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Abstract

This thesis describes the development of laterally coupled (LC) distributed feed-
back (DFB) lasers on InP-based material. The first part of this work demon-
strates the design, fabrication and measurement of high-order LC-DFBs using
I-line photolithography. Measurements of devices revealed the successful demon-
stration of single-mode lasing, with a side mode suppression ratio (SMSR) of
25dB observed. Some lateral mode instability, however, was noted as a result
of broadening of the central ridge portion of the grating structures. The second
part of this work was concerned with the comparison of varying the grating order
LC-DFB laser diodes on both commercially grown quantum well (QW) mate-
rial and InAs/InAlGaAs quantum dot (QD) material grown using metal organic
chemical vapour deposition (MOCVD). A comparison of 3™ and 11*" order LC-
DFB devices revealed higher spectral purity in the high-order grating structures,
achieving side mode suppression values exceeding 50 dB. 11" order devices were
also compared on the two material systems. Sub-threshold gain measurements
using the Cassidy method suggested that the QD material had an optical gain
width almost 20 nm broader than the QW material. Spectral measurements of
both devices also exhibited a significantly wider region of DFB mode operation
for the QD device, by virtue of the broadened gain spectrum in the QD material
system. The final portion of this work investigated the use of direct milling of 15
order grating structures using bismuth and gold focused ion beams (FIBs). Two
types of structures were investigated, one where the gratings were milled directly
on the ridge waveguide (RWG) and one where they were milled adjacent to the
RWG. Various milling strategies were examined and it was found that off-ridge
grating structures were simpler to define using this technique, with the concentric

scanning routine offering the most desirable grating structures. Modelling work
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predicted that the fabricated gratings would provide coupling strength values ex-
ceeding 70 cm ! with a milled depth of 76 nm. This would be sufficient to achieve
KL = 2 for cavity lengths as low as 300 pm.
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Chapter 1
Introduction

Semiconductor laser diodes nd applications across a vast range of sectors in the
modern world. They have found uses in consumer applications such as CD play-
ers, laser pointers, printers and range nders, as well as large scale infrastructure
projects such as optical communication networks. The laser diode has been par-
ticularly in uential in the telecoms industry, as they are essential in bre links,
allowing information to be transmitted almost instantly across the world.

Due to the fact optical bres exhibit low attenuation windows between the wave-
lengths 1260 - 1360 nm (O-band) and 1530 - 1565 nm (C-band), these wavelengths
are used in optical communication networks. The C-band o ers the lowest at-
tenuation for modern bres, therefore, it is generally used for long-range high
bandwidth applications. Indium phosphide (InP) is the dominant material for
emission in the C-band range. The reason for this is that whilst the band gap
of InP is 1:34eV, which corresponds to a wavelength of around 925 nm, it is
an e cient substrate material for growing alloys that do correspond to C-band
wavelengths. Speci cally, the lattice constant of InP is B7A and is matched to
Ing:53Gag.47AS, which has a band gap of 048 eV corresponding to a wavelength
of :65nm. To achieve the desired emission wavelengths around 1550 nm, qua-
ternaries of InGa, yAs,P, y can be used, where ax value corresponding to
0:47y provides a lattice match to InP [1]. The other common quaternary used

in InP-based laser diodes is AlGayIn; x yAs, which has the benet of a larger
conduction band o set. This results in improved high temperature performance
owing to the prevention of carrier leakage [2]. Quaternaries such as these are used



in the active regions of InP-based C-band laser diodes and as well as providing
the substrate, InP provides the upper and lower cladding layers which form the
waveguide and vertical con nement of light.

The large bandwidth required for long-range communications is typically achieved
using wavelength division multiplexing. A diagram illustrating a typical set up
for a wavelength division multiplexing (WDM) system is shown in Figure 1.1.
The system consists of a series of transmitters which are designed to emit at spe-
ci c wavelengths called channels. The transmitters are independently modulated
to produce the bitstream, which enters a multiplexer. The purpose of the mul-
tiplexer is to combine the signals from all the transmitters and send them down
a single mode bre. Depending on the transmission distance, optical ampli ers
may be included in the bre. Finally, a demultiplexer at the other end separates
the channels into their receivers [3]. In these systems, the bandwidth depends
on the number of channels, therefore, reducing the wavelength spacing between
the channels is essential for increasing bandwidth. Standard laser diodes would
not be su cient for these systems, as the many wavelengths produced by the
Fabry-Perot laser cavity would travel along the optical bre at di erent speeds.
This phenomenon is known as dispersion and renders the transmitted signals un-
readable over long distances [4]. As a result, the transmitters in WDM systems
must be spectrally pure. This is achieved using single mode laser diodes, usu-
ally distributed Bragg re ector (DBR) or distributed feedback (DFB) lasers. In
both examples, a Bragg grating is used to select the lasing wavelength, which
depends on the pitch and refractive index of the grating. The only di erence
between the DBR laser and the DFB laser is that in the former there are one or
two separate grating re ectors surrounding a gain section and in the latter the
grating is distributed throughout the laser cavity. In WDM systems, the DFB is
the most common as the fabrication is generally simpler and narrow linewidths
can be achieved [1]. Using these emitters modern dense WDM (DWDM) systems
can achieve bandwidths exceeding 17 Tb/s over distances longer than 10 000 km

[5].

The transmitters used in WDM systems are typically buried grating DFB laser
diodes. This means that the grating is contained within the epitaxial structure,
necessitating an interruption of the growth process known as regrowth. This pro-
cess is complex, increases cost and places stringent demands on wafer preparation



Figure 1.1: A conventional WDM link for optical communications.

and cleanliness. In some sectors therefore, the removal of the regrowth process
would be bene cial. An example of this is photonic integrated circuits (PICs),
speci cally InP generic integration, which provides the ability to monolithically
integrate all active and passive components completely [6, 7]. This technology
has been successfully commercialised by companies such as In nera, Lumentum
and others. Despite the signi cant development that has gone into this technol-
ogy, at the time of writing, the defect density of state-of-the-art InP PICs is as
much as a factor of 10 higher than in the silicon integrated circuit industry [8].
One of the major reasons for this is the often-multiple regrowth steps required in
the fabrication of complex InP PICs. Minimising the number of regrowth steps
is, therefore, required to bring the defect levels of these devices down. For the
DFB laser speci cally, signi cant development has gone into regrowth-free device
geometries. The most widely reported example of this is called the laterally-
coupled DFB (LC-DFB) laser, which involves having the grating on the surface
of the device coupled laterally to the optical mode. As well as reducing defects
and fabrication complexity, the use of LC-DFB lasers as transmitters in InP PICs

o ers greater design exibility and potentially a smaller footprint due to the fact
that alignment is not required between the grating and ridge waveguide (RWG)
structure. Despite signi cant development into these structures, commercialisa-
tion has been slow, partly due to the challenging nature of their fabrication. The
aim of this thesis is to investigate novel device designs and fabrication methods
in an attempt to simplify the fabrication of InP-based LC-DFB lasers targeting
the C-band.



1.1 Chapter List

Chapter 2 Background

This chapter gives a brief account of the background theory for semiconductor
laser diodes as well as DFB laser diodes.

Chapter 3 Design and Simulation of Laterally Coupled DFB Lasers.
The design parameters and modelling techniques used in this thesis are described.
Chapter 4 Methods: Fabrication and Characterisation.

The experimental techniques used in this thesis, including fabrication techniques
and characterisation methods, are introduced.

Chapter 5 11th Order C-band DFB lasers Fabricated with Projection Lithog-
raphy.

The design, fabrication and characterisation of 11th order gratings using pro-
jection lithography is presented. The results from an 11th order DFB laser are
compared with a conventional Fabry-Perot ridge waveguide device.

Chapter 6 Grating Order E ects on LC-DFB Lasers using QD and QW Material.

The fabrication and performance of varying order LC-DFBs are compared in this
chapter. Additionally, a comparison is made between high order LC-DFB lasers
on both quantum well and quantum dot material.

Chapter 7 Direct Milling of LC-DFB Grating Structures Using Focused Bismuth
and Gold lons.

The fabrication of 1st LC-DFB grating structures using focused ion beam
nanofabrication is presented. The suitability of this technique for on-ridge and
o -ridge grating structures is compared.

Chapter 8 Conclusions and Future Work.

The thesis nishes with a discussion on the conclusions of this work followed by
commentary on potential future work.



Chapter 2
Background

This chapter will give a brief overview of the theoretical background information
of this work. This will begin with a discussion of general semiconductor laser
diode theory, followed by a more speci c discussion on distributed feedback lasers.

2.1 Basics of Semiconductor Laser Diode Oper-
ation

This section will describe the principles of operation of semiconductor lasers. The

building blocks of a laser diode will be discussed, followed by the band structures

that facilitate the emission of light. Additionally, the concept of optical gain will

be introduced. The section will conclude by describing conventional laser diode

structures, as these are essential in understanding the devices presented in this
work.

2.1.1 Components

In general, there are three basic requirements for laser operation. Firstly, a source
of energy is required, known as a pump source. Secondly, a cavity is needed to
provide optical feedback and nally a gain medium is necessary to provide the
photons that will be propagated in the cavity [1]. A typical Fabry-Perot (FP)
semiconductor laser is shown in Figure 2.1. In this case the pump source is
provided by an electrical current, while the cavity is generated by two cleaved



Figure 2.1: A simpli ed schematic showing basic principles of a standard Fabry-
Perot laser.

facets at either end of the device. The re ection coe cient of these facets is
approximately 0.31 so they provide the necessary re ections for optical feedback
whilst still allowing some light out. Notably the use of two cleaved facets mean
light is emitted at both ends so high re ection coatings are sometimes used to
increase the light output of a single facet, which is more practical in reality.
The requirement of the gain medium is to provide population inversion, where
there are statistically more carriers in higher energy states than lower. From here
stimulated emission can occur and light is emitted. Direct band gap semiconduc-
tors make excellent gain media as radiative recombination occurs readily in these
materials. For laser diodes, the most basic structure to achieve recombination
is called the pn junction. This is a structure where one side of the junction is
p-doped and the other side is n-doped. The result of this is the migration of
carriers from either side to the other close to the interface. The region around
the interface, therefore, has no free carriers and is called the depletion region.
Under forward bias, the potential barrier between the regions decreases and the
width of the depletion region decreases, which allows carriers to begin owing
across the junction. Since carriers are owing across the junction, electrons and
holes can recombine with each other and emit photons [9]. Modern laser diodes



implement more advanced versions of the p-n junctions, such as the p-i-n junc-
tion. In this case an undoped region is included (intrinsic), which is designed to
encourage recombination through the trapping of carriers. An example of this

type of structure is called the separate con nement heterostructure (SCH), which

will be described in section 2.1.5.

2.1.2 Band Structures and Transitions

The operation of a laser diode depends on the release of photons through the
recombination of charge carriers (electrons and holes). The transitions that occur
in semiconductors occur between the conduction and valence bands. Within these
bands there is a continuum of energy states, intraband transitions among these
states do not usually result in light emission but still in uence the performance
of laser diodes [10]. For light emission the interband transitions are of the most
importance. Important transitions in semiconductor lasers are illustrated for a
simpli ed two-level system in Figure 2.2. Through the addition of energy, which

in the case of a laser diode involves the application of an electrical bias across
the diode, some electrons will be elevated to the higher energy level. When they
spontaneously decay and recombine with a hole (Figure 2.2a), a photon can be
released. The energy of this photon is given by

~l = E, Ey; (2.1)

Figure 2.2: Simpli ed band structure showing (a) spontaneous emission and (b)
stimulated emission.



where ~ is Planck’'s constant divided by 2 and! is the frequency.E, E; is
related to the band gap and it determines the wavelength of the emitted photons.

In some cases, an electron in the higher energy level can recombine in response
to incoming photons (Figure 2.2b). This is known as stimulated emission and

is an essential process in lasers. In these transition processes, the energy and
wavevector must be conserved. The conservation rule for the wavevector means
that only direct band gap semiconductors can be used where light emission is
required [10].

2.1.3 Optical Gain

As has been mentioned earlier, population inversion is required to achieve optical
gain. This means that the probability of a higher energy state being occupied
exceeds that of the lower energy states. If the probability of occupation of the
lower state isf, and the probability of the higher state being occupied i§,, the
probabilities can be written as

fi= Wif2= - (2.2)

where N is the total number of electrons,N; is the number of electrons on
the lower energy state andN, is the number in the higher energy state. In a
laser, stimulated emission results in electrons transitioning to the lower energy
state, which in turn releases a photon. As such, the number of photons increases
proportionally to the occupation probability of the higher energy state. The
number of electrons which will allow an energy transition to the lower state is
given by

Nfo(1 f4q); (2.3)

where 1 f; is the probability of the lower energy state not containing any
electrons. The rate of change of the number of photonsl,, also varies with the
number of photons present in the system. Moreover, some photons can also be
absorbed in the material if they induce the upward transitions. Including this
along with the rate, C, the net rate that photons are added to the material is
given by



N,

G = CN(fz TNy (2.4)

The key part of this equation is the section within the bracket. Iff, is greater
than f, the probability of an electron being in the higher energy state is higher
than the probability of it being in the lower one, in which case optical gain has
been achieved. We can de ne the optical gain coe cient(s, which is the increase
in the energy of the light beam over the distance travelled. This is given by

1 E
G= ———; 2.5
—— (2.5)

where E is the product of the number of photons and the photon energl, =
Nyh . We can incorporate equation 2.4 into equation 2.5 since the change in
energy over distance is equal to the change in energy over time divided by the
beam velocity. This leads to the following, usingpn = ¢c=n,

_ CN(fz foNgh _CN 26

G
phNph ph

The probabilities of f; and f, can be described by the Fermi function, where
the conduction band and valence band both have their own quasi-fermi levels
which depend on the carrier population within them. The condition described by
equation 2.4 can therefore be written as

Er2 Er1>E> E; 2.7)
Er >h:

This is the gain condition and it speci es that for a given photon energy, in order
to achieve gain the separation between the quasi-Fermi levels of the conduction
and valence band must exceed that energy [11].



2.1.4 The Fabry-Perot Laser Cavity

The condition for population inversion in the gain medium has been described in
the previous section. Population inversion on its own is not enough to achieve
laser action, however, as feedback is required in the form of a resonator. As
described earlier and shown in Figure 2.1, the feedback from an FP resonator is
generated through the use of a cleaved facet at each end of the device. A resonator
of this type only supports a discrete set of modes, which can be described as
standing waves. The condition for resonance is given by

sin(Nesr KoL) = 0; (2.8)

where L is the cavity length, nes is the e ective refractive index andk, = '=c

is the wavenumber in vaccuum. This condition gives rise to a series of equally
spaced modes located at , known as longitudinal modes. Since the gain has a
nite width, a number of these modes will lase in an FP device. The spacing of
these modes is called the free spectral range (FSR) and is given by

2

= 2.9
2ngL (2.9)

wherenyg is the group index and is the wavelength in vacuum. The gain condi-
tion within an FP cavity is given by

Y
1 RiR,exp(gnLl) =0; (2.10)

whereR; and R, are the re ectivities of the two mirrors and g is the gain coe -
cient, which when Rearranging equation 2.10, can be written as

1 1
= —In : 2.11
Oth 3 Pﬁ ( )

The guided modes or lateral modes, which propagate along the waveguide, are
not fully con ned in the active region of the device. The light outside of these
regions does not contribute to the gain, so must be considered as the internal
loss. This provides
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= -+iln 1
G = Y 50" RR,

(2.12)

where ; is the internal loss and is the con nement factor. The con nement
factor represents the overlap of the optical mode with the active region and its
product with gy, provides the modal gaingmogai -

2.1.5 Typical Laser Structures

Figure 2.3: Simpli ed schematics showing; (a) An oxide stripe gain guided laser
and (b) A ridge waveguide (RWG) laser.

The earliest laser diodes were based on pn junctions, which were described ear-
lier in this chapter. The e ciency of these devices was limited as a result of
poor optical and carrier con nement, however, which are necessary for reduced
threshold current and improved e ciency [1]. In order to remedy this, the double
heterostructure was introduced [12]. This design includes an active layer which
is sandwiched between two higher bandgap layers known as cladding layers. The
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double heterostructure provides improved e ciency over the pn junction due to
the improved carrier con nement due to the potential well that is created by the
active region. Additionally, higher band gap materials typically have a reduced
refractive index. This means that the double heterostructure also provides a
waveguiding e ect, con ning the light around the active region. This concept was
expanded further by the introduction of the separate con nement heterostructure
(SCH). In this structure, the active region, which is used for carrier con nement,
is separated from the waveguide layers that facilitate optical con nement. The
active region itself consists of multiple quantum wells with surrounding barriers
and cladding. The result is a dramatic improvement in laser performance over
double heterostructure lasers, speci cally, reduced threshold current, improved
power conversion e ciency and higher output powers [13, 14]. For this reason,
the majority of modern laser diodes utilise the SCH. In terms of lateral con ne-
ment for the light and carriers, there are two main ways of doing this. The rst of
these is known as a stripe laser structure. In this case, the optical mode is de ned
by the location of the p-contact on top of the device which aims to cause lasing
underneath the contact only, as a result this method is sometimes called gain
guiding. The contact stripe can be de ned on its own using photolithography or
a dielectric layer can be used which has a window in it de ning the stripe. An
example of this is shown in Figure 2.3a. These structures are easy to fabricate
and so are often used to assess the quality of an epitaxial growth. The lack of
lateral optical con nement leads to increased loss compared to other structures
and current spreading reduces electrical e ciency. As such, these devices are
generally not used commercially [1]. More complex structures are required for
reduced threshold current and e ciency. An example of such a structure is called
the ridge waveguide (RWG) laser. In this example, which is shown in Figure
2.3b, a narrow ridge is etched to either just above or through the active region.
In the space left after the etch, dielectric is deposited which results in variation of
the refractive index, resulting in strong con nement of the light underneath the
ridge as well as electrical con nement of carriers laterally as they can only pass
through the ridge [15]. Since current spreading is also reduced in this structure,
the threshold current and e ciencies of these devices are improved signi cantly
over the stripe laser [11]. The nal type of laser structure which will be described
here is the buried heterostructure (BH) laser diode. In this design, a stripe is
de ned and etched as in the case of the RWG laser. For a BH laser, however, the
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etch continues through the active region. From there, low refractive index, high
bandgap material is grown to encase the active region [16].
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2.2 The Distributed Feedback Laser

Now that an overview of basic laser theory and background has been provided,
more complex laser structures such as the ones fabricated in this work can be
discussed. This section will cover the principles behind distributed feedback
(DFB) laser operation including commonly used grating structures and meth-
ods for achieving single mode emission.

2.2.1 Theoretical Basis - Coupled Mode Theory

As previously mentioned, the addition of grating structures in lasers is often done
to actas a Iter for desired wavelengths of light. This works due to the modulation

of the refractive index or gain/loss, which causes certain wavelengths of light to
be re ected preferentially. There are two main ways of implementing a grating in

a laser structure, these are known as distributed Bragg re ector (DBR) and the
DFB laser. Simpli ed diagrams of these two structures are shown in Figure 2.4.
Here it can be seen that the DBR laser describes a cavity with gratings at one or
both ends of the laser cavity, acting as mirrors, whereas the DFB laser includes a
grating throughout the cavity. The operating principle in both devices is similar,
and as such, so is the theory. The operating principles of DFB lasers are described

Figure 2.4: (a) DFB device structure and (b) DBR device structure.
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by coupled mode theory, which was introduced by Kogelnik and Shank in 1972
[17], following their presentation of the rst ever DFB laser a year earlier [18].
This theory describes the DFB laser in terms of two counter propagating waves
in the z direction of the cavity. Each wave receives light from the other at each
section in the grating. The modulation of both the refractive index and the gain
can be considered in the following way

n(z) = n+ ni;coq2 o2) (2.13)
(z2)= + 1092 o2);

wheren and are the average of the refractive index and gain constant in the
cavity respectively andn,, ; are the amplitudes of the modulation. Since =
nl=c at the Bragg condition, and assuming that the variation in the gain and
refractive index are small, thek constant of Maxwell's wave equation can be
written as

k2= 242] +4 cos (2 ¢2): (2.14)

This leads to the coupling coe cient , which is described by

+ 5 1 (2.15)

This is an extremely important parameter for simulating DFB lasers, as it pro-
vides a measure of the how strong the backwards scattering in each of the counter-
propagating waves is and thus, describes the degree of feedback provided by the
grating. Considering the Maxwell equation for electric eld, in the form

o’E
a2 k(z)’E = 0: (2.16)

we can substitute equation 2.14 into it, which yields a second order di erential
equation. When solved, this provides the solution
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E(z) = E(2) + Es(2)
E/(z) = R(z)exp( i 02) (2.17)
Es(z) = S(2)exp(i 02):

Using equation 2.16, the wave equations fé&® and S, which are often referred to
as the coupled wave equations, can be extracted.

OI—R+( o I)R=iSexp( i)
gzs (2.18)
E+( o 1)S=1iRexp (i)

Where is called the detuning and is de ned through the expression

o (2.19)

This is related to the wavelength and a detuning value of zero corresponds to the
Bragg wavelength, which is given by

2Nyt
= : 2.20
B o (2.20)

which is another key equation in the design of DFB lasers. It states that the
Bragg wavelength of the laser is dependent on the pitch of the grating, , the
e ective index of the optical mode,ne; and the grating order,m. A transfer
matrix can be applied to the problem as follows [19, 20],

" # " #
E0) _ . E(b) 2.21)
E(0)  Es(L) |

where L is the length of the grating and the transfer matrixF is given below.
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n #

F= ruFe (2.22)
I:21 I:22

The individual components of this matrix are given by,

Fiu= cosiL) —>—'sinh(L) exp(i oL):
Fio= i—sinh (Lexp [ i oL+)] ;
i (2.23)
For= —sinh(Lexp [ i oL+)] ;
Fpp= cosh(L)+ —2 | sinh(L) exp(i oL);

where a new term has been introduced, which is de ned by the following.

2=( o i)+ 2 (2.24)

The power transmissivity and re ectivity can be derived from the matrix elements
and are given by the equations below [20].

T= 'F1'2

rul, (2.25)
R = JF21]

jF1aj

Using this transfer matrix formalism, the behaviour of a number of grating struc-
tures can be described.

2.2.2 Uniform Gratings

The most basic type of DFB laser grating is the uniform grating. This describes
a grating that does not change throughout the length of the cavity. For a uniform
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Figure 2.5: Transmission spectra of DFB laser gratings. (a)oL =0, (b) oL =
0:66, (c) oL =1 and (d) Quarter wave phase shifted grating with oL = 1.

grating with a coupling coe cient multiplied by the cavity length, L =2 and
zero gain present in the cavity i.e. o = 0, the transmission spectrum can be
calculated by 2.25. The result of this is shown in Figure 2.5a. Here, the char-
acteristic stopband of the Bragg grating is observed. When gain is added to the
cavity, the transmission spectra change slightly. Figure 2.5b and 2.5c show the
transmission spectra when the gain value issL = 0:66 and (L = 1, respectively.

It can be seen that two lasing modes emerge either side of the Bragg wavelength,
when gain is applied. For applications that require single mode behaviour, this
is not ideal and signi cant work has gone into developing techniques to remove
this behaviour.

2.2.3 Strategies for Achieving Single Mode Lasing

The description of a uniform grating shown above assumes that the facets are
located exactly on a grating interface. In reality, this is not likely to be the case,
as a device cleave cannot be made with such high precision. Therefore, unless
the device is coated with anti-re ective (AR) coatings, the facet-grating phase
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relationship will determine whether the device is single mode. Using facets as-
cleaved will result in some single mode devices, however, this is not suitable for
wafer scale fabrication, as the yield is dependent on the distribution of facet phase
across all devices [21, 22]. The application of a highly re ective (HR) coating on
one facet and an AR coating on the other is commonly used to remedy this
issue as then only the HR facet phase contributes to the single mode vyield [23].
This leads to the possibility of deliberately adding a phaseshift to the grating
to guarantee single mode emission. Such as phase shift can be described by
splitting the cavity into two sections where the phase at the interface between
the two sections is related to the phase at the start of the cavity through the
equation

>= 1+2 obq: (226)

Since the phase shift is located between the two sections, the phase at the begin-
ning of the second cavity can be written as

3= 2+t = 1+2 ol + : (2.27)

Incorporating a phase shift in the cavity equal to , results in a single trans-
mission peak centered on the Bragg wavelength (Figure 2.5d). This phase shift
corresponds physically to a grating o set in the second half of the cavity by half
the pitch, =2. Substituting this into equation 3.1 gives the following [20]

=2 = (2.28)

This means that in order to achieve a phase shift equal to a shift in the grating

that equals one quarter of the Bragg wavelength needs to be added. Typically, a
grating with a phaseshift is combined with AR coatings on both facets to remove
the FP resonator longitudinal modes. This results in very high single mode yield
and wavelength control compared to the HR/AR facet coating scheme [24], how-
ever, devices with quarter wavelength phaseshifts often su er from high spatial
hole burning (SHB) due to the photon energy being high at the phaseshift [25].
As a result, DFB lasers using the HR/AR facet coating scheme generally exhibit
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reduced threshold currents and higher e ciency, with the cost of reduced wave-

length control [23]. Work has been done to limit the SHB in devices incorporating

phaseshifts. For example the application of two 1/8 wavelength phaseshifts has
been shown to limit the e ect [26].

2.2.4 Buried Grating DFB Lasers

Commercially, the most successful type of DFB laser is the buried grating DFB
laser. In this type of device, the grating is located close to the active region
within the epitaxial structure, as shown in Figure 2.6. This is typically achieved
by growing the lower epitaxial layers, usually including the active region, then
de ning and etching the grating structure into a high index layer [27]. From here,
the upper layers are grown on top of this structure. Interrupting the epitaxial
growth in this way is known as regrowth or overgrowth. Placing the grating
within the structure, o ers the highest coupling e ciency possible as the overlap
between the grating and the optical mode is maximised. As such, the depth of
the grating usually only needs to be tens of nanometres deep. From a fabrication
perspective, the regrowth process places stringent demands on surface cleanliness
and can introduce defects into the epitaxial structure. In wafer-scale manufac-
turing, these issues have been overcome to some extent, although the complexity
of the regrowth process is heavily associated with the high cost of DFB laser
modules.

Figure 2.6: A (a) facet view and (b) side view of a RWG buried grating DFB
laser.
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2.2.5 Laterally-Coupled DFB Lasers

Owing to the complex nature of buried grating DFB laser fabrication, consider-
able e ort has gone into simplifying it. The typical method is to use a laterally-

coupled DFB (LC-DFB) grating structure. The fabrication of a LC-DFB laser is

performed by growing the all the epitaxial layers, then de ning and etching the
grating and sometimes the RWG onto the top of the structure.

The rst demonstration of a LC-DFB laser was published in 1991 by researchers
from the University of lllinois, utilising a similar structure to that shown in Figure
2.7a [28]. Whilst this work demonstrated the working principle of the LC-DFB
laser, its performance was relatively poor. Speci cally, it had a low side mode
suppression (SMSR) value, which is a key metric of performance in DFB lasers
as it de nes the ratio between the lasing peak and the second highest peak and,
therefore, the spectral purity. Later in 1994, R. D. Martin and colleagues further
demonstrated the potential of these devices, showing a LC-DFB laser based on
InGaAs-GaAs-AlGaAs [29]. This device exhibited a threshold current of 11 mA
with a SMSR value of 30dB. Then in 2000, Chen et al presented a LC-DFB on
InGaAsP/InP which exhibited a threshold current of 17 mA and an SMSR value
of 45dB [30]. In this example, the grating was integrated onto the RWG, which
is still most commonly used LC-DFB structure. An illustration of this type of
structure is shown in Figure 2.7b. The bene t of this over the structure shown
in Figure 2.7a is that the etching of corrugated sidewalls is simpler than etching
deep trenches and the structure bene ts from the index guiding properties of the
RWG.

Figure 2.7: (a) Early LC-DFB laser presented in [28]. (b) Typical LC-DFB RWG
laser structure.
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In the early examples of LC-DFBs lasers described above, the gratings used were
index coupled, however, complex coupled gratings can also be fabricated. In 1999
researchers from the University of Warzburg presented a complex coupled LC-
DFB laser using periodic strips of chromium deposited either side of the RWG
using a lift-o process. The complex nature of the metals refractive index results
in a modulation of the gain. Using this method a threshold current of 9 mA was
achieved with an SMSR value exceeding 45dB [31]. The yield of these structures
is high due to the asymmetric threshold gain value of the two modes either side of
the grating stopband. As a result, this structure has since been commercialised
by Nanoplus nanosystems and a wide range of wavelengths can be accessed on
many di erent material systems using this technique [32]. The main disadvantage
of using the metallic gratings, however, is the increased loss in the structure due
to proximity of the metal to the optical mode.

In the examples discussed so far, electron beam lithography was utilised as the
patterning method for the gratings. This patterning method is time consum-
ing and expensive, so e orts have been made to implement higher throughput
techniques. An example of this includes holographic or interference lithography,
which uses the interference pattern of two laser to pattern the periodic grating
structure. Researchers from Tsinghua University presented an LC-DFB laser on
AlinGaAs/InP using this technique. The device exhibited a threshold current of
34 mA and a SMSR value of 45 dB emitting in the C-band [33]. More recent work
has also utilised this patterning technique to achieve high performance LC-DFB
lasers [34]. The disadvantage of this technique is that design exibility is reduced
as only periodic structures (without phaseshifts) can be patterned. Nanoimprint
lithography is another example of a high-throughput technique which can be
used to pattern LC-DFB lasers. Work performed at the Technical University of
Tampere demonstrated a'8 order LC-DFB laser on GaAs based material, which
exhibited an SMSR value of 50dB [35]. Stepper lithography has also been used
in the patterning of 39 order gratings. An example is work by Dridi et al, which
demonstrated a device on InGaAsP/InP with a SMSR value of 50dB [36].

Some of the examples above utilise higher order gratings to achieve DFB laser
operation. The use of these designs simpli es the fabrication complexity due to

their larger feature sizes. Moreover, higher order gratings have also attracted

interest due to their ability to provide high SMSR values without the need for
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phase shifts [37, 38]. Typically, 'S8 order gratings are used, however higher order
gratings have been implemented previously. For example, work by Fricke et al
presented DBR lasers with 8 and 7" order gratings on GaAs material, achieving

SMSR values of over 30dB. In this case I-line lithography was used to pattern
the gratings [39]. Another example of a high order grating is work performed by
Slight and colleagues on the GaN material system. In this work, LC-DFB lasers
with 39" order gratings were demonstrated with SMSR values of over 35dB [40].

Implementation of higher order gratings particularly on the InP material sys-
tem has been limited and experimental comparisons between grating orders have
not been reported. The work described in this thesis attempts to address this.
Alongside this, a new fabrication methodology for LC-DFB gratings using direct
milling with a focused ion beam is presented for cases where®adrder grating

is required such as short cavity length devices.
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2.3 Summary

This chapter has introduced the basic theory underpinning the work presented in
this thesis. A brief introduction in the theory of laser diodes was provided. This
section presented the three components that form the laser, the pump source,
the gain medium and the resonant cavity. The idea of population inversion was
discussed and its importance in achieving optical gain. Furthermore the thresh-
old gain condition was described. Common laser diode structures were described,
namely, the oxide isolated stripe laser, the RWG laser and the BH laser. Specif-
ically, the various ways in which these devices con ne both light and carriers to
improve performance.

Speci ¢ theory detailing the DFB laser was also provided. An overview of cou-
pled mode theory was presented, along with the introduction of the coupling
coe cient. Moreover, a transfer matrix was applied to the DFB laser structure,
which allowed the examination of behaviour in various DFB grating structures.
Speci cally, it was shown that a uniform grating results in the propagation of two
degenerate modes either side of the Bragg wavelength. Methods for removing this
degeneracy were presented, including facet coating schemes and the introduction
of a phase shift. Finally, two types of DFB laser were described; the buried
grating DFB laser and the LC-DFB laser, which is the subject of this thesis.
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Chapter 3

Design and Simulation of
Laterally Coupled DFB Lasers

3.1 Overview

This chapter will describe the design and modelling process used in this work.
The variable dimensions and parameters involved will be described, followed by
an overview of traditional simulation techniques and adaptations made when
considering LC-DFB lasers. The chapter will conclude by describing the e ect of
changing dimensions on the coupling coe cient.

3.2 Fundamental Structure and Parameters

The rst step in a DFB laser design process is usually to ascertain the desired
lasing wavelength of the nished device. Primarily, the devices fabricated in this
work were targeted in the c- and |-band of the electromagnetic spectrum, which
correspond to a wavelength range of 1530-1565 nm and 1565-1625 nm respectively.
The Bragg wavelength, g, of a DFB grating is provided by the equation

2N
= : A
B m ’ (3 )

wherengs is the e ective index of the optical mode, represents the pitch of the
grating and m is the grating order. Figure 3.1 shows the required grating pitch
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Figure 3.1: Required grating pitch targeting wavelengths between 1500 and 1600
nm. In this case the e ective refractive index is assumed to be 3.25.

for emission wavelength between 1500 and 1600 nm using an e ective refractive
index of 3.25. In order to target the c-band the grating pitch must be between
approximately 235 and 241 nm and for 1550 nm speci cally, the grating pitch
must be 238 nm. For increased grating order, these numbers are simply multiplied
by the grating order. Therefore, to target 1550 nm using a'8 order grating, a
pitch of 712 nm is required. In addition to pitch selection, there are a number
of parameters that can in uence the coupling coe cient of the grating. Related

to the grating pitch is a parameter known as the duty cycle. This parameter
describes the ratio between the grating teeth length, e, and the pitch. This
can be written as

- Lteeth; (3.2)
which means that to achieve a duty cycle of 0.5 for a grating pitch of 240 nm,
the gap between grating teeth would need to be 120 nm. This parameter is par-
ticularly important for higher order gratings, as will be shown in section 3.5.5.

Furthermore, the duty cycle also dictates the minimum feature size, which is
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relevant when considering which patterning methods are appropriate during fab-
rication. Additional parameters are shown in Figure 3.2, which shows an example
cross-section of the LC-DFB structure along with the plan view of the structure.
The ridge width, Wr refers to the width of the narrowest portion of the ridge
structure, excluding the gratings which extend by lengthLg which is referred to

in this work as the extrusion length. The whole structure is etched to a depth
of d. In the example shown in Figure 3.2, the whole structure is encapsulated
in benzocyclobutene (BCB) 3022-46 which provides the refractive index contrast
for the grating, which is set in the upper InP cladding of the epitaxial stack.
The selection of BCB as the dielectric for this structure has multiple bene ts.
Firstly, BCB can be used to encapsulate the grating structure entirely, elimi-
nating air gaps and keeping the contact metals away from the structure, which
would increase the design complexity. Secondly, BCB is e ective at passivat-
ing exposed semiconductor surfaces, which is essential for reducing non-radiative
surface recombination in laser diodes [41, 42]. Additionally, BCB has a low di-
electric constant of around 2.65, making it more attractive for devices that are
to be modulated at high frequency due to reduced parasitic capacitance. The
application of BCB is also relatively simple as it can be spin coated. Other di-
electrics such as Si@or SIiN are often deposited using complex techniques such
as plasma enhanced chemical vapour deposition (PECVD) or atomic layer depo-
sition (ALD), which are more expensive and time consuming compared to spin
coating. Finally, BCB also has very high thermal stability compared to other
spin-on polymers such as SU-8. This means that it remains unchanged during
subsequent high temperature processing steps such as contact annealing. For the
designs in this work, the BCB was assumed to have a refractive index of 1.535
[43], however, a variation of up to 3% has been observed in previous studies by
other members of the optoelectronics group at Cardi University.
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Figure 3.2: (a) Cross-section of an example LC-DFB laser with grating regions
shown in light grey. (b) Plan view of an example LC-DFB grating structure.

3.3 Traditional DFB Simulation Techniques

Traditional modelling for buried grating DFB structures is based on the modi ed
coupled mode equations presented by Streifer, Scifres and Burnham in 1975 [44].
In this work they presented a general expression for the coupling coe cient given
by

@ “o
2 0P

= A,"2dx; (3.3)
whereP is the power contained in the optical mode, ¢ is the propagation constant
within the grating region and A is given by

f 3 )

sin(m ); (3.4)
where n; is the lower refractive index andn, is the higher refractive index. In
this case only one dimension is considered, which is only valid when the grating
is spread su ciently large under the lasing stripe that it covers the entire optical
mode. For a more accurate model, the proximity of the grating to the optical
mode in both the lateral and vertical direction needs to be considered as the
grating may not be continuous underneath the ridge. Applying this we can write
an expression in two dimensions, inserting equation 3.4 into equation 3.3.
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= _0 R R 3.5
2Nest (2 m) L1 Axy)dxdy  m (3.5)

The fractional component of equation 3.5 containing the integrals describes the
extent to which the optical mode overlaps with the grating region in two dimen-
sions. This value is called the con nement factor, 4 and allows this traditional
kappa calculation to be presented in a simpler way as shown below, assuming
that Ny + Ny = 2Ngs ©

sin(m )

- (3.6)

= ko(nz  Nnq) g
This expression for the coupling coe cient is accurate, with the assumption that
the refractive index contrast is relatively low. In a buried grating InP device, the
grating is typically made up of a high refractive index layer with refractive index
of between 3.5 and 4, grown on top of the InP cladding with a refractive index of
3.16. This is not the case for a laterally coupled DFB laser where the dielectric
which is deposited on top of the structure forms the lower refractive index part
of the grating. This means that the refractive index modulation can be much
larger since the refractive index of BCB for example is around 1.5 at 1550 nm.
Adaptations need to be made, therefore, when modelling LC-DFB lasers.

3.4 E ective Index Alteration Technique

As previously mentioned, the traditional method for calculating the coupling
coe cient is not suitable for LC-DFB laser gratings. The main reason for this is
the large refractive index contrast present in a LC-DFB. Laakso and colleagues
presented a method for calculating the coupling coe cient in LC-DFB lasers
speci cally, in 2008 [38]. This was chosen as the method for all coupling coe cient
calculations performed in this work. The reason is that it provides the ability
to calculate the coupling coe cient for higher order gratings as well ass1order
structures. It was also chosen for its simplicity compared to other techniques
where radiation mode calculations are required [45]. Additionally, these methods
consider gain coupling also which is not required for the devices fabricated in
this work as the intention was to avoid any modulation of the loss or gain. The
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Figure 3.3: Normalised fundamental TE modes overlayed on the ridge waveguide
cross sections that make up the LC-DFB laser structure. (a) narrow, (b) wide
and (c) averaged.

method presented in [38] is based on the introduction of slices that make up the
grating structure. These are two dimensional cross-sections of each section of the
grating, referred to as narrow and wide. The narrow section de nes the section
within a grating gap and the wide section de nes the section where a tooth or
extrusion is located. Equation 3.5 can be adapted in the following way

Ko
2N

2 sin(m ),

2
r]eff; 2 rleff; 1 m ' (37)

where e ective indices,nesr. 1 and nesr. o have been inserted in place of the con-
nement factor, 4 and the two refractive indices. Equation 3.7 assumes that the
optical mode changes instantaneously between each section of the grating. In a
rst order grating, however, the length of a given section is on the order of 4,

so this is not realistic. Therefore, the addition of an averaged waveguide was pro-
posed, where the refractive index within the grating section is a weighted average
of the two refractive indices that make up the grating. This e ectively provides
an equivalent waveguide in two-dimensions that is analogous to the whole grating
structure. Figure 3.3 illustrates the narrow, wide and averaged waveguides with
their calculated optical modes. The refractive index of the grating sections in
Figure 3.3c are given by

ngvg(X; y) = n\%vide (X; y) + (1 ) nﬁarrow (X; Y), (3-8)

where is the duty cycle. The refractive index is weighted by the duty cycle,
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which means that if the duty cycle is equal to one, the average refractive index
of the grating region is equal to the refractive index of InP. Similarly, if the duty
cycle is equal to zero the average refractive index is equal to the refractive index of
BCB. The e ective indices can then be recalculated for both slices of the grating
(narrow and wide). This is done using an overlap of the averaged waveguide's
fundamental transverse electric (TE) mode, Tho, intensity, 2(x;y) with the
refractive index distribution, n;(x;y) of each slice.

S R

266y) n?(xy) dxdy
©2(xy) dxdy

Nefsi = (39)

These new e ective index values can then be inserted into equation 3.7 to allow
the calculation of more accurate coupling coe cient values.
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3.5 Simulation Results from LC-DFB Lasers

This section describes the simulation results based on the QW epitaxial structure
used in this work. The initial mode calculation process will be described, followed
by detailed examination of each variable in the design process detailed in Figure
3.2.

3.5.1 Optical Mode Calculation

In order for the modelling techniques described above to be used, the optical
modes present in the waveguides must rst be calculated i.e. to calculate the
e ective index of the mode. For this task, the nite di erence mode (FDM) solver

in Photon Design's FIMMWave software was used. This was chosen for its ability
to e ectively calculate modes in waveguides with large refractive index steps, such
is the case here [46]. The three waveguides that make up the LC-DFB structure
were de ned as a series of layers with a given refractive index corresponding to
the 9QW epitaxial structure used in this work. The epitaxial structure, which
was grown by the Compound Semiconductor Centre Ltd, is shown in Figure 3.4.
The substrate was n-type InP, upon which, a 1500 nm n-type InP lower cladding
was grown. This was followed by the SCH, which consisted of 9 InAlIGaAs QWSs

Figure 3.4: The QW epitaxial structure used in this simulation chapter and
throughout this work.
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Figure 3.5: Refractive index pro le of the 9QW epitaxial structure used in this
work. Inset shows the region surrounding the 9QWs in the active region.

surrounded by two 150 nm InAlGaAs cladding layers. On top of the SCH a p-
type InP upper cladding layer was grown with a thickness of 1500 nm. The nal
layer was a highly doped (1 cm 3) InGaAs contact layer, which aids in the
formation of an ohmic contact during metallisation. The refractive index pro le
of this epitaxial structure is shown in Figure 3.5. In this graph, the zero value on
the x-axis represents the bottom of the epitaxial stack, below which, the n-type
InP substrate is located. The SCH can be seen atZum above the substrate,
including the QW structures that make up the active region as detailed in the
inset of Figure 3.5. The lower refractive index portions either side of the SCH
represent the lower and upper n- and p-type cladding regions that make up the
waveguide. The high refractive index portion at the top of the epitaxial structure
is the highly doped contact layer. Additionally, a high refractive index layer can
be seen at (6um above the substrate. This was a micro transfer printing release
layer and was unused in this work. Using this refractive index pro le, the modes
were then calculated and implemented in the e ective index alteration method
described in the previous section. Figure 3.6 shows both the JEand TE;q
mode calculated for the averaged waveguide in an example structure. As seen
in this Figure, the overlap of the grating region, ¢ is small compared to if the
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Figure 3.6: Calculated optical modes overlayed on an example LC-DFB cross
section. (a) Fundamental mode, Thy (b) 2nd bound mode, TEp.

grating was positioned directly above the active region. This region, however,
determines the coupling coe cient of the grating and so careful examination of
the design parameters is necessary to optimise the overlap and thus obtain the
correct coupling coe cient.

3.5.2 Etch Depth

The etch depth is an important parameter in the design process of a RWG laser.
For a standard FP RWG laser structure, the ridge must be etched deep enough to
provide the bene ts associated with the lateral con nement provided by a RWG
which include reduced threshold current and improved device e ciency. The etch
depth also has a profound e ect on the coupling coe cient of a LC-DFB. Figure
3.7, shows the coupling coe cient as a function of etch depth for both a rst
order grating and a third order grating. For both structures modelled here the
ridge width was set to a value of Zim, the extrusion length was set to @um
and the duty cycle was 0.5. At low etch depths of around:2um the coupling
coe cient is negligible since the grating is far away from the optical mode. In this
regime, the etch depth is not su cient to provide e ective lateral con nement
of the optical mode so the laser would e ectively be gain guided due to current
spreading underneath the ridge. According to Figure 3.7, as the etch depth
is increased, the coupling coe cient increases rapidly especially for thé' brder
device considered here. This continues as the grating is etched through the active
region and the coupling coe cient stabilises at etch depths of around Bm. The
reason for this is that at deeper etch depths, the optical mode is fully con ned in
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Figure 3.7: Coupling coe cient as a function of etch depth for both a ¥ and
39 order LC-DFB structure. The modelled ridge width was 2um, the extrusion
length was set to @G um and the duty cycle was 0.5. The SCH and active regions
are shown in yellow and red respectively.

the ridge so no further overlap of the mode with the grating region can be realised.
From a design point of view, it would make more sense to design the laser with
a deep etched RWG as the coupling coe cient is not sensitive to etch depth,
which in some cases can be di cult to control accurately. In practise, however,
etching through the QWs is not desirable as it is well known that dry etching
introduces surface defects which can propagate through the active region, as well
as introducing surface recombination [1]. These issues a ect the performance and
long term reliability of a laser diode [47]. As such, the etch depth was targeted
to be in the region of 1.4 - 1.6um as this meant that the grating region was
close enough the active region to provide meaningful coupling coe cient without
etching into the SCH.

3.5.3 Ridge Width

The ridge width, Wg, refers to the width of the narrowest portion of the LC-DFB
structure. For a FP RWG laser structure this width is chosen to be narrow enough
that the device exhibits a single transverse mode. Doing this guarantees that the
TEqoo mode will be the lasing mode. The ridge must not be made too narrow,
as the resistance increases with reduced device area. These factors place limits
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Figure 3.8: Coupling coe cient as a function of ridge width for both a # and
39 order LC-DFB structure.

on the range of ridge widths than can be designed for the LC-DFB structures
fabricated in this work. The ridge width also impacts the performance of the
grating structure. Figure 3.8 shows the coupling coe cient as a function of ridge
width for both a 1%t order grating and a 3 order grating. In this case the etch
depth was xed at a value of 16 um, the extrusion length was chosen to be®um
and the duty cycle was 0.5 in both cases. It can be seen from Figure 3.8 that the
coupling coe cient exhibits a maximum value at a ridge width of around Jum,
beyond which, the coupling coe cient decreases steadily. This is due to the fact
that widening the ridge causes the optical mode to be contained more within the
ridge and as a result the overlap with the grating region is reduced. Reducing
the ridge width also results in a sharp decline in coupling coe cient. The reason
for this is that a narrower ridge causes the optical mode to be con ned more
strongly in the vertical direction, causing it to be pushed under the ridge. As a
result, the grating sees less of the optical mode resulting in a diminished coupling
coe cient. These e ects are illustrated in gure 3.9, which shows the fundamental
TE mode pro le for di erent ridge widths. Also worth mentioning, is that the
coupling coe cient is less sensitive to changes in both etch depth (Figure 3.7)
and ridge width at higher grating orders. In Figure 3.8 for example, between a
ridge width of 1.5 and 2um, the coupling coe cient declines by approximately 50
% for a ' order grating. This decline is only 5 % for the '8 order grating. This
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Figure 3.9: Fundamental TE mode pro les shown with the ridge waveguide cross
section for a ridge width of (a) 02um, (b) 0:7um and (c) 30um.

highlights the fact that increasing grating order relaxes demands on fabrication
despite resulting in a reduced coupling coe cient. In this work, it was desired

to ensure only a single transverse mode lasing, therefore, designs favoured ridge
widths between 1.5 and m.

3.5.4 Extrusion Length

Extrusion length describes the extent to which the gratings extend beyond the
ridge in the LC-DFB structure. The e ect on the coupling coe cient when

Figure 3.10: Coupling coe cient for a T order grating as a function of extrusion
length for a selection of ridge widths. The etch depth was.@um and the duty
cycle was 0.5.
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changing the extrusion length for di erent ridge widths is shown in Figure 3.10.

It can be seen that as the extrusion length is increased from zero, there is initially a
sharp increase in coupling coe cient, however, as the extrusion length is increased
further, the change in coupling coe cient becomes more gradual. As a result,
extrusion length is perhaps the most fabrication friendly parameter considered
here as coupling coe cient is not as sensitive to changes in this value as compared
with the etch depth. Additionally, with high resolution patterning methods such

as electron beam lithography this value can be controlled extremely well with
precision on the order of 10s of nanometres or less. As a result, during the design
process, the extrusion length was often used to ne tune the coupling coe cient
once the other parameters had been chosen. Figure 3.10 shows how extrusion
length a ects the coupling coe cient for a 15 order grating. Notably, extrusion
lengths less than bum provide adequate coupling coe cients. When higher
order gratings are considerd this is not necessarily the case. Figure 3.11, shows
the coupling coe cient as a function of the extrusion length for both 8 and 11"
order gratings where the etch depth was kept constant at@um, the ridge width
was selected to be gm and the duty cycle was 0.5. Here it can be seen that when
the extrusion length is 1um, the coupling coe cient is around 8 times higher in a

1%t order grating than for an 11" order device and 4 times higher than a'8 order
grating. This highlights the fact that when increasing the grating order, higher
extrusion lengths may be required to achieve the necessary coupling coe cient.
This has implications for mode selection, which will be discussed later in this
chapter.

3.5.5 Duty Cycle

The e ect of duty cycle on the coupling coe cient of the LC-DFB structure is
illustrated in Figure 3.12 for dierent grating orders. Figure 3.12a shows the
coupling coe cient as a function of duty cycle for a ® order grating, where
the ridge width is 2um, the etch depth is 16um and the extrusion length is
variable depending on grating order. In this case a single peak in the coupling
coe cient is observed at a duty cycle of 0.6. As one increases the grating order
the number of peaks and points where the coupling decays to zero also increases.
This is described by the sine term in equation 3.7, which includes the grating
order, m. Also shown in Figure 3.12, is that for all grating orders, the coupling
coe cient peaks at a duty cycle higher than 0.5. This is not the case for a buried
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Figure 3.11: Coupling coe cient as a function of extrusion length for both a
39 and 11" order LC-DFB laser structure. The ridge width was 2im, the etch
depth was 16 um and the duty cycle was 0.5.

grating DFB structure where the peak coupling coe cient will always be found
at a duty cycle of 0.5, for all odd values of grating order. This is explained
by the weighting function described in equation 3.8. When the duty cycle is
increased, the average refractive index of the grating region also increases towards
the value for the upper InP cladding layer. The increase in refractive index of
the material surrounding the RWG allows the optical mode to extend further out
as con nement is reduced. This results in an increased overlap with the grating
region leading to higher coupling coe cient. In this work, #, 3¢ and 11" order
gratings have all been fabricated. From a fabrication standpoint, a duty cycle of
0.5 is easiest to fabricate as it maximises the minimum feature size. As such 2nd
order gratings were not considered due to the fact that a duty cycle of around
0.75 would need to be chosen to maximise the coupling coe cient. Targeting
1550 nm, this correspond to a minimum feature size of 120 nm, which is the
same as a % order grating designed with a duty cycle of 0.5. Finally, for higher
order gratings it is clear that increasing the grating order has implications for
fabrication. Speci cally, using a grating order of 11 makes de ning the gratings
easier, o ering the ability to use lower resolution techniques. There is, however,
an issue in that the inaccuracy of the duty cycle does not have to be very large
before the coupling coe cient decays to zero. This presents a challenge when
attempting to use photolithography to de ne these structures for example, as

39



Figure 3.12: Coupling coe cient as a function of duty cycle for a (a) ¥ order
grating, (b) 2nd order grating, (c) 39 order grating and (d) 11" order grating.
The ridge width was 2um, the etch depth was i6um and the extrusion length
was variable depending on grating order.

will be shown in chapter 5 of this thesis.

3.5.6 Transverse Mode Selection

In an earlier section of this chapter it was shown that in some cases the extrusion
length must be made larger to facilitate lasing in LC-DFB devices with higher
order gratings such as 1M order. As a result of increasing the extrusion length,
the e ective width of the grating structure increases. This means that in some
cases the device may be able to support more than just the fundamental TE
mode. In general, selection of the ridge width has been carefully chosen to limit
the possibility of this happening. Nevertheless, it is important to be aware of
how this e ects the coupling coe cient of a LC-DFB grating. Figure 3.13 shows
the coupling coe cient as a function of both the extrusion length (ridge width =
2:5um) and ridge width (extrusion length = 0:2um) for both the TE ;o mode and
the TE 1o mode in a F order laterally coupled grating with an etch depth of 6um
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and a duty cycle of 0.5. Figure 3.13a shows that at small extrusion lengths, the
di erence in coupling coe cient between the two modes is negligible. However,
as the extrusion length is increased the T mode exhibits a higher coupling
coe cient. This is due to the shape of the optical mode, speci cally, the fact
that it is less con ned under the ridge than the Tk, mode. As a result of this,
the TE;o mode overlaps more with the grating region in the LC-DFB structure
leading to a higher coupling coe cient. This is also seen in Figure 3.13b where
there is a peak in coupling coe cient at around 27 um, after which increasing the
ridge width further results in a reduced coupling coe cient. This is the same e ect
as was described in section 3.5.3 as at small ridge widths the optical mode begins
to be pushed under the ridge and at elevated ridge widths, the mode becomes
more con ned within the ridge. Ultimately, the DFB lasing wavelength will be
dependent on both the coupling coe cient of each of the con ned transverse
modes, as well as the detuning between their corresponding wavelength and the
gain peak. During spectral measurements of a laser diode, higher order lateral
mode lasing is characterised by a shift in the designed wavelength as the e ective
index of the higher order mode is di erent to that of the TE, mode.

3.5.7 Selection of Coupling Coe cient

A discussion of how the coupling coe cient varies with a number of design pa-
rameters for a LC-DFB laser has been presented here. So far the speci c ideal

Figure 3.13: Coupling coe cient of both the fundamental TE mode and the
second TE mode as a function of (a) extrusion length with a xed ridge width of
2:5um and (b) ridge width with a xed extrusion length of 0:2um. In both cases
the etch depth was 16 um and the duty cycle was 0.5.
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numerical values of coupling coe cient have not been considered. When selecting
the ideal coupling coe cient, the targeted grating length must rst be considered.
This is usually the same as the cavity length in a DFB laser. The product of the
coupling coe cient and the grating length, L , ultimately decides what coupling
coe cient should be targeted. In the literature, there have been various values
quoted for this, depending on the type of structure being designed. Early work
on the subject by Soda et al assessed the single mode yield of phaseshifted devices
with varying coupling strengths. They found maximised yield whenL = 1:25
[25]. Increasing beyond this point was found to increase the e ects of spatial
hole burning (SHB), which is caused by an increase in mode intensity around the
phase shift section and leads to reduced side mode suppression ratio (SMSR).
Work by David et al in 1991 compared the experimental and theoretical yield
for various device con gurations including uniform grating devices with facets
as-cleaved. Their results suggest a maximum yield under these conditions when
L =1 2, depending on the degree of SHB [48]. Despite this, higher values
have also been used to produce functional devices. For example, recent work by
Kaneko et al in 2022 demonstrated a LC-DFB laser on InAs/InAlGaAs quantum
dot material which exhibited single mode operation with an SMSR value exceed-
ing 40dB [49]. In this case, the designedl value was 3 signi cantly higher than

the previously mentioned studies recommended. Furthermore, Ye et al recently
presented a LC-DFB laser integrated with a waveguide crossing. In this case, an
SMSR value exceeding 45 dB was achieved. The coupling strength of this device
was measured to be 65cnt and the cavity length was 60Qum, providing a L
value of 3.9 [50]. These results suggest that highdr values can also achieve
stable single mode performance. In this workl. values between 1.25 and 3 have
been targeted, with a wide range chosen to account for changes in the coupling
strength as a result of variation in the device dimensions during fabrication.
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3.6 Summary

This chapter has described the modelling techniques used to design the LC-DFB
grating structures in this work. An introduction to the e ective index alteration
techniques was provided along with an overview of how changing parameters
a ects the coupling coe cient.

Traditional methods for calculating the coupling coe cient are not suitable for
LC-DFB lasers due to the fact that the amplitude of the refractive index is as-
sumed to be small. A method for calculating the coupling coe cient for LC-DFB
lasers speci cally was presented in [38]. Here the LC-DFB grating structure is
separated into three waveguides, narrow, wide and averaged. The modulation is
then described in terms of new e ective indices, which are given by the overlap
of optical mode of the averaged waveguide with the refractive index distribution
of the narrow and wide waveguides.

Varying etch depth has a profound e ect on the coupling coe cient at low etch
values and stabilises at high etch values. Increasing the ridge width initially re-
sults in increased coupling coe cient until it peaks at around Jum beyond which

a decreased coupling coe cient is observed. Increasing the extrusion length re-
sults in increased coupling coe cient, with the rate of increase being increased at
shorter extrusion lengths. Altering the duty cycle changes the coupling coe cient
signi cantly, with higher duty cycles o ering greater coupling coe cient values
generally. Increasing the grating order introduces a series of peaks in the coupling
coe cient dependence on duty cycle, which corresponds to the grating order term
in the sine function. If a waveguide supports more than the Tg&g mode, then
higher order modes can exhibit higher coupling strengths and, therefore, may be
preferred during operation of the device.

The gratings fabricated in this work have been designed with coupling coe cient
values between 1.25 and 3, which corresponds to the range of recommended values
quoted in the literature.
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Chapter 4

Experimental Methods:
Fabrication and Characterisation

This chapter will describe the experimental techniques used in both the fabri-
cation and characterisation of the devices in this work. This will begin with a
discussion of all the fabrication methods utilised in this work, along with exam-
ples of their use in a RWG process ow. This will be followed by a presentation
of the characterisation methods and equipment used in device measurement.

4.1 Cleaning and Surface Preparation

Sample cleaning is an important step in any fabrication process as the existence
of unwanted particles can destroy individual devices and reduce yield. The rst
component of minimising unwanted particles is through the use of the cleanroom
environment. A cleanroom is a laboratory where the number of particles in the air

is known and controlled through the use of air Itration and laminar or turbulent

air ow. In addition to this, the temperature and humidity of the environment

is also controlled. All of the fabrication in this work was carried out in class
1000 cleanrooms, with lithographic processes carried out in a class 100 area of
the same cleanrooms.
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4.1.1 Solvent Cleaning

Despite the controlled environment, it is still inevitable that some particle con-
tamination of the semiconductor wafers will occur. For this reason, solvent clean-
ing is carried out throughout the fabrication process. This procedure is utilised to
remove organic materials such as photoresist and oils [51]. If resist has been used,
this begins with immersion in a dedicated resist stripper, usually at an elevated
temperature. In this work NMP1165 has been used as well as MLO-07, for this
purpose. Following this, the sample is immersed in the following order; acetone,
methanol and isopropanol (IPA). The order is important because acetone is the
best for removal of organic impurities but it leaves a residue that is hard to re-
move if allowed to dry. Methanol is e ective at removing this residue and so is
used second. IPA is the nal solvent because it rinses the acetone and methanol
residue e ectively and evaporates slowly, removing contaminants in the process
and leaving no residue. A rinse in de-ionised (DI) water can also be used at the
end of this process as a nal rinse to prepare for future processing. During all
of these solvent cleaning steps, ultrasonic can also be used to physically agitate
the surface and speed up the cleaning procedure. In this work, all processing was
performed on InP tiles, which is relatively fragile compared to other 1l1-Vs such
as GaAs. Therefore, extra care was taken through the use of reduced ultrasonic
power to avoid breaking the sample.

4.1.2 Oxygen Ashing

Oxygen ashing is a plasma etching technique that is used to remove organics from
the wafer. The mechanism for this is the dissociation of the oxygen molecule into
more volatile products including carbon monoxide and carbon dioxide. Ashing
was used throughout the fabrication processes in this work. It was utilised at
the end of the general solvent cleaning procedure described in section 4.1.1 as
a nal resist removal step, as well as after the development in any lithographic
process. This serves as a descum to remove the very thin layers of resist that
exist after development. Leaving these could hinder the adhesion of deposited
materials in further processes. Although ashing is an extremely useful technique
in maintaining substrate cleanliness, it can leave an oxide in exposed indium
phosphide, this sometimes requires removal which is described in section 4.1.3.
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4.1.3 Acid Surface Preparation

Ensuring good adhesion of deposited materials is vital for optimal device perfor-
mance. As mentioned in section 4.1.2, an oxide can be present on the surface
of InP either as a results of oxygen ashing or simply exposure to air. For good
adhesion at for example, contact-metal or dielectric-semiconductor interfaces, it
is helpful to remove the oxide layer leaving a fresh InP layer. This is done by
immersing the wafer in a solution that etches the native oxide away. There are
a number of appropriate solutions described in the literature for both InP and
GaAs [52, 53]. Typically however, the solutions involve a strong acid such as
hydrochloric acid (HCI) or base such as ammonium hydroxide (N}©H) diluted

in de-ionised water. In this work, the top-layer of the epitaxial structures usually
consisted of a highly doped InGaAs layer so a solution of NBH:H,O (1:10) was
chosen to remove the native oxide prior to dielectric or p-contact metals. Since
the n-contacts were deposited onto the InP substrate a di erent chemistry was
used to remove the native oxide. In this case a solution of HCEB (1:1) was
used.

4.2 Lithography

Lithography is the process by which, patterns are added to semiconductor mate-
rial. An example of a lithography process for the de nition of a RWG is shown in
Figure 4.1. The process begins with the epitaxial stack, upon which a hard mask
is deposited using the technique described in section 4.6.1. A light/electron sen-
sitive polymer is then applied to the surface, as shown in Figure 4.1c. The resist
is then exposed, which either damages the bonds in the resist molecules (positive
tone) or cross-links the resist (negative tone). Figure 4.1d illustrates this for a
negative tone photoresist. Following exposure, the sample is then immersed in
a developer, which selectively removes resist. In the example shown in Figure
4.1e, the unexposed resist has been removed. Following a lithography process,
the pattern can be transferred to the semiconductor material through either an
additive process such as deposition and lift o, which will be described in section
4.6, or a subtractive process like etching (section 4.4). In this work, a number
of lithography techniques were used to de ne the ridges and gratings that con-
stitute the LC-DFB laser cavity, the oxide isolation regions to facilitate current
ow and the metal contacts. Two techniques have been used in this work, which
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Figure 4.1: Typical RWG lithography process ow. (a) Basic epitaxial structure,
(b) Deposition of the hard mask, (c) Application of photoresist, (d) Exposure of
the photoresist, exposed area is darker, (e) Development of the resist, leaving the
patterned RWG.

were mask-less projection lithography and e-beam lithography. The following
sections will describe these technologies as well as some important considerations
in lithography processes.

4.2.1 Resist Preparation and Selection

To guarantee resist adhesion to the substrate, several steps were undertaken.
Once a cleaning procedure has been applied such as that described in section 4.1,
the surface was prepared for the resist applications by performing a dehydration
bake, followed by the application of an adhesion promoter. Many options for
this step exist, however, in this work both Ti-Prime and Hexamethyl Disilazane
(HMDS) were used. Adhesion promoters work by introducing a submonolayer
on the surface of the material making the surface slightly hydrophilic, improving
resist adhesion in the process [54].

Choosing the correct resist is extremely important and there are many options
available. The decision generally comes down to what subsequent step will be
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carried out with the resist in place. For example if a deposition and lift o is
being performed, a large undercut would be desired so that the resist removal
solvent can access the resist under the deposited material. If an etch will be
performed the primary concern is that the resist is su ciently resistant to the
etch in order to provide high selectivity for the material being targeted by the
etch. Additionally for a dry etch, a more vertical pro le is generally required so
as to promote a vertical pro le in the etch. In this work, a number of resists have
been used. For the majority of the photolithography, the AZ family of negative
photoresists were used due to their ability to provide vertical pro les for etching as
well as undercuts for lift o depending on how they are processed. Additionally,
an electron beam lithography process using diluted AZ2020 has been developed
for the fabrication of LC-DFB gratings, which will be described in chapter 6.

The process of applying the resist was done through the use of spin coating. This
involved dropping the required amount of resist onto the wafer and spinning at
speeds of 1000's of rpm. Spin speed is the primary way of controlling the thick-
ness of the resist and resist manufacturers will typically provide data describing
thickness as a function of spin speed. The nal step in preparing the resist is
known as a softbake. This bake was used to remove the remaining solvent from
the resist after it had been spun.

4.2.2 Maskless Optical Projection Lithography

The traditional method of performing optical lithography in a research environ-
ment involves using a mask aligner which involves shining light through a physical
mask, that contains the design to be patterned, onto the sample. In high through-
put applications such as silicon chip manufacturing optical projection lithogra-
phy systems are used (also known as steppers) with reticles as the physical mask.
There is a large cost associated with physical mask/reticle production however,
as they are usually patterned externally with e-beam lithography. Furthermore,
changes cannot be made to the mask once it has been made, so it is di cult to
adapt the design as is often required in a research environment. In response to
these issues considerable e ort has gone into developing mask-less lithography
techniques [55]. An example of one of these techniques is maskless optical pro-
jection lithography (MOPL). In this work, two MOPL systems were used, the
rst was a Heidelberg MLA150 a schematic of which is shown in Figure 4.2. In
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Figure 4.2: Simpli ed schematic of the Heidelberg MLA150 maskless optical pro-
jection system used in this work.

this system the spatial light modulator (SLM), which is an array of electrically
controlled micromirrors, takes the place of the physical mask. The mask data
is transferred to the SLM from which tilts the mirrors to produce the required
image [56]. This image is beamed through a series of projection optics and onto
the wafer surface. This makes this system more like a stepper than a traditional
mask aligner as only a small area of the wafer is being exposed at a given time.
The second MOPL system used in this work was a Durham Magneto Optics Mi-
crowriter ML3 pro. The principle of operation is the same for this system however
a digital micromirror device (DMD) is used instead of the SLM. The DMD is also
an array of mirrors but is slightly simpler in that the mirrors can either be on or

o and are set before an exposure rather than controlled during exposure such as
in a SLM [57]. The result of this is slightly longer exposure times but resolution
IS similar.

4.2.3 Electron Beam Lithography

For 15t - 39 order DFB lasers operating at 1550nm, the minimum feature size is
on the order of 100-300 nm. Therefore, there are a limited selection of methods
that can pattern closely spaced designs at this resolution. The most developed of
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these, particularly in research environments is electron beam lithography (EBL).
An EBL tool utilises an electron emission source such as a tungsten tip or a
eld emission gun (FEG). The electrons from the source are focused onto the
sample through a series of electrostatic lenses. In this work, a Raith 5200+
100kV electron beam lithography system was used. A full discussion of EBL is
beyond the scope of this work. There are, however, a number of basic concepts
that are very relevant in the fabrication of DFB laser gratings. These will be
described below.

Proximity E ect and Correction

In EBL the resolution is limited by two main things. The rst of these is aberra-
tions in the electron optics used to focus the beam. This cannot be corrected by
the user as it is generally an attribute of the system being used. The second lim-
iter of resolution in EBL is known as the proximity e ect. Broadly this describes
how the electrons scatter as they interact with both the resist and the substrate.
The result of this is that exposed patterns become wider than intended due to the
resist being exposed outside the region de ned by the designed pattern. There
are two types of scattering that electrons undergo when they enter a material.
The rst of these is known as forward scattering where an electron has a collision
with an electron in either the resist or the substrate. These are generally small
angle collisions and if they occur with an electron in the resist, the molecule may
be broken by this interaction. The second type of interaction is called backscat-
tering. In this case the electron collides with the nucleus of an atom, usually
within the substrate. Collisions of this nature result in large changes in direction
of the electrons while they retain most of their energy. As such the electrons
re-penetrate the resist at distances far away from their initial point of incidence,
resulting in more exposure of the resist. It is the backscattering interactions that
are the main cause of the proximity e ect. The electrons coming straight from
the beam are known as primary electrons and as they interact with the resist they
lose energy in the form of secondary electrons. It is these secondary electrons that
cause the exposure of the resist predominantly. Since it is not the point like beam
that causes most of the exposure however, there is a broadening of the exposed
area in practise. It is worth noting that beam energy changes the interactions
in the resist signi cantly. A higher beam energy results in greater penetration
and less forward scattering allowing thicker resists to be used but at the cost of
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increased backscattering as more electrons are entering the substrate. Using a
beam with lower energy results in less backscattering but forward scattering is
increased meaning that thinner resists must be used [58].

Whilst a hindrance, the proximity e ect can be mitigated using a proximity e ect
correction. Signi cant e ort has gone into accurate simulations of the proximity

e ect and commercial software is available that provides highly accurate and
customisable proximity e ect corrections. In this work, the commercial software
provided by GenlSys, called Tracer and Beamer, were used exclusively for EBL
proximity corrections. Tracer performs Monte Carlo simulations to calculate the
absorbed energy spread at given points in the resist. The output of this is a point
spread function (PSF) that describes the absorbed energy in the resist at any
position [59]. This can then be combined with the Beamer software to perform
the nal proximity e ect correction on the desired pattern. Whilst other types

of proximity e ect correction exist, most commercial software, including Beamer,
use what is called the dose modulation method. This method involves dividing
the design into a number of shapes that are each given a designated dose such that
they will be patterned true to the design. The result of this is that shapes that
are in close proximity to other shapes will be given a reduced dose to compensate
for the e ects from neighbouring shapes and those that are isolated will be given
an increased dose. Applying a correction in this way will make the dimensions of
the features that are patterned closer to the designed values.

Beam and Patterning Parameters

Alongside, proximity e ect correction there are a few other parameters that must
be chosen during the data preparation process. The rst of these is the beam
step size (BSS) which de nes the distance between individual beam shots. This
must be chosen with the expected diameter of the beam spot in mind so as to
avoid leaving areas unexposed. Reducing the BSS will increase the size control
along with improving the smoothness of feature edges as long as an appropriate
beam current is used to limit the size of the beam spot. This comes at a cost of
increased patterning time, however [58].

Another patterning parameter that is important, especially for DFB lasers where
there are long continuous patterned areas, is the write eld. When considering the
write eld both the size and alignment are important. Practically, the write eld
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