back to the cavity.

In the simulation, the real part and the imaginary part of the effective refractive

index are assumed to be independent, although they are correlated by Kramers-
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Kronig relationship. The real part of effective refractive index stays fixed in
our simulation, when its imaginary part is increased to determine the lasing
wavelength with our approach introduced in section 4.5 of this chapter. The
increase of the imaginary part of effective refractive index corresponds to the
increased carrier density and effective material gain. From the imaginary part
of effective refractive index, the threshold condition calculation of the laser

device can be conducted and this is a common approach.

e Across the full tuning range of our DFB laser device or the gain spectrum in

the vicinity of 3.06 um, material gain was assumed to be constant.

e In the pump region or cavity defined by given pump stripe on the device,
the intensity of field is assumed to be uniform although in directions along and
across the pump stripe beam the intensity follows Gaussian distribution. Based
on above assumption, the effective refractive index along the whole length of
the pump stripe is same. And we also don’t take the width of pump stripe into

account in the simulation.

e Facet reflections are neglected due to grating normal configuration (GNC) as

presented in section 4.3.

4.3 Cavity Transfer Matrix Construction

As shown in the Fig. 4.1, the transfer matrix required to simulate the DFB laser
cavity defined by optical pump stripe is constructed with information of the grating
period along this particular pump stripe at given position on the device and the
effective refractive indices corresponding to the ridge and groove segments of the
grating. The effective refractive index calculation has been presented in section 2.3.

In this section, we will concentrate on how to calculate the dimensions of the grating
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ridge and groove segments along the pump stripe and their locations required to
define the unit transfer matrices which are later multiplied together to construct the
total transfer matrix of the laser cavity. Duty cycle of grating which is defined as the
percentage of ridge width to the whole period is set at 50% in all the calculations in

this section for simplicity, which was also the target value in fabrication as shown in

the Fig. 2.26.

As introduced in the previous chapters, period of the chirped grating patterned
on our DFB laser device is location dependent. In other words, even along a given
pump stripe at arbitrary pump position on the device, the grating period varies from
one end of the stripe to the other. To get the dimension of the ridge and groove
segments as well as their location within each grating period, the grating periods
along the pump stripe have to be calculated first. With chirped grating period
calculation method introduced in section 2.6, grating periods along any pump stripe
on the device in GNC can be easily calculated with location coordinates on the pump
stripe, or coordinates on a straight line that defines the pump stripe. Basically, use
the coordinates of the pump stripe, (u, v) defined by the straight line function in
the grating period calculation equation 2.18 to get the values of grating periods
along pump stripe on the device. As an example of the calculation, grating periods
along pump stripe defined by straight line equation v = tan(6°)u + viptercepr With
Vintercept=5.0 M is shown as the red curve in Fig. 4.3. The relative pump position

on device can be derived from device dimension and cleaving location as shown in

the Fig. 2.24.

With grating periods along the pump stripe known, determining the particular
location and dimension of grating ridge within each period also matters in TMM sim-
ulation because these parameters affect the calculation of light propagation phase in
the cavity. The approach we took for this problem is to solve first for the start-

ing/ending points or boundaries of individual grating periods along the pump stripe.
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Then, depending on the tone of PR in IL patterning as well as known grating duty
cycle, the location and dimension of grating ridge within every single period can be

calculated as presented below.
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Figure 4.3: a) Grating periods along a given pump stripe defined by straight line, v =
tan(6°)u+vintercept With Vintercepr=5.5 mm for the cavity transfer matrix construction.
Red curve is the grating period along the pump stripe calculated with grating period
equation 2.18, and the blue curve stands for reconstructed grating period as function
of location in the cavity referred by grating period index. b) Grating line angle with
respect to the pump stripe in GNC at different location of cavity referred by grating
period index.
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Specifically, the location of the minimum grating period for a given pump stripe
needs to be solved first. Due to the optics configuration in IL patterning and cleaving
position of our DFB laser device from the 10x10 mm die, locations of minimum
grating period along pump stripe at different positions in GNC correspond to the
intersections of the pump stripes and the zero optical path difference interference
fringe on the device surface from the two spherical waves (given by straight line
equation, v = tan(96°)u as seen in the Fig. 2.23 a). Once the location of this
minimum grating period on the pump stripe is determined, the grating period A,
(also the minimum grating period) centered at this location can be used to find its
boundary (ug_, vo—) and (ugy, vos) on the pump stripe. This period is referred
as the center grating period. With boundary of the center period solved, grating
periods at (ug_, vo—) and (ugs, vos) are calculated as the first grating periods A_;
and A; on the left and right sides of the center period. The boundary coordinates
of the center period, (ug_, vo_) and (ugs, vos) are used as the starting points of
these two first grating periods to the left and right side respectively. This is different
from minimum grating point as the center of the center grating period, but the error
due to this is very small considering the grating period variation (longitudinal chirp)
along the pump stripe on the device is on the order of 0.1% as shown in the Fig.
2.23. Then the ending points of these two first grating periods, (u;_, v1_) and (uy,
v1y) are calculated and used for the calculation of the second grating periods, A_»
and Ay on both sides with (u;_, v1_) and (u;4, viy) taken as starting points of the
periods. In this manner, boundaries of all grating cycles can be solved sequentially
till the left/right edges of the cavity (or pump stripe) are reached. This process is
illustrated in Fig. 4.4. If we call this recalculation of grating period along the pump
stripe, we can get the grating period as function of its location on given pump stripe
or in the cavity defined by the pump stripe. After renumbering the grating period
index, starting from 1 at the left facet of device and increasing as moving to the

right hand side in the cavity (or along the pump stripe), the recalculated grating
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period as function of period location referred by grating period index is also plotted
in blue curve shown in part a) of the Fig. 4.3. Obviously, it agrees very well with

the overlaid grating periods calculated with derived formula shown in the red curve.

U u,. u,. u,

AP=0

U, u,, U, U, Uy,

Figure 4.4: Schematic of grating profile along arbitrary pump stripe. Point AP =0
corresponds to the intersection of zero optical path difference interference fringe
on device and pump stripe. A; and u; are the grating periods and their boundaries’
horizontal coordinates along the pump stripe. The subscript of A is later renumbered
starting from 1 from the left facets of cavity in rising order as moving to right hand
side till right facet, not shown in the figure.

After the grating periods along the pump stripe were solved as presented above,
the location of grating ridge within a period can be determined with tone of the
PR used in IL and assumed duty cycle. Since we used positive PR (SPR-505) in
IL patterning for this chirped grating, along the zero optical path length difference
interference fringe on the device as mentioned above, a groove in PR formed due
to constructive interference which later corresponded to a groove in grating after
pattern transfer from PR to the top clad of the device. So along an arbitrary pump
stripe, at the location where this zero optical path length difference fringe and pump
stripe intersect, as labeled as AP = 0 in Fig. 4.4, the grating has a groove. The
groove and ridge profile in the center grating cycle is symmetric with respect to the
AP = 0 point. For a given duty cycle value, the location and dimension of groove
and ridge can be calculated. Likewise, grating ridge and groove dimension and

location are calculated for all of the rest of the grating cycles along the pump stripe.
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With the method introduced above and the assumed 50% duty cycle, grating ridge
dimension in each period is summation of the last quarter of the previous grating
cycle and the first quarter of present cycle as shown in the Fig. 4.4. The grating
profile along any arbitrary pump stripe is illustrated in the figure with all the grating
periods A; and horizontal grating cycle boundary coordinates u; labeled. The last
grating cycle at either of DFB laser facets might be fractional which is also taken into
account in our cavity transfer matrix construction. The grating cross section profile
reconstruction with calculated dimensions and locations of grating ridges/grooves as
explained above was then conducted to extract the information on the equivalent
layer thickness in the layer stack as shown in the Fig. 4.2, with effective refractive

indices assigned to the particular layer accordingly.

In the construction of the cavity transfer matrix, the laser output medium next to
cavity facets also needs to be considered in TMM simulation because of the reflection
from the facet/output medium interface due to impedance mismatch. But for our
laser, grating orientation is 6° tilted with respect to the facts, also the pump stripe is
applied in GNC or perpendicular to the grating lines, as shown in Fig. 4.5. Because
of this special configuration, the reflection from the facets does not go back to the
cavity defined by pump stripe as shown. Also, the reflected light from facets will be
absorbed in material and scattered away by gratings due to its non-perpendicularity
to the grating lines. Mathematically, to represent this non-reflection, the refractive
index of output medium (which is air actually.) is set to be the effective refractive
index of the facet segments in grating, either ridge or groove to eliminate all reflection

back into the laser cavity.

With all these steps explained, the transfer matrix that represents the DFB laser
cavity defined by pump stripe at a particular pump position on device can be written

as following.

Mcam'ty _ T](DTightfaCEt)TéL_I)TéL_2).--TI(DQ)TSEftfaCEt) (47>
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Figure 4.5: No facet reflection due to tilted grating orientation and pump stripe in
grating normal configuration (GNC). The reflections from the facets of cavity defined
by pump stripe deviate from cavity as shown.

Where T’ I(j ) is the transfer matrix for ith grating period that could be written accord-
ing to equation 4.5 in the section 4.1, and there are L-2 full grating periods along the
pump stripe, from the 2nd to (L-1)th. Transfer matrix for the left facet fractional

Tgef tfacel) yepresents the transfer matrix for the first grating cycle,

grating period,
which very likely starts with a fractional groove or ridge segment depending on the
particular pump stripe position on the device. In the construction of transfer matrix
for this cycle, this fractional grating segment is converted to a semi-infinitely thick
layer with same effective refractive index as the fractional grating segment due to the
no-facet-reflection assumption introduced above. And this layer will not appear in
the multiplication of matrices for the first grating cycle transfer matrix. Instead, the
transfer matrix for the interface between this fractional segment and the neighboring
full grating segment (belongs to the next grating cycle) will be the first matrix (last
matrix in the matrix multiplication as introduced) in the construction of the cavity
transfer matrix. Likewise, the fractional segment of the right facet grating cycle will
also not appear in the multiplication for the cavity transfer matrix. The interface
matrix for the interface between last full grating segment and the fraction segment

will be the last component of cavity (first in matrix multiplication). Basically the

front and rear facet grating period transfer matrices need to be constructed especially
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according to recalculated grating periods along the given pump stripe.

For brevity of description, we do not write down all the transfer matrices for
different segments or interfaces of the gratings for the cavity transfer matrix. But
examples of unit translation transfer matrix and interface matrix are listed as below
as building blocks of the cavity transfer matrix. The translation transfer matrix can

be written as

—jTimkoWm / cos 0
amright _ € " " O amleft (4 8)
JNm koW, / cos 0 ' ’
Mright O e " b

Mieft

Where a and b stand for left /right bound propagation light waves respectively, same
as before. Subscript M1+ and my. s represent the location of right and left boundary
of mth layer in the stack, which could be a ridge layer or groove layer. n,, is the
complex effective refractive index in the layer. And W,,/cos@ is the optical path
length of propagation inside the layer with W,, stands for the layer thickness and

0 as the propagation angle with respect to the normal of the boundaries. kg is the

vacuum wave vector of the laser emission wavelength.

And the interface transfer matrix can be written as

N+ cos Ot _ ngcosby
m+1 _ 1 1+ n; cos 0; 1 7 cos 0; (m (4 9)
Bt 2 | | _ mycosf | 4 Apcosty b,

i; cos 0; iy cos 0;

Where subscript m + 1 and m are the indices of neighboring layers sharing the
common interface. n; and n; are the complex effective refractive indices of incident
and transmitted media. 6; and 6, are the propagation angles in the incident and
transmitted layers determined by Snell’s law, respectively. As for the calculation of

the angles by Snell’s law with complex refractive indices, please refer to Appendix

B.
The Complex refractive index takes the form of

fii=A—jB, with A>0, B=-L >0 (4.10)

9
2p
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Where the imaginary part of the effective index, B has connection to the intensity
gain, g as shown. [ = kgA is the wave vector of the guided mode in the slab
waveguide shown early. In our device, it is the wave vector of fundamental TE mode

as calculated in Chapter 2.

After the cavity transfer matrix was assembled for a particular pump stripe posi-
tion on device with the procedure presented as above, the simulation first conducts
a so called cold-cavity calculation of cavity reflection and transmission, with the
imaginary part of effective refractive indices set to zero. These effective refractive
indices were solved with method introduced in Chapter 2. Then, the imaginary part
is added to effective refractive index for oscillation condition or lasing wavelength

determination as introduced in section 4.5.

4.4 Simulation Program Graphic User Interface

(GUI)

Before presenting the method we applied to determine the lasing wavelength of oscil-
lation condition, I introduce briefly the simulation program interface. This simulation
program was written with Eclipse integrated development environment, using pro-
gramming language Java. Also as mentioned in the beginning of this chapter, the
whole program is broken into modules as illustrated in the Fig. 4.1. Here, we only
shown two particular screen snapshots of the graphic user interfaces of our simulation

program.

Fig. 4.6 is the screen snapshot of device simulation parameters setting interface,
with all the information such as epi-structure dimensions, effective refractive indices
of fundamental TE mode in slab waveguide, chirped grating periods as function

of location on the die, device dimensions and cleaving location determined with
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previous calculations done in different modules of program, not shown in the figure.
Mainly, the parameters to be set before start device simulation are shown in the
middle section of the interface, namely the loading of the above mentioned parameters
stored in the device model ‘“Xiang device” highlighted in the list on the left-hand
side window of the interface, grating duty cycle, pump stripe angle, pump stripe
width and normalized pump stripe lateral position on the device (0 at one end and
1 at the other end). Cross-section of the DFB laser device is shown in the middle
bottom section, and pump stripe position on device is shown in the right-hand side

section on the interface as shown in the figure.

File Models

CHTM.model-set - i

model-set Device Name: [Xiang device 180 actual lines per line drawn
¢ 9 Devices [/ component Models

[0 igh chirp LL. Pattern: | Xiang Pattern :

[ Low chirp
[ PLCX-25.4-64.4-0V 105 amiuning Peak Growth Structure: |Grating Peak :

[} PLEX-38.1-51.5-UV 127 nm tuning Valley Growth Structure: |Grating Valley :

[} PLEX-50.6-51.5-0V TEST 1
Device Parameters
[ PLEX-50.8-721-0 100nm tuning
[ PLex 762654 U 100nmtuning ||| | Graing duty cycle: [50.0 i
[} 5€X-20.0-76.3-UV 100nm tuning Pump stripe angle: |5.0 deg.
[ unchirped DF8 Pump stripe width: [100.0 "
[ unchirped k=3 Analysis
) WANT LARGE TUNING 154.3 Normalized Stripe Position (0.0-1.0): 0.1

[ WANT LARGE TUNING 211.4
[ iang device lanalyze behavior at this siripe position |

¢ CJLL Patterns
[ noLens m
[ NoLens k=3
[T} PLEX-25.4-18.0-UV High Chirp
[ PLCX-25.4-38.6-UV Low Chim
[ PLex-25.4-64.4-0v 105 nmiuning
[} PLEX-38.1-51.5-UV 127 nmtuning] M
[} PLCX-50.8-51.5-UV TEST 1
() PLEX-50.6-67.0-0V 100nm tuning
() PLEX-50.8-72.1-0 100nm tuning
[ PLEX-76.2-65.4-U 100nm tuning
[} 56X-20.050.9-UV 148nmtuning
[ 5€x-20.0-76.3-UV 100nmuning

[ WANT LARGE TUNING 1543 || Apply
4] Il [Tv]

100.0 p wide stripe at position 0.1 and angle 6.0 deg

Figure 4.6: Screen snapshot of the simulation program device parameter setting
interface. Normalized pump position is at 0.1, with stripe angle of 6° and stripe
width of 100 um. Chirped grating duty cycle is set at 50%, uniform along the laser
cavity defined by the pump stripe shown as pink bar in the figure.

Fig. 4.7 is the real time simulation result display interface which has different
tabs such as , Transmission/Reflection, M;1 Norm, Field Intensity and Field Visu-
alization. Here shown in the figure, it is the tab of the transmission and reflection of

the above laser cavity. Top half is the amplitude information of the transmission and
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reflection shown in red and blue curve respectively and the bottom half is the phase
difference display of the two cases, no gain or threshold gain. The wavelength range
of the plots on this interface was set to be +5 nm in the vicinity of target Bragg
wavelength with calculated average grating period and effective refractive index us-
ing equation 2.6. Obviously due to the existing chirp and asymmetry in the grating
in the cavity, as shown in the Fig. 4.3, the cavity reflection and transmission plot as

function of wavelength is asymmetric as shown.

TETstoe Arviyemt = =)
a7

[ ion_| M1 Norm | Field Intensity | Field Visualization | I
i
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—
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Selected wavelength: 3.132020407482085

Finished

Figure 4.7: Screen snapshot of the simulation program graphic user interface. It is
the tab of reflection and transmission and phases difference of the cavity defined by
the particular pump stripe shown in the Fig. 4.6.
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4.5 Determining Lasing Wavelength

For a laser to reach threshold, it must sustain a left-bound propagating output wave
at the left facet and a right-bound output wave at the right facet without inputs at
either one. Mathematically for this to occur, the cavity transfer matrix must meet

the condition as shown in the following equation.

T My My || T
= Mcavity = ~ ~ (4 1 1)
R 0 My, Mao 0

Where R and T stand for left and righ-bound outputs or intensity of electric field
from the cavity facets. Cavity transfer matrix M, qit, is also called characteristic
matrix, with MH, Mlg, Mgl and Mgg as the four elements constructed with procedure
presented in the previous sections in this chapter. The lasing condition expressed in
the above equation implies that |M;;|=0. This oscillation condition is same as that

reported in Makoto Yamada et al.. [188].

As shown in Fig. 4.8, in the process of determining the lasing wavelength or
oscillation condition at a particular pump position on device, we first construct the
cavity characteristic matrix and calculate the the value of |]\~411\ with real effective
refractive index and plot it in the vicinity of target Bragg wavelength as shown in
the blue curve in the figure. Then the imaginary part of the effective refractive index
is slowly increased, which will change the curve of |My;]| slightly and also shift it
down as seen. As the imaginary part of refractive index further increases, then at a
particular value, |Mj;|=0 condition is met as shown as the red curve in the figure.
The wavelength at which |M 11| reaches its zero corresponds to the lasing wavelength.
The imaginary part value which lets | M| get value of 0, can be converted to an
effective threshold intensity gain using equation 4.10 and further leads to threshold

carrier density. This will be part of future work on this project.
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Figure 4.8: Example plot of |M 11| as function of wavelength in the vicinity of target
Bragg wavelength. The wavelength at which |M;;| reaches zero corresponds to the
lasing wavelength.

4.6 Continuous Tuning

4.6.1 Wavelength Tuning Simulation on Previously Fabri-
cated Device with larger Longitudinal Chirp

To prove that our simulation program is capable of predicting mode hopping or
wavelength tuning discontinuity on DFB devices and also for comparison reasons,
wavelength tuning calculation was carried out on a previously fabricated device, V9-
18-3 which has a larger longitudinal chirp. Chirped grating on V9-18-3 was patterned
using a more powerful plano-convex lens, PLCX-25.4-18.0-UV with die tilting angle
£5=0°, Cx = Cy=0 mm and Cz=2 mm. For this device with dimensions of 2.5x4

mm in longitudinal and lateral directions respectively and cleaved from the same
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location on the die as V9-18-9, the longitudinal chirp along the pump stripe in GNC
is in the range of 0.57% to 0.84%, almost 10 times larger than that of the device
V9-18-9 shown in the Fig. 2.23.

V9-18-3 Wavelength Tuning
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Figure 4.9: Simulated lasing wavelength as function of pump stripe position on
device V9-18-3, in red. The wavelength tuning measurement result acquired at
~2.5xthreshold is shown in blue curve.

The simulated wavelength tuning curve of this device together with the actually
measured output wavelength as function of pump stripe position on the device are
plotted as shown in the Fig. 4.9, in red curve and blue curves, respectively. Wave-
length measurement was conducted at 77 different pump stripe lateral positions and
simulation calculated 41 different pump positions on this device. Although the cal-
culated data does not match the measured values perfectly due to practical reasons
such as, over-simplified model, pump power in measurement higher than threshold
pump power, device fabrication/cleaving defects or uncertainties and so on, the sim-
ulation shows discontinuity of wavelength tuning at different pump positions on the

device. Apparently, the simulation program is capable of predicting potential mode
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hopping or discontinuity in wavelength tuning. Also, it is proved that large longitu-
dinal chirp along the pump stripe is not desirable and will cause issues such as mode
hopping in the wavelength tuning process. We think one of the reasons underlying
the wavelength discontinuity issue is that different grating periods along the pump
stripe select different lasing wavelengths, so that these is not enough length of grat-
ing with a particular period to select the corresponding lasing wavelength and make
the lasing mode at this wavelength have a threshold significantly lower than that
of the other modes. In other words, the lack of wavelength selectivity due to large
longitudinal chirps makes many different wavelengths/modes have similar loss and
threshold that lasing mode hops from one to another with small changes in pump

stripe position.

4.6.2 Wavelength Tuning of Device V9-18-9

After proving that our simulation code is capable of predicting wavelength tuning
discontinuity on tunable laser device previously fabricated, it was applied on the
device V9-18-9 in hope to prove it can be continuously tuned which is also the most
important feature of the device. As mentioned in Chapter 3, coarse wavelength
tuning was tested on the device V9-18-9 by translating pump stripe at 51 different
positions across its full lateral dimension (4 mm) at about 2.5x threshold and we
did not notice kinks or discontinuity in the device output wavelength. Neither did
we notice degenerate DFB mode hopping which is a very typical issue among the
index-coupled DFB lasers. Because the wavelength tuning step in the above test was
as large as the grating stop band width, we also conducted fine wavelength tuning
test in an arbitrary section on the device with much smaller tuning step as shown in
the Fig. 3.7, the test result on device was not fully conclusive but we can tentatively

rule out the existence of F-P modes or degenerate DFB mode hopping issues.
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As a very important part of numerical simulation of our device, we conducted
wavelength tuning simulation on V9-18-9 by calculating the lasing wavelength with
the above mentioned method at a series of closely spaced pump positions on the
device. Across the full lateral dimension of the device V9-18-9, lasing wavelengths at
161 equally separated pump stripe positions were calculated, with pump stripe posi-
tion shift of ~23.4 um corresponding to nominal wavelength tuning step of ~0.5 nm,
as plotted in the blue curve shown in Fig. 4.10. Together with the simulation curve,
experimentally measured device output wavelengths at 51 different pump positions

are also shown in the scattered red triangles as seen.
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Figure 4.10: Simulated lasing wavelength as function of pump stripe position on
device V9-18-9. Together with simulation results, measured output wavelength of
this device at ~2.5xthreshold is also shown as red scattered triangles.

As seen in the figure, experimental results of lasing wavelength agree with our
simulation within reasonable tolerance. Simulated output wavelength shown in the
blue curve changes smoothly at these 161 different pump positions without showing

discontinuities across the whole lateral dimension of the device V9-18-9. As men-
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tioned above, the pump stripe shift of ~23.4 um was picked for a wavelength tuning
step of about 0.5 nm which should be smaller than the stop band width of our DFB
laser device to prove the wavelength tuning is not affected by degenerate DFB mode
hopping. Although we still don’t know exactly the stop band width of the device,
but it should be on the order of 1 nm or slightly large according to the Fig. 4.7 and
4.8. So if mode hopping happens between degenerate DFB modes, the simulation
code should be able to catch some output wavelength jumps. With this explained,
we can conclude that this device V9-18-9 can be tuned continuously and does not

have typical DFB mode degeneracy issue with index-coupled DFB lasers.

4.7 Summary

In this chapter, the transfer matrix method (TMM) and its application in simulation
of DFB laser through effective refractive index approach was first briefly introduced.
Specifically for our tunable device V9-18-9, simulation program modularization, as-
sumptions for simulation simplification, construction of cavity transfer matrix at
particular pump stripe location as well as oscillation condition were introduced con-
sequently. Finally, continuous wavelength tuning of the device was simulated and
proved by solving for the laser emission wavelengths at a series of closely spaced

pump stripe positions across the whole lateral dimension of the device.

Apparently, although the present model used in simulation gives some primary
results as presented, it does not work well enough to match the measurement results
as shown in the discrepancy in the Fig. 4.9 and 4.10. Of course, this could also be
due to not accurate enough knowledge of grating chirps. The major task in future
about modeling is to develop more comprehensive model to better simulate the real
device properties under actual operation conditions, including above threshold cases.

The improvements in the modeling can be summarized from the following aspects.
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For example, gain medium dispersion and Kramers-Kronig relationship should be
taken into account in calculation of effective refractive indices. TMM should also
be combined with Green’s function meanwhile taking into account other physical
processes such as modes competing and spatial hold burning. Lateral/longitudinal
chirp from the hyperbolic grating need to be taken into account for better evaluation
of various types of losses to calculate device threshold. Simulations on threshold
gain margin of the different possible lasing modes if there are, spectral linewidth,
side mode suppression ratio, above threshold performance with potential spatial
hole burning or saturate gain, static and dynamic performances of the device and so
on need to be carried out with the new model in future. Of course, correlating the
device characteristics under different working conditions with design and fabrication
parameters through simulation to offer theoretical guidance for design, parameter
optimization and fabrication procedures should be one of the major tasks for the

modeling work in future.

140



Chapter 5

Conclusion and Future Work

In this chapter, achievement of this tunable DFB laser project is first summarized.

After that, primary future work are also proposed.

5.1 Conclusion

As shown in the previous chapters, incorporating DFB technology with type-II In-
GaSb/InAs multiple QWs gain medium, we have designed, fabricated and character-
ized an optically pumped Mid-IR tunable DFB laser which is a promising candidate
for spectroscopy related applications such as remote gas sensing, chemical reaction
process control. As one of the devices have be fabricated, V9-18-9 has demonstrated

features including:

e Narrow spectral linewidth, with typical value of 1.2 nm at ~2.5x threshold.
Although this spectral linewidth is fairly wide for low pressure spectroscopy ap-
plications or fine spectral structure resolution, it should be suitable for remote

gas sensing at atmospheric pressure or higher pressure.
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High output power. The highest single facet output power acquired in charac-
terization is about 830 mW and is still limited by available pump power. We

are very confident to scale up the output power to the order of several watts.

Continuous-wave (CW) operation, which is preferable for spectroscopic appli-

cations.

Single longitudinal mode (SLM) operation, prerequisite for most spectroscopy
applications. This device did not show degenerate DFB mode issue in the
characterization, which is a typical problem with index-coupled DFB lasers.
The possible reason is that the longitudinal chirp in grating along the cavity
breaks the symmetry of the degenerated DFB modes.

Wide continuous wavelength tuning range. Device V9-18-9 shown about 80 nm
in the tuning test. And it should be fairly easy to achieve over 100 nm tuning

range with present technical approach and gain medium.

Easy to apply wavelength modulation (WM) technique on the device for en-
hancement of signal noise ratio (SNR). This feature is very useful in spec-

troscopy and it is very convenient to implement together with our device.

Other than the above mentioned device features, we have improved technique

of chirped grating control in interferometric lithography, especially for wavelength

tuning or related purposes. And we believe this technique could be applied to other

type of lasers or other fields.

5.2

Future Work

Despite the overall success in the development of this high-power, SLM and contin-

uous widely-tunable DFB laser device as a suitable candidate light source for spec-
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troscopic applications, several issues remain to be addressed in future work. First,
spectral linewidth of the present device is still relatively broad for spectroscopy appli-
cation due to longitudinal/lateral chirps or the large width of the cavity and lack of
mode confinement in lateral direction due to gain guiding from pump stripe. For the
goal of narrowing the linewdith down to 0.5 nm or even less to meet the requirements
for higher spectral resolution, impacts from longitudinal as well as lateral chirps on
spectral linewidth need to be further investigated through both simulation and ex-
periments. Second, although no DFB mode degeneracy issue was noticed in the
characterization of this index-coupled DFB laser, theoretical analysis or explanation
are required for an better understanding the underlying reason of it. At this moment,
we think the grating chirps, especially longitudinal chirp inherently solves the degen-
eracy issue as shown by the asymmetric structure in the transmission curve in the
Fig. 4.8, obviously different from traditional DFB lasers. Based on that, technical
approaches or parameters determination or optimization in device design and fabri-
cation to avoid DFB degeneracy issue needs to be proposed for the goal of achieving
a high dynamic range of stable single-mode operation. Third, demonstration of even
wider wavelength tuning range with this approach needs to be conducted to reach
the full potential of this wavelength tuning technique. Fourth, a better model needs
to be developed to better simulate our device for a comprehensive and profound
understanding to this type of tunable DFB laser device as mentioned at the end of
Chapter 4. Last, a better performance device should be fabricated and tested in field

experiment.

5.2.1 Investigation on Lateral and Longitudinal Chirps

The first two future works listed previously both involve a better understanding of
the chirped grating’s impacts on the characteristics of our tunable DFB laser device.

At present, the biggest concern of the device V9-18-9 is its broad spectral linewidth
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of ~1.2 nm at about 2.5x threshold. Although it might be still applicable for remote
sensing application at atmospheric pressure due to the pressure broadening of target
gas’ signature absorption spectral lines on the order of ~ 1.2 nm [189,190], it is always
better to have a narrower spectral linewidth for higher spectral resolution which also
leads to a much wider range of applications. The possible reasons of the broad device
spectral linewidth are presented in the section 3.4. In short, investigation into the
longitudinal and lateral chirp associated with our method of hyperbolically chirped
grating patterning on this type of tunable DFB laser device should be carried out
theoretically and experimentally. The goal of this investigation is to optimize the
chirped grating for an ideal wavelength tuning range and maintain decent spectral

linewidth of ~0.5 nm at the same time.

Longitudinal chirp in DFB lasers has been investigated by many research groups
and it has effects on almost all different characteristics of DFBs. The positive ones
with an appropriately designed longitudinal chirp in grating include such as high
single mode yield [131, 137, 141, 143], reduced spatial hole burning [15, 135, 139],
narrower spectral linewidth [132,136], and improved mode stability [17, 133, 134].
Negative impacts include, mode competing or beating [138, 140, 142] and so on. Of
course, whether longitudinal chirp improves or deteriorates the device performance
is directly related to its magnitude and how longitudinal chirp is applied on the
grating as described in Muhammad Arif’s paper [191]. According to this paper,
longitudinal chirp between 0.0002 to 0.0003A should offer maximum threshold gain
margin between the lasing mode and the next strongest mode, which is much higher
than normal straight grating index-coupled DFBs and is desirable for breaking of
DFB mode degeneracy. For this tunable device V9-18-9, the longitudinal chirp at
different pump positions in GNC is in the range of 0.025% to 0.1% as shown in
the Fig. 2.23, which is significantly larger than that mentioned in the paper for
optimized threshold gain margin between the lasing mode and the next strongest

one. We think what needs to be investigated in the future is to find the correlation
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between longitudinal chirp and the gain margin or SMSR on device. Longitudinal
chirp could be changed by pumping at different positions on device as shown in
the Fig. 2.23 or pattern different chirped grating with different die tilting angle g
as indicated by the Fig. 2.20. Other than discussion about threshold gain margin
problem, this paper concluded that symmetrically chirped grating cavity (Minimum
or maximum grating period locates at the middle of cavity.) should have the biggest
gain margin for DFB lasers. The laser cavity defined by pump stripe in GNC on
our present device is asymmetric, because the minimum grating period is along the
straight line v = tan(96°)u, as shown in the Fig. 2.23 A). So we should also try
to shift the die around accordingly in IL patterning and cleave some devices for

symmetric cavity to check if the paper’s conclusion still holds for our tunable device.

To the knowledge of the author, there is no report discussing lateral chirp in
DFB lasers. It is because of our special IL fabrication of this hyperbolic grating
for wavelength tuning purpose that requires us to consider or analyze lateral chirp’s
contribution to the device performance. For this particular device, V9-18-9, the lat-
eral chirp across the pump stripe of 100 um wide is about 0.08%, which is on the
same order of longitudinal chirp along the pump stripe for cavity length of ~2.51
mm in GNC. Lateral chirp’s impact on our device performance can be summarized
from three aspects. First, due to the existence of lateral chirp, grating period on one
side of the pump stripe will be different that on the other side of the stripe. As-
suming the effective refractive index is uniform across the pump stripe width, then
the grating period difference across the pump stripe will select different lasing wave-
lengths. Previous device with straight grating has spectral linewidth of ~0.34 nm
at 3.5xthreshold [128]. This is absolutely one of reasons why the spectral linewidth
of device V9-18-9 is wide. Second, different grating lines hold different angles with
respect to the pump stripe because of the lateral chirp, even though the pump stripe
is oriented in so called grating normal configuration. As shown in the Fig. 4.3, this

angle variation is ~1° along the cavity. Although not large, angle variation together
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with gain guiding from pump stripe in lateral direction support some cavity modes
propagating not perfectly perpendicularly to the grating lines or zigzagging in the
cavity which have slightly different wavelengths. The overall results of this situation
will be wider spectral linewidth of the device. Third, this grating angle variation
along pump stripe or cavity will lead to extra reflection and scattering losses from
the grating lines and the induced spatial refractive index modulation (index mis-
match) because of non-normal incidence that causes lights to leak from the sides of
the laser cavity defined by pump stripe. The direct consequence of this is cavity loss
will be higher than for a straight grating case. Indirect consequence could be wider
spectral line width due to thermal issues and grater linewidth enhancement factor
values from more intense pumping. Although lateral chirp might have these nega-
tive impacts on the performance of our device, it is required for wavelength tuning
purpose. To decrease its impact on our tunable DFB laser device, an investigation

about the spectral linewidth as pump stripe width should be conducted in future.

5.2.2 Further Increase Wavelength Tuning Range

As for further increasing the wavelength tuning range, what first needs to be done is
to optimize the lateral chirps on a single device to fully take advantage of the material
gain bandwidth. Of course, if the gain medium itself offers wider gain bandwidth
for lasing beyond the potential tuning range by lateral chirp on single device, then a
series of individual chirped grating DFB laser devices can be integrated together to a
selectable DFB laser array as being implemented with QCL lasers. Simply speaking,
this goal to wider tuning range involves both enhancing the tuning range from the

lateral chirp in the grating and also the widen the bandwidth of the gain medium.

In Chapter 2, we have mentioned that lateral chirp could be further increased by

tilting the die in IL with angle larger than the present value of 45°. As shown in
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the Fig. 2.19, the grating period variation along straight line v = tan(96°)u that we
picked to represent grating lateral chirp increases from about 8% in the present case
of B =45° to over 12% when 3 approaches 90°. Meanwhile the longitudinal chirp stays
relatively low as reflected by Fig. 2.20. Both of these indicate the FOM of the grating
at this larger die tilting angle will be very high and desirable for wavelength tuning
purpose and without worry about not enough feedback from large longitudinal chirp
in the laser cavity. Of course, it is impractical to have die tilting angle close to 90° in
IL since not enough UV light will penetrate the PR layer to provide exposure with
such a grazing incident angle. So considering a relatively practical case of die tilting
angle, 5=70°. As shown by the Fig. 2.19, the lateral chirp will have a increment of
about 50% if  increases from 45° to 70°, which roughly means the present device
wavelength tuning range at $=45° could be increased from ~80 nm as measured
to more than 120 nm if the gain medium bandwidth supports that and no other
practical issues limit the improvement of tuning range. Compared with other work

to be improved, this is definitely the relatively simple one and should be tried first.

With full potential of single device wavelength tuning range fulfilled as result of
chirped grating optimization presented above, other work to do to further widen the
wavelength tuning range would be improving the gain medium bandwidth. This was
actually mentioned by the previous group member, Liang Xue in his dissertation
too [128] through the development of a so called dual-wavelength emission approach
[192]. Basically the two sets of electrically and optically isolated QWs with gain
spectral peak shifted were grown in the active region of an optically pumped Mid-
IR type-II laser. With this approach, the gain bandwidth was claimed to be ~500
nm. Then to fully use the gain bandwidth, a selectable tunable DFB array could be
fabricated in the same fashion as introduced in Chapter 1 with individual tunable
DFBs having offset chirped grating to cover different tuning ranges. Compared
with the implementation of with QCLs in the Chapter 1, this approach needs to

equivalently shift the pump stripe at different location for wavelength tuning but
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does not require the electronic driving circuitry, temperature control module for
individual DFB laser and the multi-mode interface (MMI) to couple out light from

individual device. Author thinks it’s worth investigation.

5.2.3 Develop Better Simulation Model

At the moment, the simulation of our tunable DFB laser device presented in the
dissertation is limited to a single function of determining the lasing wavelength also
can not be applied for situations above threshold. Besides, due to some of simplifica-
tion, the present simulation can not model the present device well enough. Even the
lasing wavelength result from the simulation program shows discrepancy from the
experimental measurement to some extent, as introduced in Chapter 4. So for the
goal of better modeling the characteristics and comprehensive understanding of our
devices, more comprehensive model has to be proposed for better mathematically
approach the real device and actual operation conditions. As far as author knows,
incorporating TMM with Green’s function for laser cavity modeling and resonance
as conducted by different researchers [173,182,193] and meanwhile taking into ac-
count of other other physical processes should be a feasible approach to achieve this
goal. Considering the chirped grating we have on our device, recursive Green’s func-
tion method (RGFM) [194] should be applied which is an algorithm for computing
the Green’s function of a large cavity with periodic or aperiodic grating based on
the knowledge of Green’s function of smaller sections of the cavity, the unit cell or
single period of grating for instance. In each recursion step, the Green’s functions
corresponding to two adjoining sections are replaced with a single Green’s function
of the composite section. In this manner, recursion is going on until the Green’s
function for the whole cavity is solved. We hope that with this approach, simula-
tions could be carried out for all different kinds of attributes of our device for better

understanding of our tunable DFB laser device and offer guidance in device design
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and determination of fabrication parameters. Particularly, this model should be also
able to conduct lateral /longitudinal chirp parameters optimization or trade offs for
device properties such as device threshold, lasing wavelength, threshold gain margin
of the different possible mode if there are, spectral linewidth, coupling strength, side
mode suppression ratio, intra-cavity electric field with potential spatial hole burning
or saturate gain, static and dynamic performances and so on. This model is probably

the most important task in future for this project.

5.2.4 Field Demonstration

Optically-pumped type-II DFB laser is a powerful tool for spectroscopic applications
such as remote sensing thanks to its features including narrow spectral linewidth, high
output power, good beam quality and broad wavelength tuning range. Together with
the wavelength modulation technique developed especially for this type of optically
pumped tunable DFB laser as explained in section 3.5.2.2, it should be able to
achieve sensitivity of < 1 ppm. Despite the present device V9-18-9 does not lase in
the range where methane has strong C-H stretch absorption lines to conduct a field
test or demonstration, fabricate more tunable DFB laser devices with our technical
approach or method presented in this dissertation to prove its application in remote

sensing of methane or other trace gases should be carried out in future.
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Appendix A

Cartesian Coordinate System

Rotation around One Axis

Figure A.1: Coordinate system rotation around one axis

As shown in the above Fig. A.1, when the coordinate system (X,Y,Z) rotates

about Y axis for angle /3 to get new coordinate system (u’,v’,7’), then the coordinates
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X, Y and Z can be written in the expressions shown below in terms of the coordinates

u', v and .

X = v'cosf++'sinf (A.la)
Y = (A.1b)
Z = u'sinfi—+ cosp (A.1c)

Rewrite the above expressions in matrix form, then we will get equation as shown
below. It looks exactly as equation ( 2.10). Likewise, sample azimuthal rotation of

angle o about axis 7' can be written as equation ( 2.11).

X 0 cosfB sinf u’ u’
yi=]|1 0 0 v | =AY (A.2)
Z 0 sinff —cosf ~! '
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Appendix B

Snell’s Law With Complex

Refractive Indices

Consider a wave propagating in a medium of complex index n; incident on an interface
to a medium of complex index n; at an incident angle 6; and refracted at angle 6, as

shown below.

Snell’s law states that n; sin 6; = n, sin 6;, in which case 6; is given by the following

equation.

Uz

Qt = Sinil (& sin 91> (Bl)
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We use the definition of sine as function of complex parameter z as
sin'z=—jIn (z’z +Vv1-— 22> (B.2)

which gives the transmitted angle as

2
0,=—jln |j (% sin@i) + \/1 — (% sin@i) (B.3)
t t

and then apply identity, In z = In |z| + j arg(z) which gives

2 2
0, =—jln \/(& sin9i> +1-— (E sin@i)
T iy
n; n; 2
+arg |j (—Z sin 0i> +4/1— (J sin@i) (B.4)
g Ty

which could be simplifies as

2
0, = arg \/1 - (& sin 9i> +j& sind; | . (B.5)
Ny

Ty

For example, if 6; = 0°, 6, = arg(1) = 0, as expected. If n; = 1, n, = 2, and
0; = 30°, then

15 J
0, = arg [ 24l = tan"'(1/v15) ~ 14.478°

16 4

which agrees with the value computed from Snell’s law with real refractive indexes.

Ifn;=1,n,=1+7, and 6; = 30°, then

0; = arg 1—(7‘7) +jT‘7 = arg \/1+%+‘%
(VVE5+8+1  A/V65—8+1
= arg 1 +J 1

,0.3124
1.2519

~ arg[1.2519 + j0.3124] = tan ~ 14.011°
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Finally, consider a case where n; =1, n, =1 — j, and 6; = 30°, in which case

1+45\° 1+ i oj-1
0, = 1—(—2 — 2| = 1—24+2 =
¢ arg (4)+] 1 arg 8+ 1
V/V65+8—1  A/V65—8+1]
= arg +
4 4
0.3124
~ arg [0.7519 + 50.3124] = tan™' ~ 22.562°

0.7519

We can conclude that waves are refracted strongly into a medium with index having

positive imaginary part, and weakly into a medium having negative imaginary part.
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Appendix C

Matlab Codes Used in Tunable
DFB Laser Design

C.1 TE Mode Solver for 4-Layer Slab Waveguide

% this is the version of Yi-Fan Li and John W. Y. Lit’s 4 layer slab
%» waveguide, paper published in J. Opt. Soc. Am. A, page 671, Vol4,
% No.4/April 1987. Title: "General Formula for the Guiding Properties
%of a Multilayer Slab Waveguide"

clc;

close all;

% 1D 4layer slab waveguide parameters definition

% cover layer: air

% top clad layer: GaSb, refractive index:n_topclad; thickness:

% t_topclad=[half_t_core, half_t_core+t_topclad];

% core with gain: InGaSb/InAs refractive index: n_core; thickness:

% t_core=[-half_t_core, half_t_corel
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% substrate: refractive index: n_sub; thickness: infinity
n_air=1,;

n_topclad=3.82;

n_core=3.842;

n_sub=3.82;

t_topclad=1.5; %unit: micrometer
half_t_core=0.75; %unit: micrometer

% target wavelength and wavevector setting

lambda=3.06; %unit: micrometer
k_lambda=2*pi/lambda;

k_z_step=0.001;

angle_cri=asind(n_topclad/n_core);

% just want to set the range of k_z that I need to go through for
hguided modes

k_z_ratio=cosd(angle_cri);
k_z=0:k_z_step:k_z_ratio*k_lambda*n_core;

%» middle vaiables definition

%p+1 in paper
p_topclad=sqrt((n_core~2-n_topclad~2)*k_lambda"2-k_z."2);
%ip+2 in paper
p_air=sqrt((n_core”2-n_air~2)*k_lambda~2-k_z."2);

%p-1 in paper
p_sub=sqrt((n_core”2-n_sub”2)*k_lambda"2-k_z."2);

%phi-0 in paper

phi_nO=atan(p_sub./k_z);

hpsit+l in paper

psi_pl=p_topclad*t_topclad+atanh(p_air./p_topclad);
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%phi+0 in paper

phi_pO=atan(p_topclad.*tanh(psi_pl)./k_z);

fun=k_z*2xhalf_t_core-phi_pO-phi_nO;

plot(k_z, fun, ’b’, ’LineWidth’, 1.5);

hold on;

hline=refline(0, 0);

set(hline, ’Color’, ’r’, ’LineWidth’, 1.5);

set(gca, ’FontName’, ’Times New Roman’);

title(’Graphic Solution of Eigenvalue Function of 4 Layer Slab...

Waveguide’, ’FontSize’, 16);

xlabel(’k_z (1/\mum)’, ’FontSize’, 14);

ylabel(’Left/Right HandSide Amplitude’, ’FontSize’, 14);

legend(’Left Hand Side=k_z*Width_{core}-\Phi_{-0}-\Phi_{+0}’,...
’Right Hand Side=q\pi, gq=0, 1, 2....’, ’Location’, ’nw’);

TopCladStr=[’TopClad=’, num2str(t_topclad), ’\mum’];

text (0.1, -0.5, TopCladStr, ’FontName’, ’Times New Roman’,...
’FontSize’, 12);

plot2svg(’4LayerSlabWGEigenFunction.svg’) ;

x_neg0=find(fun<=0, 1, ’last’);

x_posO0=find (fun>=0, 1, ’first’);

fprintf (’Point Below Zero is: (%.7f, %.7f)\n’, k_z(x_neg0),...
fun(x_neg0));

fprintf (’Point Above Zero is: (%.7f, %.7f)\n’, k_z(x_pos0),...
fun(x_pos0));

kz=(k_z(x_neg0)*fun(x_pos0) . ..

-k_z(x_pos0)*fun(x_neg0))/(fun(x_pos0)-fun(x_neg0)) ;

fprintf(’Zero is at: k_z=}.7f\n’, kz);

Neff=sqrt(k_lambda~2+*n_core~2-kz"2)/k_lambda;
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fprintf (Effective refractive index is: %.7f\n’, Neff);
figure (1);

figure (2);

%p+1 in paper
p_tc=sqrt((n_core”2-n_topclad~2)*k_lambda”2-kz"2);
%hp*t2 in paper

p_a=sqrt ((n_core”2-n_air~2)*k_lambda~2-kz"2);

%p-1 in paper
p_s=sqrt((n_core”2-n_sub~2)*k_lambda"2-kz"2);

Jpsitl with solved kz
psi_pl_kz=p_tc*t_topclad+atanh(p_a/p_tc);
phi_nO_kz=atan(p_s/kz);

x_step=0.001;

tl=half_t_core+t_topclad;

xl=tl:x_step: 10;
E_air=cos(kz*2%half_t_core-phi_nO_kz)*...
cosh(p_tcxt_topclad-psi_pl_kz)*exp(-p_a*x(x1-t1))/cosh(psi_pl_kz);
I_air=E_air.*conj(E_air);

Q_air=sum(I_air);

plot(xl, E_air, ’m’, ’Linewidth’, 1.5);

hold on;

x2=half_t_core:x_step:tl;
E_topclad=cos(kz*2xhalf_t_core-phi_n0_kz)*cosh(p_tc...
*x(x2-half_t_core)-psi_pl_kz)/cosh(psi_pl_kz);
I_topclad=E_topclad.*conj(E_topclad);
Q_topclad=sum(I_topclad);

plot(x2, E_topclad, ’b’, ’Linewidth’, 1.5);

x3=-half_t_core:x_step:half_t_core;
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E_core=cos (kz*(x3+half_t_core)-phi_n0_kz);

I_core=E_core.*conj(E_core);

Q_core=sum(I_core);

h=area(x3, E_core);

set(h, ’FaceColor’,[1 0 0], ’EdgeColor’, ’r’);

x4=-50:x_step:-half_t_core;

E_sub=cos (phi_n0_kz) *exp (p_s*(x4+half_t_core));

I_sub=E_sub.*conj(E_sub);

Q_sub=sum(I_sub);

plot (x4, E_sub, ’g’, ’Linewidth’, 1.5);

set(gca, ’FontName’, ’Times New Roman’);

xlabel(’Z (\mum)’,’FontSize’, 14);

ylabel(’Electric Field Amplitude, |E_{ y}| (a.u.)’, ’FontSize’, 14);

title_str=[’TE Mode Field Distribution of 4 Layer Slab Waveguide...
@’, num2str(lambda),’\mum’];

title(title_str, ’FontSize’, 14);

topclad_str=[’Top Clad: GaSb, n=’, num2str(n_topclad),...
>, 7, num2str(t_topclad), ’\mum’];

core_str=[’Core: IA/InGaSb/InAs/IA, n=’,num2str(n_core),...
> 2 num2str(2*half_t_core), ’\mum’];

substrate_str=[’Substrate: GaSb, n=’, num2str(n_sub)];

legend(’Cover Layer: Air’, topclad_str, core_str,...
substrate_str, ’Location’, ’Best’);

Gamma=Q_core/(Q_air+Q_topclad+Q_core+Q_sub) ;

fprintf (’Confinement Factor is: %f\n’, Gamma);

NeffStr=[’n_{Eff}=’, num2str(real(Neff))];

GammaStr=[’\Gamma=’, num2str (Gamma)];

TextStr={NeffStr;GammaStr};
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text(-45, 0.4, TextStr, ’FontName’, ’Times New Roman’, ’FontSize’,...
12);

plot2svg(’TE Mode Distribution.svg’);

C.2 Foci Locations Required for Chirped Grating

Period Calculation

Jversion 1.0

%by Xiang He

%Could not get he rim and flat surface of the lens plot out in .svg
»file. So just comment out the statements in the Matlab code and

Jmanually add them in Inkscape. The file is still huge.
Tololotototolololololotototototo o oo oo oo o o o o o o o o oo o oo ototooto oo o o o o o o e

%Coordinates: Horizontal Axis is Z, Pointiing Right as Z Increcess
yA Vertical Axis is X, Pointing Up as X Increases

Toloo oo oo o oo oo oo ToTo oo o o o o o o o o o o o o o oo oo oo ToToTo oo o oo o fo o

clc;

close all;

clear all;

%spheric surface parameter definition

ol Tl ToToTo o o o T T To T o TeMY. LENS Vo oo To oo o o oo To oo

% R=38.6; Junit: mm Radius of the Front Spheric Surface
%of lens

% t_c=3.6; %unit: mm Center Thickness of the PlanoConvex
% Lens

% t_e=1.5; Junit: mm Edge Thickness of the PlanoConvex
%lens
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Tl T T T To oo e T T T To o o KL ANG > S LENS T I to o e T ToTo oo o o o T T To o o o o o T

% R=18.0; Y%unit: mm
% t_c=7.2; Y%unit: mm
% t_e=2.0; Y%unit: mm

Totolotololototototofotototetoloh2 inch lens for tilted wafer exposurelislhllsllslslololololsls
R=51.5; %unit: mm

t_c=10.0; %unit: mm

t_e=3.3; %unit: mm

Voo 1o oo o To o To o o To o Jo o o To o Jo o o To o JoTo o Jo T o Jo o Jo o o Jo o Jo o o Jo o To T fo T o o

%Incident Beam’s Angle, Corresponding to the Angle Reading on the
%Dial of the Rotation Stage Used for Grating Patterning
theta_in=21.7;

% theta_in=24.38; hdegree

%fused silica refractive index at 355nm

n_lens=1.476;

%PlanoConvex Lens CrossCut in X-Z Plane Plot

x=-t_c: R/100: -t_e;

y_p=sqrt (R"2-(x-R+t_c)."2);

fprintf (’Half Aperature Phi/2=Yf\n’, max(y_p));

fprintf (’Normals Angle Range=[%f, %fl\n’,

atand (max (y_p)/(R-t_c+t_e)), 180+atand(-max(y_p)/(R-t_c+t_e)));
y_n=-sqrt(R"2-(x-R+t_c)."2);

%Plot Front Spheric Surfce of PlanoConvex Lens

plot(x, y_p, ’r’, x, y_n, ’r’, ’LineWidth’, 1.5);

hold on; %for lines plot

y=—max (y_p) :max(y_p) /1000 :max(y_p) ;

%Typical Incident Beam Lines Plot

%line euqations
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x2=-20:0.01:2;

%Ramdomly Picked a Few Intercepts on X axis
intercept=-0.8*max (y_p) :0.4*max(y_p) :0.8*max(y_p) ;

%(Z, X) gives the cross point of the incident lines with the front
% spheric surface of the planoconvex lens

z=zeros (length(intercept), 1);

x=zeros (length(intercept), 1);

%K gives the slope of the normal of front spheric surface of the
Jplanoconvex lens at the specific cross points of the lines and
%hsurface (circle).

k=zeros(length(intercept), 1);

hincident angle of the lines at different cross points with respect
%»to the normal at that point

angle_in=zeros(length(intercept), 1);

Jtransmitted angle after the incident goes in the planoconvex lens
Jwith respect to the normal at the cross point
angle_lens=zeros(length(intercept), 1);

%the slope of the diffracted incident lines when they propagate in
%the lens slope_lens=zeros(length(intercept), 1);

Jthe shift in X direction when these diffracted lines reach the back
Jplanar surface with respect to the x coordinates when they just
%enter the lens xshift_lens=zeros(length(intercept), 1);
x_out=zeros(length(intercept), 1);

houtput angle of the lines when they go out of the back planar

% surface of the planoconvex lens
angle_out=zeros(length(intercept), 1);

%hslope of these outgoing lens when they leave the back planar

hsurface of the planoconvex lens
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slope_out=zeros(length(intercept), 1);
x3=-12:0.01:5;
x4=-5:0.01:90;
LinesParameters=zeros(length(intercept), 2);
for i=1: length(intercept);
plot(x2, tand(theta_in)*x2+intercept(i), ’g’);
%Get the Cross Points of Incident Lines with Front Spheric Lens
hSurface
f=0(z) (z+t_c-R) . "2+tand(theta_in) "2%z. 2+. ..
2xtand (theta_in)*intercept (i) *z+intercept (i) "2-R"2;
%(Z(1), X(i)) Gives to the Coordinates of the Cross Point of Line
Jwith Intercept(i) and the Front Spheric Lens Surface;
z(i)=fzero(f, [-t_c, -t_el);
x(i)=tand(theta_in)*z(i)+intercept(i);
%K(i) Gives the Slope of the Normal at the Corss Point of (Z(i),
h X)) ;
k(i)=-x({1)/R-t_c-z(i));
%Depends on the Slope of Incident Lines and the Normals at Corss
%Points, Calculate the Incident Angles at Different Cross Points
if k(i)>tand(theta_in)
angle_in(i)=atand((k(i)-tand(theta_in))/(1+tand(theta_in)...
*k(1)));
angle_lens(i)=asind(sind(angle_in(i))/n_lens);
slope_lens(i)=(k(i)-tand(angle_lens(i)))/(1+...
tand(angle_lens(i)*k(i)));
x_out(i)=x(i)+abs(z(i))*slope_lens(i);
plot (x3, slope_lens(i).*x3+x_out(i),’b’);

angle_out(i)=asind(n_lens*sind(atand(slope_lens(i))));
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slope_out (i)=tand(angle_out(i));
plot (x4, slope_out(i).*x4+x_out(i),’m’);
elseif k(i)==tand(theta_in)
angle_in(i)=atand(k(i));
angle_lens(i)=0;
slope_lens(i)=k(i);
x_out(i)=x(i)+abs(z(i))*slope_lens(i);
plot(x3, slope_lens(i).*x3+x_out(i),’b’);
angle_out(i)=asind(n_lens*sind(atand(slope_lens(i))));
slope_out (i)=tand(angle_out(i));
plot (x4, slope_out(i).*x4+x_out(i),’m’);
else
angle_in(i)=atand((tand(theta_in)-k(i))/(1+...
tand (theta_in)*k(i)));
angle_lens(i)=asind(sind(angle_in(i))/n_lens);
slope_lens(i)=(tand(angle_lens(i))+k(i))/(1-...
tand(angle_lens(i)*k(i)));
x_out(i)=x(i)+abs(z(i))*slope_lens(i);
plot(x3, slope_lens(i).*x3+x_out(i),’b’);
angle_out(i)=asind(n_lens*sind(atand(slope_lens(i))));
slope_out (i)=tand(angle_out(i));
plot (x4, slope_out(i).*x4+x_out(i),’m’);
end;
LinesParameters(i, 1)=slope_out(i);
LinesParameters(i, 2)=x_out(i);
fprintf (’ Intercept (%d)=%f: [Z=Vf ,X=)f] ,Angle_in=Yf, ...
x_out=Yf,slope_out=%f\n’, i, intercept(i), z(i), x(i),...

angle_in(i), x_out(i),slope_out(i));
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end;

axis equal;
grid on;
title(’Foci Location by Ray Tracing’, ’FontSize’, 16, ’FontName’,...

’Times New Roman’);

xlabel(’Z (mm)’, ’FontSize’, 14, ’FontName’, ’Times New Roman’);
ylabel(’Y (mm)’, ’FontSize’, 14, ’FontName’, ’Times New Roman’);
set(gca, ’FontName’, ’Times New Roman’);

plot2svg(’FociLocationByRayTracing.svg’);
figure (1);
figure (2);
hold on;
grid on;
for j=1: length(LinesParameters)-1
for k=j+1: length(LinesParameters)
par=[LinesParameters(j,1 ), -1; LinesParameters(k, 1), -1];
incpt=[-LinesParameters(j, 2); -LinesParameters(k, 2)];
crspt=par\incpt;
scatter(crspt (1), crspt(2), ’x’); %,’DisplayName’,...
[ °[’, name ’]1°]1);
fprintf(’Line)d and line’d cross at (%.4f, %.4f).\n’,...
j, k, crspt(l), crspt(2));
end;
end;
title(’Scattering Plot of the Cross Points of Different Lines’);
ylabel(’x (mm)’);
xlabel(’z (mm)’);
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C.3 Quadratically Chirped Grating Period Con-

tour on 10x10 mm Die

clc;
close all;
lambda=355;

%the half separation of the foci of the two incident interfering
Jbeams after the plano-convex lens

L=32.98; Y%unit:mm;

%the distance of the line connecting two foci mentioned above to the

hsurface of the to be exposed sample wafer surface.

D=76.47; %unit:mm;

beta=45; sunit: degree

C_x=0; %unit: mm;

C_y=0; Y%unit: mm;

C_z=2; Junit: mm; I don’t know if it should be negative.

%» Rotation Angle in the to be exposed sample

alpha=6; Jhunit: degree
Tololototohololototohoto hELipped the Sign Herellltlslolslotolslololotslslols
tic;

[u,v]=meshgrid(-5:0.01:5, 0:0.01:10);
X=v.*cosd(beta) .*cosd(alpha)-u.*cosd(beta) .*sind(alpha)+C_x;
Y=v.*sind(alpha)+u.*cosd(alpha)+C_y;
Z=v.*sind(beta) . *cosd(alpha)-u.*sind(beta) . *sind(alpha)+C_z;

f_11=sqrt(X.2+(Y+L) . 2+(D-Z)."2);

f_12=sqrt(X. 2+(Y-L)."2+(D-Z)."2);
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Term1=(X.*cosd(beta) .*cosd(alpha)+(Y+L) .*sind(alpha)-...
(D-Z) .*sind(beta) . *cosd(alpha))./f_11;
Term2=(X.*cosd(beta) .*cosd(alpha)+(Y-L) .*sind(alpha)-...
(D-Z) .*sind(beta) . *cosd(alpha))./f_12;
Term3=(-X.*cosd(beta) .*sind(alpha)+(Y+L) .*cosd(alpha)+. ..
(D-Z) .*sind(beta) .*sind (alpha)) ./f_11;
Term4=(-X.*cosd(beta) .*sind (alpha)+(Y-L) .*cosd(alpha)+. ..
(D-Z) .*sind(beta) .*sind (alpha))./f_12;

pitch=lambda./sqrt ((Term1-Term2) . 2+(Term3-Term4) . 2);
[C,h]l=contour(u, v, pitch, ’LineWidth’, 1.5);
clabel(C, h, ’labelspaciing’, 200);

clabel(C, h, ’FontName’, ’Times New Roman’);

set(gca, ’FontName’, ’Times New Roman’);

axis square;

tiltangle=num2str(beta) ;
rotateangle=num2str(alpha) ;
Xoffset=num2str (C_x);
Yoffset=num2str(C_y);

Zoffset=num2str(C_z) ;
titlestr=[’Contour of Grating Period on Die (nm)’, ’, \beta=’,...
tiltangle, ’\circ, \alpha=’, rotateangle, ’\circ, C_x=’, Xoffset,...

‘mm, C_y=’, Yoffset, ’mm, C_z=’, Zoffset, ’mm’];

title(titlestr, ’FontSize’, 16, ’FontName’, ’Times New Roman’);

xlabel(’u (mm)’, ’FontSize’, 14, ’FontName’, ’Times New Roman’);
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ylabel(’v (mm)’, ’FontSize’, 14, ’FontName’, ’Times New Roman’);

filename=[’GratingPeriodContour_’, ’Tilt’, tiltangle, ’_Rotate’,...
rotateangle’, ’_Cx’, Xoffset, ’_Cy’, Yoffset, ’_Cz’, Zoffset,...
>.svg’l;

plot2svg(filename) ;

figure (1);

toc;

C.4 Contour of Chirped Grating Orientation on
10x10mm Die

clc;
close all;
lambda=355;

Jthe half separation of the foci of the two incident interfering
Jbeams after the plano-convex lens

L=32.98; %unit :mm;

Jthe distance of the line connecting two foci mentioned above to the

hsurface of the to be exposed sample wafer surface.

D=76.47; %unit:mm;
beta=45; Jhunit: degree
C_z=2; %unit: mm

%» Rotation Angle in the to be exposed sample

alpha=6; sunit: degree

Tl T to oo ol o tototo o i F Lipped the Sign Herehhlhlhhllololstslslslslololelh
tic;

% this is the (u, v) range on the whole die
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[u,v]=meshgrid(-5:0.01:5, 0:0.01:10);

% this is the (u, v) range on the device cleaved from the middle
% from u=5:9 and v=-1.25:1.25mm

%hAssume C_x=0, though it’s not necessary to be ZERO
X=v.*cosd(beta) . *cosd(alpha)-u.*cosd(beta) . *sind (alpha) ;
hAssume C_y=0, though it’s not necessary to be ZERO
Y=v.*sind(alpha)+u.*cosd(alpha) ;

Z=v.*sind(beta) .*cosd(alpha)-u*sind(beta) .*sind (alpha)+C_z;
f_11=sqrt (X. 2+(Y+L) . 2+(Z-D)."2);
f_12=sqrt(X. 2+(Y-L) . 2+(Z-D)."2);

% FRINGE EUQATION

Term1=(X.*cosd(beta) .*cosd(alpha)+(Y+L) .*sind(alpha)+. ..

(Z-D) .*sind(beta) . *cosd(alpha))./f_11;

Term2=(X.*cosd(beta) .*cosd(alpha)+(Y-L) .*sind(alpha)+. ..

(Z-D) .*sind(beta) . *cosd(alpha))./f_12;

Term3=(-X.*cosd(beta) .*sind(alpha)+(Y+L) .*cosd(alpha)+. ..

(D-Z) .*sind(beta) .*sind (alpha)) ./f_11;
Term4=(-X.*cosd(beta) .*sind (alpha)+(Y-L) .*cosd(alpha)+. ..

(D-Z) .*sind(beta) .*sind(alpha))./f_12;

% Grating Pitch Contour Plot first
pitch=lambda./sqrt ((Term1-Term2) . 2+(Term3-Term4) . 2);
[C,h]l=contour(u, v, pitch, ’LineWidth’, 0.2);

clabel(C, h, ’labelspacing’, 200, ’color’, [0.8, 0.8, 0.8]);
axis equal;

hold on;

% Grating Line Orientation Contour overlayed on top of grating
%pitch plot.

[C, hl=contour(u, v, 180-atand((Term3-Term4)./(Terml-Term2)), ...
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’LineWidth’, 1.5);
% it looks weird, but i don’t know why d(v)/d(u) does not carry sign
Jwith % it. and 180-atand is just make the orientation of the grating
%lines Y actually tilt that many degrees as shown
clabel(C, h, ’FontName’, ’Times New Roman’);
axis tight;

title(’Grating Line Orientation on 10\times1Omm Die (\circ)’,...

’FontName’, ’Times New Roman’, ’FontSize’, 16);
ylabel(’v (mm)’, ’FontName’, ’Times New Roman’, ’FontSize’, 14);
xlabel(’u (mm)’, ’FontName’, ’Times New Roman’, ’FontSize’, 14);
set(gca, ’FontName’, ’Times New Roman’);
figure (1);
toc;
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