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Porosity in Nitride Semiconductors

This thesis presents an exploration of how electrochemical etching (ECE)

can be used to create pores in nitride semiconductors in order to engineer

their properties. ECE offers a simple, flexible approach to pore formation,

driven by an electric field between the material surface and a suitable elec-

trolyte. This means that the material must be conductive in order to form

pores. This makes doping density and potential the two key parameters for

controlling the process. A particular focus of this work has been to under-

stand how pores can form in a subsurface doped layer, below a non-porous

non-intentionally doped capping layer. It is found that this is enabled by

nanopipes formed at dislocations, which allow the electrolyte to reach the

doped layer with minimal damage to the capping layer.

Large birefringence of 0.14 has been produced in porous GaN structures

and this has been thoroughly studied through optical measurements, finite

element modelling and 3D structural data obtained using focussed ion beam

milling combined with scanning electron microscopy. Characterisation of

structures with periodic layers of porous GaN has also been demonstrated,

using x-ray diffraction measurements. This has been used to measure the

layer thickness and porosity of these samples and predicts their optical re-

flectivity with higher accuracy than the standard method for such charac-

terisation.

Forming pores in nitride semiconductors other than GaN has also been

demonstrated. Porous AlGaN UV reflectors have been created, with a peak

reflectivity of 89% at 324 nm and ECE has been applied to InGaN quantum

wells with the aim of enhancing the luminescence. Measurements indicate

that ECE creates both enhancement and a blueshift in the emission peak.

Controlling and characterising pore formation at this scale is a huge chal-

lenge and further study of the pore morphology is required to verify the

mechanism causing this.

Peter Griffin
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Supplementary Material

Some items of supplementary material are available to aid parts of this the-

sis and are available online at: https://doi.org/10.17863/CAM.52027 These

items are:

� Image1 shows aligned optical and SEM images, revealing the corella-

tion between the micro and macro structure of a thick porous layer.

This data is discussed in section 3.3.4.1.

� Video1 shows sequential SEM images of the region around a V-pit in a

porous GaN DBR, milled by FIB, thus showing how the pore structure

changes with depth. This data is discussed in section 4.2.3.

� Video2 shows serial block-face imaging (SBI) data obtained from se-

quential FIB-SEM of a porous GaN DBR. This data is discussed in

section 4.3.1.1.

� Video3 shows the data shown in Video2, reconstructed to show the

pore structure of each layer of a porous GaN DBR. This data is dis-

cussed in section 4.3.1.1.
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Chapter 1

Introduction

Nitride semiconductors have been one of the most influential semiconductor

material systems after silicon. They have transformed lighting through blue

light-emitting diodes (LEDs) allowing the generation of white light with

efficiencies up to 20× greater than traditional incandescent light bulbs [1].

They are also set to facilitate a similar revolution in high power electronic

devices, due to the significantly higher electric field strength and electron

mobility than Si [2]. Forming porous GaN through electrochemical etching

(ECE) first emerged in the late 90s [3] and more recently has become an

exciting method for nano-machining this important semiconductor. The

aim of this thesis is to better understand the mechanisms and methods

for forming porous nitrides and to expand the opportunities available for

exploiting its use in a range of devices.

Creating pores in a material can change its properties in a number of

ways. At a basic level, the density is reduced, which directly influences

myriad mechanical, thermal, and electromagnetic properties. In this the-

sis, this has been used to alter the refractive index to form highly reflec-

tive distributed Bragg reflectors (DBRs) in GaN and AlGaN. These have

been characterised using x-ray diffraction (XRD), as porosity reduces the

x-ray scattering coefficient. Porosity also increases the surface area, which

increases the interaction with chemical species, making porous materials

useful for applications such as catalysis and sensing. Work in this area is

reviewed (section 1.2.2.3), but experimental work has not been pursued.

Pores can also create anisotropic properties, such as optical birefringence,

which presents opportunities for a range of optical devices, as well as of-



1.1. Properties of nitride semiconductors

fering a straightforward method for characterising pore alignment (Chapter

4). Finally, this thesis examines using porosity to enhance the properties of

quantum wells, by increasing confinement (section 6.3). Alongside the explo-

ration of the impact of porosity on material properties, this thesis contains

considerable work exploring how porosity is created both mechanistically

and practically. The electrochemical process for creating pores is simple in

its implementation, but has a wide parameter space and can be applied to

a wide range of structures. In particular this thesis advances the knowledge

on the role of dislocations as vertical pathways for etching subsurface layers.

The structure of the thesis is as follows. This chapter provides the nec-

essary background to understand how porous nitride semiconductors can

be made and what they can offer nitride semiconductor devices. Firstly,

a brief overview of nitride semiconductors is given, with a description of

their crystal structure, band structure and usage. Then follows a review of

the current literature on porous nitrides in terms of formation and usage.

Chapter 2 follows with a description of the experimental methods used to

fabricate and characterise the samples studied in this thesis. Chapter 3 de-

scribes the electrochemical pore formation mechanism in GaN, followed by

Chapter 4, in which the birefringence of porous GaN is studied. This chap-

ter also presents the development of an automated microscopy technique to

image the subsurface structure at high resolution. Chapter 5 shows how x-

ray diffraction (XRD) can be used to measure the structure of porous GaN

multilayers. Finally, Chapter 6 outlines the work done on binary nitride

alloys. Both AlGaN and InGaN can be porosified by the same process of

ECE in a similar way to GaN.

1.1 Properties of nitride semiconductors

The material family of III-nitride semiconductors, consisting of compounds

of nitrogen with gallium (Ga), Indium (In) and Aluminium (Al) metals

offers direct bandgap semiconductors across the visible spectrum and into

the UV. The direct bandgaps of these materials means that they can be

efficiently used to create light, as no phonon is required in the creation of a

photon. GaN and InN have bandgaps at either end of the visible spectrum

(3.3 eV and 0.7 eV respectively [4]), while AlN has a bandgap deep in the

UV (6.2 eV [5]). All three materials can be made with the same crystal

2



1.1. Properties of nitride semiconductors

structure, such that alloys of InN, GaN and AlN can be made to tune the

emission wavelength. The direct and tunable bandgap makes the nitrides

of keen interest for light-emitting devices, such as lasers and LEDs. These

have been particularly successful in the blue, using InGaN quantum wells for

efficient recombination in GaN LEDs. Despite the theoretical wavelength

tunability, devices with high InN or AlN content are dogged with problems

that limit the efficiency for devices emitting at wavelengths longer than

green [6] and in the UV [7]. The first bright, blue LED was a p-i-n structure

with a single InGaN QW demonstrated by Nakamura et al. in 1995 [6]. By

2006 $4 billion worth of GaN LEDs were sold per annum [8].

GaN also offers opportunities in power electronics with breakdown strength

and electron mobility 10× and 25× higher in GaN than in Si respectively [9].

These material properties have the potential to allow smaller devices, with

higher frequency operation and lower switching losses. A wide bandgap and

chemical inertness also give GaN a strong potential for electronic devices for

harsh environments, with potential for devices to operate beyond 600°C [10].

The following sections describe the properties of nitride semiconductors in

more detail.

1.1.1 Crystal structure of nitride semiconductors

GaN can exist in one of three crystal structures. Wurtzite is a stable hexag-

onal structure and zincblende, a meta-stable cubic structure [11]. Both

of these forms are tetrahedral with each atom being four-fold coordinated.

There is also a rock-salt crystal structure only possible at high tempera-

ture and pressure [12] this structure is octahedral and each atom is 6-fold

co-ordinated. The wurtzite structure is currently used in almost all commer-

cial applications and all samples reported in this thesis are wurtzite. InN

and AlN can also be formed in the wurtzite form and binary alloys of these

materials are commonplace. The lattice parameter of the resulting material

varies according to the mole fraction of the two materials. This is given

approximately by Vegard’s law, which gives the lattice parameter (a) of an

alloy AxB(1−x) as:

a = aA(x) + aB(1− x) (1.1)

Where aA and aB are the lattice constants of materials A and B respectively.

3



1.1. Properties of nitride semiconductors

The bandgap (Eg)is given by a similar function [13]:

Eg = EA(x) + EB(1− x)− bx(1− x) (1.2)

Where b is known as the bowing parameter and represents the non-linearity

of the relationship between x and Eg, which leads to a non-linearity in the

relationship between a and Eg, as is sketched in Figure 1.1.

Figure 1.1 Graph showing how the lattice parameter and band gap of group III-
nitride semiconductors varies with alloy content [14].

Figure 1.2 illustrates the crystal structures of the two principle forms

of GaN and other nitride semiconductors. The cubic zincblende form has

an ABC stacking order to the metallic sublattice in the c-direction (abc

for the nitrogen sublattice), whereas in wurtzite the metal layers have an

AB stacking pattern (ab for nitrogen), where the atomic positions alter-

nate every other layer [15]. In crystallography Miller indices are used to

refer to crystal planes. These are sets of three numbers that give the in-

tercepts of the plane in question with the crystallographic axes as (hkl).

With hexagonal structures these tend to give values with no obvious sim-

ilarity for describing planes of the same type. To overcome this problem

four figure Miller-Bravais indices tend to be used, of the form (hkil). The

h and k are the same as in the Miller system and are separated by 120°.

i is in the same plane as them, separated by 120° from each of them such

that i = −(h + k). This extra, redundant value makes similarities between

4



1.1. Properties of nitride semiconductors

Figure 1.2 Diagrams of the crystal structure of (a) the cubic zincblende structure
and (b) the hexagonal wurtzite structure used in this thesis. Atoms are coloured
red (Group III metal) and white (N). The diagrams show the 3D arrangement (top)
and the 2D stacking arrangement in the c direction (bottom) [15].

planes more obvious in the notation, as can be seen for the two planes

(110) = (112̄0) and (12̄0) = (12̄10). This is the notation used throughout

this report to describe crystal planes and the corresponding x-ray reflec-

tions. Most commonly, GaN devices are built on c-plane wurtzite (0001).

There are strong spontaneous and piezoelectric polarization fields in the c-

direction, as it is non-centrosymmetric. One impact of these fields is the

quantum confined stark effect (QCSE), which reduces recombination effi-

ciency in quantum wells, such as those within the luminescent region of an

LED.

1.1.1.1 Dislocations

Most GaN devices are made from GaN grown heteroepitaxially, as described

in section 2.1.1. The mismatch between both the lattice constant of the two

layers and the thermal expansion coefficient creates strain in the epitaxial

layers. All presented samples in this work are c-plane, (growth direction

is 0001) and have been grown on sapphire substrates. This results in a

lattice mismatch of 13.9%, which is increased even further when the sam-

ple is cooled from its growth temperature, due to the mismatch in thermal

5



1.1. Properties of nitride semiconductors

expansion coefficients between the two materials [16]. This leads to consid-

erable compressive strain in the GaN layer, which can be relaxed through

the formation of a high density of misfit dislocations near the interface [17].

Due to these strains nitrides also suffer from high densities of threading

dislocations (TDs). Dislocations are line defects in a crystal and TDs are

dislocations that propagate in the growth direction. The crystal lattice is

distorted around a defect and the direction of this distortion can be repre-

sented by the Burgers vector (b). The line vector of a dislocation (t) points

along the direction of the dislocation itself. These can be used to define

three general types of TDs: edge dislocations are where b is perpendicular

to t (see Figure 1.3a); screw dislocations are where b and t are parallel (see

Figure 1.3b); and mixed dislocations for which b and t have some other ori-

entation, such that the dislocation has both an edge and screw component.

A large proportion of TDs in GaN are edge or mixed type, while pure

screw dislocations represent between 1 and 10% [18]. Thicker layers have

a lower proportion of mixed dislocations [19]. Most of the samples studied

in this work are grown on a low defect density (LDD) template, where

3D growth is used to annihilate dislocations in the initial nucleation layer.

This leads to a dislocation density of around 3×108cm−2. Lower dislocation

densities can be achieved through methods such as epitaxial layer overgrowth

(ELOG) or the growth of thick layers using hybride vapour phase epitaxy

(HVPE), which can achieve dislocation densities as low as 106−107cm−2 [20,

18].

(a) Edge
(b) Screw

Figure 1.3 Diagrams of threading dislocation types (a) an edge dislocation with
a vertical line direction (t) and a lateral Burgers vector (b). (b) Perfect screw
dislocation with vertical line direction and Burgers vector.

TDs are therefore an unavoidable aspect of nitride materials and they

have a number of impacts on the material’s behaviour: in LEDs or other

6
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luminescent devices they act as non-radiative recombination centres that

lead to dark regions and reduce overall device efficiency [21, 22]; scattering of

carriers at TDs can lower the transverse mobility [23], which can reduce the

performance of power transistors [24]; and they can act as current leakage

paths in diodes [25]. TDs can also produce V pits on the surface of the

material, due to the strain they exert on the surface. These can act as light-

scattering centres and disrupt the layer structure of devices, particularly

for structures with multiple thin layers, such as multiple quantum wells

(MQWs) [25]. TDs are generally deleterious to device performance for a

wide range of reasons, but we shall see that for forming subsurface porous

GaN structures they also have a vital role, as shown in section 3.3.

1.1.2 Doping

A key requirement for any semiconductor is to be able to dope the material

both p-type and n-type. This allows control of the conductivity, as well

as engineering the band structure to create diodes and other structures.

Doping is achieved by contaminating the material with a small amount of an

element that will either donate an extra electron to make n-type material or

accept an electron to create an extra hole and create p-type material. These

contaminants create an energy level in the bandgap of the semiconductor.

To create n-type material donor doping creates an electron at an energy level

close to the conduction band, such that it can easily be promoted into the

conduction band. For p-type material, an acceptor state is required, which

lies close to the valence band in order to create free holes. The energy gap

between the donor state and the conduction or valence band is described

as the binding energy. For efficient doping, this is small enough for most

states to be ionised at room temperature and therefore have a high doping

efficiency.

In the case of the nitrides, silicon can be used for donor doping, substi-

tuting on the metal site, as this has one more valence electron than GaN.

For GaN, this has a binding energy between 12-17 meV [26], which is con-

siderably less than the thermal energy at room temperature, making this

an efficient dopant state. Silicon doping is routinely used and can achieve a

carrier concentration of up to around 1 ×1019cm−3. Values higher than this

can impact surface roughness and introduce strain [27, 28]. For high doping

requirements, Ge may offer a better option, as this is a similar size to Ga

7



1.1. Properties of nitride semiconductors

and therefore distorts the crystal lattice less. Free carrier concentrations up

to 2.9×1020cm−3 have been achieved using Ge doping, with considerably

less induced strain and smoother surfaces [27].

Acceptor doping to create p-type material is harder for the nitrides. The

first reported instance of p-type GaN was with Mg dopants, which has one

fewer valence electron than GaN, but require activation by a low energy

electron beam treatment [29]. It has since been discovered that the same

activation process can be achieved by thermal annealing of a Mg-doped

GaN film above 700°C [30]. Such activation steps are necessary to remove

hydrogen that passivates the acceptor doping state [31, 32]. Even after

Mg is activated, the binding energy of the acceptor state is 250 meV [33],

which is approximately an order of magnitude larger than the thermal free

energy at room temperature, making this an extremely inefficient dopant.

This means that for a given free carrier concentration, the doping density

of Mg must be considerably higher. As a result p-type doping remains a

challenge. One approach to increase hole carrier concentration is to use a

Mg doped AlGaN/GaN superlattice. This has been used to achieve a hole

concentration of around 1×1018cm−3, about an order of magnitude higher

than through conventional methods [34].

1.1.3 Birefringence

Birefringence is the property of a material with a refractive index that varies

depending on the polarisation direction of the incident light. A uniaxial

birefringent material can be characterised as having an optic axis, with

one value for the refractive index parallel to this axis and another value

perpendicular to it. These are described as the extraordinary (ne) and the

ordinary index (no) respectively. Rotating the sample around the optic axis

will not change the observed refractive index.

GaN has an optic axis in the c-direction. The value of the refractive

index parallel to the c-axis (ne) has a larger value than the ordinary axis

(no), which is perpendicular to it, meaning that GaN has positive birefrin-

gence. The value of this birefringence is around 0.04, although it varies with

wavelength. Measured values also vary with the strain, doping and defect

density in the measured sample. The maximum birefringence is in the UV,

just before the absorption edge, and has been measured at around 0.055 [35].

Birefringence will not be seen in a c-plane sample illuminated under normal
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1.2. Forming porous nitrides

incidence, as the light is parallel to the optic axis, meaning that the observed

refractive index is no for all polarisations.

1.2 Forming porous nitrides

While there have been many diverse methods reported to make porous ni-

trides [36, 37, 38, 39], this project uses only ECE, so this section describes

ECE and the related method of photo-electrochemical etching (PECE). ECE

or anodisation is the process of corroding a sample by applying a positive

voltage with respect to a stable, counter electrode in a suitable electrolyte.

When the process is supported by illumination it is termed PECE. This

presents a versatile system, allowing the formation of a wide range of pore

morphologies for surface and subsurface pores.

This section is split into two parts. The first part (1.2.1) reviews the

literature around the methods for creating pores by ECE of nitrides and

how the mechanism for this process works. It describes the influence of

various parameters on the resulting pore morphology and describes various

methods for creating subsurface layers of porosity. The second part (1.2.2)

focuses on the range of possible applications of porous nitrides that have

been demonstrated. These range from optical devices, sensors and as a

mechanism for improving the material quality that could be applied to any

nitride device.

1.2.1 Methods and mechanisms of pore formation

1.2.1.1 Experimental set-up

ECE and PECE of GaN have been performed with wide ranging parameters

to form porous structures with various morphologies. The basic set-up is

the same for all of these and is shown in Figure 2.2. This consists of:

� A nitride based sample to be porosified, connected as the anode;

� An inert counter electrode, connected as the cathode, usually plat-

inum;

� An electrolyte, forming an ionic conduction path between the elec-

trodes;
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1.2. Forming porous nitrides

� An applied potential between the anode and cathode from a voltage

or current source;

� In the case of photo-electrochemical etching (PECE) the sample is also

illuminated, normally using a high energy UV lamp.

Within this basic set-up there are wide choices to be made of growth struc-

ture, electrolyte, applied potential and illumination power and wavelength.

There are also differences in the physical set-up, such as the inclusion of a

known reference electrode (e.g. Ag/AgCl) or the use of a stirrer or pump to

create electrolyte flow.

Figure 1.4 A schematic illustration of the basic electrochemical set-up for forming
porous GaN.

For forming porous GaN a sample is contacted and placed in an elec-

trolyte that can range from strongly acidic (e.g. 15.7 molar HNO3 [40]) to

strongly basic (e.g. 2 molar KOH [41]). Applied potentials in the range 2

V - 40 V have been reported [40] and the n-type doping density of the layer

that becomes porous can range between 10× 1017 − 10× 1020cm−3. There

is a minimum necessary doping density because the corrosion reaction is

driven by an electric field at the GaN/electrolyte interface and this will only

exist if the sample is conductive.
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1.2. Forming porous nitrides

1.2.1.2 The electrochemical process

Anodisation has been reported as a method for forming pores in silicon [42]

and III-V semiconductors other than GaN [43] and is a process that is driven

by free holes at the anode/electrolyte interface. PECE of GaN was first

used for electropolishing, i.e. removing material completely rather than just

porosifying it [44]. In that work, the applied potential was very low and

without illumination no etching was observed. This could be best described

as electrically enhanced photochemical etching, as the reaction is driven by

the incident light and the role of the potential is simply to remove the photo-

generated carriers. The authors proposed a mechanism for the process based

on prior work on GaAs that the photo-injected holes assist the oxidation of

Ga. The oxidation of GaN is an electrochemical reaction, driven by holes

and can be shown as [45]:

2 GaN(s) + 6h+ −−→ 2 Ga3+(aq) + N2(g). (1.3)

The Ga3+ ions can then dissolve in the electrolyte. This is now generally

acknowledged as the appropriate mechanism for nitride anodisation in both

ECE and PECE [46, 47], although some work specifies that Ga2O3 is formed,

which can then be dissolved in the electrolyte [48]. This fits with the finding

that when the same process is performed with pure water as the electrolyte,

the surface is oxidised, but the oxide is not dissolved, so pores are not

created [49].

Equation 1.3 shows that the process is driven by free holes. In the case of

PECE the incident light creates electron-hole pairs and the photogenerated

holes are swept to the nitride/electrolyte interface by the applied electric

field, where they drive the etching reaction [50]. In ECE there are no pho-

togenerated carriers, but holes can be created in an n-type semiconductor

in two ways: Zener tunnelling or impact ionization. In Zener tunnelling the

band bending resulting from the applied negative potential at the electrolyte

interface is large enough that the valence band at the interface reaches a

higher energy than the conduction band in the bulk. This allows electrons

to tunnel from the interface valence band into the bulk conduction band,

leaving behind a free hole. This is only possible with high doping, such that

the space-charge region (SCR) is thin enough to allow tunnelling. Impact

ionization occurs under an even larger electric field. In this case a highly
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energetic conduction band electron creates an electron hole pair by colliding

with a valence band electron and losing its kinetic energy. This requires car-

riers to be accelerated by the electric field over a large enough distance to

gain sufficient kinetic energy. Hence a large SCR is required, which occurs

at low doping density. Assessment of the potentials and doping density at

which pores are formed in GaN suggests that Zener tunnelling is most often

the significant process [45, 51], although avalanche breakdown could become

significant at higher potentials and have an impact on the mechanism and

morphology [52].

One model describing pore formation in III-V semiconductors more gen-

erally is the current burst model. In this situation avalanche breakdown

occurs around some defect and causes a large supply of holes that drives

an oxidation reaction. The oxide that forms then quenches the reaction by

reducing the electric field at that point. The oxide is steadily dissolved by

a chemical process until it becomes thin enough for another burst to oc-

cur [43]. This leads to characteristic oscillations in the width of the pores.

The current burst model has been presented in detail as one mechanism for

pore formation in silicon [53] and the oscillations have been observed in the

formation of surface pores in GaN [47].

Figure 1.5 Cross-sectional SEM image of a GaN/nanoporous GaN Distributed
Bragg Reflector (DBR). The porous layers are separated by non-porous GaN layers,
which is the NID material. From [40]
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1.2. Forming porous nitrides

The requirement of an electric field at the nitride/electrolyte interface

means that both ECE and PECE are conductivity-selective etching methods.

If the material is not conductive enough then there will not be an electric field

at the interface, holes will not be injected into the surface and the material

will not etch. This means that NID layers can be used as etch stops. This

is shown in the cross-sectional SEM image of Figure 1.5. Layers of Si-doped

and NID GaN are grown in an alternating structure and through ECE the Si-

doped GaN is transformed to porous GaN, which creates a highly reflective

distributed Bragg reflector (DBR). The NID material forms an effective etch

stop, as the applied electric field between this material and the electrolyte

is zero, so there is nothing to generate the free holes necessary to drive

the oxidation reaction. Almost all reported porous nitride materials are n-

type doped due to the requirement for reasonably high conductivity and the

challenge of effective p-type nitride doping. Porosity has been created at

the surface of p-type GaN using PECE [49, 54], as well as by employing a

novel approach using alternating current [55].

1.2.1.3 The depletion model of pore formation

The doping density and the applied potential are the two most influential

factors in controlling pore formation and their morphology, as these are

the ways of changing the applied electric field. Figure 1.6 shows a phase

diagram to illustrate this for the ECE of GaN [47]. When the applied

potential and doping concentration are low there is no etching, as the electric

field is not large enough to inject holes into the surface GaN to oxidise

it. Increasing the potential and/or the doping concentration increases the

electric field applied at the GaN/electrolyte interface. At some point, the

electric field will be large enough to cause hole injection at certain “hotspots”

and etching will begin to form pores. Increasing potential and/or doping

density further allows the electric field to completely etch the doped layer to

cause electropolishing. Within the central region of Figure 1.6 where porous

etching is achievable, there is a range of achievable morphologies. Pore size

can be controlled by varying the applied potential for a given doping density

or vice versa. At a high potential, near the electropolishing regime, pores

are large, whereas at low potential, near the no etching regime, pores are

small [51].

The morphology of pores formed under different etching conditions can
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.

Figure 1.6 Phase diagram showing how the dual factors of potential and doping
density control the etching process, showing the no etching regime, where the elec-
tric field is too low (squares), the electropolishing regime where all doped material
is removed (horizontal lines), and between these two the nanoporous regime, where
pores are formed (circles). Reproduced from [47]

be understood through a depletion model [47]. When a positive potential is

applied to an n-doped planar nitride semiconductor relative to an electrolyte,

the electric field will create band bending at the surface, causing a depletion

region to grow and if the potential is large enough, forming an inversion layer.

Injected holes can then drive the oxidation of GaN by the electrochemical

process shown in Equation 1.3, which removes material. For a planar surface,

the size of the electric field at the nitride surface will be defined by the

potential across the depletion region and its width:

EDepl =
VDepl
WDepl

, (1.4)

Where EDepl is the electric field across the depletion region, VDepl is the

potential dropped across it and WDepl is the width of the depletion region. It

is generally assumed that VDepl will be a significant proportion of the applied

potential, as the depletion region is highly resistive compared to the bulk

semiconductor and the electrolyte [56]. Some work has suggested that the

voltage drop along a GaN electrode is significant, this will depend strongly

on the particular doping density, layer thickness and sample length [57]. To

14



1.2. Forming porous nitrides

derive WDepl, we can use the derivation of the depletion width for a reverse

biased p+n junction (see [58] or similar textbook), where we assume the

space charge region in the electrolyte is negligible:

WDepl =

√
2εrε0VDepl
qND

(1.5)

Where εr is the relative permittivity of the semiconductor, ε0 is the permit-

tivity of free space, q the fundamental charge of an electron and ND is the

donor doping density of the semiconductor. Combining equations 1.4 and

1.5 gives:

EDepl =

√
q

2εrε0
VDeplND (1.6)

Thus, EDepl and WDepl are both proportional to the root of VDepl, while

EDepl is also proportional to the root of ND, but WDepl is proportional to

the inverse of the root of ND. Following [51], we can define a critical electric

field, ECrit above which material will be etched. Approximating the pores

as circular in a 2D model, the thickness of the walls between pores, t, is then

given by:

t =
2εrε0ECrit
qND

(1.7)

This indicates that the pore wall thickness is independent of voltage, but

inversely proportional to ND. This would suggest that the pore walls become

thicker with a decrease in ND, as has been shown experimentally [47]. As

ND decreases, a larger potential is required to achieve ECrit. Continuing

with the 2D circular pore model from [51], the electric field at distance r

from the pore centre is given by:

E(r) =
1

2πrεrε0

[
qNDπ(r2 − r20) +Q

]
(1.8)

Where r0 is the internal radius of the pore and Q is the total charge in the

anion layer. The point at which the pore stops growing in size will be when

E(r0) = −ECrit. Using equation 1.8, this gives:

− ECrit =
Q

2πr0εrε0
(1.9)

which can be rearranged as:
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r0 =
−Q

2πεrε0ECrit
(1.10)

Q, the total charge in the anion layer, must balance the total charge in the

depletion layer, which is given by:

Q =
√

2qεrε0VDeplND (1.11)

Therefore, for a given ND increasing the potential will increase pore size.

At large ND, the threshold potentials required to create pores and to induce

electropolishing are lower. This simple 2D analysis can therefore explain the

observed morphology of pores.

The growth direction of pores formed through anodic porosification can

generally be described as either crystallographically or current-line orien-

tated [43]. No influence of crystallography on the pore growth direction has

yet been observed in porous GaN [45]. Comparisons of N-polar and Ga-polar

material show no significant difference after PECE [59], while pores have

been formed in c-plane grown GaN by etching in various crystallographic

directions and no differences have been reported between them. What’s

more, very similar structures have been achieved in both m-plane and a-

plane grown GaN [60, 61]. Instead, the pore direction can be characterised

as following the flow of current and therefore perpendicular to equipotential

surfaces [43]. This orientation is disrupted in the case of PECE, where the

illumination creates extra holes and can change the morphology [50].

1.2.1.4 Pore formation and interaction

The data shown so far has been of pores formed laterally in doped GaN

layers exposed to the electrolyte via scribed trenches. Pores can also be

formed vertically in doped surface layers and this shows the same trend of

decreasing pore wall thickness with increasing doping density, but shows

decreasing pore size with increasing doping density [62]. This is due to the

initiation of pores and the interaction between them. For a given potential

the density of pore initiation points will be larger for a higher doping density,

as this reduces WDepl and increases the electric field, allowing more points

on the surface to reach the critical electric field. This is supported by the

plan-view SEM images of Figure 1.7, where the density of pores increases

with ND. This can also be seen in the cross-sectional SEM images of Figure
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1.7b-d, but ND and the potential are changed simultaneously between these

samples and as a higher potential increases the electric field too, this is less

straightforward to interpret [45].

Around each pore there will exist a depletion region and as the pores

grow the depletion regions of adjacent pores will meet, which reduces the

electric field at the interface with the electrolyte [63]. A higher density of

pores means that pores cannot grow as wide before they are inhibited by

adjacent pores. This also affects the morphology of pores, which can range

from highly branched (Figure 1.7a) to vertically aligned (Figure 1.7d) This

is controlled by the relative lengths of the depletion region (WDepl) and the

distance between adjacent pores (dpore). Where dpore > 2WDepl then the

material between the pores can support a current, which allows the pores to

grow wider and branches can split off into the space between pores. Where

dpore < WDepl then the thin region of material between the pores is fully

depleted, meaning that pores can only grow vertically and the pores are

well-aligned [47]. Once initial etch pits have formed then both the density

of etch pits and the curvature of the pit will have an influence on subsequent

pore growth. At a curved surface with a radius of curvature, r << WDepl

then the electric field is enhanced and is given by [45]:

EDepl =
VDepl
r

(1.12)

This acts to concentrate ECE at the pore tip, which is why pores can be

formed, rather than etching away layers of material completely.

Surface porous layers like these often show a transition layer, where the

porosity at the surface is different to the bulk porous material [63]. Such

a layer is evident in Figure 1.7a, where large, sparse pores are formed just

under the surface. These pores have a pointed shape, with a narrow end

near the surface, which widens until it splits out into a number of smaller

pores, making a surface layer that is less porous. This has been suggested to

be a result of holes created through avalanche breakdown that are focussed

onto the growing pore tip. As they originate from within the bulk, they are

more likely to reach the bottom of the pore than the top, hence why these

pores get wider as they get deeper. Eventually the pores get large enough

that they split into multiple pores [57]. Etching at high potential can also

produce smaller pores in the surface transition layer than are seen in the
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Figure 1.7 Cross-sectional and plan-view (inset) SEM images of the samples
indicated in Figure 1.6 (a) sample A, ND = 3 × 1018cm−3, (b) sample B,
ND = 5 × 1018cm−3, (c) sample C, ND = 8 × 1018cm−3, (d) sample D, ND =
1.2 × 1019cm−3, etched in 25% HF at 20 V. Scale bars are 500 nm. Reproduced
from [47]

bulk porous material [45]. This has also been observed in forming thick

layers of subsurface porous GaN [64].

1.2.1.5 Influence of electrolyte

The electrolyte has two main roles that it must fulfil for ECE or PECE to

occur. Firstly, it must provide a conductive path to complete the electrolytic

circuit and allow an electric field at the nitride/electrolyte interface to pro-

vide the continuous supply of holes. Secondly, it must be able to prevent the

formation of solid oxides forming and passivating the surface. In forming

porous silicon by anodisation, this requires HF based electrolytes, in order to

dissolve SiO2 [65], but a wide variety of electrolytes have been used to create

porous nitride structures via ECE or PECE including both acids [45, 47, 66]

and bases [67, 48]. The pH of the electrolyte has been suggested to influence

the resulting pore morphology in PECE due to the relative negative charge

of some dislocation centres [41]. This changes the rates of gallium oxide

etching by H+ ions and OH– ions, with acidic electrolytes preferentially

targeting dislocations and basic ones targeting the more positive regions

18



1.2. Forming porous nitrides

away from dislocations, leaving dislocations un-etched. The pH can also

have an influence when etching binary alloys, as different metal oxide com-

pounds etch preferentially in different pH, which can result in an insoluble

oxide film being formed [68].

The influence of electrolyte concentration has also been studied. The

conventional assumption is that the semiconductor depletion region is signifi-

cantly thicker than the thickness of the space charge region of the electrolyte,

which can therefore be neglected [56] and indeed it has been suggested that

electrolyte concentration for ECE of GaN in oxalic acid does not influence

the observed pore morphology [69]. However, a more detailed study of elec-

trolyte concentration of ECE in HF finds that increasing concentration re-

duces pore diameter, increases pore wall thickness and changes the threshold

potential necessary for the onset of porosification and electropolishing [47].

This work suggests that, at low potential, increasing concentration decreases

the voltage drop in the electrolyte, which lowers the necessary potential to

create pores. At high applied potential, the assumption of all the poten-

tial being dropped across the semiconductor depletion region will be more

accurate, but a high electrolyte concentration will increase the chemical

dissolution rate of the oxide. This reduces the rate of oxide build-up and

increases the potential needed to achieve electropolishing. Although applied

potential and doping density are the main parameters for controlling pore

formation, choice of electrolyte pH and concentration can also be used to

tune pore morphology to some extent.

1.2.1.6 Porous structures

For porous GaN to be utilised in devices it is important to be able to control

which regions of a structure porosify and to protect certain regions from

etching. This can be done by controlling the electric field, the flow of the

electrolyte and in the case of PECE the illumination. This section details

methods for doing this and reviews the range of structures that have been

demonstrated. The simplest structure is where a porous layer is formed at a

surface, achieved with a surface layer of doped nitride semiconductor. Pores

initiate at the surface and grow vertically into the structure [63]. An etch

stop of un-doped material can be used to control the thickness of the porous

layer, else the etch duration can be controlled to terminate the reaction.

Figure 1.7 shows SEM images of a variety of surface layers of porous GaN,
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which terminate at the NID GaN layer.

It is also possible to form subsurface pores in GaN. Creating porous lay-

ers below nonporous nitride material has been demonstrated in three ways:

etching laterally from scribed trenches [70], using vertical pathways through

non-porous material attributed to use dislocations [60] and by regrowing

material on a structure that contains porous layers [71]. These methods

have distinct pros and cons and together they offer a wide range of possible

structures for different applications. Patterning trenches for the electrolyte

to access subsurface doped layers and etch them laterally has been demon-

strated by many groups [72, 73, 74]. This is done by growing a nitride

structure containing one or more highly doped layers to be made porous.

Access trenches are then scribed into the structure to the required depth

and these expose the doped layers to the electrolyte, such that etching can

proceed from them laterally. Electrical contact is made to the sample in

order to create an electric field to the doped layers and create pores. An

example of this is illustrated in Figure 1.8, where a nanoporous (NP) layer

has been created under an LED structure [75]. The pores are formed after

the material growth, but before the device processing. In this case, trenches

were laser scribed (LS), but inductively-coupled plasma reactive-ion etching

(ICP-RIE) can also be used [73]. Figure 1.8a shows an overview of a single

LED chip with n and p pads and the LS lines between devices. Figure 1.8c-e

show the strong pore alignment achieved in the NP layer, growing perpen-

dicular to the LS lines. Creating straight pores with low branching can be

achieved by tuning the etching parameters as discussed in section 1.2.1.2.

A challenge of this method is preventing etching of other doped layers in

the structure, in this case the n-GaN of the LED itself. The structure shown

in Figure 1.8 contained three n-doped layers: the n layer of the LED, a NP

layer below that and a third conductive layer below that, which was used to

make electrical contact for the ECE process. Figure 1.8b shows the cross-

section around the LS line, which indicates undesired porosity in the n doped

layer of the LED and Figure 1.8f shows the same in the contact layer. The

researchers found that the higher doping density for the NP layer resulted in

a higher etch rate than for the other doped layers. As the electrical contact

was made to the lower doped layer the increasing resistance of the NP layer

as it becomes porous also acts to lower the potential seen by the n-LED

layer. These factors resulted in the n-LED layer only becoming porous close
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Figure 1.8 SEM images of a porous layer formed underneath an LED structure.
(a) shows an oblique overview of the LED, (b), the cross-section at a laser scribed
(LS) line between 2 LED chips with an inset image of the undesired porosity in
the n-LED layer, cross-section of the subsurface pores (c) perpendicular and (d)
parallel to the LS lines, (e) oblique view of the porous layer where some of the
structure has peeled away, showing nanopores aligned along the etching direction,
and (f) cross-section showing pores in two differently doped layers near to the LS
line. Reproduced from [75]
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to the LS lines, as seen in Figure 1.8b (inset). This does make it difficult

to have highly doped non-porous layers on top of porous layers using this

method. A SiO2 layer was also deposited onto the top-surface prior to laser

scribing, in order to prevent surface etching, which is commonly used in

this method. Other work has deposited a protective layer after the trenches

are scribed in order to passivate the side walls and prevent unwanted pores

forming in the upper doped layers [76]. Etching access trenches adds some

complexity to the fabrication process, but with careful design to prevent

unwanted etching it offers a flexible system for pore formation and has been

demonstrated for single layers and multilayer structures, most notably in

forming DBRs [70, 77].

The second approach to forming subsurface pores is a remarkable method,

by which multiple layers of buried n-doped material can be porosified across

whole wafers with almost no measurable change to the surface or the NID

layers separating them [60]. The big advantage of this approach is that it

can be used to create multiple layers of subsurface porosity across whole

wafers in a single processing step without any prior patterning. The process

is similar to the first method, described above, but instead of providing ac-

cess trenches to the subsurface layers the etching proceeds vertically from

the top surface down into the structure through dislocation pathways. The

non-intentionally doped surface and barrier layers are almost entirely left

intact, while the doped layers become porous. This process has been used

in the majority of samples presented in this thesis. Work to describe the

mechanism for this process is presented in section 3.3.3.

The two methods for forming subsurface pores outlined above (lateral

etching through access trenches and vertical etching through dislocations)

are both limited by the difficulty of producing a structure with a highly

doped layer above a porous layer. A third approach to forming subsur-

face pores overcomes this by forming the desired porous layers and then

returning the sample to the reactor to grow more material on top. This

eliminates the risk of unintended pores being formed in the higher layer,

meaning the regrown layers can be highly doped. This method has been

demonstrated to improve LED performance for both single porous layers on

silicon substrates [78], as well as porous DBRs produced using vertical etch

pathways on sapphire [79]. The pore morphology can be altered during re-

growth, depending on the growth temperature used. Yang et al. found that

22



1.2. Forming porous nitrides

annealing a porous GaN DBR at 950°C enhanced the specular reflectivity

significantly, whereas annealing at 1100°C lowered it severely due to the re-

sulting change in pore morphology [80]. These porous structures improved

light-extraction efficiency significantly, and other applications of overgrowth

on porous structures are discussed in section 1.2.2.

1.2.2 Applications of porous nitrides

We have seen how porous nitrides can be created with various morphologies

in a wide range of structures. We’ll now discuss the applications for which

porous nitrides are being developed. The wide range of applications being

considered is testament to the versatility of porous nitride structures. These

applications include the improvement of LED and laser performance, chem-

ical and thermal sensors, as well as the use of porosity to relax strain and

reduce dislocation density.

1.2.2.1 Optical devices

Distributed Bragg reflectors (DBRs) are key components for forming opti-

cal cavities and creating vertical cavity surface emitting lasers (VCSELs),

as well as increasing the extraction efficiency of LEDs. They are periodic

superlattices of two materials with differing refractive index that are de-

signed to have high reflectivity for a given target wavelength. This is done

by choosing the thickness of each layer to be a quarter of the target wave-

length in that material, such that constructive interference leads to a strong

reflection peak. Unlike the GaAs material system, epitaxial DBRs are chal-

lenging to fabricate in the nitrides, due to the constraints of strain and the

limited range of refractive index [81]. AlInN with InN content around 18% is

lattice-matched to c-plane GaN and a superlattice of the two can be grown

without building up strain [82], but the refractive index contrast between the

two is small, meaning that many repeats and therefore a long growth time

are required to obtain high reflectivity [83]. For non-polar GaN, there is no

available pair of materials which allows lattice matching along all directions

on a nitride surface.

Porous DBRs have the potential to overcome these problems, as they

can be grown as a single alloy with periodic doping variation and there-

fore no difficulties with strain, but when porosified they have much greater
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refractive index contrast between the layers, which results in far fewer lat-

tice pairs being necessary for high reflectivity and therefore shorter growth

times. A porous DBR has been demonstrated in this way with reflectivity

> 99.5% and a wider stop-band than epitaxial GaN DBRs with similar re-

flectivity [40]. These structures also show electrical conductivity after ECE,

meaning they can be used for electrical injection [60]. Figure 1.9 shows

the structure of the first electrically injected nitride VCSEL with a bottom

nanoporous DBR, made on m-plane GaN [84]. This exhibited record optical

output power for an m-plane GaN VCSEL of 1.5 mW. The DBR was laterally

etched via RIE etched trenches using ECE in oxalic acid. The polarization

of the light output was linearly polarized in the a-direction, which suggests

that optical scattering from the DBR was negligible. One concern with

these structures is thermal conductivity, as work from my research group

has shown can be reduced by more than an order of magnitude by creat-

ing pores, allowing on-chip thermal insulation for high sensitivity thermal

sensors [85]. For most optoelectronic devices this poses a heat management

problem, but recent analysis suggests that optimisation of pore morphology

can allow for high electrical and thermal conductivity while still maintain-

ing reasonable refractive index contrast when compared to the epitaxial and

dielectric alternatives [86]. Porous GaN has also been used in edge emitting

lasers to provide lateral optical confinement through a novel, tapered porous

layer [87].

.

Figure 1.9 Cross-sectional schematic of an m-plane VCSEL with bottom
nanoporous DBR and (right) an SEM image of the DBR. Reproduced from [84]

Porous DBRs have also been demonstrated in UV photodetectors for

light recycling [?]. This uses a GaN active layer with an AlGaN DBR below

it, such that absorption losses are minimised in the DBR. This increases both
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the responsivity and sensitivity at the tuned wavelength. My own work on

porous AlGaN DBRs is presented in section 6.2. Porosity in the active region

of nitride photodetectors has also been demonstrated [88, 74, 89, 90, 91]

with porous GaN showing improved performance compared to bulk GaN

devices and high detectivity in the UV [74]. This is attributed to high

internal gain from charge trapping of carriers at the semiconductor metal

interface. The porous structure will also create light trapping and reduce

reflection. A further development for porous GaN optical devices is that

strongly aligned pores can exhibit birefringence [75]. This offers a powerful

tool for incorporating polarisation engineering into GaN optical devices. My

work exploring and developing this property of porous GaN is discussed in

Chapter 4.

1.2.2.2 Piezoelectric devices

Nitride semiconductors have large piezoelectric constants, making them of

particular interest for piezoelectric sensors and nanogenerators [92, 93]. In

order to benefit from this, the material must be compliant, but due to GaN’s

high stiffness this requires the use of structures like membranes or nanowires.

A further barrier for using nitrides in these devices is the high conductiv-

ity that reduces the piezoelectric field by carrier screening, but in struc-

tures such as nanowires the large surface area can suppress this through

Fermi-level pinning. This has been demonstrated using ECE to under-

cut GaN structures to create membranes for piezoelectric nanogenerators

(PNGs) [94]. Porosity offers a way of reducing stiffness and suppressing car-

rier screening in a similar way to nanowire arrays, but through a cheap and

versatile fabrication approach. Porous GaN PNGs have been demonstrated

with both laterally and vertically etched pores [95, 96]. Figure 1.10 shows

the output of a laterally porous PNG with three different porosities. The

highly porous device shows significantly larger output power than the less

porous devices due to a higher degree of Fermi-level pinning at the surfaces

of the pores, which acts to suppress carrier screening. The piezoelectric size

effect also enhances the piezoelectric constants of surface layers, as compared

to the bulk values [95].
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Figure 1.10 Output voltage and current under periodic pressing and releasing
measured from (a), (d) bulk, (b), (e) low-porosity, and (c), (f) high-porosity
nanoporous GaN piezoelectric nanogenerators with lateral porosity. The poros-
ity of the bulk, low- and high-porosity GaN is 0%, 18%, and 38%, respectively.
Reproduced from [95]

1.2.2.3 Chemical devices

The use of GaN in chemical sensing is well-documented due to its high tem-

perature tolerance and chemical inertness, which make it particularly suited

to sensing in extreme environments. Nanostructuring increases the surface

area of the device, which can increase sensitivity, but the advantages of

nanostructuring through nanowire growth are hampered by poor reprodu-

cability [97]. Porous nitrides offer a straightforward fabrication method for

nanostructuring material, which may be able to overcome the fabrication

challenges seen in nanowires. Sensing of myriad different species in liquid

and gas has been demonstrated using porous nitrides. Liquid sensors use

a porous nitride electrode in an electrochemical cell. Many of these use a

composite material with metal nanoparticles deposited into the porous ma-

trix [98, 99, 100], while the detection of Ag(I) ions has been demonstrated

using a porous GaN electrode with no further deposition process [101]. Sim-

ple hydrogen gas sensors have also been demonstrated using Pt contacts on

an InAlGaN layer [102]. Porosifying the InAlGaN layer via PECE lead to

better sensitivity, power consumption and response time, compared to the

non-porous InAlGaN device. More recent work has passivated the porous
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surface by sulfur treatment and functionalised the surface with Pt nanoparti-

cles [103]. This device showed high sensitivity to H2 down to 30 ppm. Work

towards porous GaN sensors is in its infancy, and whilst there have been

demonstrations of advantages over bulk GaN devices they must show long-

term stability and high reproducability if they are to be of real commercial

interest.

Catalysis, in particular for water-splitting applications, is a huge area

of research pursuing a source of hydrogen fuel with no direct CO2 emis-

sions [104]. The nitrides have ceramic like stability, while offering high

electrical conductivity and a wide bandgap, as well as offering band edge

potentials that allow hydrogen generation at zero bias, making them of keen

interest as electrodes in such systems [105, 106]. Porosification creates a

higher surface area and enhanced light absorption due to scattering, which

can dramatically improve catalysis efficiency [107], as well as increasing the

electrode stability [108]. Porous GaN electrodes have also been demon-

strated as photocatalysts for the breakdown of organic molecules, showing

superior performance compared to both bulk nitride and to porous Si elec-

trodes [105]. Porosity has been combined with conventional lithography

techniques to create composite porosity, whereby structures combine pores

at two different scales, which increases absorption even further and thereby

increases catalytic photocurrent [109]. As we have seen, porosity can vary

a lot between porous nitride samples and the pore morphology has a strong

effect on the photon conversion efficiency [110]. While many promising early

results have been produced, optimisation of the structure and demonstration

of H2 production over long lifetimes are yet to be demonstrated.

1.2.2.4 Composite devices

Porous nitrides offer the possibility of producing composite materials through

the infiltration of the pores with another species. Porous GaN offers a robust,

conductive scaffold that can provide electrical transport to a wide variety of

materials. We have already discussed examples of porous GaN composite

devices, where porous GaN is infiltrated with metal nanoparticles for chem-

ical sensing [103, 98, 99, 100]. The choice of nanoparticle can functionalise

the device to provide a chemical selective response. The particular strength

of porous nitrides for these sensors is their chemical and mechanical robust-

ness, making them suitable for harsh environments and offering long-term
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stability. Beyond nanoparticles, we have demonstrated infiltration of porous

GaN with lead-bromide perovskites, such that the GaN acts to encapsulate

the material and dramatically increase its lifetime [111]. The development

of this work will be in the pursuit of hybrid organic/inorganic devices, where

the porous GaN is used for electrical injection.

1.2.2.5 Improving material quality

Reducing dislocation density is an important area of research in the ni-

trides. Using porous layers as growth templates has been shown to relax

strain, which reduces the density of dislocations formed as well as blocking

threading dislocations from propagating. Strain relaxation in GaN grown

on porous GaN was reported as early as 1999 of a 3 µm thick GaN layer

grown by HVPE and producing low roughness and high crystalline qual-

ity [112]. Many sources demonstrate strain relaxation in nitride films grown

on porous nitride surface layers compared to bulk templates, indicated by

both raman [113, 41, 78, 112] and XRD [50, 71] data. A study of PECE

GaN grown on sapphire found that defect density decreased and relaxation

of compressive stress increased with etching current, but there is yet to be a

detailed study to find the optimal conditions for the strain relief of regrown

layers.

To demonstrate the improvement in material quality from porous tem-

plates, LEDs have been regrown on porous structures. These see enhance-

ment in the electroluminescence output due to decreased leakage, greater ex-

traction efficiency due to light scattering at the porous layer, increased inter-

nal quantum efficiency due to higher material quality and increased carrier

confinement due to reduced QCSE from lower strain fields [50, 41, 78, 114].

Reduced strain fields have also been indicated as the cause of a blue-shift in

the band-edge luminescence peak for GaN layers grown on porous GaN [50].

As well as strain relief, reduction of the FWHM of XRD rocking curves has

been used to suggest that films grown on porous templates have lower dis-

location density [67, 78] and this has also been shown in AlGaN grown on

porous and non-porous GaN templates shown by AFM measurements after

acid treatment to expose dislocations [71]. It has been suggested that part

of this comes from the annihilation of threading defects at voids forming

in the porous layer during regrowth [115]. However, XRD data from other,

similar work showed a negligible reduction in dislocation density [50]. This

28



1.2. Forming porous nitrides

indicates that there is a need for optimisation of the process for maximum

dislocation reduction, as the difference in results seems to arise from the

different pore morphologies that were used as templates for overgrowth.

1.2.2.6 Mechanical lift-off

As well as using porous nitrides in devices, there has been promising devel-

opment of using ECE and PECE as processing steps for lifting off nitride

devices so that they can be transferred to alternative substrates. This is

of interest as a way to overcome some of the limitations of sapphire sub-

strates, such as thermal conductivity [116], as well as making growth on

GaN substrates more economical, by allowing substrate reuse [117]. Lift-off

on UV transparent substrates, such as sapphire can be achieved via laser

lift-off, but chemical methods are required for lift-off from GaN substrates.

Porous GaN membranes have been created through both ECE [118] and

PECE [119]. This process etches from the surface of the sample to create

pores through the structure and can be released by pushing the etching

into the electropolishing regime by either increasing the etching potential

or ND, as shown in Figure 1.11. The limitation of this method is that

the membranes must be porous, although membranes of porous GaN DBRs

have been created from structures with modulated doping that leads to high

porosity layers and almost non-porous layers using the wafer-scale method

via dislocation pathways [120].

These processes produce flexible single-crystal GaN membranes showing

strain relaxation. In order to produce non-porous membranes, an alterna-

tive lift-off approach uses access trenches to create undercutting. This has

been demonstrated using ECE to lift-off 90 nm thick nonporous membranes,

which are depleted, due to the joining of the two surface depletion regions,

allowing the creation of normally off transistors [121]. These novel demon-

strations show the flexibility of ECE and PECE in the nitrides. In terms

of device lift-off, a PECE approach has been developed to allow the batch

processing of flip-chip LEDs to allow GaN substrate reuse. Here, a SiNx

layer was used to protect the devices from the PECE process, while unpro-

tected sacrificial layers were undercut, allowing the release of the devices

and transfer to an alternative substrate [122].
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Figure 1.11 (a)–(g) Schematic drawings of the EC etching to produce free-standing
GaN membranes. Reproduced from [118]

1.3 Summary

Porous nitrides are a fast developing research area that open up new appli-

cation spaces for nitride semiconductors by allowing material parameters to

be changed in a whole new way. The literature demonstrates that the refrac-

tive index, thermal conductivity, birefringence and surface area can all be

engineered with porosity through ECE and PECE. Control of these methods

relies principally on controlling the local electric field strength between the

material and the electrolyte. A key challenge of incorporating porous mate-

rial into practical devices is to find ways of preventing unwanted etching of

other doped regions in the device. The three approaches of etching directly,

etching via trenches and regrowing material on porous structures offer a flex-

ible choice for achieving practically any required structure. Porous DBRs

have an exciting application in forming cavities for VCSELs, which has been

an ongoing challenge for the nitrides. By using porosity in AlN and AlGaN,

this method can be extended into the UV, where efficient light emission

is particularly challenging. More generally, the potential of porous layers

as strain-relief to improve material quality has the potential to benefit all

aspects of nitride semiconductors. Beyond these areas, considerable effort
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is being pursued in sensing applications, where the high surface area trans-

forms the sensitivity of GaN. This is also an area that has seen porosity used

as a method for creating hybrid materials, which offers a broad playground

for creating novel material properties.
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Chapter 2

Techniques

This chapter describes the techniques used to fabricate (section 2.1) and

characterise (section 2.2) the samples presented in this thesis. Three fab-

rication steps have been employed: crystal growth of the nitride material

(section 2.1.1); the formation of pores (section 2.1.2); and device process-

ing techniques (section 2.1.3). The characterisation of the fabricated sam-

ples has used a wide range of techniques, reflecting the range of character-

istics of interest. The morphology of porous structures has been probed

using scanning electron microscopy (SEM, section 2.2.4) and atomic force

microscopy (AFM, section 2.2.8), both having been paired with focussed

ion beam milling (FIB, section 2.2.6) to measure subsurface structures. X-

ray diffraction (XRD, section 2.2.7) and transmission electron microscopy

(TEM, section 2.2.5) have also been used to measure the physical structure

of samples. Optical properties have been measured using both photolumi-

nescence (PL, section 2.2.3) and cathodoluminescence (CL, section 2.2.4.3),

which is used alongside the SEM. Reflectivity has also been a key property

for many of the samples investigated and this has been measured with opti-

cal microscopy (section 2.2.1) paired with polarised light microscopy (section

2.2.1.1) and optical reflectance spectroscopy (section 2.2.2). Energy disper-

sive x-ray spectroscopy has been used alongside TEM to measure the spatial

variation of the chemical composition of samples.
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2.1 Fabrication techniques

2.1.1 Nitride crystal growth

Bulk GaN growth is challenging due to its high melting point and the

high equilibrium pressure of nitrogen at high temperature [123]. Despite

continued progress in forming free-standing GaN substrates from hybrid

vapour phase epitaxy (HVPE) [124] the challenges and costs of this process

means that most nitride semiconductors are grown heteroepitaxially on a

non-native substrate, such as sapphire or silicon. The choice of substrate

is important for achieving high crystalline quality, as it acts to template

the growth. A suitable substrate must be thermally and chemically stable

during the growth process. The crystal structure of the substrate is what

templates growth meaning that it must be reasonably close in lattice con-

stant and thermal expansion coefficient (TEC). Lattice mismatch creates

strain in the film, which results in the creation of dislocations, which are

detrimental to many devices, creating non-radiative recombination centres

in LEDs [125] and leakage pathways in HEMTs [126]. When even larger

strains develop, cracks can form, which make the wafer unusable. Sapphire

is used as a substrate for GaN growth in this project despite a large lat-

tice mismatch because it can withstand the high temperatures required for

crystal growth and can produce high quality GaN by using nitridation of

the surface to create an intermediate AlN layer [127]. Other commonly used

substrates are SiC and Si.

Nitride semiconductors can be grown from gaseous precursors using met-

alorganic vapour phase epitaxy (MOVPE) or by using molecular beam epi-

taxy (MBE). For this work all the samples were grown via MOVPE on

sapphire substrates using a 6× 2 inch Thomas Swan close-coupled shower-

head reactor at Cambridge, mostly by Tongtong Zhu. MOVPE is a vapour

phase deposition technique that uses metalorganic precursor molecules for

the group III metals, such as trimethylgallium (TMG). These chemicals are

generally liquids that are supplied to the reaction chamber by a carrier gas,

such as nitrogen, hydrogen or a mixture of the two. The carrier gas is passed

through the liquid or over the solid in a heated chamber known as a bubbler.

Hence, by controlling the bubbler temperature and the carrier flow rate, the

flow rate of material into the reaction chamber can be controlled. The ni-

trogen supply is generally provided by ammonia, which can be provided
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directly in the gas form without need of a bubbler.

The gas supply system allows the precise control of the flow rates of the

various precursors allowing binary and ternary alloys to be produced with

different ratios between the InN, GaN and AlN components, as well as the

ratio between the group V and group III precursors, which is a key param-

eter for controlling crystal quality [128]. The system keeps the reactants

separate until they are injected into the reaction chamber through a series

of small inlets in what is known as the showerhead. Here, they undergo

a pyrolysis reaction whereby the III-V product is formed. In general for

nitride semiconductors this can be described as:

RnA + NHn −−→ AN + nRH (2.1)

where R is an organic radical, such as a methyl group and A is the group III

metal. The product AN can then adsorb onto the substrate surface, creating

crystal growth [129]. For efficient deposition it is important that the reaction

occurs close to the substrate, hence the separation between the showerhead

and the substrate is small. The substrate itself is held in a heated susceptor.

A high temperature is necessary to drive the reaction shown in equation 2.1

and controlling the temperature is a key growth parameter [130]. Generally

the aims of MOVPE growth are to reduce dislocation density and surface

roughness, as well as achieving the application specific requirements in terms

of layer thickness, doping profiles and alloy fractions. Reducing dislocations

is still an important area of research in nitride growth. The crystallography

of dislocations is discussed in section 1.1.1.1 and more detail on the MOVPE

process can be found in [129].

In order to dope the material, extra precursors are added into the cham-

ber. Controlling the doping density is essential for practically every semicon-

ductor device and in the case of porous nitrides it is particularly important

to be able to create high doping density, as conductivity controls pore for-

mation. More detail on doping is given in section 1.1.2. N-type doping

is achieved in the nitrides by adding dopant silicon, which is done with

silane. Carrier densities in the range 1×1018cm−3−1×1019cm−3 have been

used in this project. The values for doping densities quoted in this the-

sis have not been measured directly, rather they have been obtained from

the measurement of calibration layers grown using the same reactor, which

34



2.1. Fabrication techniques

have been characterised through secondary-ion-mass-spectroscopy (SIMS).

The level of conductivity required for anodisation is difficult to achieve for

p-type nitrides [34], hence this thesis demonstrates only n-type doped ma-

terial. P-type doping is achieved using Mg, which was a major step in the

development of GaN devices, first reported in 1989 [29].

2.1.1.1 Surface morphology

The surface morphology of an epitaxial layer is governed by the kinetics of

the surface, which are controlled primarily by the gas flow rates, the choice of

substrate and the temperature. This can be modelled using Burton, Cabr-

era and Frank (BCF) theory [?]. There are three main groups of surface

morphology that can arise, as shown in the AFM data in Figure 2.1 [131].

In step-flow growth, the resultant surface is arranged in flat parallel terraces

(Figure 2.1a), which are pinned by the presence of dislocations. This gener-

ally results in the smoothest morphology. There are many variations in the

resulting morphology from step-flow growth with the terraces bunched to-

gether in varying degrees. Spiral growth is characterised by layers spiralling

around dislocations (Figure 2.1b). Thirdly, growth can occur as islands (Fig-

ure 2.1c), which is how nucleation layers are formed in MOCVD. Growth

conditions are generally optimised to aim for a top surface with a smooth

surface and a low dislocation density. Dislocations in MOCVD nitrides are

discussed in section 1.1.1.1.

Figure 2.1 AFM images showing various possible surface morphologies in nitride
semiconductors. (a) Step-flow growth, (b) spiral growth forming hillocks and (c)
3D island nucleation. From [131]
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2.1.2 Pore formation

Pores are formed in this thesis using ECE often referred to as anodisation.

Considerable background on ECE is presented in section 1.2 and mechanistic

details explored in this work are given in Chapter 3. Here we simply describe

the experimental set-up used. This follows the two-electrode cell illustrated

schematically in Figure 2.2. A Solartron 1287A potentiostat was used to

apply a potential and record the etching current between the platinum plate

counter electrode (cathode) and the nitride sample (anode). A mechanical

and electrical bond to the sample was created by scoring the surface with a

diamond scribe to expose subsurface doped material and improve the bond

and then soldering using high purity In wire. Unless otherwise specified,

the electrolyte used for anodisation experiments described in this thesis is

aqueous oxalic acid with a concentration of 0.25 M. This was prepared by

dissolving oxalic acid crystals in de-ionised water. Most of the anodisation

shown in this thesis was performed by the author or students under his

supervision. There are a handful of samples that were anodised by Tongtong

Zhu or Yingjun Liu.

Figure 2.2 Two electrode setup used in this work to form pores through ECE.

2.1.3 Device processing

Device processing techniques are used to transform the as-grown material

into a device. This consists of three main processes: lithography, etching

and deposition. Lithography is the process of lateral patterning that can be

transferred to a sample following etching or deposition step. In this work UV
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photo-lithography has been used, whereby a liquid photo-resist is spun onto

the sample, a pattern is transferred from a shadow mask by illuminating

with UV light and the resist is developed to remove regions where light has

been incident. Wet chemical etching without an electrochemical component

is difficult for the nitrides due to their chemical inertness [132]. Instead

etching is achieved using dry etch methods, most commonly via inductively

coupled plasma reactive ion etching (ICP-RIE), typically based around a

chlorine or fluorine chemistry [133]. Deposition includes the formation of

metal contacts as well as dielectric films, such as SiNx , which has been

used to protect nitride material from the ECE process. Metals have been

deposited using a thermal evaporator, while amorphous layers have been

deposited via plasma enhanced chemical vapour deposition (PECVD).

In this project, limited device processing techniques have been used, as

most work has been related to the study of porous materials rather than

porous devices. These techniques have been used as ways of engineering

the formation of porosity in nitride materials by selectively exposing or pro-

tecting surfaces from the electrolyte. Photolithography was implemented by

the author, using the Microposit resist system. The ICP-RIE and PECVD

were completed by technicians in the semiconductor physics group at the

Cavendish Laboratory.

2.2 Characterisation techniques

2.2.1 Optical microscopy

Optical microscopy is a fast method for assessing the effect of anodisation

over a large area. It is particularly useful for giving an insight into the unifor-

mity of the porous structure, as the change in optical properties can be easily

observed across the surface of a sample. In this work two types of optical

microscopy have been used: regular bright-field reflection mode microscopy

and reflection mode differential interference contrast (DIC) microscopy. The

regular microscopy was taken using an Olympus BHM microscope system

with an objective lens ranging from 5× to 100× magnification and a Leica

charge-coupled device (CCD) camera to collect the image. Samples were

illuminated from above and viewed in reflection mode. With the 5× objec-

tive lens, the image size is 2.5 × 1.9 mm and with the 100 × objective lens

the maximum resolution is about 200 nm.
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DIC microscopy works as follows. A linearly polarised beam of light is

split by a Nomarski prism into two beams spatially separated by a small

distance and with orthogonal polarisation. These illuminate the sample

and will undergo a phase change due to any differences in the optical path

length between the two locations. They are then recombined by a second

Nomarski prism and the image formed is a result of the interference between

the two beams. The technique is sensitive to lines and edges in the sample

topography and is described in further detail elsewhere [134]. In this work it

was performed in reflection mode. All of the optical microscopy data shown

in this thesis was taken by the author or students under his supervision.

2.2.1.1 Polarised light microscopy

Polarised light microscopy is a particular type of optical microscopy and has

been used to examine the birefringence of various porous GaN structures in

Chapter 4. Birefringence is where a material has different refractive indexes

in different directions. The refractive index seen by incident light there-

fore depends on the direction and polarisation of the light. If a material is

birefringent it will have an ordinary and extraordinary axis, which are or-

thogonal and have refractive indices no and ne respectively. Polarised light

microscopy is a form of optical microscopy that can be used to assess the

birefringence of a material. In this work this was done in reflection mode

using two setups, one based around the Olympus BHM, described in sec-

tion 2.2.1 and another based around the Olympus BX51 setup described in

section 2.2.2. The operating principle is the same in either case, using the

microscope with the addition of two polarising films.

Figure 2.3 shows a schematic of the system with the orange arrows in-

dicating the path of the light beam and the black arrows showing the po-

larisation of light at that point in the system. The dashed arrows show

the relevant orthogonal components. Firstly, the lamp produces randomly

polarised light, which is then passed through the polariser, which creates

linearly polarised light. This is incident upon the sample via a mirror and

the objective lens (not shown). This light can be considered as a super-

position of two rays of light with orthogonal polarisations, aligned to the

ordinary and extraordinary axis of the material, as shown in the right hand

side of the purple, dotted box. These components will be reflected differ-

ently according to the differing refractive indexes of the material’s two axes,
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no and ne. This causes a shift in the relative intensities of the two rays and

a phase shift in the resultant light, i.e. a change in the polarisation angle,

as shown in the left hand side of the purple, dotted box. This light can then

be considered as having components aligned with the axes of the polariser

and the analyser, as shown in the black dashed box. The light is then fil-

tered through the analyser, which is a second linear polariser rotated 90° to

the polariser. For an ordinary material, all of the light sees one refractive

index, so there is no phase change and none of the light can pass through

the analyser. The phase shift caused by the birefringence means that the

light is no longer polarised orthogonally to the analyser, so some light is

transmitted. If the polariser is aligned with the ordinary or extraordinary

axis then one of these components is zero and all of the light will be blocked

by the analyser. Polarised light images therefore show the degree of bire-

fringence in the sample and by rotating the sample can show the orientation

too. The light output is then sent to either a CCD camera, in the case of

the BHM system or split to a spectrometer to obtain a spectrum and a CCD

camera to obtain an image in the case of the BX51 system. This system has

also been used without the analyser and rotating the polariser, in order to

measure the reflectivity of structures for different polarisations. All of the

polarised light microscopy data shown in this thesis was taken by the author

or students under his supervision.

2.2.2 Optical reflectivity

Optical reflectivity is a key parameter for the porous distributed Bragg re-

flectors (DBR) studied in this project. This was measured using two systems:

a micro-reflectivity set-up based around an optical microscope (Olympus,

BX51) and a macro-reflectivity set-up based around a fibre probe (Ocean

Optics, R400-7-SR). The micro-reflectivity setup collects optical images and

a reflectivity spectra with a spot size of around 1 µm simultaneously. The

spectrometer (Ocean Optics, USB4000) measures light intensity across a

range of wavelengths from 400 - 1175 nm. The macro-reflectivity set-up

used an optical fibre probe in place of the microscope, which has a spot size

of around 1 mm.

In order to measure the absolute reflectivity of the sample the system

must be calibrated. This is done by first measuring the background spectra

with no illumination and then the reflection of a known reference mirror
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Figure 2.3 Schematic showing how light proceeds through the polarised light mi-
croscope viewing a birefringent material. Black arrows show polarisation of light at
that point in the system. Those in the purple dotted box show components aligned
with the polarisation of the sample, in the black dashed box the components are
aligned with the polariser and analyser.

(Ocean Optics, STAN-SSH). The absolute reflectivity is then given by:

RAbs =
ISample − IBackground
IStandard − IBackground

×RCalibrated (2.2)

Where RAbs is the absolute reflectivity spectra, ISample is the measured

reflectivity, IBackground is the measured background, IStandard is the mea-

sured reflectivity of the known reference standard and RCalibrated is the cal-

ibrated absolute reflectivity of the known reference, produced by the manu-

facturer [135]. The reflectivity of the standard varies between 85-90% across

the visible range, but the system response has a peak around 650 nm and

lower response at either end of the visible spectrum, meaning that the noise

level is larger at the extremes of the visible spectrum. This is primarily due

to the output of the halogen light source of the microscope. The macro-
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reflectivity set-up had a broader response, which allowed measurement of

reflectivity in the UV and IR, as well as lower noise for measurements in the

blue end of the visible spectrum, as it uses a dual deuterium and halogen

light source (Ocean Optics DH-2000).

2.2.3 Photoluminescence spectroscopy

Photoluminescence (PL) is the process of photon emission from a material

triggered by the absorption of visible light. Electrons in the material are

excited to higher energy states by incident photons and then relax back to

lower energy states through a variety of mechanisms, which depend on the

band structure of the material. In PL spectroscopy a laser is incident on

the material and the collected light is analysed with a spectrometer to give

an energy spectrum of the emitted photons. It offers a simple way to probe

the band structure that avoids the complexities of fabricating LED devices

for electroluminescence.

The PL data presented in this work was obtained either from an Accent

RPM 2000 PL mapper equipped with a Q-switched, pulsed laser diode with

a wavelength of 266 nm (4.66 eV) or a custom PL setup using a laser diode

from “Visible Diode Lasers” with a wavelength of 405 nm (3.06 eV). The

photon energy of the incident light must be larger than the energy of the

transition of interest in order to excite photons, so the custom set-up is not

suitable for probing the band edge emission of GaN or AlN. The PL data

presented in this thesis was taken by the author in the case of RPM 2000

data and by Tongtong Zhu in the case of the custom set-up.

The materials under investigation in this project are direct band gap

semiconductors, meaning that the conduction band minimum and valence

band maximum occur at the same crystal momentum. A cartoon of the

band structure at fixed momentum is shown in Figure 2.4 to illustrate PL

in simple terms. This shows how a high energy incident photon (wavy

blue line) can be absorbed by exciting an electron from the valence band

into the conduction band (straight blue arrow). This electron may then

relax to the minimum conduction band energy via non-radiative interactions

such as coulomb scattering (green arrows). They will then undergo electron

hole recombination and emit a photon of lower energy (red arrows). One

important observation of this method can be seen from the diagram, is the

fact that PL will preferentially probe the lower energy states. When a higher
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energy state is excited it is likely that it will relax down to a lower energy

state before emitting a photon.

Figure 2.4 Diagram illustrating how light is absorbed and re-emitted to give in-
formation about the electron band structure of a material in photoluminescence.

This simplified description would suggest a spectrum with all the emis-

sion at the semiconductor band-edge. In fact there are many processes that

contribute to photon emission, meaning that the spectrum is more complex.

In the case of nitride semiconductors there are four primary factors that

define the PL spectra:

1. Alloy fraction

2. Quantum confinement

3. Piezoelectric field

4. Defect states

The most obvious impact on band edge emission is the alloy fraction.

The nitride family of semiconductors is made up of In, Ga and Al nitrides

and different material properties can be achieved by varying the mixture of

the group III metals. In particular the band gap varies from AlN, which has

the largest band gap (≈ 6.2 eV) to InN with the lowest (≈ 1.9 eV) with GaN

in the middle (≈ 3.4 eV) [136]. By varying the alloy fraction, theoretically

any band gap between these points can be achieved.

The luminescent region of an LED or laser diode is made up of multiple

quantum wells (MQWs), which are a series of thin layers of a low band gap

material (quantum wells) sandwiched in wide band gap (barrier) layers. In

the case of a blue nitride LED this is achieved with InGaN QWs separated

by GaN. The smaller band gap of the quantum well creates an energy well for
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both electrons and holes and so they are both confined within the well, which

increases the likelihood of radiative recombination and hence the efficiency

of an LED. The energy of emitted photons is defined both by the band

gap of the material and by the quantum confinement of the well, which

can be derived from Schrödinger’s equation. A thinner well leads to greater

confinement, which leads to the emission of higher energy photons. MQWs

are therefore used to tune the emitted colour as well as localise carriers

spatially to increase the recombination efficiency.

Quantum confinement in GaN devices is also influenced by the QCSE,

due to the polar nature of the crystal, which gives rise to both a spontaneous

and a piezoelectric electric field. The overall electric field causes additional

band bending in the QWs, which will cause a red shift to the band edge

emission. If the laser intensity in a PL measurement is large then many

carriers will be produced, which screens the polarisation fields and reduces

the impact of the QCSE. This means that it is important to consider the

laser power when taking PL measurements, as this can change the emitted

wavelength. Moreover, when the laser power is high band filling can oc-

cur, which also changes the shape of the emitted light. This is when there

is such a high density of incident photons that the lower conduction band

states fill up, which leads to higher states becoming occupied and the emis-

sion peak broadening towards the blue. This can occur when illuminating

with particularly high laser power, especially when the doping density is

high [137].

Defects may also lead to PL. The most well documented defect emission

in GaN is the broad peak seen in most n-type GaN samples in the range

2.1-2.3 eV, known as yellow band luminescence (YL) [138]. This can be

accompanied by green luminescence (GL) at around 2.5 eV [139] as well as

red luminescence (RL) around 1.76 eV [140]. The sources of these low energy

peaks are put down to defect states, but the exact cause is the subject of

ongoing debate. Xie et al. give a recent summary of the work in this

area [138].

2.2.4 Scanning electron microscopy

The predominant way to survey the pore morphology in this project has been

to use scanning electron microscopy (SEM) in secondary electron mode, as

this is a fast method of imaging structures from several 10s of µm down
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to a few nm. The small De Broglie wavelength of high energy electrons

allows higher resolution than is achievable with optical techniques. The

resolution is generally limited to a few nanometers by aberrations in the

system rather than the theoretical De Broglie limit. SEM probes structures

with a beam of accelerated electrons, which is scanned across the sample

surface. SEM data in this project has been taken on both an FEI-XL30

high resolution SEM and a Nova Nano SEM. This section consists of a

discussion of the interaction between the electron beam and the sample and

the signals produced, followed by a description of the SEM equipment itself

and a description of cathodoluminescence, which is performed using an SEM.

All the SEM data in this project was taken by the author or students under

his supervision.

2.2.4.1 Electron sample interactions

When a high energy electron is incident on a sample surface, it can lose

its energy through a number of different interactions with the material.

Many of these interactions produce signals that can be interpreted to tell

us something about the sample morphology or chemistry. Although the

electron beam can be focussed down to a spot size as low as ≈ 1 nm, the

interaction volume in the material will be larger than this and is dependent

on the energy of the incident electrons. This means that the depth probed by

the SEM can be controlled by varying the acceleration voltage of the beam.

Some signals will not be able to escape the surface beyond a certain depth,

however, so different signals have different interaction volumes. Figure 2.5

shows how different signals are generated in different regions of the electron

beam’s interaction volume.

Secondary electrons (SEs) are low energy electrons, which are created

through inelastic scattering with the sample’s electron cloud. In other words,

an incident electron transfers energy to a valence band electron in the sample

to promote it to the vacuum level. The kinetic energy of this electron is

low, so a secondary electron can only escape the sample surface and be

measurable if it is created at or within a few nanometres of the sample

surface. Secondary electrons can be created directly from the electron beam

or indirectly from backscattered electrons. The surface sensitive nature of

secondary electrons makes them ideal for studying sample morphology and

therefore secondary electron imaging has been used extensively in this work
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.

Figure 2.5 Illustration of the interaction volume that corresponds to the generation
of different signals in an SEM [141]

to image pore morphology.

Backscattered electrons (BSEs) are high energy electrons, which are

the result of elastic scattering of beam electrons with the atomic nucleus.

This signal gives contrast with atomic number as heavier atoms will cause

more backscattering events and a higher signal [142, 143]. They are also

visible from deeper into the surface, as they have higher energy, meaning

lower surface sensitivity than secondary electrons for a given beam energy.

X-rays are emitted when core electrons are excited to high energy states

by the electron beam and then relax down radiatively. The energy of these

x-rays corresponds to discrete energy transitions within the band structure

of the material and therefore gives a unique elemental signature. This can

be analysed in energy dispersive x-ray spectroscopy (EDX) to identify the

distribution of elements in the sample. These x-rays are unlikely to be

absorbed by the sample surface and so the probed sample depth will be

governed chiefly by the interaction volume of the electron beam, which is a

function of the beam’s acceleration voltage. This can be done using SEM,

or with scanning transmission electron microscopy (STEM) for greater res-

olution.

Light can be produced under the electron beam in semiconductors and

this provides a way of viewing a sample’s luminescence with high spatial

resolution and therefore correlating morphological features with different
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luminescence. Electrons in the outer shell are promoted across the band

gap by the electron beam. When they relax they will produce light, which

can be measured using cathodoluminescence (CL), as described in section

2.2.4.3. The wavelength of this light can be related to the band structure

of the material. Similarly to PL, this method can also be conducted at

low temperature, which prevents indirect energy transitions by limiting the

availability of phonons.

2.2.4.2 SEM equipment

An SEM consists of a sample chamber, an electron column and various detec-

tors that respond to the signals described above. The chamber is kept under

vacuum in order to prevent scattering of the beam or emitted electrons by

an atmosphere. A schematic diagram of an SEM system is shown in Figure

2.6. The electron column produces, focuses and scans the electron beam on

the sample surface. At the top of the column is the electron source, which

produces the electron beam with acceleration voltages generally between 1-

50kV. Both systems used in this work use a field-emission gun, in which a

high negative potential is used to cause electrons to be emitted from a tip,

usually tungsten. After this there are a series of electron lenses, that use

magnetic fields to shape and focus the electron beams through an aperture,

in order to form a coherent beam with a small spot size that can be used to

probe the surface. This also includes stigmators to correct astigmatism of

the lenses. It is important to understand that SEM does not form an image

using electron optics. Instead an image is built up by scanning a focused

electron beam across a sample and measuring a signal at each pixel that

it scans. For any SEM signal, the spatial resolution comes from focussing

and scanning the beam, rather than the detector. Magnification is there-

fore determined by changing the scan size for a given image size. This is

done by the scan coils, which are used to move the beam across the sample

surface. The samples are mounted on an aluminium stub using silver paste,

which forms a mechanical and electrical bond. The electrical contact is nec-

essary to reduce charging of the sample under the electron beam. If charge

is allowed to build up then the electron beam may be deflected, which can

interfere with forming an image. The stub itself is mounted on a mechanical

stage with movement in three axes, as well as rotation and tilt.

There are then various detectors that can be used to form an image of the
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Figure 2.6 Schematic sketch of the SEM system.

sample. Mostly, in this project SEM has been used to form secondary elec-

tron images to image the morphology with good surface sensitivity. These

are detected using an Everhart-Thornley Detector, which uses a small poten-

tial to attract the low energy SEs to a scintillator, which is then connected

to a photomultiplier tube (PMT) outside the chamber. This can be done

using two different set-ups. The lateral detector is placed close to the sam-

ple at an angle, which increases the signal from edges of the sample facing

the detector. This causes shadowing that makes the 3D morphology of SE

images easy to interpret. The second detector is the immersion lens (also

known as the in-lens detector). This detector is so-called because the sample

is immersed in the magnetic field of the objective lens, which can capture

the low energy SEs and take them to the detector, which lies within the lens

itself. This method produces higher resolution because the smaller path

length makes SE collection more localised. The lateral detector gives lower

resolution compared to the immersion lens, but has a wide range of focal

lengths and field of view. It is therefore primarily used for alignment and

initial focussing of the microscope, as well as low magnification data collec-

tion. The immersion lens has been used for most of the SEM images shown

in this thesis, as it gives higher resolution. Generally, an acceleration volt-
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age of between 2-5kV has been used in order to produce a high resolution

image.

2.2.4.3 Cathodoluminescence spectroscopy

Cathodoluminescence spectroscopy (CL) has been used in conjunction with

SEM to measure the light produced from samples under the electron beam

and learn about the band structure of a material with high spatial resolu-

tion, as compared to PL. In this work, SEM-CL was achieved using either a

Gatan Mono CL4 system with the FEI-XL30 or the Attolight Allalin 4027

Chronos. The Gatan system consists of a parabolic mirror that collects light

from the sample, as shown in green in Figure 2.6. This has a small hole in it,

which allows the electron beam to pass through. The collected light is then

passed to a measurement system that can pass the light to either a PMT,

which gives a panchromatic intensity reading or to a spectrometer that can

measure the intensity at defined wavelengths. Like all SEM techniques the

spatial resolution arises from scanning the electron beam, rather than from

the detector itself. The spatial resolution of the CL data is limited by the

interaction volume of the beam, but has been demonstrated to be 20 nm for

low beam energies (≈ 2 keV) [144]. The Attolight system combines an opti-

cal microscope embedded in the column of a proprietary SEM. The system is

capable of hyperspectral imaging as well as time resolved CL measurements

with picosecond resolution, but in this work it has simply been used to col-

lect single spectra over a scanned area. Using liquid helium, the system can

take measurements at a temperature of 10 K, which reduces non-radiative

recombination pathways for the electrons. CL data from this system was

taken by Kagiso Loeto under the supervision of Gunnar Kusch.

2.2.5 Transmission electron microscopy

Transmission electron microscopy (TEM) is an alternative electron beam

approach that achieves sub-nanometre resolution by passing a high energy

electron beam through a thin sample. A TEM is similar in construction to an

SEM; the column begins with an electron gun, followed by a series of lenses

and apertures that control the beam. The electron beam is then diffracted by

the sample and further lenses can be used to show the image or a diffraction

pattern. TEM illuminates the entire region of interest and forms a real image
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that can be collected in one go, unlike in SEM. An alternative method is

scanning TEM (STEM), which is more similar to SEM in that the beam

is scanned across a sample and signal collected at each pixel. This has the

advantage of reducing the sample’s exposure to the beam, as well as allowing

the simultaneous collection of x-ray data for elemental analysis for each pixel.

In this project, high angle annular dark field (HAADF) STEM has been used

to image porous structures. This scans the electron beam across the sample

and collects data for each pixel using an annular dark-field collector, which

is a ring shaped detector that collects electrons diffracted by the sample to

an angle of > 5° or so. This is known as dark-field because the primary

beam is not collected. This method can be combined with other imaging

techniques, by passing the primary beam and low angle diffracted electrons

to another detector, such as electron energy loss spectroscopy (EELS) or

EDX, which provides information on the elements present in that region

of the sample. HAADF-STEM allows images to be formed with incredibly

high lateral resolution, but it should be noted that in any TEM technique

the result is an average across the thickness of the sample at that point,

meaning that the preparation of thin, uniform samples is important for high

resolution imaging. The STEM data presented in this thesis were taken by

Boning Ding, Helen Springbett or Fabien Massabuau.

2.2.6 Focussed ion beam milling

Focussed ion beam (FIB) milling is based around an SEM system and is

similar in operation. Instead of a beam of electrons the FIB creates a beam

of ions. As the mass of an accelerated ion is larger than that of an electron,

the kinetic energy is higher and the beam can therefore be used for the

selective milling of material. In this work a dual beam FIB/SEM machine

was used (FEI Helios). This has a vertical SEM column with a Ga+ ion

FIB column at 52° to it. The FIB can be used to cut the sample to expose

subsurface material, while the electron beam can be used to image it, as

described in section 2.2.4. The secondary electron detector can be used in

conjunction with the FIB and the SEM, because secondary electrons are

still produced when ions interact with the sample. This allows images to be

taken with the FIB, but these are predominantly used for alignment, rather

than data collection, as the sample is likely to be damaged from imaging

under the ion beam.
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To use the FIB and SEM together, the sample must first be brought

to eucentric height, meaning that the region of interest (ROI) is at the

point at which the two beams are coincident. This allows the ROI to be

tilted between facing the SEM or the FIB without moving out of view of

one or other beam, allowing milling and imaging of the same region. An

acceleration voltage of 30 kV was used in the FIB, higher than that used

for the SEM. The beam current can be varied to define the strength of the

milling. With high beam current, cuts can be made quickly, but the spot size

is larger and the effect more destructive, meaning that the edges produced

will be rougher and there will be more material sputtered. Lower beam

current allows finer spot size, slower milling and produces a cleaner edge.

When making trenches the optimal approach is to use high beam currents

to do a rough cut and then clean up the edge with a lower beam current

as necessary. Material can also be deposited in the FIB/SEM using the gas

injection system. This uses a fine needle to inject a gas close to the sample

surface, which under the electron or ion beam forms a solid layer. The Helios

system has gas injection for depositing platinum or carbon. In this project

only platinum deposition has been used, predominantly, as a protective layer

to prevent unintended surface damage to the sample under the ion beam.

Generally this was done in two stages. Firstly, a thin layer (≈50 nm) is

deposited using the electron beam, as this will not cause any damage to the

sample. The rest of the required platinum layer is then deposited using the

FIB, as this is significantly faster.

In this work FIB/SEM has been used in two ways to obtain data on the

subsurface morphology of porous structures. Surface milling was done to

remove a layer of material and expose a subsurface layer, such that it can

be viewed from above by the SEM. The second method allows the collection

of 3D morphological data and is described in the following section. All the

FIB/SEM data presented in this thesis were obtained by the author.

2.2.6.1 Serial block-face imaging

FIB SEM has been used to create 3D morphological data of porous GaN

structures using serial block-face imaging (SBI) with proprietary automa-

tion software (FEI Slice and View G3 1.5). This process takes a series of

slice images that can be re-assembled digitally to form a 3D model of the

volume of interest. Before beginning the automated process, the site must
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be prepared through a number of steps. This is illustrated in Figure 2.7,

which shows the prepared site prior to beginning SBI. The top view is vis-

ible from the FIB (2.7a) and an inclined view is visible in the SEM (2.7b).

Coloured shading has been added to highlight different regions.

Firstly, a relatively thick protective platinum layer (≈ 200 nm) is de-

posited onto the ROI. As the process will involve several hundred FIB im-

ages, there will be considerable damage to the surface otherwise. A Pt layer

also reduces the roughness achieved from the FIB cut, which allows better

quality images to be taken. In this case, Pt has been deposited across the

entire surface visible in 2.7, but the cross-section of the Pt layer above the

face to be imaged is shown in yellow shading in the SEM image. Then

trenches are milled with the FIB around the ROI to either side and in front

of it. These are highlighted in green in Figure 2.7a, while the ROI is in blue.

The side trenches are necessary to allow sputtered material to escape more

easily and prevent it building up and obscuring the image. As well as this,

the front trench is necessary in order to expose the face to be imaged by

the SEM. This face therefore needs cleaning with a low FIB current after

the trenches have been defined. Fiducial markers are then made, which are

used by the software to align both the SEM images and the FIB milling

between slices. These are a well defined shape that the software can locate

in an image to correct microscope drift. The markers are made by first de-

positing a thick platinum pad and then milling a shape, either a cross or

a ring work well. This is highlighted in purple in both the SEM and FIB

images of Figure 2.7. The marker must be milled deep enough to retain its

approximate shape throughout milling, as well as being unique in the image.

The same marker can usually be used for both beams, as is the case here.

The SEM can image the face of the ROI, as shown in red in Figure 2.7b and

the structure is now ready for the automated SBI program.

The size and position of the imaging region and the milling region must

both be defined in the software, with respect to their fiducial markers, as well

as setting the number of slices and ensuring that the SEM is well focussed.

The automated process then mills thin slices of material off this face using

the FIB with a slice thickness that can be set as low as a few nanometres with

an SEM image taken of each slice. This builds up a dataset that describes

the entire 3D morphology. The software is equipped with drift correction

and auto focus that allow a large number of slices to be obtained.
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(a) FIB

(b) SEM

Figure 2.7 Images of the set-up process for SBI taken before the automated process
begins in the FIB and the SEM. The shaded regions show the fiducial marker
(purple), the volume of interest (blue), the access trenches(green), and the cross-
sectional view of the face to be imaged (red) and the Pt protective layer (yellow).

Significant effort was made in order to develop this method. The system

must be set-up with the utmost precision in order to achieve the required

resolution across the desired volume. The first attempts were over ambitious

in terms of the imaged volume, achieving insufficient resolution. Other at-

tempts failed where the Pt layer was too thin and subjected the ROI to

damage from the many alignment images taken by the FIB or where the

fiducial marker was poorly defined and became indistinguishable.

The SBI process generates a large number of slice images, which were

processed using the Fiji distribution of ImageJ. The slice images are all

loaded into the program and then converted to a stack and sorted into order.

Next, the stack can be cropped to reduce the image size, ensuring that the

ROI is inside the cropped area for all stack slices. To line up all the stack

slices, a registration process is required. This was done using the StackReg

plugin for ImageJ, which loops through the stack aligning each slice to the

previous slice using the TurboReg plugin, which aims to minimise the mean

square difference between the two images by translation [145]. The rigid

body option was used, which allows translation in x and y and rotation, but
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without scaling. The aligned stack can then be viewed using the Volume

Viewer plugin in ImageJ [146]. This allows images to be reconstructed at

any plane through the 3D volume. As such, a plan view of each subsurface,

porous layer can be constructed.

2.2.7 X-ray diffraction

X-ray diffraction (XRD) is a powerful crystallographic analysis technique

that probes the structure of a crystal through the diffraction of an x-ray

beam by the atomic planes of the crystal. In this work XRD has been used

to assess the structure of samples prior to anodisation, as well as being

used to characterise porosity itself, as developed in Chapter 5. All of the

XRD data presented in this thesis was obtained and modelled by the au-

thor, with support from Martin Frentrup and Mary Vickers in performing

the analysis. This section describes the equipment used to perform x-ray

experiments, followed by a description of the fundamentals of XRD and the

measurement methods employed in this thesis. Then follows a description

of modelling techniques that can be used to simulate and characterise the

measured structure. Finally, a brief description of x-ray reflectivity is given.

2.2.7.1 The x-ray diffractometer

An x-ray diffractometer allows variation of up to four angles, as depicted

in figure 2.8. The scattering vector is controlled by the angle between the

source and the detector (2θ), and the angle between the source and the

sample surface (ω). The other two angles are the azimuthal angles; ϕ is

the rotation angle of the sample and χ is the tilt. The diffractometer also

allows movement in x, y and z. The X-ray data in this thesis was obtained

using an Empyrean and an X’Pert, both from Panalytical.

The x-ray source of both the diffractometers produces CuKα x-rays with

a wavelength of 1.54 Å. The divergent x-rays from the source are reflected

into a quasi-parallel beam using a parabolic mirror. Various optics can

be used to influence angular resolution, beam size and the intensity of the

signal and there are trade-offs between these factors. The X’pert system

has been the primary system used for x-ray measurements in this project.

After the source this used: an auto attenuator, which increases the dynamic

range of the system by attenuating the signal when it nears the detector’s
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Figure 2.8 Illustration of the angles in a diffractometer, from [147].

limit; a monochromator to reduce the angular spread of the beam, generally

an asymmetrical 4 bounce Ge(220) monochromator offering high intensity,

but reasonably high divergence (when a less divergent beam was required a

symmetrical 4 bounce Ge(220) monochromator was used instead); crossed

slits, which allowed the beam to be cut down in size. The X’Pert was

used with either an open detector or a triple axis monochromator (also

known as an analyser crystal), which has an acceptance angle of 12 arcsecs,

significantly increasing the angular resolution. The same proportional gas

detector is used in either case.

The Empyrean, has been used only for the collection of reciprocal space

maps (RSMs), as it is equipped with a CCD detector (Panalytical, PIXcel

3D), which allows frame-based detection at multiple angles simultaneously,

which dramatically reduces the collection time of high resolution RSMs.

This is a solid state detector, consisting of a 256 × 256 array of 55 µm square

pixels. This means that it can collect the intensity at multiple 2θ values si-

multaneously, across an angular opening of 3.3°, giving an angular resolution

of 0.129°.

2.2.7.2 Fundamentals of XRD

XRD can be understood through Bragg reflection. Consider two parallel

crystal planes with lattice spacing dhkl, as shown in figure 2.9. An incident
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Figure 2.9 Schematic diagram demonstrating Bragg reflection. Adapted from [147]

x-ray beam scatters off the crystal and reflections from separate planes will

interfere giving rise to intensity maxima where the path difference is a whole

number of X-ray wavelengths (λ). Through simple geometry, this occurs

when:

nλ = 2dhklsin(θ) (2.3)

We need only consider n = 1 here, as variation of n is accounted for by the

various possible multiples of d. The same system can helpfully be considered

in reciprocal space by taking the Fourier transform of the real space lattice.

In this space each set of parallel planes is represented by a reciprocal lattice

vector with direction normal to the planes and a magnitude given by d∗hkl =

1/dhkl. The scattering vector, Q is given by the vector difference of the

incident and scattered wavevectors. With K0 the wavevector of the incident

beam and K1 the diffracted beam, both with magnitude 1/λ:

Q = K1 −K0 (2.4)

Given that K0 and K1 have equal length and are separated by 2θ Q will be

normal to the crystal plane and have magnitude:

|Q| = 2|K0|sin(θ) (2.5)

Where Q is identical to d∗hkl there will be a peak reflection. This is the

same result as given in real space by equation 2.3. For a particular crystal,

peak reflections are therefore well-defined, as the plane spacing (dhkl) is well-
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defined. There are various sources that list the locations of peak reflections

for different materials, such as the Inorganic Crystal Structure Data Base

(ICSD).

Figure 2.10 Plot of the accessible reflections of GaN (black) and sapphire (white)
found in the sapphire 112̄0 and GaN 101̄0 azimuth. From [147]

As discussed in section 1.1.1, gallium nitride can exist as a wurtzite or

zinc-blende crystal, but this work uses only the wurtzite form. Figure 2.10

shows the measured reflections of c-plane wurtzite GaN, grown on sapphire,

viewed in the 101̄0 azimuth [147]. Some reflections are not accessible, such

as 0003, which has negligible intensity, due to destructive interference, whilst

others cause the incident or reflected beam to pass through the sample itself,

meaning they cannot be detected, such as 101̄2. The reflections shown in

Figure 2.10 can be described as either symmetric or asymmetric. Symmetric

reflections describe crystal planes with a normal that is parallel to the sample

normal, e.g. 0002 and 0004. To measure these reflections ω = θ and the

omega offset (ωoffset) equals zero. For asymmetric planes, the plane normal

is not parallel to the sample normal and ω 6= θ.

Three types of scan are used in this project, which are sketched in Figure

2.11. ω-2θ scans are shown in red and move radially from the origin making

a measurement along Q. They measure with constant ω offset, varying

ω and 2θ, such that:

56



2.2. Characterisation techniques

Figure 2.11 Sketch of three lattice points (orange) in reciprocal space. The three
XRD scans of relevance to this project are drawn in each case: ω-2θ (red arrow),
ω (blue arrow) and a reciprocal space map (black box).

2θ = 2× (ω − ωoffset) (2.6)

These measurements were primarily made at symmetric reflections and have

been used particularly to measure structures with multiple layers of different

material. These scans were performed using the X’Pert using the triple axis

monochromator for high angular resolution.

ω scans are shown in blue and are tangential to ω-2θ scans. These

follow an arc in reciprocal space, centered on the origin and are performed

by varying ω with a constant 2θ value. They are often performed with

the open detector and analysis of the width of the reflection is used to

quantify the dislocation density of the sample, which is referred to as a

rocking curve [148].

Reciprocal space maps (RSMs) are formed through a combination of the

other two scans, essentially performing a series of ω-2θ scans for different

values ofω, as shown by the black boxes in Figure 2.11. A map of reflections

across reciprocal space can then be obtained by plotting a contour plot of

reflected intensity against the diffraction vector co-ordinate (Qx, Qz). A

large RSM is shown in Figure 2.10. These measurements were done using

the Empyrean, as the PIXcel CCD detector allows frame-based detection to

dramatically reduce the collection time.
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2.2.7.3 Measuring nitride heterostructures

In this thesis XRD is primarily used to measure nitride heterostructures.

This either consisted of measuring the thickness and alloy fraction of as-

grown samples or measuring multi-layer porous structures as explored in

Chapter 5. Where a sample has layers of different nitride alloys, the plane

spacing will be different, meaning that the two reflection peaks occur at

different positions.

Figure 2.12 An ω-2θ scan of an InGaN GaN layered sample, at the 0002 GaN
reflection. The major peak is GaN and the spacing of the other peaks give detail
on the In Content and thickness of the InGaN layer.

A thin layer may be strained when grown on a thick layer with a different

lattice constant. To quantify this, anω-2θ scan at a symmetric reflection can

be used to determine the d-spacing for each peak, which is related directly

to the out of plane cell-parameter, c. The in-plane cell parameter, a, can

then be calculated by measuring peak locations at an asymmetric reflection

in an RSM, which is defined by a and c. If the peaks align in Qx this

indicates that the thin layer is fully strained to the thick layer, as they have

the same lateral lattice spacing. Once the strain state has been measured

the alloy content and thickness of the layers can be calculated. Figure 2.12

shows an ω-2θ scan measured at the 0002 GaN reflection using the open

detector. This sample consists of an InGaN layer with a GaN layer on top

grown on a thick GaN template on sapphire. The larger reflection is GaN,

which is thick enough to assume it has relaxed, while the peak occuring at

lower angle is the InGaN reflection, as InGaN has a larger lattice constant.

The location of the second peak is dependent on the alloy fraction of the

InGaN layer, while the third peak, plus any other peaks that could have
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been measurable, are due to interference between the layers and are related

to both layer thickness and alloy fraction. These values can be extracted

by modelling, giving 17 % InN content and 20 nm thickness in this case.

Details of x-ray modelling are described in section 2.2.7.4.

Periodic heterostructures give rise to periodic satellite peaks around the

primary reflections. The spacing of the satellite peaks is inversely related to

the real-space period, as derived from Bragg’s law.

sin(θn) =
λ

2t
n (2.7)

where t is the layer thickness, n is the peak number, θn is the angle at

which the nth peak occurs and λ is the CuKα x-ray wavelength. Plotting

sin(θn) against n gives a gradient that is proportional to the inverse of the

period. The shape of periodic satellite peaks can be used to characterise the

thickness and alloy content of the layers, as has been done for InGaN/GaN

QWs, for example [149]. This detail can be extracted by fitting simulations

to the data.

2.2.7.4 X-ray simulation and fitting

For ω-2θ curves of complex heterostructures, it may not be possible to as-

sign individual peaks to certain layers. In this case, modelling the structure

and fitting simulated curves to the experimental data is a powerful approach.

There are two broad categories of modelling XRD curves. Modelling epitax-

ial nitride structures can be achieved with a variety of commercial models

based on a dynamical approach and these have been shown to show good

agreement with experimental results [150]. This approach uses differential

equations to solve the wave equation in the sample arising from a single

scattering event. This approach has been used for modelling epitaxial struc-

tures with no porosity using Panalytical’s Epitaxy software. An alternative

to the dynamical model is to use kinematic theory. Here the contributions

of x-ray reflections from each atomic plane in the structure are summed to

give the overall intensity. For highly perfect crystals this approach may not

be adequate and a full dynamical approach may be necessary to model the

response accurately. For heteroepitaxial GaN strain is large and the density

of defects is high, in which case a kinematic approach has been shown to

be more appropriate [151]. Modelling superlattices containing porous ma-
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terial was not possible using Epitaxy, as there was no way to represent a

porous material. This could feasibly be achieved by setting the occupancy

of a crystal lattice to a value less than one, in order to represent porosity,

but the software did not allow this. In order to model these structures, a

kinematic model was developed in Matlab, which is presented in Chapter 5.

2.2.7.5 X-ray reflectivity (XRR)

X-ray reflectivity (XRR) is similar in implementation to XRD and can be

performed with broadly the same equipment. Measurements are taken by

performing an ω-2θ scan at low angle to the sample surface to measure the

specular reflectivity of the sample. As the process relies on reflection, instead

of diffraction, XRR can be applied to any material, not only crystalline ones.

XRR measures how the electron density of a material varies with depth, it

does not measure the lattice parameters of a material. The method is highly

surface sensitive, measuring thin films between 1 nm and 1 µm [152].

At very small angles, x-rays are totally reflected from the surface, but

at some critical angle (θc) defined by the electron density of the surface, the

x-ray penetrates the surface. At this point reflectivity drops off rapidly, as

absorption increases and the proportion of specular reflection decreases. The

roll-off is extremely sensitive to sample roughness, as this leads to radiation

being lost through diffuse reflectivity. A single thin layer on a substrate

will give rise to oscillations in the intensity with angle. The amplitude of

the oscillations is related to the contrast in density between the two layers,

while the period is inversely related to the thickness of the thin film. These

oscillations are the result of interference between multiple reflections at the

interfaces of the layers. For a sample made up of multiple layers, the interfer-

ence fringes can become very complicated, requiring a modelling and fitting

approach in order to characterise the structure. XRR measurements were

performed using the X’Pert and the measurements performed are described

in detail in section 5.3.4. Modelling was performed using Panalytical’s Re-

flectivity software which uses the Parratt formalism for reflectivity [153]

following the approach described elsewhere [154].
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2.2.8 Atomic force microscopy

Atomic force microscopy (AFM) is a form of scanning probe microscopy

for characterising the surface morphology of a material. It can achieve sub

Ångström vertical resolution and nanometre lateral resolution. A schematic

of the system is shown in Figure 2.13a. A tip with a radius of a few nanome-

tres is mounted on a cantilever which is brought into close proximity with

the surface via a piezoelectric actuator. A force acts between the tip and the

surface, depending on the separation and this force deflects the cantilever,

which is measured by a reflected laser beam on a four-quadrant photodiode.

The deflection measurement is fed to a computer, which defines a set-point

in terms of raw deflection or force, depending on the mode being used. A

feedback controller aims to keep the tip as close to the set-point as possible

and controls the z position of the actuator. The tip is raster scanned across

x and y, as defined by the user through the computer.

(a)

(b) Sharp tip (c) Blunt tip (d) Low gain

Figure 2.13 (a) Schematic diagram of the AFM system along with sketches of
the tip sample interaction in three different cases: (b) has a sharp tip and well
optimised gain, (c) has a blunt tip and (d) has a sharp tip, but the gain is too low.
The measured height trace is sketched below in red in each case.
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The deflection of the cantilever is a result of the interaction between the

sample and the tip, therefore the size and shape of the tip is crucial to the

measurement. Figure 2.13b shows a sketch of a sharp AFM tip imaging a

trench. The red curve plots the measured trace, showing sloped side walls

that are a result of the sloped edges of the tip, rather than the trench.

Figure 2.13c sketches the same trench measured with a blunter tip. Again,

the measurement of the side walls reflects the tip shape, rather than that of

the trench, in this case they are curved. What’s more, the trench depth is

larger than measured, as the tip cannot fit into the trench. A sharper tip

enables higher resolution than a blunt one. Tip height is controlled to keep

it as close as possible to a defined set-point, which is some measure of tip

sample proximity. Two images are constructed during scanning: the first is

the topography signal in nanometres, which is a measure of the tip height;

the second is an error signal given by the deviation from the set-point. The

gain of the feedback loop must be controlled to ensure accurate tracking of

the surface, unlike in Figure 2.13d, where it is too low. Too large a gain

introduces noise.

.

Figure 2.14 Sketch of the probe motion and force during one oscillation of the tip
in PeakForce Tapping mode AFM [155]

AFM data in this thesis is taken either using tapping mode or PeakForce
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tapping mode. In tapping mode the cantilever is oscillated just below its

resonant frequency. When it is far away from the surface it oscillates freely,

but as it is brought closer the oscillation amplitude reduces approximately

linearly with surface separation. The amplitude of the oscillations is moni-

tored with an amplitude set-point, which defines the error signal. Tapping

mode AFM gives high lateral resolution and reduces the force on the tip.

This method also reduces problems with adhesion between the tip and the

surface fluid layer that is present in ambient conditions [156]. A more recent

advance on tapping mode is the proprietary PeakForce Tapping mode from

Bruker, which reduces the force exerted on the tip further and allows simul-

taneous collection of mechanical properties. Here the cantilever is oscillated

at a lower frequency than in tapping mode. For each oscillation, the machine

measures the force, acting on the tip, as shown in Figure 2.14. Initially, as

the tip approaches the surface it experiences a small attractive force due to

Van der Waals force, which peaks at point B. As the tip comes even closer

to the surface it experiences a repulsive electrostatic force, which peaks at

the tips closest approach, point C. In withdrawal, the force reduces, but

then experiences snap off whereby the attractive forces must be overcome

to pull it away from the surface, resulting in a negative peak at point D.

PeakForce Tapping mode uses a force set-point, which defines the peak of

the force curve at point C in Figure 2.14. This is still measured by cantilever

deflection and is only quantitatively accurate with careful calibration. The

force curves can also be used to extract mechanical information on the sam-

ple, such as Young’s modulus. Tapping mode data presented in this thesis

was obtained using a Digital Instruments Dimension 3100 AFM or a Veeco

Dimension Pro AFM with MPP-11100-10 or RTESP-300 tips from Bruker,

which both have a nominal tip radius of 8 nm. PeakForce Tapping data was

obtained using a Veeco Dimension Pro AFM with ScanAsyst-Air tips with

a tip radius of 2 nm. All AFM data presented in this thesis was obtained

by the author or students under his supervision.
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Chapter 3

Mechanisms for the

Formation of Porous GaN

3.1 Introduction

As has been discussed in section 1.2, pores can be formed using electrochem-

ical etching (ECE) and the setup used in this thesis was described in section

2.1.2. This chapter describes work to better understand the mechanisms

behind the process of pore formation in nitride semiconductors, building on

the study of the literature. Section 3.2 describes details around the pore

formation process around how ECE experiments can be monitored through

the current and what this can tell us, as well as the impact of modulating

the applied etching potential and what this tells us about the electric field

during etching.

Section 3.3 examines the method of etching subsurface doped layers using

dislocations to create nanopipes that allow the electrolyte to penetrate NID

layers. This was achieved by this group shortly before the author joined [60].

It was suggested that threading dislocations provided pathways to etch the

subsurface material and limited cross-sectional TEM data indicated that

there were points showing minor damage to the NID layer, which supported

this theory. This section describes the mechanistic details of this process

in more detail using plan view STEM data, which was collected by Helen

Springbett and Fabien Massabuau. Analysis of this data gives insights into

how the process works and this is applied to samples with a thicker NID cap.

Producing uniform porosity in these structures was not achieved and analysis
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of why this is difficult is presented. Only GaN samples are presented in this

chapter, but many of the discoveries made here inform the work outlined in

Chapter 6, where the process is applied to AlGaN and InGaN samples.

3.2 Mechanisms for pore formation

The starting place for this work is from equation 1.3, which describes the

oxidation of GaN under ECE, as reproduced more generally below:

2 RN(s) + 6h+ −−→ 2 R3+
(aq) + N2(g). (3.1)

Where R is a generic group III metal: Al, Ga or In. The key message from

the literature review of the previous chapter is that this process relies on hole

injection, arising from an electric field between an appropriate electrolyte

and the nitride material. The magnitude of the electric field is primarily

controlled by the applied potential and the material’s conductivity, which

makes potential and doping density two parameters for controlling pore

morphology.

As a simple verification of the work shown in the literature, Figure 3.1

shows plan-view SEM data of a surface layer of n-doped GaN after ECE at a

range of potentials (8-14 V). These were etched potentiostatically, where the

applied potential was constant throughout the reaction. The dark regions

are pores, while the light grey regions show GaN. This shows the trend

described in section 1.2.1 that a higher potential leads to larger pores. The

2D cross-section of these pores also changes from small, round pores in a

solid material at 8 V to a structure with complex, chaotic morphology at

14 V.

While etching, the reaction can be monitored via the measured current.

The plot of current against time gives an etch profile, as plotted for these

samples in Figure 3.2. In each case, the current starts high and drops

sharply. It then increases to a peak which may have a number of oscillations

and drops to a background level when the layer has been fully porosified. The

inset graph in Figure 3.2 shows the same data over the first three seconds

of the process, in order to view the initial current peak for each curve.

The magnitude of this peak correlates with the magnitude of the applied

potential. This peak is due to the migration of ions to form a double layer

at the sample surface. The potential supporting this double layer is directly
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(a) 8 V (b) 10 V

(c) 12 V (d) 14 V

Figure 3.1 Plan view SEM images of the surface of porous GaN layers formed
under ECE at various voltages. Scale bars are 500 nm. These data were obtained
in collaboration with Adina Wineman, under the supervision of the author.

related to the applied potential, which is why the initial spike in current is

larger for a larger applied potential. Note, however, that the total current is

plotted, rather than the current density. The area of material to be etched

was not controlled precisely for these samples, although they were all of

similar size (≈ 1cm2).

After the initial peak reduces, there follows a rise in current, which

corresponds to the ECE process. This is of similar shape for each curve,

but the peak occurs sooner and is of higher magnitude for higher applied

potential. At some point, the doped material available to be etched has

become porous and the current drops. This current drop provides a useful

signature that etching of the doped layer is complete. Theoretically, the

total charge transferred should be related to the volume of material removed

from the sample and integrating the current curve could then be related to

the porosity using equation 3.1. However, other processes contribute to the
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Figure 3.2 Etch profiles from the surface porous samples etched at various voltages,
showing the measured current over time. Inset: the same data plotted for the first
few seconds of the etch.

measured current, such as water splitting, which makes O2 gas and H+ ions

at the anode, (the sample):

2 H2O(l) + 4h+ −−→ 4 H(aq)
+ + O2(g) (3.2)

and H2 gas at the platinum cathode:

2 H(aq)
+ + 2 e− −−→ H2(g) (3.3)

This leads to bubbles forming, which are often visible at both electrodes.

The magnitude of water splitting depends on factors, such as the applied

potential, so it cannot be assumed that every extra coulomb of charge mea-

sured from increasing the potential contributes to higher porosity.

The shape of the etch profile can also vary considerably. Figure 3.3

shows two ECE experiments performed under an applied potential of 12 V

a few days apart on similar sized pieces of the same GaN sample, which had

a 500 nm thick n-doped layer at the surface. The shape of the two etch

profiles is very different, yet the corresponding SEM data show a similar

morphology. This suggests that there are factors that affect the current

produced that are not being controlled effectively: the temperature, the

positioning of the two electrodes, background lighting, the quality of the

67



3.2. Mechanisms for pore formation

Figure 3.3 Etch profiles of two ECE experiments performed on similar pieces of a
sample with a 500 nm thick n-doped surface layer and an applied potential of 12 V.
Inset are the corresponding surface SEM images. Scale bars are 200 nm.

contact etc. All of these factors could influence both the ECE of GaN and

other current producing processes. Work on porous silicon suggests that

the environment must be tightly controlled in order to produce consistent

results [157]. This was not achievable within this project, but from the

observations made on the resulting morphology the process appears to be

reproducible within acceptable bounds for this work.

3.2.1 Potential Modulation

Previous work on porous silicon showed that modulation of the applied

current density could be used to create layers of alternating porosity [158].

I applied a similar technique to a GaN sample with 1.5 µm of n-doped

GaN on a GaN on sapphire template, but controlling the applied potential,

rather than the current density. Figure 3.4a shows the square wave voltage

signal, alternating between 8 V for 200 seconds and 14 V for 100 seconds

(black, dashed line) and the resulting current profile (red, solid line). At

each voltage transition, there is a current transient, which arises from the

capacitance of the system. The initial 8 V segment of the current curve

takes some time to rise, which suggests that etching at the surface is slow

to commence. The following two 8 V segments are of similar magnitude,

but the fourth segment has significantly lower current, which indicates that
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the etching process has finished. The 14 V sections have larger current, as

would be expected from the voltage series shown in Figure 3.2 and they

have similar shape to one another, but with slightly lower values each time.

This could indicate that the conductivity, and therefore the effective electric

field is reducing. These trends can be seen more clearly in Figure 3.4b,

which shows the integrated current over time for each section, which is

approximately proportional to the charge transferred. The first 8 V section

has a low gradient, which increases towards the end of the section to match

the gradient seen by the subsequent two 8 V etches. The 14 V sections show

very similar trends and gradients to one another, showing the low gradient

of the transient, which rises to a steeper gradient when etching is underway.

Figure 3.5 shows the resulting structure of this sample in cross-sectional

SEM, showing layers of varied pore size. The layers can be directly assigned

to the etch profile, where the 14 V layers have larger pores than the 8 V

ones, as labelled. As expected from Figure 3.4b, the first 8 V layer is thinner

than the others, which may provide evidence for a surface transition layer in

which porosification is inhibited near to the surface. This has been reported

previously, due to the shape of the depletion region at the surface [63]. The

final 8 V layer is also significantly thinner than the other layers, as it is

limited by the extent of the n-doped material. The two central 8 V layers

both have a thickness of 350 ± 10 nm, while the three 14 V layers have

similar thickness to one another of around 180 ± 10 nm. It is difficult to

draw conclusions on how the etch rate varies between these two voltage, as

the current traces in Figure 3.4 indicate that it is not constant, especially

for the 14 V layers. The interfaces between porous layers are not straight or

parallel to the sample surface, which indicates that the etching rate differs

across the lateral surface of the sample. This is likely a result of the pore

initiation process.

A perhaps surprising result of this study is that when the potential is

increased from 8 V to 14 V the pores formed in the previous porous layer are

not widened. This is a result of the fact that the electric field is concentrated

at the pore tip [45]. Figure 3.6a shows a cartoon of the sample when etching

begins. The applied potential between the electrolyte and the n-GaN creates

a thin depletion region at the interface (yellow) and the electric field lines are

drawn evenly spaced and vertical, indicating uniform electric field strength.

Here the interface is drawn perfectly, but in fact any pits or imperfections at
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(a)

(b)

Figure 3.4 Etch profiles of the modulation etched sample. (a) shows the applied
potential (black, dashed line) and measured current (red, solid line) over time. (b)
shows the integrated current for each voltage region of a.
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Figure 3.5 Cross-sectional SEM of the GaN sample etched with a voltage mod-
ulated between 8 V and 14 V. The annotations on the left hand side indicate the
different layers with colours matching Figure 3.4b. Scale bar is 1 µm.

(a) (b)

(c)

Figure 3.6 Cartoons of a surface doped GaN structure showing how pore mor-
phology influences the electric field and depletion region (a) when the potential is
first applied, (b) when etching at one potential and (c) after etching at two different
potentials. The arrows indicate the electric field, the + and - symbols indicate the
polarisation and the yellow layer shows the depletion region.
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the interface act to concentrate the electric field and these are the points at

which pores initiate. Figure 3.6b shows the situation after the first layer of

8 V pores have been etched and the pores are full of electrolyte. The electric

field acts to exclude carriers from the GaN in the porous region, creating a

depletion region. The radius of the pore acts to focus the electric field at

the pore tip. When the potential is increased, the magnitude of the electric

field increases at the pore tips, such that etching of larger pores continues

at these points, resulting in the structure shown in Figure 3.6c. The process

continues in a similar way when the potential is reduced.

3.3 Etching through dislocations

A large portion of this thesis deals with subsurface porous layers formed

when ECE is applied to a structure with an n-doped layer buried underneath

a NID capping layer. Figure 3.7d shows a representative cross-sectional SEM

image of a porous GaN DBR with twelve pairs of porous/non-porous layers

that was etched in this way at a potential of 8 V. Doped layers in the as-

grown structure have become porous, even when underneath several micron

of material. There is no sign of damage to the material between the porous

layers. A time series was performed in which ECE was repeated on this

sample for different lengths of time. The corresponding cross-sectional SEM

are shown in Figure 3.7. After 500 seconds, the first doped layer is partially

etched (3.7a), at 1000 seconds (3.7b), the first layer is completely porous and

the second layer is partially etched. At 2500 seconds (3.7c) the process is

part way through the fifth layer and after 6000 seconds (3.7d) the structure

is fully etched. This shows that the process proceeds vertically with time,

the first layer is etched before the second layer and so on. This is verified by

the optical appearance of these samples, which is uniform across the sample

with the reflectivity increasing with etch time.

These data indicate that there must be a vertical channel that allows the

electrolyte to access the lower doped layers and for the products of the ECE

process to escape the pores. Prior work from this research group found

regions where pores were created in the NID layer in TEM data and the

appearance of these regions suggested that these vertical pathways could

be provided by certain types of dislocations in the as-grown material [60].

Evidence of vertical pathways can occasionally be seen in SEM data, as
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(a) 500 seconds (b) 1000 seconds

(c) 2500 seconds (d) 6000 seconds

Figure 3.7 Cross-sectional SEM images taken of a vertically etched porous GaN
DBR with the etch time limited in each case. The twelve pair DBR structure is
fully etched in d.

shown in Figure 3.8. This shows a dark vertical line in the NID region,

which broadens as it approaches each doped layer and then forms a broad

porous chamber. Porosity can be seen to spread out from this region. The

apparent sparsity of these features means that plan view imaging is required

in order to be able to image a good number of them.

Figure 3.8 Cross-sectional SEM of a porous GaN DBR showing a region where
vertical etching is evident, as highlighted by the white box. Scale bar is 500 nm.

3.3.1 High resolution structural studies

In order to understand how these pathways relate to dislocations, a study

was performed on a similar porous GaN DBR sample, which used sequential

plan view HAADF-STEM imaging to obtain high resolution data throughout
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the depth of the DBR. This work was conducted by Helen Springbett and

Fabien Massabuau. Sample preparation first used mechanical polishing from

the back in order to thin the sample to ca. 50 µm. This was followed by

a dimpler with 1 µm diamond particles used to remove polishing scratches

and then a final thinning step using an Ar+ ion mill in a Gatan PIPS II

system until a hole is visible. The first STEM data is taken at this point,

which is a standard plan-view approach, allowing the top 200 nm of material

to be imaged. The sample is then returned to the Gatan PIPS II system,

but this time with the front side of the sample exposed to the Ar+ ion

mill. The guns were operated in single modulation mode at an angle of 5°,

such that material is removed from the top surface on one side of the hole,

while the other side is sacrificed. In order to remove only a small thickness

of material from the top side, this step was conducted at a low ion beam

energy of 1 keV for around 5 minutes, followed by a cleaning step at 0.1

keV for 10 minutes. The sample is then returned to the STEM for imaging,

which allows a lower section of the sample to be imaged. This process can

be repeated as many times as required, in order to view sequentially deeper

material. A low magnification HAADF-STEM image of the sample after

ECE shows the pore morphology in a porous layer of the DBR, as shown in

Figure 3.9. In this image the contrast relates to the thickness of the sample,

as all the material being viewed is GaN. This means that the dark regions

relate to holes, while the bright regions show walls of GaN. This shows that

pores spread out laterally in the doped layer to form fingers of porosity that

have a fern like pattern that is centered radially on a limited number of dark

centres. Pores stop growing when they meet each other, forming domains

of porosity separated by walls of GaN. Some of these are highlighted by the

yellow lines in Figure 3.9. The morphology shows that the dark points at

the centre of these domains, one of which is highlighted by the white ring,

must be the vertical pathways that are allowing the electrolyte to reach the

doped layer.

Zooming in on the centre of a porous domain allows atomic columns to

be seen, as shown in Figure 3.10b. The disconnect in the Burgers circuit

drawn round this point indicates that it is centered on an edge- or mixed

type dislocation. In the centre of the circuit there is a hole with a diameter

of around 5-10 nm and no dislocation core structure is visible. This contrasts

to the dislocations viewed in the un-etched sample, as shown in Figure 3.10a,
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Figure 3.9 Plan view HAADF-STEM image of a porous GaN DBR showing do-
mains of porous regions with a fern-like structure. The boundaries of some of these
domains are highlighted in yellow and the white circle highlights a dislocation.
Scale bar is 500 nm. These data were obtained by Helen Springbett and Fabien
Massabuau.

(a) As-grown (b) After ECE

Figure 3.10 High resolution HAADF-STEM images of a dislocation viewed along
the < 0001 > zone axis in the as-grown sample (a) and after ECE (b). Scale bars
are 5 nm. These data were obtained by Helen Springbett and Fabien Massabuau.
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where the dislocation core is filled and shows a structure consisting of a five-

membered and a seven-membered ring (Figure 3.10a inset). While this is

by no means the only dislocation core structure possible in these samples,

it is not expected, nor was it observed in these samples, to have a high

density of open cores prior to ECE [159]. This shows that mixed and edge-

type dislocations can be etched by the ECE process, forming a nano-pipe of

a few nanometres in diameter. This pipe provides a path for electrolyte to

reach the subsequent doped layer and for etch products to escape. When the

pipe reaches the doped layer it is surrounded by conductive material with an

applied potential, which allows porosity to spread out laterally forming the

fern structures seen in 3.9. The lateral etching stops when a porous domain

around one dislocation meets the adjacent porous domain, as the electric

field becomes insufficient.

Figure 3.11 High resolution HAADF-STEM image with super-imposed strain map
around the dislocation core. The white ring highlights the dark region correspond-
ing to the nanopipe, visible in the lower resolution image of the same region (inset).
Main scale bar is 2 nm, inset is 100 nm. These data were obtained by Helen Spring-
bett and Fabien Massabuau.

Very occasionally, the centre of the porous domain contained a dislo-

cation core that was still intact. In these cases, there was a dark region

around the dislocation, which indicates that the material is thinner in this

region. We interpreted this as a region where the nanopipe terminates at

this doped layer. The dark region shows where the arriving nanopipe causes

the material to be thinner. This would occur if the material in the next layer

has already been porosified through an adjacent dislocation pathway before
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this dislocation has formed a nanopipe. This is shown to occur in data

presented in section 4.2. These dislocations offer the chance to examine

where the nanopipe forms in relation to the dislocation itself. An exam-

ple of this is shown in Figure 3.11, which has a geometrical phase analysis

map [160] superimposed over the dislocation core, which indicates regions

of compressive and tensile strain, either side of the dislocation. The dark

region, which indicates the nanopipe into the layer is visible in the zoomed

out image inset in the figure and a white dashed line indicates this region

in the high resolution data, as a guide to the eye. This data shows that the

nanopipe is not centered on the dislocation. Rather, it is offset towards the

compressively strained region. It has been previously indicated that silicon

dopants tend to segregate preferentially to the compressive regions adjacent

to dislocation cores [159]. This would lead to enhanced conductivity in the

compressively strained region adjacent to dislocations that could support

an enhanced electric field that allows ECE. The compressive region seeing

this enhancement will lie close to the dislocation core, which supports the

fact that most dislocation cores are removed by the process. This work has

identified and measured the mechanism for forming subsurface pores. The

next questions are what this tells us about the two fundamental components

of ECE: the transport of chemical species to and from the etch site and the

electric field that drives the process.

3.3.2 Transport of chemical species through nanopipes

The STEM studies outlined above indicate that nanopipes with a diame-

ter between 5-10 nm provide transport for the electrolyte to the etch front

and for the reactants to escape. In this section the implications of this for

chemical transport are considered. Using STEM data, such as that shown in

Figure 3.9 the porosity was estimated at 45% by volume and each n-doped

layer is 47 nm thick. These samples are grown on GaN on sapphire tem-

plates, which have a nominal dislocation density of ≈ 3 × 108cm−2. These

figures suggest that the volume of material that is removed through each

dislocation is 7× 106nm3. The volume of the GaN unit cell is 0.04549 nm3

and this contains two gallium atoms and two nitrogen atoms. Considering

just the nitrogen atoms, this means that for each dislocation core approxi-

mately 3× 108 nitrogen atoms, or 3× 10−16 moles of N2, must be removed

per layer. Taking the pipe radius as 5 nm and observing that the fastest
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etch time we have observed for a single, subsurface porous layer has been 120

seconds this gives a flux of molecular N2 of approximately 3 mol·m−2s−1.

The concentration gradient required in order to achieve this flux via

diffusion can be calculated to a first approximation from Fick’s 1st law,

which is given as:

J = −Ddϕ
dx

(3.4)

Where J is the molecular flux, D is the diffusion constant, which for N2 is

2× 10−9m2s−1 [161] and ϕ is the concentration gradient along a distance x.

This indicates that a concentration gradient of 1.4 mol·m−4 is required. For

the first doped layer, we know the length of the nanopipe is 50 nm, which

indicates that the required difference in concentration of 0.7 mol·m−3. The

maximum concentration in the electrolyte outside the pores at room tem-

perature and 1 atm is 0.7 mol·m−3, giving a concentration of dissolved N2 in

the doped layer of roughly 1.4 mol·m−3, i.e. twice the equilibrium saturation

concentration. Fick’s first law assumes that the system is at steady state, i.e.

that the concentration gradient is not changing with respect to time. This

is an inaccurate assumption for our case, so we look to the analysis above

to give only an order of magnitude estimate. The result is of the same order

of the equilibrium saturation concentration, which suggests that transport

through nanopipes provided by etched dislocations is feasible for the etching

of these DBR layers. This supports the conclusions of the STEM analysis.

3.3.3 Electric field through dislocations

The second consideration of the ECE process for subsurface layers is how

dislocations affect the electric field that drives the etching process. To begin

considering this, we shall use a simple model in which we assume NID GaN

to be a perfect dielectric, the layers of n-doped GaN to be low resistance

conductors and dislocations to be high resistance conductors. Figure 3.12

shows schematics of three GaN structures and a model circuit diagram for

each one. The n-doped material is red, the un-doped material is yellow and

the electrolyte is blue. In each case the electrical contact connects all layers,

such that all doped layers in the structure are at the same potential (VExt),

which is applied relative to the counter electrode in the solution. This means

that until a layer becomes porous and admits the electrolyte the electric field
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between doped layers is zero, as they are all at the same potential. A high

enough potential applied at the interface of the GaN and the electrolyte

will form a depletion region and then an inversion layer, which injects holes

into the GaN surface and drives the ECE reaction, so for etching to take

place the potential across this interface (VInt) must be large enough. We

can model the interface as a parallel combination of a resistor (RInt) and a

capacitor (CInt).

(a) (b) (c)

Figure 3.12 Schematic models (top) of three types of sample and associated elec-
trical model (bottom). (a) Doped surface layer, (b) perfect subsurface doped layers
and (c) subsurface doped layers with a dislocation (horizontal red line).

First, let’s consider the sample with a doped surface layer, as illustrated

in Figure 3.12a. Here, the n-doped material is directly in contact with the

electrolyte, meaning that the interface impedance is in series with two re-

sistances due to the n-doped layer and the solution respectively. These are

both significantly smaller than the impedance of the interface itself, mean-

ing that with a moderate applied potential the electric field can easily be

large enough to cause ECE, as was seen in Figure 3.1. Next, let’s consider

the case where multiple doped layers of GaN are capped with an NID layer,

shown in Figure 3.12b. This is analogous to the subsurface DBRs, but here

we assume that the NID GaN is a perfect dielectric with no dislocations.

The black arrows are field lines, indicating the electric field that is supported

across this layer, their equal spacing shows the uniform electric field that
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is induced across the layer. This introduces a series capacitance, CNID, as

shown in the circuit diagram of Figure 3.12b. The result is that the vast

majority of VExt is maintained across this capacitance and VInt is negligibly

small, such that ECE cannot occur. In Figure 3.12c the model has a dislo-

cation included, indicated by the red horizontal line. Due to the segregation

of dopants, as discussed previously, the dislocation creates a region with

enhanced conductivity. This can be modelled as a resistor (RDis) in parallel

with CNID. This means that the applied voltage across the interface is no

longer negligible and ECE can take place in the vicinity of the dislocation,

which allows a nanopipe to form. As the nanopipe etches the electrolyte

gets nearer to the doped layer and the length of the resistive pathway of the

dislocation reduces. This reduces the resistance between the doped layer

and the electrolyte. At the point where the nanopipe reaches the doped

layer RDis is a short circuit that bypasses CNID.

Figure 3.13 Cross-sectional SEM image showing a nanopipe through a NID GaN
layer around 500 nm thick. Inset shows enlarged image of the region where the
nanopipe reaches the doped layer. The dashed white line shows the approximate
edge of the doped layer. Scale bar is 500 nm.

These nanopipes can occur in NID GaN layers far thicker than those

in the DBR, as shown in Figure 3.13 where a nanopipe is visible in a 500

nm thick NID layer. This sample had some thin doped layers near to the

surface, which were porosified. Figure 3.13 shows the thick doped layer

500 nm below this, which was included to ensure conductivity across the

sample to aid the ECE process. This can be seen to have become porous

too, via a nanopipe. This suggests that at least some GaN dislocations have

moderately low resistivity, as the resistance of such a pipe will be several
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times larger than in the DBR case, due to the increased length. When the

nanopipe reaches the doped layer, the porosity grows to form a flower shape,

which spreads out from the bottom of the nanopipe. This reflects the shape

of the electric field that would be formed when the nanopipe reaches the

doped layer. It can also be seen in the inset of Figure 3.13 that although

the nanopipe has highly uniform thickness for most of its length it becomes

wider just before it reaches the n-doped layer, as indicated by the dashed

white line. This was also seen before each doped layer in Figure 3.8 and has

been observed widely by the author in samples with multiple doped layers.

This will cause interface roughness in DBRs, but can be reduced by etching

at lower potential. The resistance of the nanopipe reduces as the pipe gets

nearer to the doped layer, so it could be thought that this leads to an

increasing potential, which can support a wider pore. This would suggest

a gradual transition throughout the layer, however, as the resistance will

decrease linearly.

(a) (b) (c)

Figure 3.14 Schematic models of a nanopipe forming. The orange material is
NID GaN, the dark red is n-doped GaN and the vertical red line is the conductive
pathway formed around a dislocation. The arrows indicate the electric field and the
yellow region shows the depletion region. (a) Initial vertical etching of nanopipe,
(b) beginning of the lateral process as the nanopipe approaches the doped layer,
(c) The nanopipe has reached the doped layer. Not to scale.

A more consistent explanation is given by considering how the electric

field changes as the nanopipe approaches the doped layer. Initially an elec-

tric field exists between the electrolyte and the end of the conductive region

in the vicinity of the dislocation, as illustrated in Figure 3.14a. This creates

a depletion region in the conductive pathway and causes ECE of a nanopipe

to begin. The pipe grows vertically under this field and there is no influence

of the doped layer. As it nears the doped layer, however the proximity of it

creates a lateral component to the electric field, as shown in Figure 3.14b.
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The lateral component causes the nanopipe to widen and as the nanopipe

gets nearer to the doped layer the lateral component of the field gets larger.

The final nanopipe has a roughly triangular shape where it reaches the doped

layer, as shown in Figure 3.14c. For a thin NID layer and a large applied

potential this triangular region could be a considerable portion of the pipe.

3.3.4 Thick subsurface layers

Having described the mechanism for forming pores in subsurface doped lay-

ers, this section explores the limitations of the method in terms of layer

thickness. The same ECE method was applied to samples where both the

NID GaN cap layer and the subsurface layers are thicker. A sample series

was grown with a 1 µm thick n-doped GaN layer and a 200 nm NID GaN

capping layer on a GaN on sapphire template. This sample series was grown

in order to create a layer of solid GaN with a porous underlayer that could be

used to create photonic crystals and waveguides. Unfortunately the unifor-

mity of the structures was a barrier to this work, but instead these samples

reveal a lot about how ECE through dislocations works. The silicon doping

density of the n-doped layer was varied as 1×1018cm−3, 5×1018cm−3 and

1×1019cm−3, referred to as n-, n and n+ doping respectively. The target

dislocation density of the templates were also varied between three values:

3×108cm−2 (low defect density, LDD), 6×108cm−2 (medium defect den-

sity, MDD) and 5×109cm−2 (high defect density, HDD). Those grown on

the HDD templates were covered in a network of microcracks, which could

influence both the electrolyte flow and the effective electric field. These

samples are therefore excluded from further study.

The first sample to consider in this series is the one grown on an LDD

template with n+ doping, as this is most similar to the previous GaN DBR

structures. The first etch was run overnight and the optical image of the

sample surface is shown in Figure 3.15a. This shows a highly non-uniform

appearance with overlapping purple rings with some yellow islands between.

Comparison with the un-etched material, suggests that the yellow regions

are non-porous. This indicates that porosity can still be formed through

nanopipe pathways, but the etch process terminates before the entire ma-

terial is porous. The experiment was repeated and this time left for over

24 hours, in order to see if the process was terminated prematurely. The

optical data from this sample is shown in Figure 3.15b. The appearance of
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(a)

(b)

Figure 3.15 Optical microscope images of the thick subsurface sample with n+
doping on an LDD template etched at 8 V. The etch times for the two samples were
(a) 12.5 hrs and (b) 25.5 hrs. (b) is annotated to label the crack features, one of
which is marked by the dashed, white box. Arrows indicate the cracks themselves.
Scale bars are 100 µm
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Figure 3.16 Etch profiles of the ECE applied to the thick subsurface sample with
n+ doping on an LDD template etched at 8 V. The process was repeated on sample
b, for a longer time, resulting in the longer curve with a second peak in current.

this sample is similar in that it shows regions that appear to be un-etched,

but there are now a high density of large, bright features, one of which is

marked by the dashed, white box. These are formed when cracks form and

allow parts of the material to lift up from the surface. The cracks themselves

are labelled in the image by the white arrows.

The etch curves of these samples are shown in Figure 3.16. Both samples

exhibited a well-defined current peak at around 3 hours, which indicates the

bulk of the etching process is taking place during this period. After this peak

the current drops to a lower background level, the point at which sample a

is terminated. The current of sample b then showed a subsequent peak in

current at around 17 hours. Cross-sectional SEM data for these two samples

are shown in Figure 3.17. The pore structure in the n-doped layer of sample

a and b is similar, showing a network of pores with diameters around 20-60

nm that fills the entire thickness of the doped layer. Both samples show that

this is interrupted by stripes that appear to have smaller pores and lower

porosity. It is not entirely clear from these data whether these regions are

really less porous or whether the pore orientation is changing to give this

appearance.

The lower magnification SEM image of sample b in Figure 3.17c shows

that there is significant etching of the GaN nucleation layer at the sapphire

interface. This is due to oxygen incorporation during the coalescence of

3D islands into 2D growth [162]. The shape of the porous regions here
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(a)

(b)

(c)

Figure 3.17 Cross-sectional SEM images of the thick subsurface sample with n+
doping on an LDD template etched at 8 V for (a) 12.5 hrs and (b,c) 25.5 hrs at
different magnifications. The white dashed lines in (c) highlight a crack. Scale bars
are 1 µm.
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reveals how the unintentional doping is incorporated during the 3D growth

of the initial nucleation layer. The lower dislocation density templates are

likely to have a larger conductive region at the interface, as they have a

longer coalescence time [162]. The sample also shows a crack in the GaN,

between the two white dashed lines in 3.17c. Similar features were not seen

in sample a, where the etch time is shorter. It therefore seems likely that

the second current peak in sample b is due to etching large pores at the

sapphire interface, which lead to a build-up of N2 gas. The pressure built

up by this gas causes the cracking seen in this sample. The delay between

the first and second peak is due to the slow formation of nanopipes around

dislocations through the thick NID layer.

Figure 3.18 Optical images of samples with different doping density and disloca-
tion density after ECE at 8 V. Scale bars are 50 µm.

Figure 3.18 shows optical images of a range of the other samples after

etching at 8 V. The higher doped samples tend to show brighter reflectiv-

ity, which indicates higher porosity, but the appearance varies significantly

across the surface, so it is difficult to identify trends beyond this. The n-

doped MDD sample shows circular domains that are smaller and more sparse

than the higher doped samples and have not coalesced. Etching at other po-

tentials and at different times tended to show similar results in terms of the
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appearance under the optical microscope. Although higher potential and

longer times were both more likely to produce cracks. It was not possible to

achieve a uniform appearance with these samples. The mechanisms behind

this result are studied in the subsequent section.

3.3.4.1 Study of non-uniformity in thick subsurface layers

The optical data presented in 3.18 shows a high degree of non-uniformity

for all samples. The appearance is generally dominated by concentric rings

and these merge into one another and even seem to overlap in some places.

At other points there are spaces between these rings, which appear optically

to be un-etched and the appearance within the rings themselves shows a

high degree of variation in shape and colour. The ringed features suggest

that etching begins via dislocation paths and spreads out from these points,

by the same mechanism seen in porous GaN DBR samples. In this case,

however, the rings are larger and do not merge completely. The optical

appearance of the rings often shows variation too, which suggests that the

pore structure is non-uniform. This section aims to better understand why

this non-uniformity occurs and why these samples cannot be completely

porosified.

Figure 3.19 Optical data of the n+ doped MDD sample after ECE at 6 V. The
black box highlights a region, which is shown magnified on the right hand side with
annotations showing how etching may spread from dislocation centres. A region of
interest (ROI) is indicated by the white bar, which is referred to in Figure 3.21.
Scale bar is 50 µm.

Figure 3.19 shows an optical image of part of the thick subsurface sam-

ple with n+ doping and on an MDD template. The black box highlights

a region of this image, which contains several circular features surrounding

a small yellow island of material that appears to be un-etched. Assuming

that porosity is growing laterally from a dislocation at the centre of each
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circular region the island of yellow material could be explained by the merg-

ing of the circular regions, such that it is isolated from the electric field by

the relatively more resistive porous material. This idea is illustrated using

concentric circles surrounding each centre of the circular regions in the mag-

nified version of this region alongside the main figure. This shows that the

rate of growth of these domains is not equal, as the circular domains are

not equally sized. It is not clear whether this is due to differences in the

rate of forming a nanopipe at different dislocations or different lateral etch

rates. These circular features have a diameter on the scale of 10 µm, whereas

porous domains seen in the GaN DBR sample had diameters of less than

1 µm. This suggests that fewer dislocation pathways are available to form

nanopipes through the thicker layer. The resistance of a longer nanopipe

will be larger, so presumably only the most conductive dislocations can form

pipes. In these samples, it is expected that the dislocations split approxi-

mately equally between mixed-type and edge-type with a small proportion

of screw dislocations of around 1%. The core types of these dislocations also

vary [159]. It is not currently clear as to what types of dislocations may be

more conductive than others.

Other areas of Figure 3.19 are not so easy to interpret. Most notably,

regions such as those seen towards the top of the Figure, where there is a

region of yellow material within the pink background, which has pink ma-

terial within it and then a central yellow region within that. These features

are not circular, but instead they seem to result from the space left between

the circular regions, in a similar way to the yellow island discussed above.

It is hard to understand how the model describing pore formation outlined

above could achieve this morphology. If rings of porosity stop growing then

there would be a non-porous region, which the electrolyte would be unable

to penetrate to create porous material beyond.

Figure 3.20 shows an optical image of such a feature with reflectivity

measurements taken of each region. The central region (black trace) shows

wavelength independent reflectivity similar to the un-etched material, sug-

gesting that it is un-etched. The reflectivity of the band around this (blue

trace) has peaks in both the blue and red areas of the spectrum, giving it

the purple hue seen in the optical image. The spectrum of the yellow-ish

region around this (red trace) is different to the un-etched material at the

centre. It shows peaks in similar positions to the blue trace, but with lower
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Figure 3.20 Optical image of a common feature seen in the thick subsurface
samples, where there are concentric bands of material and the associated reflectivity
measurement for each region.

intensity. The surrounding porous material (magenta trace) shows the high-

est intensity peaks of any of the plots. This data suggests that the central

region is non-porous, but all of the surrounding material has some porosity.

The degree of porosity will affect the intensity of the reflection peaks, sug-

gesting that the yellow ring (red trace) has significantly lower porosity than

the other porous material.

In order to better understand these apparent fluctuations in pore mor-

phology the optical data was correlated with cross-sectional SEM data that

shows the pore structure in more detail. This was done by cleaving a sam-

ple after ECE and then taking optical images and a series of overlapping

SEM images of this internal edge. The SEM images were stitched together

to form a long, hi-resolution image of the porous layer and this could be

aligned to the optical image. Figure 3.21 shows the region of interest (ROI)

labelled at the edge of Figure 3.19 alongside the corresponding SEM data

of that region. Examining both the nano-scale porosity and the micro-scale

features requires zoomable, high resolution images. Hence a high resolution

digital image of all of this data is available in the supplementary material

as “Image1”.

These data show three types of material, which are indicated by the
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Figure 3.21 Correlated optical and SEM data of the region of interest (ROI)
highlighted in Figure 3.19. Inset is a magnified section of the SEM data. Coloured
bars indicate the pore morphology at that point: black is non-porous, blue is fine
porosity, orange is full porosity. Scale bar is 2 µm.

coloured bars in Figure 3.21: fully porous (orange), finely porous (blue)

and non-porous (black). The fully porous material is identifiable in optical

images, as having a purple/pink colouring. The finely porous and non-

porous are relatively indistinguishable by optical microscopy, as they both

appear yellow, but as was shown in Figure 3.20, it can be distinguished by

its reflectivity spectrum. The left hand side of Figure 3.21 shows a non

porous region, which indicates that porosity is growing from the right hand

side of the region. At some point the porosity becomes finer for around 3 µm

and this region has a yellow appearance in the optical data. The transition

between these two morphologies is sharp and at the other edge there is a

band of more porous material, which continues for a few more µm and then

the etching process stops. This verifies that the low porosity regions seen

in Figure 3.17 reflect a genuine change in pore size, rather than a change in

orientation.

The ROI is positioned in between circular porous regions, where there

are stripes of yellow and pink material, as can be seen in Figure 3.19. The

optical data shows that these regions form a band of material that seem to

be created by the space left between the formation of the circular porous

regions. As explained with reference to Figure 3.19, these circular regions

could create isolated islands where the electric field is weaker. This would
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explain why there are regions of low porosity, but it does not explain the

subsequent high porosity regions created within them. What’s more, the

changes in morphology seen in the SEM are abrupt. It is not a gradual

change from one pore morphology to another.

The etch time of these samples was several hours, which reflects the

thickness of the nanopipes that had to be formed through the NID GaN

cap, as well as the large amount of material that had to be removed through

them. The onset of the ECE process is far slower than for the DBR samples,

as the capping layer is thicker, meaning the length of time required to form

a nanopipe is longer. The size of the circular domains also indicates that

fewer dislocations are conductive enough to allow ECE, as their resistance

will increase linearly with length. This means that porosity in the doped

layer has fewer initiation points, which contributes to the non-uniformity.

The aim of this work was to produce samples with a range of pore mor-

phologies to study the influence of etching potential, doping density and

dislocation density on the resulting morphology. Unfortunately, using this

wide range of samples and various applied potentials a method for producing

uniform porosity was not found. We have seen from Equation 3.1 that the

ECE process relies principally on an electric field between the GaN and an

appropriate electrolyte that injects holes into the surface layer. Assuming

that the doping of the material is laterally uniform prior to ECE then for

the pore size to reduce would require a change in either the effective electric

field or the local chemistry. A lower electric field would result in smaller

pores, while it has been found for a HF electrolyte that a higher electrolyte

concentration reduces pore size [47]. The strange thing about these samples

is that as you follow the lateral direction of propagation of the pores from

a sequence of abrupt changes occur. First the pore size reduces, then it

returns to the previous larger size and then it stops.

Chemical transport will be limited by the size of the nanopipe. The

domains connected to each dislocation are larger than in the DBR, and the

doped layer is thicker meaning that the transport is more limited. This gives

rise to the slow etching of the doped layer, even once the nanopipes have

been formed. A similar thickness of doped material on the surface can be

fully porosified in a few minutes. While transport certainly limits the rate

of reaction, it is hard to see how a transport limit could lead to the subse-

quent changes in morphology within islands. The other factor is the electric
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field. This almost certainly causes the islands of un-etched material, which

become electrically isolated. The multiple changes to pore morphology seen

around these islands could arise from a complex interaction between the

merging pore domains, which changes the effective applied potential as ma-

terial becomes porous. Structural modelling of the electric field would be

required to understand this fully.

3.3.4.2 Varying the non-intentionally doped cap thickness

The section above showed that a 1 µm thick doped layer with a 200 nm

NID GaN cap could not be etched uniformly in the way that both surface

doped GaN and porous GaN DBRs with multiple thinner layers could be.

This begs the question of whether there is a limit to the cap size that can

be etched through to produce a uniform porous layer. To answer this, a

sample series was grown in which a 200 nm Si-doped layer with a carrier

concentration around 1×1019cm−3 (n+) was capped with a NID GaN layer

with thickness varied between 5 to 250 nm.

Figure 3.22 shows the etch profiles from etching each of these samples at

8 V. The area of the etched region was measured in each case in order to plot

these as current density, for better comparison. The etching results split the

samples into two distinct groups based on the thickness of the cap. For the

samples with a cap thickness of 50 nm or less the etch process completes

in less than 5 minutes and has a magnitude of several mA per cm2. These

samples also show a distinct oscillation pattern, consisting of a number of

sharp peaks. The main difference between these samples is the length of

time taken before the first peak, which increases with cap thickness. The

samples with caps of 100 nm or more etch for a much longer time, around

half an hour for the 100 nm sample and several hours for the 250 nm one

and have lower current density. The 5 and 50 nm samples have similar

current density peaks and take a similar length of time for the doped layer

to etch although the delay in the onset of etching is longer for the 50 nm

sample. This suggests that transport of chemical species through nanopipes

is not limiting the reaction rate. The current spikes seen in the etch profiles

suggest that the “current burst” model for anodisation is occurring, in which

avalanche breakdown creates a large supply of holes, which drive oxidation

and this thick oxide then quenches the etch rate. The oxide is dissolved

at a constant rate until it is thin enough for avalanche breakdown to occur
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(a)

(b)

Figure 3.22 Etch profiles for the cap series samples etched at 8 V, plotting the
current density against time for each sample. (a) shows the samples with a thin
cap (5-50 nm), and (b) shows those with a thick cap (100 and 250 nm).
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again. This has been reported for surface porous GaN previously [47]. This

is a sign that the electric field and the availability of holes is limiting the

reaction rate.

The 100 and 250 nm samples, on the other hand, have a lower current

density by more than an order of magnitude and take far longer for the

current to drop to zero. This indicates that chemical transport is the limiting

factor for these samples, which causes a slower etch rate. This is because

the nanopipes are longer, but also suggests that they are less dense as the

samples shown in section 3.3.4.1, as fewer dislocations are low resistance

enough to form nanopipes.

(a) 5 nm cap (b) 20 nm cap (c) 50 nm cap

(d) 100 nm cap (e) 250 nm cap

Figure 3.23 Optical images of the cap series samples etched at 8 V. (d) Inset
shows higher magnification of same sample. Scale bars are 100 µm, or 20 µm for
the inset image in (d).

Figure 3.23 shows optical images of the surface of the samples etched at

8 V, which allow the macro scale uniformity of the samples to be assessed.

The 5 nm cap sample, has a uniform colour across the sample. The 20 nm

and 50 nm samples are similar, but have a slightly dappled appearance and

also show large circular features that have a different colour. These have

a diameter of around 100 µm and they are of a similar size to the cracked
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features seen in Figure 3.15b. By varying the focus of the microscope it was

seen that these features were flat and therefore were not related to cracks,

but rather the morphology of the porous layer itself. A lower magnification

image gives a density of these features of just 20 cm−2 for the 20 nm sample

and even lower for the 50 nm sample, which is orders of magnitude lower

than the dislocation density.

The 100 nm sample (Figure 3.23d) indicates lower uniformity with green

features scattered across the surface. The large difference in colour of the

green features indicates that they have a very different porosity. The distri-

bution of these features suggests that they are associated with dislocations

pathways. The inset image shows a higher magnification view, which allows

a background pattern of yellow and orange regions to be resolved. This

sample still appears far more uniform than the previous series of thick sub-

surface layers. The 250 nm sample (Figure 3.23e) has large areas appearing

un-etched and a chaotic structure around the porous regions, which show

signs of cracking. This is the most similar to the previous series, which

might be expected, as it has a similar cap thickness.

Figure 3.24 shows cross-sectional SEM images of the cap thickness series.

The 5 nm cap sample (Figure 3.24a) shows a fully porous layer and shows

little indication of an un-etched cap layer. In fact, AFM measurements of

this sample show a huge increase in surface pits, as shown in Figure 3.25.

The morphology of this sample is similar to a surface doped sample with

no capping layer, such as the sample shown in Figure 3.5, in that the pores

are mostly vertical. The thickness of the pores varies with depth, which

is indicative of current burst anodisation and this is also seen in the 20

and 50 nm cap thickness samples. This supports the conclusion from the

sharp current spikes seen in Figure 3.22a. For the samples with capping

layers thicker than 5 nm, the layer is discernible, but for the 20 nm cap

sample (Figure 3.24b) there is significant etching in this layer around what

we assume are dislocation pathways, as seen in the mechanism explained in

section 3.3.3. The density of these pathways is high, with 16 features visible

in this 2.5 µm wide image, which indicates a density of around 4×109cm−2.

Although this is calculated from a small sample size, this indicates that

all the dislocations in the sample are forming nanopipes. This results in a

pore morphology that is mostly vertical, with some degree of lateral growth.

There were no nonporous regions seen in the SEM when imaging this layer.
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(a) 5 nm cap

(b) 20 nm cap

(c) 50 nm cap

(d) 100 nm cap

(e) 250 nm cap

Figure 3.24 Cross-sectional SEM images of the cap series samples etched at 8 V.
Scale bars are (a,b,c) 500 nm and (d,e) 1 µm.
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(a) 5 nm cap. As-grown (b) 5 nm cap. After ECE

Figure 3.25 AFM images of the 5 nm cap thickness sample (a) as-grown and (b)
after ECE at 8 V. Scale bars are 200 nm and the lateral scale is 4 nm.

The same is not true for the sample with a 50 nm cap thickness, as can be

seen in Figure 3.24c, although these regions were small and sparse. This is

as expected in that the optical data in Figure 3.23c shows a uniform colour,

much more similar to the 20 nm cap sample than the 100 nm cap sample.

In the regions that are porous, the morphology of this sample is similar to

the sample with a 20 nm cap in that the pore growth direction is mostly

vertical and there are no regions where the pore size becomes smaller. The

triangular pores formed in the NID layer are of a similar size meaning that

they only take up around half of the cap layer. These features are the

same as those seen in the DBRs described in section 3.3.3. The bottom

interface of the porous region in each of these samples forms a wavy line,

as was seen in the modulated sample (Figure 3.5). The regions of deeper

penetration seem to occur directly beneath large dislocation pathways. It

is likely that these regions get to the bottom of the doped layer first and

then isolate pockets of doped material from the electric field, meaning these

regions don’t penetrate so deeply. This mechanism could also explain the

pockets of non-porous material in the 50 nm cap sample.

The two thicker capped samples show a varied morphology, and lower

magnification SEM images have been used to better display the variation.

The 100 nm cap thickness sample (Figure 3.24d) shows many small pockets

of high porosity, which do not grow to fill the entire thickness of the doped

layer. In other regions, the porosity fills the entire thickness and appears
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to have mostly a lateral growth direction. Pore size varies strongly in these

regions and there are regular spaces between them in which the material is

not porous. Correlating this with the optical data, the green features are

likely the regions where the whole layer is porous, while the orange features

on a yellow background likely correspond to the partial layers among non-

porous material. The sample with a 250 nm cap (Figure 3.24e) did not

show the small pockets of porosity partly filling the thickness of the doped

layer. Instead the appearance was similar to the morphologies seen in the

original thick subsurface sample series (such as Figure 3.17), with regions of

high porosity, low porosity and no porosity. The samples with a cap layer

of 100 nm or thicker do not show the high density of triangular pores in

the NID cap as was seen in the 20 and 50 nm cap samples and much of the

porosity seen appears to have a lateral growth direction, which supports the

conclusion that a thicker cap layer results in fewer dislocations that are able

to form nanopipes.

3.4 Summary

This chapter has described the mechanisms behind the ECE process of form-

ing pores in porous GaN. It described how the current curve can be used

to monitor the reaction during the etch process and how the electric field

is affected by the pores as they form, which allows the formation of layered

structures by modulating the applied potential. Controlling the electric field

is the key to controlling pore morphology in nitride structures.

The second section of the chapter examined the process of forming sub-

surface porosity when doped layers are capped with a NID layer. The pro-

cess was shown to proceed via vertical channels, which were observable in

SEM. STEM data confirmed that these nanopipes formed by etching mate-

rial around dislocations and domains of porosity formed around each one.

The implications of this discovery were reviewed for the two factors that

drive the reaction; chemical transport was shown to be possible via diffu-

sion through these nanopipes and electrical models described how the electric

field produced these pipes. The process was then applied to samples with

thicker capping and doped layers. A method for uniformly porosifying these

structures was not found. The reasons for this were studied by a sample

series with varied capping layer thickness. This suggests that the main im-
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plication of a thicker capping layer is that fewer dislocation pathways are

able to form nanopipes, because of the increase in resistance resulting from

their length. Our samples show that with a cap thickness of 50 nm or less

the pore morphology is mostly vertical and the doped layer is porosified

uniformly, apart from a few small regions that are left untouched in the

50 nm cap sample. For samples with 100 nm thick caps or more, the poros-

ity is highly non-uniform. Some regions are highly porous with a lateral

etch morphology, others have smaller pores and there are many regions that

are un-etched. The thickness at which uniform porosity is no longer achiev-

able could well be a function of dislocation density and type, as well as the

applied potential.

3.4.1 Future work

With surface doped material, the process is now understood relatively well.

One useful development would be to better control the etching system in

order to ensure that current curves are repeatable and can then be used to

better interpret the resulting morphology. This would involve controlling

temperature, light levels and the formation of the electrical contact. Once

repeatability was ensured, the rate of charge transfer could be assessed and

used to quantify etch rate and average porosity. This would also require the

quantification of the amount of other chemical processes, e.g. water splitting,

which could be achieved by measuring changes in pH of the solution or the

volume of gas produced.

There is a wide range of possible morphologies that could be formed by

developing the potential modulation technique. The work done on this is

merely a proof-of-concept. Theoretically it should be possible to produce an

all porous DBR structure from a single doped layer, but this first requires

calibration of the etch rates and resulting porosity for different conditions.

Understanding and overcoming the curved interfaces between the different

porosity regions would also be necessary in order to reduce interface rough-

ness. This work also links in to creating porous membranes, as has been

demonstrated elsewhere [119].

The key questions arising from the studies of thick capping layers are

around the nature of the conductive paths at dislocations. For thick layers,

only very few paths are conductive enough, but it is not clear what influences

the conductivity of these dislocations. It may be possible to grow structures
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with a higher density of this type of dislocation, or to increase the conductiv-

ity of all dislocations. Imaging these dislocations in STEM, when they have

such a low density, will be challenging, but it may be that scanning probe

techniques combined with wet-chemical etching can be used [163]. Alterna-

tively it could be possible to increase the critical thickness for the capping

layer by forming the nanopipes at a high potential and then reducing the

potential when the doped layer has been reached to avoid cracking.

Studying the morphology of thick subsurface layers in more detail to

understand how the regions of low and high porosity form is also of interest,

as it will help build general understanding of the mechanisms behind the

process. This could be done by using the FIB/SEM techniques outlined in

section 2.2.6 and applied to DBR structures in Chapter 4. The structure

could then be combined with modelling of both the electric field and dif-

fusion in these layers in order to understand how these influence the pore

morphology.

The initial aim of the thick capping layers was to make a high refractive

index layer on top of a low one, which could be used to create photonic

crystals and waveguides on by patterning the surface layer to create lateral

guides. The morphology of the samples produced were not suitable for this

application, but it is possible that if the surface patterning was performed

first then this would provide access of the electrolyte to the buried doped

layer that would allow faster uniform etching to take place.
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Chapter 4

Birefringence of Porous GaN

4.1 Introduction

This chapter describes the work done following the discovery of birefringence

in some regions of porous GaN DBRs. Birefringence is when the refractive

index of the material is dependent on the polarisation of the incident light.

GaN is a birefringent crystal, as discussed in section 1.1.1, but the optic axis

of the crystal is parallel to the c-axis, so as this work has used c-plane GaN

there is no observable birefringence in the as-grown material.

Section 4.2 describes how birefringence in porous GaN DBRs was first

discovered by the author in structures that had a high density of v-pits,

which created radially symmetric regions of aligned pores. This is examined

using polarised light microscopy, as detailed in section 2.2.1.1. In order to

study the structures of these features it was necessary to develop advanced

characterisation techniques for imaging subsurface morphology using FIB

milling, combined with SEM imaging, as described in section 2.2.6.

Section 4.3 then describes efforts to engineer the birefringence using pat-

terning techniques to influence the alignment of the pores. Firstly, a method

was developed in which trenches are etched into the material in order to

ECE the doped GaN layers laterally. The same subsurface structural imag-

ing techniques were applied to this structure, showing a highly aligned pore

morphology, which leads to a birefringence of ∆n = 0.14± 0.05. Finite ele-

ment modelling is applied to this structure and successfully reproduces the

measured trends in birefringence. This modelling allows the electric field to

be plotted in three dimensions, as well as allowing the influence of differ-
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ent pore size to be accounted for, which suggests routes for maximising the

birefringence. Secondly, this section demonstrates patterning of the subsur-

face pore structure without etching the material. This is done by masking

the surface in order to control which vertical etch pathways can be used.

This then influences the alignment of the subsurface pore morphology aris-

ing from the vertical etching mechanism described in 3.3. This gives rise to

an intriguing subsurface pore morphology, which is measured through the

combined use of FIB milling and AFM measurement.

4.2 Birefringence through vertical etch pathways

4.2.1 Maltese crosses

The first birefringent structures identified in this work were seen when a

porous DBR, etched at 8 V with no prior patterning, was viewed under an

optical microscope in which the previous user had left crossed polarisers in.

This happy accident led to the discovery of Maltese crosses spotted across

the surface. Figure 4.1a shows an ordinary optical image of such a DBR,

which indicates that the entire structure has been porosified, as it is all

highly reflective, although the colour varies, which indicates the structure

is not totally uniform. The image is also scattered with dark spots, which

have bright rings around them with a highly uniform reflectivity. A zoomed

image of three of these features is inset. Figure 4.1b shows a polarised light

image of the same region. Here, there is a bright cross pattern visible at the

position of each of the bright rings seen in Figure 4.1a, as shown in the inset

image of the same region, showing the three Maltese crosses at the position

of each ring. These features are Maltese crosses and are an indication of

radial birefringence [164].

To understand this, consider a radial structure, as shown in Figure 4.2.

The black spokes of the structure give rise to two refractive indexes; n1

along the spokes (blue arrows) and n2 across them (red arrows). Linearly

polarised light is then incident upon this structure, as shown by the large

orange arrow in Figure 4.2, which indicates the direction of the electric field

vector for the incident light. In some regions the polarisation of the light

is aligned with the spokes, in some regions it is aligned across them and

in other regions it is in between the two. Where it is aligned with either

n1 or n2, the electric field vector of the light is parallel to one refractive
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(a) Optical Image (b) Polarized Light Image

Figure 4.1 (a) An ordinary optical image of a DBR after ECE with zoomed image
of three circular features inset. (b) polarised light microscope image of the same
region with same region inset, showing Maltese crosses at each circular feature.

index and has no component in the other. This means that all of the light

travels at the same speed and there is no resulting phase change. This

leads to a dark band when the light is filtered by the analyser, as there has

been no rotation of the polarisation angle. In between these aligned regions

however, the electric field vector of the incident light must be considered in

two orthogonal components, which experience refractive indexes of n1 and

n2 respectively. These two components travel at different speeds through

the material and therefore get out of phase. The result is the sum of the

two components, which due to the phase shift has a rotated polarisation

angle. This rotation means that there is a component of the light that can

pass through the analyser, which leads to bright regions. The bright and

dark regions create a cross, as drawn in Figure 4.2. It is important to note

that the structures are radially symmetric, the orientation of the crosses

is defined by the orientation of the polarisers, rather than the structure.

Rotating the polariser and analyser together rotates the crosses, such that

the dark regions are aligned with the polariser and analyser. Rotating the

sample will not change the orientation of the cross relative to an external

reference.

4.2.2 Surface pits

The two images in Figure 4.1 show that there are dark spots, which are

at the centre of each Maltese cross. It was thought that these could be

surface pits in the surface of the sample. AFM scans were performed both
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Figure 4.2 Sketch illustrating how a radially birefringent structure leads to a
Maltese cross pattern. The black lines show the spokes of the radial structure,
n1 along the spokes and n2 across them are indicated by the blue and red arrows
respectively at a few points. The orange arrow indicates the polarisation of the
incident light and the light blue wedges show the light transmitted after the light
has been filtered by the analyser, leading to a cross.

before and after ECE of this sample, as shown in Figure 4.3. These show

a number of pits measuring about 1 µm across, both before and after ECE.

The density of these pits was calculated from these data as 4 × 105 cm−2

and 5 × 105 cm−2 for the as grown and etched samples respectively. The

uncertainty on these values is reasonably large, as they are obtained from

just one 50 µm AFM scan, but they give an accurate value to within an

order of magnitude. Their similarity thus suggests that the pits are not

created by the etch process. A density value was also obtained from optical

data of the etched surface by manually counting the dark spots in a number

of optical images. This gave a value of 3.4± 0.1× 105 cm−2. This suggests

that the pits seen in AFM are the same features as the dark spots at the

centre of the Maltese crosses, seen in the optical data.

These pits have arisen during the MOVPE growth of the sample. Figure

4.4 shows a higher resolution AFM image taken around one such pit. The pit

is not circular, but hexagonal and measure around 500 nm across, although

other larger pits were also seen. These v-pits arise from mixed or screw

dislocations and can be formed in structures with high silicon doping, if

the growth conditions are not fully optimised [165]. The optical data shows

that they are having some local influence on the pore formation under ECE,

which is creating radially birefringent structures. Structural data of the

subsurface pore morphology was needed around these pits.
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(a) As grown (b) After ECE at 8 V

Figure 4.3 AFM data of the DBR structure as grown (a) and after ECE at 8 V
(b). Z-scale is 50 nm and scale bars are 10 µm.

Figure 4.4 AFM scan of a pit in the surface of the etched DBR. z-scale is 5 nm,
scale bar is 1 µm.
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4.2.3 Examining the subsurface structure

Viewing the subsurface pore morphology around the pits is a challenging

problem. Typically, the subsurface pore structure can be assessed via cross-

sectional SEM, but this gives only a 2D view at that point of the structure.

In order to image the 3D structure, an alternative approach is required.

Combining SEM with focussed ion-beam (FIB) milling can offer a way to

do this. The FIB can cut material away, in order to expose different regions

to be imaged with the SEM.

(a) (b)

(c) (d)

(e) (f)

Figure 4.5 A series of SEM images showing the area around a V-pit as material is
milled away. (a) shows the region before FIB milling commences, the white dashed
box highlights the V-pit. (b-f) show selected points in the process of revealing the
first porous layer. (c) highlights sputtered Ga deposition in the black dashed boxes.
Scale bars are 2 µm.

The first approach that was followed used the FIB to mill away a thin

layer of material from the surface of the porous GaN DBR sample under
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investigation and then take an image with the SEM. Repeating this process

sequentially allowed the 2D morphology of the structure to be imaged in

subsequent layers, such that a 3D dataset showing the pore morphology

throughout the layers could be constructed. This process was conducted on

a 10 µm square region surrounding a V-pit, as shown in “Video1”, available

in the supplementary material. This process is performed with the FIB beam

incident normally on the sample, meaning that the SEM images are collected

at an angle of 52°. Selected frames from this video illustrate the process in

Figure 4.5 from before milling has begun (4.5a) to when the structure of

the 1st porous layer is fully exposed (4.5f). It can be seen that sputtered

metallic Ga is deposited by the process, as highlighted in Figure 4.5c by the

black dashed boxes. This acts to obscure parts of the structure. It can be

seen too in Figure 4.5c that small pits begin to appear around the central

V-pit and these grow larger in Figure 4.5d. These pits are the centres of the

porous domains formed around the nanopipes created from dislocations, as

shown in section 3.3. In Figures 4.5e and 4.5f they can be seen to grow into

domains of porosity in the porous layer.

These domains can be seen more clearly in Figure 4.6a, which shows an

SEM image of the 1st porous layer at normal incidence. This shows features

similar to those seen in plan view STEM in section 3.3, where pores form a

fern-like structure emanating from a central nanopipe. It can be seen that

these domains spread out until they meet the adjacent domain, and a thin

wall of solid GaN is left separating them. These domains formed around

seed points are similar to a Voronoi diagram, which is formed by dividing

a region between a number of defined seed points by assigning all space to

the domain of its nearest seed point [166]. Figure 4.6b shows the same SEM

image with a Voronoi diagram overlaid. This was formed using the Voronoi

plugin in ImageJ [167] with each nanopipe pathway and the centre of the pit

as seed points. The similarities and differences between the Voronoi diagram

and the porous domains tell us some things about the porosification process.

Firstly, the central pore region around the pit is larger than the Voronoi cells

in this area. This is because the pit-etching pathway can begin etching faster

than the nanopipe pathways, as the pit allows immediate access to the doped

layers, whereas the nanopipe takes time to form, as found in section 3.3. This

means that the domain around the pit starts growing laterally before the

nanopipes have reached the doped layer and hence grows larger than would
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(a)

(b)

(c)

Figure 4.6 SEM images of the 1st (a,b) and 5th (c) porous layer around a V-pit
exposed by the FIB. (b) shows the Voronoi diagram created from the nanopipe
centres overlaid in red. Scale bars are 2 µm.
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otherwise be expected. This is shown most clearly by the fact that there

are five nanopipes visible within the V-pit domain. This indicates that the

lateral spread of the V-pit domain had reached these nanopipes at the point

at which the nanopipes reached the 1st doped layer. In other regions, the

Voronoi cells match the porous domains reasonably well. For example, the

Voronoi cells formed in the bottom right hand corner reflect the approximate

size and alignment of the porous domains. This suggests that the etch

rate of forming the nanopipe and etching pores laterally are comparable

between dislocations. More conductive pathways might be expected to form

nanopipes faster than less conductive ones, but this is either a negligible

difference, or the conductivity of different dislocations is reasonably similar.

We saw in Figure 3.11 that nanopipes can terminate prematurely in some

dislocations pathways, which could be due to lower conductivity in certain

dislocations, which slows the etching rate, but these features are reasonably

rare.

The milling process was continued beyond the 1st layer to see how the

structure changed at lower levels. The 5th porous layer is shown in Figure

4.6c. The degree of Ga sputtering has increased significantly, which has

reduced the area that can be seen. There is also a dished shape to the

milled region, such that the image does not show a single flat plane. More

material has been milled at the centre than at the edges. These show the

drawbacks of using this method for imaging deep into a structure, as both

of these issues get worse over time.

However, the image still gives us useful structural information. The V-

pit is visible at the centre of the image, and fern-like porosity can be seen

emanating out from it with a similar morphology to that seen in the first

porous layer. The orientation of all these porous features is radially centered

on the central V-pit. There are also no nanopipe pathways visible around

the central V-pit. This suggests that the whole of the 10 µm wide region has

porosified from the central V-pit and that nanopipes are not pathways for

porosity at this depth. This is a big change from the 1st porous layer, where

the image showed tens of nanopipes and the vast majority of the porous

area connected to these nanopipes.

This shows that the V-pit domain gets larger with depth. A V-pit allows

the electrolyte to access all of the doped layers immediately when anodisa-

tion begins. In contrast, the electrolyte must form a nanopipe through the
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NID layer of GaN at the surface before it can etch the first layer and must

form another nanopipe before etching each subsequent layer. Considering

the first layer, etching will occur round the V-pit while the nanopipes begins

to form. At the point at which the nanopipes reach the 1st doped layer, the

V-pit domain will have already begun to form. This is a reasonably small

head start, meaning that in the 1st porous layer the V-pit domain is only

slightly larger than some of the larger nanopipe domains. For the second

layer each nanopipe has an additional delay from forming a pipe in the sec-

ond NID layer. The V-pit pathway has no such delay, so etching of this

domain has an even greater head start at the second layer, and hence the V-

pit domain is larger. At the 5th layer, the head start of the V-pit pathway is

large enough that it has grown to fill the entire measured region. Nanopipe

pathways that created visible domains in the 1st layer have therefore termi-

nated between the 1st and the 5th layer, as the material in that layer had

already been etched via the V-pit pathway.

(a) (b)

(c) (d)

Figure 4.7 Reconstructed images from SBI of the top four porous layers (a-d)
around a pit in the vertically etched DBR. The first layer (a) highlights the pit
with blue shading and yellow dashed lines indicate the edges of the central porous
domain around the pit. The porous domain around a particular dislocation pathway
is indicated in each image (a-c) by the red dotted line. This domain is not present
in (d) the fourth layer. The scale bar is 1 µm.

This method has shown that pores form a radial structure, as they grow
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out from these pits in at least the top few porous layers, but due to the issues

with Ga sputtering and dishing, they were unable to show how this structure

proceeded with depth into the structure. To overcome this, the same sample

was measured using SBI, as described in section 2.2.6.1. An area around

an isolated pit was chosen, in order to avoid the more complicated effects

around closely-spaced pits. The sample was imaged across a 9 µm thickness,

as this is similar to the size of the Maltese cross features, and imaging a larger

region at the required resolution became prohibitively slow. The targeted

slice thickness of the FIB was 5 nm. Figure 4.7 shows reconstructed images

of the first four porous layers, obtained through this method.

In the first porous layer (Figure 4.7a), the pit is indicated by the blue

circle and it is surrounded by a radial porous structure of a similar size to

the feature around the pit in Figure 4.6a. The boundaries of this feature are

highlighted by the yellow dashed lines. Around this, there are a number of

smaller features, which correspond to the porous domains around nanopipes,

as also seen in Figure 4.6a. One of these features is highlighted by the

red dashed lines and the features relating to the same nanopipe are also

highlighted in the second and third layers (Figures 4.7b and 4.7c). The

distance between the outer edge of the domain associated with the V-pit

and the edge of the domain associated with this nanopipe reduces with each

layer. In the 1st layer, there is over a µm between the two, by the 2nd layer,

the two domains are touching one another and in the 3rd layer, the nanopipe

domain is restricted in size by the pit domain. By the 4th layer all of the

porosity is within the central pit domain, suggesting that the highlighted

nanopipe terminates between the 3rd and 4th layers.

Figure 4.8 Reconstructed image of the 12th porous layer obtained from SBI. The
scale bar is 1 µm.
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This method is not limited by depth in the same way as the previous

method and reconstructed images were obtained for each porous layer of

the DBR. The 12th layer is shown in Figure 4.8. As in the 4th layer, all of

the porosity emanates radially from the central V-pit and this was the case

for each layer after the 4th. The pit itself is smaller, as it is V-shaped and

gets smaller with depth. Unfortunately, this method is limited in the area

measured, as each layer is made up of hundreds of slice images that must

be of high enough resolution. A larger area with the same resolution would

require a longer acquisition time, which became impractical. This means

that it is difficult to measure the size of the porous domain around the pit

after the 4th layer, as it becomes larger than the measured area.

In order to estimate this, the growth rate of the porous domain around

the pit can be assessed. The radius of the pore domain in the 1st porous

layer is 2.3 µm. In the 2nd it grows to 3.4 µm and in the 3rd to 4 µm.

The growth rate of the porous domain is not constant, but decreases by a

factor of two from the 1st to the 2nd layer to the 2nd to the 3rd layer. We

can estimate the expected size of the porous domain in the 12th layer by

extrapolating this trend, assuming that the growth rate continues to fall off

at the same rate. This gives a radius of 4.6 µm for the 12th layer. This

results in a domain size that is broadly consistent with the Maltese crosses

seen in the optical data. However, the influence of each DBR layer on the

reflectivity diminishes with depth, so even if the last few layers were larger

than this, they may not give rise to a larger Maltese cross feature.

Through studying these samples we have seen how porous GaN can

lead to highly birefringent structures if the alignment of the pores can be

controlled. Studying the subsurface structure has verified that the effective

refractive index is different perpendicular to the pore direction than parallel

to it. In the next section I build on this work further by applying the same

methods to structures where the pore alignment is deliberately engineered.

4.3 Engineering birefringence with patterning

4.3.1 Lateral etching from trenches

The section above demonstrated that aligned pores lead to a birefringent

structure. The most straightforward method for creating an aligned pore

direction is to etch trenches in the structure, such that pores grow laterally
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in each layer of the material in parallel [40]. This was done using ICP-RIE

etched trenches patterned with a SiOx protective layer. 50 µm wide trenches

were produced with a pitch of 100 µm. This was done with a ten pair DBR

structure. Figure 4.9 shows optical images of these trenches after the ECE

process. Figures 4.9a and 4.9c show ordinary reflection mode images of the

same region with the sample rotated by ≈ 45° between the two images.

Figure 4.9a labels the GaN ridges and the trenches between them, where

the material has been etched away by ICP-RIE. At the edges of the GaN

ridges are bright, yellow bands and these are the regions of the DBR that

have become fully porosified. Beyond this there is a dark orange stripe,

which has been somewhat porosified and then the centre of the ridge is

dark, where it has not been porosified. The white square in each of these

images highlights a pinhole in the protective SiOx layer, which has caused

a circular region of porosity. There are no differences in the appearance

between these two Figures, besides the angle introduced by the rotation.

(a) (b)

(c) (d)

Figure 4.9 Optical images of the laterally etched porous GaN DBR structure.
(a, c) in ordinary reflection mode and (b, d) between crossed polarizers for two
different sample rotations with respect to the polarizer angle, which is indicated by
the white arrow in each case. The white square in each image highlights the same
point, where a pinhole in the protective layer has lead to a Maltese cross feature.

Figures 4.9b and 4.9d are polarised light microscope images correspond-

ing to the same position and orientation of Figures 4.9a and 4.9c respectively.
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The white arrow in each of these images shows the direction of the polariser

and the analyser is perpendicular to this. In Figure 4.9b, the bright yel-

low bands of reflectivity seen in Figure 4.9a can be seen as bright bands

of green/blue. The rest of the GaN and the trenches are almost uniformly

dark. This indicates that the porous GaN material at the edge of the ridges

is birefringent. In Figure 4.9d, the sample is rotated, such that the trenches

are parallel to the polarisation direction. The bright bands of light have

now disappeared. They are no longer exhibiting birefringence. This indi-

cates that in Figure 4.9b the incident polarised light is misaligned to the

two refractive indexes, such that the phase of the light is rotated by bire-

fringence. In Figure 4.9d however, all of the incident light is aligned with

one refractive index, such that the phase of the light is not rotated and the

sample appears dark, like the rest of the material. In both Figure 4.9b and

4.9d, the pinhole has created a Maltese cross. Despite the rotation of the

sample, the arms of the cross have the same orientation, with the dark bands

being aligned parallel to the polariser and analyser. This is because it is a

radially symmetric structure and the orientation of the cross is a result of

the orientation of the polariser and analyser. In the case of Figure 4.9b, this

means that the bright bands are aligned with the porous regions at the edge

of the GaN ridge.

We know from the study of Maltese crosses that the two different values

of refractive index are parallel to the pore direction and perpendicular to

it. This data indicates that the pores are either aligned perpendicular or

parallel to the trench direction. Mechanistically, it can be assumed that

they will grow into the structure parallel to the trench direction, as will be

verified in the upcoming structural data. The strong birefringence exhibited

here indicates that there is a strong degree of alignment. Interestingly,

the dark brown regions seen in Figures 4.9a and 4.9c are not visible in

the polarised light microscope images, showing that these regions are not

observably birefringent. It is hard to imagine a mechanism that gave rise

to a band of highly aligned pores with uniform thickness that transitions

suddenly into a morphology with low alignment and non-uniform thickness.

These regions are also significantly less reflective than the edge of the DBR,

so it is possible that they are still aligned, but have lower porosity, meaning

that the birefringence is not strong enough to be observable. Alternatively,

these regions could be due to a change in the protective SiOx layer, rather
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than ECE of the underlying GaN.

4.3.1.1 Examining the subsurface structure

The same FIB-SEM process of SBI was applied to this laterally etched sam-

ple, in order to characterise the subsurface morphology that gives rise to the

optical effects outlined above. 551 slice images were taken and reconstructed,

using the process described in section 2.2.6.1, as shown in “Video2”, avail-

able in the supplementary material. Figure 4.10 shows the reconstructed

image of one plane of the structure, with an inset image showing one of

the slices that were used to form the reconstruction. The pores show the

same fern-like branching structure as was seen in Figure 4.7, but rather than

showing radial alignment these pores are aligned in the etch direction, as

indicated by the white arrow. This is, as expected, perpendicular to the

trenches, into the side of the ridges. “Video3”, available in the supplemen-

tary material, shows a fly through of the reconstructed structure, showing

all the layers.

Figure 4.10 Reconstructed image of one porous layer of the laterally etched DBR,
obtained via SBI. The white arrow indicates the etch direction and the inset image
shows one of the 551 slice images that were used to form the reconstruction.

The pore morphology shows a reasonably high degree of branching, which

is defined by the etching conditions, as discussed in section 1.2. Pore align-

ment could be increased by reducing the branching, for example by increas-

ing the doping density of the doped layers of the DBR. The morphology of
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each layer in the structure was almost identical, as can be seen in the fly

through video. There were no strong differences in pore size, alignment or

branching. This is as expected, because all the layers are etched in parallel

and the electric field will be similar for all of them.

4.3.1.2 Reflectivity measurements

The optical reflectivity of the laterally etched structure was measured under

a range of polarisation conditions in order to quantify the birefringence of

the porous GaN layers. Figure 4.11a shows the structure measured with no

polarisation (blue shading) and with a fixed linear polariser, rotated at 0°, to

be parallel to the pore direction (green curve) and at 90°, perpendicular to

it (red curve). With no polarising films the centre of the reflected stopband

is around 580 nm, corresponding to a yellow/orange colour, as seen in the

optical images of Figure 4.9a. It can be seen that the stopband width of

the reflection is larger when the light is perpendicular to the pores, which

indicates that there is a larger refractive index contrast at this polarisation.

This means that the effective refractive index of the porous layer is lower for

light polarised perpendicular to the pores than for that polarised parallel to

them. In other words the slow direction of the porous GaN is parallel to the

pores.

As explained in section 1.1.3, the optic axis of a birefringent material is

the axis around which the material can be rotated without changing the op-

tical properties and light polarised perpendicular to the optic axis is deemed

to be the ordinary polarisation. If we imagine an infinitely large piece of

porous GaN with perfecty aligned pores of equal diameter and with equal

spacing between them in both directions then the optic axis can be approx-

imated as being parallel to the pore direction, although if the pores are

distributed in a square grid then the effective spacing between them would

change upon rotation along this axis, which could alter the extraordinary

refractive index slightly, but this complexity can be reasonably neglected.

Knowing this we can now define the two refractive indexes, previously re-

ferred to as n1 and n2, more precisely. The birefringence parallel to the

optic axis is defined as the extraordinary refractive index (ne) and the index

perpendicular to this is the ordinary refractive index (no). Birefringence is

then calculated as:
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(a)

(b)

(c)

Figure 4.11 Optical reflectivity spectra for the laterally etched DBR sample mea-
sured with (a) no polariser (blue, shaded curve) and a single rotated polariser (red
and green lines). (b) The effective refractive index of the porous layer, estimated
for light polarised perpendicular (red) and parallel (green) to the pore direction.
The dashed lines indicate the uncertainty range. (c) The same DBR sample as in
(a), viewed between aligned and crossed polarisers.
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∆n = ne − no (4.1)

In order to quantify this difference in effective refractive index the re-

flectivity stopbands were fitted using a transfer matrix model (TMM). A

TMM is a way of modelling how light propagates through a layered struc-

ture by combining matrices that describe each layer, derived from the Fresnel

equations [168]. This was implemented using python code written by the

author and made publicly available [169], which uses an open source TMM

model [170]. In this model, each layer of the DBR is described as a uniform

material with a thickness obtained from the FIB/SEM data presented in sec-

tion 4.3.1.1. The refractive index of GaN (nGaN ) is a function of wavelength

and varies from about 2.56 to 2.35 across the visible range [171]. The ef-

fective refractive index of the porous layers was assumed to be proportional

to nGaN . The simulated stopband was fitted to the measured result for

each polarisation by varying this proportionality factor. Hence the effective

refractive index of the porous layer was estimated for light polarised perpen-

dicular and parallel to the pore direction. This is plotted in Figure 4.11b.

This gives a birefringence of the porous GaN layer of ∆n = 0.14±0.05, mea-

sured at 500 nm. This value is specific to this structure and larger values

may well be possible through specific optimisation of the pore morphology.

In particular creating an even stronger degree of pore alignment would likely

increase this value, but pore size and spacing may also influence it.

Figure 4.11c shows the optical reflectance spectra of the DBR with the

polariser at 45° (i.e. halfway between being aligned parallel to the pores

and perpendicular to them). This light can be considered as two components

with half of the light aligned to ne and half aligned to no. Upon reflection

from the DBR, the resulting light will have had its polarisation rotated

somewhat as a result of the phase difference between these two components.

This light is then itself split into two orthogonal components by an analyser

film. Firstly, this is aligned with the original polariser (black curve), which is

the component with no polarisation change. Secondly, it is aligned at 90° to

the original polarisation (red curve), such that only the component that has

been rotated can be passed. Assuming negligible losses in the polarising

films, all of the reflected light is therefore split between these two curves.

Light which does not have its polarisation angle rotated is in the black
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curve, while light that does have its polarisation angle rotated is in the red

curve. An approximate verification is provided by comparing the sum of

these two curves to the total reflected light with no polarisers plotted in

the blue shaded curve of Figure 4.11a. When the polarisers are aligned,

the reflection band is broadly similar to the total reflected intensity, and

is centered around 580 nm. With crossed polarisers, the reflected light is

large when there is a large difference between the two polarisation directions

plotted in Figure 4.11a. Hence the peak of the curve is around 510 nm,

which corresponds to a green colour. This correlates with the colour of

the porous regions in Figure 4.9b, when viewed between crossed polarisers.

Integrating the two curves across the visible range shows that 14% of the

total reflected light has its polarisation rotated, which is indicative of the

strong birefringence exhibited by the porous GaN layers.

4.3.1.3 Structural simulation

In order to better understand the birefringence effect of the porous GaN

DBRs, a finite element model was built of a porous DBR structure using

COMSOL 5.4 (RF module). This simulated the reflectivity spectra resulting

from the behaviour of the electric field in the pores. This work was the result

of a masters project conducted by Kunal Patel under the supervision of the

author and Varun Kamboj. Figure 4.12 shows a schematic of the structure

built to model the porous GaN DBR in COMSOL. The structure consists of

ten identical layers that are 130 nm high, corresponding to a period thickness

of 130 nm. Each layer contains a single circular pore with a diameter of 40

nm. These form a unit cell that is 60 nm wide and 50 nm deep. At the top

of these cells there is an air region and at the bottom a substrate region,

which were capped with layers defined to be perfectly matched and totally

absorbing on the top and bottom boundaries respectively. This means that

there are no reflections at these interfaces. Periodic boundary conditions

were used on each of the side faces of the structure, such that the DBR

effectively extends infinitely in the lateral plane. The model assumes the

air in the pores and on top of the structure to have a refractive index of

1. The refractive index of GaN varies with wavelength, but for simplicity

GaN was assigned a constant refractive index of 2.38, which is the value at

600 nm. The model assumes GaN to be a perfect dielectric, independent of

conductivity.
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Figure 4.12 Schematic diagram of the structure used to model porous GaN DBRs
in COMSOL. The dark grey material shows the GaN, while the light grey is air.
Built by Kunal Patel under the supervision of the author and Varun Kamboj.

The reflectance of the structure could be simulated to imitate the re-

flectivity experiments performed on the laterally etched DBR. Figure 4.13a

shows the simulated reflectivity of the structure for incident light polarised

parallel to the pore direction (0°, green) and perpendicular to it (90°, red).

The modelled structure was not based specifically on the measured DBR,

so quantitative comparison of the reflectivity cannot be compared directly.

This shows the same trend as was seen experimentally in Figure 4.11a: that

the stopband width increases into the blue for light perpendicular to the

pores, as compared to light parallel to it. The modelled porous layers show

similar birefringence to the measured structure. Figure 4.13b shows the

reflectance of the structure illuminated with light polarised at 45° to the

pores, such that light is split evenly between the two refractive indexes. The

birefringence rotates the polarisation of some of this light and the Figure

splits the light into the component that has not been rotated (black curve)

and the component that has (red curve). This is the same as the crossed and

aligned polariser experiment shown in Figure 4.11c. The model mirrors the

experimental results closely, showing that most of the light is not rotated,

but a significant portion is rotated and has a peak around 520 nm, where

the difference between the two curves in Figure 4.11a is at its greatest.
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(a)

(b)

Figure 4.13 Simulation results from the COMSOL model of the porous GaN DBR.
(a) shows the simulated reflectivity for incident light with the polarisation aligned
parallel to the pores (0°, green) and perpendicular to it (90°, red). (b) Shows the
simulated reflectivity from incident light polarised at 45° split into two components
in order to mimic the crossed and aligned polarisers as shown experimentally in
Figure 4.11c. Obtained from simulations performed by Kunal Patel under the
supervision of the author and Varun Kamboj.
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The two graphs in Figure 4.13 correlate well with the experimental mea-

surements, which shows that the model is effective in representing the mech-

anism that leads to birefringence in the porous GaN structure. The refrac-

tive index of a material can be considered as the collective response of the

oscillations of each bound electron under the electric field of the incident

light. The equation for refractive index (n) neglecting absorption as given

by Feynman [172] is:

n = 1 +
q2e

2ε0m

∑
k

Nk

ω2
k − ω2

(4.2)

Where ε0 is the permittivity of free space, ω is the angular frequency,

qe is the charge of an electron, and m is its mass. For a given electron

oscillation k, Nk is the number of electrons per unit volume and ωk is the

resonant frequency. The polarisation of the light will not affect the number

of electrons contained within a given volume, therefore Nk cannot be the

cause of the birefringence, rather the difference must be due to ωk. The

birefringence caused by the pores thus indicates that limiting the extent of

the material along the direction of the oscillating electric field influences the

resonant frequency of the oscillation along that direction. When the electric

field of the polarised light is oriented across the pores (90°) the width of

material is limited and this reduces the refractive index further than the

reduction resulting solely from the creation of pores.

This suggests that the thickness of the material between the pores is a key

component of the birefringence. This was explored by running simulations

of DBR structures similar to those shown above, but with the width of

the cell varied. This was done while keeping the proportion of the cell

occupied by pore constant, such that the porosity was kept constant. These

pores were modelled as rectangular in order to simplify the structures and

reduce computation time. These structures are shown in Figure 4.14a. The

reflectivity of these structures from light polarised at 0° (Parallel to the

pores) and 90° (perpendicular to the pores) was simulated and is plotted in

Figure 4.14b. For 0° polarised light, there is little difference between the

reflectivity peaks, suggesting that the refractive index in this polarisation

depends principally on the porosity rather than the pore size. The stopband

is wider at 90° in each case, as was found for the model with circular pores.

The difference is strongest for the narrowest cells, where the width of the
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(a)
(b)

Figure 4.14 (a) Structure of COMSOL model and (b) simulated reflectivity of
porous GaN DBRs with rectangular pores and varied pore width from light po-
larised at 0° (Parallel to the pores) and 90° (perpendicular to the pores). Obtained
from simulations performed by Kunal Patel under the supervision of the author
and Varun Kamboj.
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pores and the gaps between them are at their smallest. This shows that

smaller pores and smaller gaps result in stronger birefringence. This follows

directly from the analysis above that links the reduction in refractive index

perpendicular to the pores to the resonant frequency being limited by the

finite width of material between the pores.

Figure 4.15 Electric field plotted across the top cell of the porous GaN DBR with
incident light polarised at 0° (Parallel to the pores) and 90° (perpendicular to the
pores). The position of the top view is given by the dashed red line in each case.
Obtained from simulations performed by Kunal Patel under the supervision of the
author and Varun Kamboj.

Finite element modelling also allows greater insight into the mechanisms

at play, through the plotting of physical quantities across three dimensions.

Figure 4.15 shows the magnitude of the electric field in the top cell of the

DBR under illumination from light polarised at 0° (Parallel to the pores) and

90° (perpendicular to the pores). Under 0° polarised light, the electric field

vector of the incident light is parallel to the pore direction. This results in
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bands of electric field intensity across the structure, which are unaffected by

the pores. This is shown most clearly in the top view, which is cut through

the pore and shows uniform electric field in both the pore and the GaN. The

bands of electric field are formed due to the lower average refractive index

of the porous layer and are unaffected by the pores themselves. When the

incident light is polarised perpendicular to the pores the electric field is no

longer constant throughout each porous layer. The pore distorts the electric

field and the magnitude of the field is larger within the pore than in the GaN.

This is surprising, as it would be expected that the electric field would be

concentrated within the material with higher refractive index. Comparing

the electric field in the 90° case to the 0° case, it appears that the electric

field within the pore is of similar magnitude, but in the GaN adjacent to

the pore the intensity is lower. It seems that the pore acts to prohibit

the electric field from the material adjacent to the pores for light polarised

perpendicular to the pores.

This work has shown that the birefringence of porous GaN DBRs can be

effectively simulated by modelling GaN as a dielectric. The analysis of the

results indicates that the birefringence occurs due to the limited width of

material between the pores perpendicular to the pore direction, which can

impact the resonant frequency. Varying the pore size shows that birefrin-

gence increases for structures with smaller pores and spacing between the

pores. This can be controlled by the parameters used to form the pores,

suggesting that larger birefringence can be created. This analysis suggests

dense pores, which allowed the space between pores to be at a minimum

would create the largest birefringence.

4.3.2 Birefringence through surface masking

The previous sections have shown how birefringence occurs in porous GaN

where there are scribed trenches or v-pits in the surface that allow the

ECE process to etch material laterally. This section examines whether it is

possible to create birefringent structures using the vertical etching pathway

described in section 3.3 by applying a mask to the surface. This could

present a more straightforward technique for achieving these structures, by

reducing the number of processing steps, as well as offering the potential to

create birefringence in a sample with a smooth surface, suitable for regrowth.

Section 3.3 described how dislocations are etched to form nanopipes that
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allow the electrolyte to access subsurface doped layers. The idea behind this

masking approach is that if some regions of the surface are protected from

the electrolyte then the doped material underneath will be etched later-

ally from the nanopipes in the adjacent regions with no surface protection.

Figure 4.16 shows a cartoon of the process as I expected it to occur by illus-

trating the etch fronts of the pore domains. Pores themselves would grow

perpendicularly to these etch fronts. With no masking, the material has ran-

domly distributed dislocations (orange circles) and upon ECE these cause

circular porous domains to form around each one, with the pores radiating

outwards. With masking, part of the surface is protected (blue rectangle)

and this means that these dislocations are unable to form nanopipes. In the

exposed region ECE causes circular domains to form in the same way as be-

fore. The nanopipes near the protected region allow porosity to spread out

underneath it, aligned approximately parallel to the edge of the protective

material. It is hoped that this will lead to strong alignment and therefore

regions of birefringent material.

Figure 4.16 Cartoon illustrating the expected etch fronts in subsurface pore for-
mation from ECE via dislocations with no patterning and with surface patterning.
The pores would be expected to grow perpendicularly to the lines drawn to illustrate
the etch fronts.

In order to test this process photoresist was deposited onto the surface

of a ten pair GaN DBR structure and patterned into stripes. Where the

photoresist stripes are left, they block the electrolyte from accessing the

GaN surface. Following ECE, the sample was washed in acetone to remove

the photoresist and it was viewed under the optical microscope. In ordinary

optical microscopy, the protected stripes are visible as regions with linear

features, whereas the unprotected regions show the typical circular features,
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as shown in Figure 4.17a. When viewed between crossed-polarisers, as shown

in Figure 4.17b, the circular features in the unprotected regions show bright

Maltese crosses on a dark background, indicating the presence of vertical

etching channels at the centre. The stripe of the protected region forms a

bright line, indicating strong birefringence. The stripe shows brighter and

darker regions within it, which indicates that the pores are not uniformly

aligned within the strip and therefore the birefringence varies across it. It

is significantly less uniform than the DBRs that were etched laterally from

trenches.

(a) (b)

Figure 4.17 Optical images of the surface masked DBR viewed (a) in normal
reflection mode and (b) with cross polarisers.

4.3.2.1 Subsurface structure

It is difficult to use SBI to measure the subsurface pore structure for these

samples because the volume that can be imaged at adequate resolution is

limited to around 10 µm2 and the stripes are around 200 µm wide. Instead,

the FIB was used in a similar way to Figure 4.7, where it mills off a thin

layer of material across a wide area that can then be imaged. Figure 4.18

shows an SEM image of the first porous layer, exposed by the FIB. This

image contains a number of artifacts, due to previous imaging, which can be

ignored. Such as, the group of black boxes near the top of the image to the

right of the middle, as well as a number of vertical lines. Resolving where

the edge of the protective layer lies was challenging in this method, but

correlating the observed structure with previous results gives an indication.

This image shows a network of porous domains, similar to those seen in the

previous structures, towards the left of the image, which suggests that this

region was exposed to the electrolyte. The walls between these domains
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appear brighter than the surrounding material.

Figure 4.18 SEM image of exposed subsurface structure around edge of protected
region. Scale bar is 2 µm.

Towards the right of the image such domains cannot be resolved. In

fact it is difficult to see any overarching structure to the pores. Other

regions showed some structure more clearly, as shown in Figure 4.19, which

is an SEM image of the subsurface pores in what is thought to be the

protected region. The image shows three vertical regions, with the milling

depth increasing slightly in each one from left to right. The image reveals

ridges of material with a circular curve that are similar to the shapes seen

in the optical data of Figure 4.17a. The fact that the shapes of the ridges

map so well to the structures seen optically suggests that they are genuine

structures found in the etched DBR and are not formed by the FIB milling

process itself. This SEM data still fails to resolve the pores themselves, so

it is not clear how these ridges relate to the pore structure.

An alternative approach was pursued with this sample to measure the

subsurface pore morphology, due to the limitations of the FIB/SEM ap-

proach. The same regions that had been prepared in the FIB/SEM were

imaged using AFM, as the subsurface layers had been exposed. This offers

high lateral resolution and unrivalled lateral resolution across an area of

several tens of µm. Alignment of the AFM uses an optical microscope, and

the FIB milled regions were visible optically. This allowed the alignment of

the imaged area with the stripes, meaning that the interface between the

protected and exposed regions could be identified.

Figure 4.20 shows an AFM image of a FIB exposed region of the surface
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Figure 4.19 SEM image of exposed subsurface structure in the protected region.
The image shows three vertical regions, with the milling depth increasing from left
to right. Scale bar is 5 µm.

Figure 4.20 AFM image of exposed subsurface structure around edge of protected
region. The orange annotations at either edge mark the boundaries between bands
of material with different FIB depths, the bottommost band is the shallowest. The
dashed orange line marks the line between the unprotected region on the left and
the masked region on the right. The white box indicates a semicircular porous
domain. Scale bar is 5 µm and the z-scale is 30 nm.
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masked DBR. The different bands of material running from left to right

across the image have been milled in the FIB for different lengths of time.

The three orange marks at either side of the image indicate the bound-

aries between these regions. The bottommost band was milled for the least

amount of time and is therefore the shallowest. In this region porosity is

barely visible. The depth of the mill increases as you move up the image

with the deepest mill at the top. These times are all small enough for each

band to be within the first porous layer. The left of the image shows the

exposed region and this shows the familiar domains of porosity that form

around nanopipes. Towards the centre of the image there is a bright ridge of

material, highlighted by the dashed orange line. This lies at the boundary of

the exposed and protected regions and is likely to be a result of residue left

from the photoresist, which has collected at that interface. To the right of

this is the protected region. The white box highlights a semicircular porous

domain, spreading out from the edge of the mask. This shows pores spread-

ing out radially, in a similar way to the smaller domains in the un-protected

region. This is as expected from the thoughts illustrated in Figure 4.16.

This region stops spreading out at a radius of around 3 µm and at its edge

there is a ridge of raised material. On the right hand side of this ridge several

similar, smaller porous regions begin and spread out in a similar way. This

trend continues across the image with layers of semicircular pore domains

that stop and restart and ridges of material at the edge of each one. The

patterns formed by these ridges are similar in appearance to the structures

seen in the SEM image of Figure 4.19. The centres of the domains lie to-

wards the left of the image, which follows from the fact that porosity must

be growing from the nearest nanopipes, which are in the exposed region to

the left.

This implies that there is some process that limits the growth of the

porous domains, such that a radial region spreads out and hits a limit that

slows or stops the etching process and a ridge of material forms. Then

something gives rise to etching beginning from a particular point of the

domain radius and another domain grows radially outwards from this point.

This does not appear to be linked to the size of the porous domain, as this

varies considerably, as can be seen in Figure 4.20. Essentially, the structure

seems to be forming multiple walls of material that run perpendicular to the

pore growth, which do not restrict or stop the pores from growing further.
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It is hard to imagine any mechanistic cause for this structure in terms of

the electric field or chemical transport. It is important to note that this is

a 3D structure, which the images shown only show a 2D slice of. However,

features can be tracked across the bands of different depth, which suggests

that the observed features can be assumed to extend through the entire

thickness of the porous layer. Observing how the structure changes with

greater depth through the DBR is challenging across a structure where the

lateral length scales of interest are so large. This could be tackled with

targeted SBI experiments, but this would be time consuming.

4.4 Summary

This chapter has described the formation of porous GaN structures that

show birefringence, with one measured structure showing strong birefrin-

gence of around ∆n = 0.14. Analysis of the data and modelling of the

structures suggests that the birefringence arises from the limitation of the

resonant frequency by the finite width of material between the pores for

light polarised laterally across the pores. Varying this width and the pore

size for constant porosity in simulations seems to verify this idea. Creating

birefringent structures relies on creating regions of aligned pores. This is

done by controlling the lateral etching of the material.

The first structures studied in this work contained radially aligned struc-

tures that were created accidentally around v-pits. These exhibited Maltese

crosses due to the radial symmetry of the pores and the difference in refrac-

tive index parallel and perpendicular to the pores. Engineering the structure

of the pores can be achieved by creating access to the subsurface layers di-

rectly by etching trenches of material and this has been used to create bands

of highly aligned pores. Alternatively, surface masking can be used to influ-

ence the lateral growth of subsurface pores, which has also created bands of

birefringent material. The structure of these regions is far more disordered

than those created by lateral etching through trenches. It also shows an

intriguing wavelet structure, which is not yet understood.

A major part of the work shown in this chapter is the development

of advanced techniques to image the 3D pore structure at high resolution

(pore sizes ≈ 10 nm) and across reasonably large volumes (≈ 100µm3).

This required exploration of a variety of approaches and significant effort
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in optimising the SBI technique, as described in section 2.2.6.1. For large

structures with small feature size the addition of AFM to the FIB milling

process proved a novel and effective measurement technique.

4.4.1 Future work

There are many areas for possible further work around the birefringence of

porous GaN that include improving the understanding of the mechanism

itself, development of the process and moving towards application relevant

devices. The measurement and finite element modelling of porous GaN

DBRs suggests that birefringence arises from the influence on the resonant

frequency perpendicular to the pore direction by the reduced thickness of

the material between the pores. There is potential for more work in this

area to better understand how the pore morphology leads to birefringence.

In particular, better understanding of the electric field as plotted by the

COMSOL model and why it seems to be concentrated within the pores for

light polarised perpendicular to the pores rather than in the higher refractive

index material around the pores. This work ties into the optimisation of a

birefringent pore structure. The modelling showed that smaller pore widths

and widths between pores led to higher birefringence. Further modelling

could be used to explore the influence of other factors on the birefringence,

such as porosity and pore alignment. Attempts should be made to optimise

the morphology of real porous GaN structures to increase the birefringence

beyond 0.14. This should focus on increasing pore alignment, as well as

creating high porosity structures with small spaces between the pores.

The work in this chapter has also indicated that birefringence offers a

straight forward characterisation method for porous GaN structures, which

could have the potential to be very powerful. As it has been shown that the

refractive index of aligned porous GaN is a function of polarisation, it should

be possible to use polarised light microscopy to measure the pore morphology

by measuring how the reflectivity spectrum changes with the polarisation of

the incident light. At its simplest this method would be able to identify the

orientation of the pores by finding the polarisation angle that maximises the

reflected intensity. Although a high degree of reflectivity would be required

for accurate measurement, which may exclude some structures. A harder

challenge would be to measure the degree of pore alignment in different areas,

this could be possible, but would require calibration and careful modelling.
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It may even be possible to do this without knowing the porosity accurately,

as it can be assumed to be constant in a given area. This would take a great

deal of further work to develop, but could offer an extremely fast and easy

characterisation method.

Having identified and understood how birefringence arises in porous

GaN, the next focus should be to develop the integration of birefringent

porous GaN into useful optical devices. Most obviously this should pursue

the creation of birefringent porous GaN DBRs used in VCSELs. Etching

structures through scribed trenches could feasibly be used to produce these

structures, but efforts would be required to protect the other device layers

from ECE. Surface masking to create aligned porous structures presents an

alternative approach for achieving this, as it could be used to produce bire-

fringent structures with an epi ready surface that can be used for regrowth of

further device material. This relies on the improvement of the birefringence

of these structures, which first requires better understanding of the process

leading to the wavelet morphology. This could be achieved through further

microscopy of the subsurface structure, but the small feature size and large

length scales needing to be studied makes this a challenging task. The mi-

croscopy approaches set out in this chapter offer a strong starting point for

this work however. Studies on structures with high dislocation density may

also be useful, as this would provide a higher density of vertical pathways,

which would improve the uniformity of the resulting structure. This does,

however, present the major drawback of growing the rest of the structure

on high dislocation density material, which would dramatically affect the

resulting efficiency.
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Chapter 5

Characterisation of Porous

GaN by X-ray Diffraction

5.1 Introduction

Characterising the structure of porous GaN is challenging, as pores can

be small (≈ 10 nm �) and have a complex 3D morphology. For some

applications the pore morphology is a key factor, in which case imaging

methods that can characterise the 3D size, shape and distribution of pores

are required, such as the SBI technique described in section 2.2.6. In many

cases though the most important characteristic of porous material is the

overall porosity, i.e. the percentage of the volume taken up by air. This

can be achieved through image analysis of cross-sectional SEM images, but

this method is not without its challenges, as detailed in section 5.3.3.1. The

volume of pores in a sample, and therefore the porosity, can also be measured

using gas adsorption by changing the applied pressure while measuring the

sample’s change in mass [173]. The problem with this method for porous

GaN is that the sapphire template makes up around 99% of the total mass,

meaning that the change in mass with adsorption in the tiny fraction of

porous material is unlikely to be measurable.

This chapter outlines a third approach for the measurement of porosity

in porous GaN, using XRD. An introduction to the x-ray techniques applied

in this chapter was given in section 2.2.7. Section 5.2 describes how attempts

were made to use XRD to characterise the porosity of a single layer of porous

GaN, as has previously been reported for porous silicon [174], where strain
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within the porous silicon layer leads to a change in lattice constant that

allows the thickness and porosity of the layer to be measured by XRD. Here

we show that similar porous GaN structures do not undergo such changes

in strain, meaning that it is not possible to use XRD to characterise the

thickness and porosity of a single porous GaN layer in the same way.

Section 5.3 looks at using XRD to characterise periodic multi-layers of

porous and non-porous GaN, such as DBRs. This was found to be a valu-

able technique for characterising these structures, especially in terms of layer

thickness. This section describes the kinematic model that was created to fit

to the experimental measurements of porous GaN DBRs and allow structural

information to be extracted. The approach is compared to the current most-

used characterisation method, using cross-sectional SEM measurements by

using the structural parameters to simulate the optical reflectivity of the

DBRs and comparing this to measured reflectivity. It is found to produce

superior measurements for layer thickness and for porosity, but both meth-

ods give a reasonably poor estimate of porosity. X-ray reflectivity is also

pursued for these structures, but low uniformity makes it impossible to ex-

tract meaningful results from this approach.

5.2 Single porous layers

5.2.1 Single layers of porous Si

Interest in using XRD to measure the porosity of single layers of porous

GaN was sparked by studies of porous Si structures that did just this [174].

Buttard et al. show ω-2θ scans of single porous Si layers formed from

p+ type Si by anodization, as shown in Figure 5.1. These scans show two

intensity peaks, which the authors correlate to the bulk Si substrate (labelled

S) and the porous Si layer (labelled P). They state that lattice mismatch

in the 〈001〉 direction causes the angular splitting between the two peaks,

which increases with increasing porosity. It has been shown that this small

expansion in the lattice parameter of porous Si increases proportionally with

porosity [175]. A number of reasons have been posited for this increase:

Barla et al. suggest it is due to the splitting of the single bulk crystal

into a large number of small crystallites with uniform size, which cause

coherent scattering [176]; others suggest an oxide layer on the pores exerts

stress on the silicon, which distorts the lattice parameter [177]; the best
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supported cause is that hydrogen is absorbed onto the pore surface and that

this layer exerts stress [178, 175, 179, 180]. This last cause has been verified

using modelling of the influence of hydrogen on the Si-Si bond lengths [181].

There is no increase in the in-plane lattice parameter for these porous silicon

layers, as this is constrained by the bulk substrate, but releasing a porous

silicon layer from the bulk allows this to relax [180]. Aging the sample in

air increases the lattice mismatch due to the growth of a native oxide layer

within the pores, but this should be recognised as a secondary process [175].

Figure 5.1 Experimental ω-2θ scans at the (004) reflection for thin porous silicon
layers on silicon with 36% porosity and various thickness. Reproduced from [174].

The single porous layers shown in Figure 5.1b show interference fringes

when measured with the analyser crystal. The period of these fringes can be

used to determine the thickness of the porous layer. The thickness fringes

are well defined, which indicates that these samples are laterally homoge-

neous. The damping of their intensity suggests that there is a transition

layer between the porous and bulk regions. Adding this into simulations

showed good agreement with experimental data [174]. The increase in peak

splitting with increasing porosity suggests that XRD could be used to mea-

sure both porosity and layer thickness in a similar way to other thin films,

including nitride semiconductors [182].
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5.2.2 Single layers of porous GaN

To investigate whether XRD can be used to measure single layers of porous

GaN, a sample was prepared with a 1 µm thick Si-doped layer with Nd ≈
1 × 1019cm−3 on an NID GaN template grown on sapphire. The sample

was etched in oxalic acid at an applied potential of 8 V in order to porosify

the doped surface layer. ω-2θ scans were taken of this sample at the 0004

reflection before and after ECE, as shown in Figure 5.2. The two central

GaN reflections are similar, but the porous sample gives rise to a shoulder

at higher angle than the central GaN reflection, which is not present in

the as-grown sample. This indicates that the porous layer has produced a

reflection with a smaller out of plane lattice parameter than the bulk GaN

of the original sample, as opposed to the expansion seen in the porous Si

case. There are no visible thickness fringes, but a simple simulation of an

InGaN layer of the same thickness on GaN suggests that the spacing of

these fringes would be around 0.01°, which is close to the given resolution of

the monochromator used (minimum FWHM of 0.0053°). The measurement

was therefore repeated using a symmetrical monochromator, which has a

higher resolution (minimum FWHM of 0.0038°), but this differed from the

presented data only by its lower intensity and still did not show thickness

fringes.

Figure 5.2 Symmetric ω-2θ scans taken at the 0004 GaN reflection with the
analyser crystal of the surface layer sample as-grown (black) and after ECE (red).

In order to find the lattice parameters of the extra peak, further ω-
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2θ scans were taken at the symmetric 0006 reflection and the asymmetric

101̄5 and 202̄5 reflections. The measurements at symmetric peaks only mea-

sure the out of plane lattice parameter, c. This was calculated for the main

GaN reflection and the extra peak respectively as 5.1893 Å and 5.1855 Å at

0004 and as 5.1894 Å and 5.1852 Å at 0006. The lattice parameter of GaN

can vary considerably for different materials and has been reported as low

as 5.178Å [183] and as high as 5.186 Å [184], both measured at 300K. It is

interesting to note that the values I have measured for both peaks are within

this range, which indicates that any change introduced by the ECE process

is a relatively small one. There is good agreement between the measurement

of the lattice parameters for both peaks.

The asymmetric reflections measured (101̄5 and 202̄5) were used to cal-

culate both the c and a parameters from each peak. These gave c parameters

for the main peak of 5.1890 Å and 5.1881 Å respectively. Similar measure-

ments of the sample prior to ECE gave c values for the central peak of

5.1891 Å and 5.1889 Å, showing that this peak is broadly unchanged by the

ECE process. The measurement of c for the extra peak in the porous sam-

ple gave values of 5.2014 Å and 5.2147 Å. These show a significant change

from the other measurements. All of these values are plotted in Figure 5.3a,

which shows how the main peak is measured consistently for all measured

reflections, while the value for c from the extra peak changes dramatically

for the different reflections. This is similarly the case for the measurement

of the in-plane lattice parameter (a). For the main peak this is calculated

as 3.1828 Å and 3.1844 Å for the two reflections of the porous sample,

and 3.1828 Å and 3.1837 Å for the as-grown sample. Indicating only small

variation, which is likely within experimental variation. The values for a

from the extra peak changes significantly between the two measurements as

3.1195 Å for the 101̄5 reflection and 3.1551 Å for the 202̄5 reflection. All the

measured values for a are plotted in Figure 5.3b. The change in the mea-

sured lattice parameter between reflections suggests that there is at least

some element of twist between the two peaks. The different peak locations

are at least partially due to a misalignment, rather than purely a difference

in lattice parameter, which indicates that the measured values for the extra

peak are inaccurate.

In order to quantify the twist in the alignment of the extra peak, with

respect to the central GaN peak, reciprocal space maps (RSMs) were taken
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(a)

(b)

Figure 5.3 Extracted lattice parameters fromω-2θ scans of the single layer sample
measured for the as-grown sample and after ECE at 8 V. (a) shows the out of plane
parameter c, (b) shows the in plane parameter a.
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(a)

(b)

(c)

Figure 5.4 RSMs of the surface layer sample as-grown (a) and after ECE (b) at
the 101̄5 reflection and (c) after ECE at the 202̄5 reflection.

140



5.2. Single porous layers

at the 101̄5 and 202̄5 reflections. Figure 5.4a shows the RSM of the as-

grown sample at the 101̄5 reflection. This shows the single expected peak,

corresponding to the GaN reflection. The streak of higher intensity running

across the centre of the peak is an artifact caused by the detector, due to

overflow of charge from the pixels measuring the high intensity region into

the other pixels in the row. This feature is common to all of the RSMs

presented in this work and can be ignored. The RSM for the sample after

ECE is shown in Figure 5.4b and this shows an extra peak, which extends

into the bottom left hand corner of the image, towards a larger Qx value and

a lower Qy value. This showed that the second peak was split in both Qx

and Qy, as was indicated by the asymmetric ω-2θ scans. The same etched

sample was measured at the 202̄5 reflection too, as shown in Figure 5.4c.

The peak appears similar, but the values for a and c from the two RSMs

of the etched sample were different for the extra peak, which verifies that

there is a component of misalignment in the sample.

It is hard to understand the nature of this misalignment from just these

two data points, so further RSMs were taken. The lattice points of Wurtzite

GaN have six fold symmetry, meaning that if the diffractometer is aligned

to an asymmetric reflection a rotation in ϕ of 360° will result in a trace

showing 6 peaks. I measured an RSM at the symmetric 0004 reflection as

well as six asymmetric reflections (101̄4, 1̄014, 101̄5, 1̄015, 202̄5 and 2̄025) at

a rotation in ϕ of 0°, 60°and 120°. For each RSM, the position of the main

peak and the extra peak were measured, using the built-in semi-automatic

peak detection tool in Panalytical’s “Epitaxy” software. Figure 5.5a shows

the position of the main peak plotted in reciprocal space for each of these

measurements. For each reflection, the three measurements align well with

one another, showing that the system is aligned properly to the sample.

Figure 5.5b shows each of the main reflections as one data-point, against

the extra peaks that were measured at the 60° and 120° rotations. At 0° no

extra peak was visible at any reflection and similarly the 120° measurements

showed no measurable peak for Qx ≥ 0. In these cases there was often

a slight bulge on the main reflection, which indicated the presence of a

secondary peak, but did not allow its position to be found.

The fact that the measurements at ϕ = 0° do not show an extra peak

indicates that the misalignment of the extra peak is almost entirely out of

this plane. This suggests that the misorientation is aligned roughly at ϕ =
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(a)

(b)

Figure 5.5 RSMs showing the peak positions in reciprocal space for a number of
reflections taken at different rotations of ϕ of the surface layer sample after ECE.
(a) shows just the Main peak of each reflection and (b) shows this against the extra
peaks.
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90°. This is supported by the measurements at the other two ϕ values in the

negative Qx region, which are offset from the main reflection by a similar

amount, but in opposite directions. This indicates that the misalignment

lies between these two ϕ angles, i.e. at around 90°. For each measurement,

the magnitude of Q is the same for the extra peak and the main peak,

which indicates that the extra peak arises purely from a misalignment, as

the lattice point has simply been rotated around the origin. This shows that

the porous GaN has the same lattice parameter as GaN. Unlike silicon, the

material does not undergo any change to the strain state due to porosity.

This may not be true for all GaN structures. It is possible that for GaN

layers that are grown under a greater degree of strain that porosification

could allow the GaN to relax and thereby change the lattice parameter.

Moreover, it could be the case that a different pore morphology, perhaps

one with greater porosity could allow a shift in the lattice parameter. This

indicates that the chemical causes for strain in porous silicon samples (i.e.

hydrogenation or oxidation) do not create strain in the same way. This

follows from the fact that GaN is significantly less reactive than silicon.

This indicates that the extra peak arises from a region of the sample

that is aligned differently to the rest of the sample. For misalignment to

give rise to a single resolvable peak with a specific orientation, suggests

that it is caused by a reasonably large region that has become uniformly

misaligned slightly. It is not caused by general mosaicity, which would lead

to peak broadening. In other words it is likely a particular characteristic

of this sample, rather than revealing something that is generally true of

porous GaN samples. To verify this, a similar single layer porous sample

was measured by taking RSMs at the 101̄5 and 1̄015 reflections for the three

different values of ϕ. This showed just a single reflection at each point, as

shown for the 101̄5 set of reflections in Figure 5.6.
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(a) ϕ = 0° (b) ϕ = 60°

(c) ϕ = 120°

Figure 5.6 RSMs showing the peak position in reciprocal space for the 101̄5 re-
flection of the second surface layer sample after ECE, taken at different rotations
of ϕ, as given in the captions.

5.3 Porous GaN DBRs

Porous GaN DBRs are multilayer structures of solid and porous GaN. Char-

acterisation of other nitride multilayers is commonly done using XRD, as

the multilayer structure produces distinctive satellite peaks, which arise from

interference between reflections from the different layers of material [185].

It was discovered that ω-2θ scans of porous DBRs showed similar satellite

peaks, despite the fact that the lattice constant is the same throughout the

DBR stack, as shown in the previous section. This section describes the

work done to model the diffraction patterns of porous GaN DBRs in order

to measure layer thicknesses and porosity.

5.3.1 Modelling approach

By using an appropriate model, structural values can be extracted from the

ω-2θ scan of a multilayer through fitting the simulation to the peaks in the

measured data. Vickers et al. developed a method for accurate determina-

tion of indium content and layer thicknesses in InGaN/GaN quantum well

structures via XRD [149]. This was done by measuring an ω-2θ scan of
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the 0002 reflection, which showed periodic satellite peaks around the cen-

tral GaN peak and a zero order peak separated from the GaN buffer layer

peak. The satellite peaks were due to the periodic nature of the QWs and

the position of the zero order peak is given by the average In-content of

the periodic structure. By fitting a model to the data, the well width and

indium content could be both accurately determined.

Modelling epitaxial nitride structures can be done with a variety of com-

mercial software packages based on the dynamical approach. This approach

uses differential equations to solve the wave equation in the sample arising

from a single scattering event. An alternative approach is kinematic the-

ory, in which the solution is found by finding the sum of the contributions

from each atomic plane, hence multiple scattering events are not included.

This follows a mathematical step model as demonstrated previously [186].

Heteroepitaxial GaN has large strain and a high density of defects, in which

case a kinematic approach has been shown to be more appropriate. What’s

more kinematic theory can be used more effectively to improve understand-

ing of how the structure relates to the diffraction data by decoupling the

contributions of different parts of the structure [149]. To illustrate this, let’s

examine the general approach of the kinematic model, as derived from the

step model presented in [186] and presented for the case of InGaN/GaN

QWs in [149].

The measured intensity, I, for the x-ray diffraction of a periodic structure

with N pairs of alternating layers of arbitrary materials x and y is given by

the kinematic model as:

I =
sin2(NT πk)

sin2(T πk)



f2x
sin2(Nx dx πk)

sin2(dx πk)
+ . . .

f2y
sin2(Ny dy πk)

sin2(dy πk)
+ . . .

2fxfy cos(T πk)
sin(Nx dx πk)

sin(dx πk)

sin(Ny dy πk)

sin(dy πk)


(5.1)

Where k = 2sin(θ/λ) and each layer is characterised by the material’s scat-

tering factor (fx or fy) and a thickness, given by the number of atomic

planes (Nx or Ny) and the atomic plane spacing of that material (dx or dy),
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such that the total period thickness is given by T = Nxdx + dyNy. This can

be simplified as a four term equation:

I = Γ{αx + αy + αInter} (5.2)

The contribution Γ is dependent only on the properties of the experiment

(k), the period thickness of the alternating structure (NT ) and the number

of repeats (N). This is multiplied by the sum of the contributions of each

layer (αx and αy) and a term resulting from the interference between the

pairs of layers αInter.

For a porous GaN DBR, the two materials are non-porous (NP ) and

porous (Por) GaN, so Equation 5.2 becomes:

I = Γ{αNP + αPor + αInter} = Γα (5.3)

Where α is the sum of the three contributions (αNP + αPor + αInter). The

lattice parameter remains constant throughout all GaN layers, as was shown

in section 5.2.2. This means that the only difference between the different

layers in terms of x-ray interaction is the scattering factor. For the porous

layers this is given by the scattering factor of GaN multiplied by a site

occupancy factor, which is given by the proportion of atoms left in the

layer, i.e. (1−φ), where φ is the porosity of the porous layers. In this model

a porous GaN DBR is therefore defined as a periodic two-layer structure

with five parameters:

1. Period thickness (γ) — The thickness of the repeating DBR pair (nm)

2. Thickness ratio (ρ) — The ratio between the thickness of the porous

and non-porous layers

3. Porosity (φ) — The volumetric proportion of the porous layer that is

air (%)

4. Repeats (N ) -– The number of repeats of the periodic structure

5. Template thickness — The effective thickness of the GaN template

(nm)

The first three of these parameters (γ, ρ, and φ) are the numbers that the

model aims to obtain by fitting to experimental data. The thickness of the

two types of layers are related to γ and ρ by:
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NGaN dGaN = γ (1− ρ)

NPor dPor = γ ρ

(5.4)

Using Equation 5.1, each of the terms in Equation 5.3 can therefore be

defined:

Γ =
sin2(Nγ πk)

sin2(γ πk)
(5.5)

αNP = f2GaN
sin2(NNP dGaN πk)

sin2(dGaN πk)
(5.6)

αPor = (1− φ)2 f2GaN
sin2(NPor dGaN πk)

sin2(dGaN πk)
(5.7)

αInter = 2(1− φ)2 f2GaN cos(γ πk)
sin(NPor dGaN πk) sin(NNP dGaN πk)

sin2(dGaNπk)
(5.8)

This leaves two of the five parameters unmentioned. The number of period

repeats (N) is known trivially from the growth procedure, which leaves

only the template thickness. As the DBR structure is generally not thick

enough to scatter or absorb the entire x-ray beam, some scattering occurs

in the underlying template. This was simulated with a similar approach to

that used for the DBR layers and added to the result. This contribution

produces an intense peak at the GaN reflection with a decaying background.

Absorption was also included using the equation:

Io = exp(−µl)I (5.9)

Where µ = 3.2 × 104m−1 is the absorption coefficient of GaN [185] and

l is the path length of an incident x-ray and is a function of the incident

angle θ. Including or excluding absorption was found to make no significant

difference to the simulated intensity. Finally, the signal was convolved with

a Gaussian signal representing the instrument function, which reflects the

finite resolution of the system. As is common practice, the simulation was

normalised to the measured zero order GaN reflection being fitted to, which

arises from a combination of the GaN substrate and the zero order peak of

the multilayer. All of this was built into a Matlab model, which is published
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under an MIT license at this address:

https://bitbucket.org/phgriffin/porous-xrd-model/.

The code was originally written by former group member, Fabrice Oehler,

to better understand the diffraction patterns of nitride multilayers. It was

adapted by the author in order to model porous GaN multilayers, who also

added the modelling of absorption losses, incorporated the importing of

experimental data and wrote a graphical user interface (GUI) that allows

the model to be easily used for fitting to experimental data in order to

extract structural information.

Figure 5.7 Various components of the kinematic model, simulated for a porous
GaN DBR with 10 repeats, a period thickness of 95 nm, thickness ratio of 0.4, and
a porosity of 30% in the porous layers.

Figure 5.7 plots all of the components of Equation 5.3 and the resulting

intensity curve (I), for a porous GaN DBR with 10 repeats, a period thick-

ness (γ) of 95 nm, thickness ratio (ρ) of 0.4, and a porosity in the porous

layer (φ) of 30%. The central peak in the intensity profile, I (top plot) cor-

responds to the 0002 GaN reflection and periodically spaced satellite peaks

are visible around it. Examination of Figure 5.7 shows that the locations

of the satellite peaks are primarily defined by the peak positions of the in-

terference term Γ, and are therefore dependent on the periodic thickness

of the overall structure. The peaks of Γ are modulated by α, which be-

haves as an envelope function, defining the relative intensity of these peaks
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and shape of the overall curve. As shown in Equation 5.3, α is the sum of

three components αNP , αPor and αInter. As can be seen in Figure 5.7, αPor

and αNP have a similar shape to one another, although the spacing of the

troughs differs and the porous layer has a slightly lower magnitude, due to

the scaling of the scattering factor by the porosity. The spacing between

the troughs in these curves is defined by the layer thicknesses of the porous

and non-porous layers (NPordGaN and NNPdGaN respectively), as shown in

Equations 5.7 and 5.6. The trough spacings can also be considered in terms

of a multiple of the peak spacing of Γ. In the example of Figure 5.7, the

porous layer has a thickness of 2/5 of the period thickness in real space,

which means that the spacing between troughs in reciprocal space is 5/2

times the spacing of the peaks in Γ. Similarly, the non-porous layer is 3/5

of the period thickness, and hence troughs can be observed with a spacing

of 5/3 of the peak distance in Γ. The spacings of the troughs are inversely

related to the thickness of the layer in real space. A special case arises when

the troughs of αPor and αNP align with a peak in Γ. This causes a deep

trough in α, resulting in a missing satellite peak in the total intensity I.

This is the case in Figure 5.7 at the 5th satellite peak in Γ, where the 2nd

porous trough and the 3rd non-porous troughs align.

Figure 5.8 Simulated intensity (I) for DBRs with varied layer thickness ratios(ρ),
a constant period thickness (γ) of 95 nm and a porosity (φ) of 30%. The curves
have been offset from one another for clarity.

To further illustrate the effect of the layer thicknesses on the peak in-
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tensities Figure 5.8 plots the simulated intensity profiles (I) for ω-2θ scans

at the 0002 GaN reflection using the same model as in Figure 5.7, but with

varied thickness ratio of the porous and non-porous layers (ρ). The curves

have been offset vertically from one another for easier interpretation. As

expected, changing ρ changes the relative intensity of different peaks, as the

spacing of the troughs in α move. In the case where the porous and non-

porous layers are each half of the total period thickness (0.5), the spacing

of the troughs in reciprocal space is double the satellite spacing, and hence

every even numbered satellite peak is missing. The 5th peak is completely

absent for the curves with thickness ratios 0.2, 0.4 and 0.6, where both layer

thicknesses are some multiple of a 5th of the period thickness, as described

above. It is not possible to distinguish between these cases based on the

position of the missing peaks only. Instead, one also has to consider the

relative intensities of the other satellite peaks. For example, the intensity

profile for a thickness ratio of 0.2 can be distinguished from the other in-

tensity curves by the relative intensities of the 2nd and 4th satellite peak,

which are lower compared to the other curves. Lower intensity peaks like

these can occur when one of the troughs in αNP or αPor align with a peak,

as can be seen for the 2nd and 3rd peaks in Figure 5.7. They can also occur

when a deep trough lies near, but not exactly on a satellite peak. This is the

case for the 3rd satellite peak of the 0.3 ratio sample in Figure 5.8. It can

be seen to shift the peak position slightly, in this case reducing the intensity

more severely on the small angle side and pulling the peak towards larger

angles. These are more common in experimental samples, where the ratios

are not such round numbers as have been simulated here.

It is important to note that if the thickness of the porous and non-porous

layers is interchanged, such as for the simulations of the 0.4 and the 0.6 ratio,

then the intensity curves show the same missing peaks and almost identical

relative intensities of the other satellite peaks. These satellite peaks differ

only slightly in magnitude due to the lower scattering factor of the porous

layer, but this is likely to be insufficient to distinguish between the two cases

from experimental data. The result of this is that fitting experimental data

will generally lead to two solutions that are indistinguishable. It will not

define which of the layers within a period is thicker. Hence, distinguish-

ing between the two solutions requires information from elsewhere, such as

knowledge of the growth times for each layer. This approach may be chal-
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lenging for structures where the layers have similar thicknesses, as carrier

diffusion from the doped layer may allow ECE to create pores in areas, which

were intended to be NID.

Figure 5.9 Simulated intensity (I) for DBRs with varied porosity (φ), a constant
period thickness (γ) of 95 nm and a thickness ratio (ρ) of 0.4.

Figure 5.9 shows simulations with constant period thickness γ of 95 nm,

thickness ratio ρ of 0.4, and varied porosity of the porous layer φ. Constant γ

means that the Γ function remains the same, and hence the spacing between

peaks does not change between these curves. In our examples, the 5th

satellite peak is missing for all curves, which is defined by ρ as discussed

above. The difference between the curves is in the overall intensity of the

satellite peaks, which increases with increasing porosity. The highest relative

intensities can be observed for the 100% porous “air-gap” DBR, while the

0% porous “un-etched” DBR shows no satellite peaks at all. It should

be noted that the 100% porous structure is included for theoretical interest

only. Although air gap DBRs have been created [187] they are not physically

realisable at the wafer scale, nor at a scale large enough to be assessed by

conventional XRD, as the structure would collapse. The relative change in

intensity of the satellite peaks can be used to quantify the porosity of the

porous layers of the DBR. Figure 5.10 plots the intensity of the 1st satellite

peak with varied porosity for the data shown in Figure 5.9. It indicates

a quadratic relation between intensity and porosity. This follows from the

quadratic relationship between the scattering factor and the total intensity
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Figure 5.10 Peak intensity of the first satellite peak from the simulations shown
in Figure 5.9, as a function of φ, the simulated porosity in the porous layer. The
blue curve shows a quadratic fit with the data.

in equation 5.1, as the scattering factor in the porous layer is proportional

to the porosity of the layer.

A difficulty arises from fitting both the template thickness and the poros-

ity, as these have overlapping effects on the overall intensity of the result. In

the model, the contribution of the template is summed with the result from

the DBR structure, given by Equation 5.3. This is plotted for a range of tem-

plate thicknesses in Figure 5.11. This shows that the template contributes to

the intensity of the central GaN reflection, as expected, but also changes the

slope of the peak and the resulting peak width. When fitting the simulation

to the experimental data the template thickness generally had to be lowered

from its expected value in order to fit the slope of the curve, i.e. the intensity

in the troughs. From this analysis, it would be expected that changing the

template thickness would change only the intensity of the central reflection

and its width. The situation is more complex than that, however, as the

simulated central peak is normalised to the experimental data. This means

that changing the template thickness significantly changes the intensity of

the satellite peaks. For example, if the template thickness is reduced then

the central GaN reflection is decreased, which acts to increase the intensity

of the satellite peaks, as the whole curve is now normalised to a lower peak.

It is difficult to escape this normalisation, as the absolute intensity depends
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Figure 5.11 Simulated contribution from the template for a range of template
thickness. The data has been smoothed by the Gaussian function that represents
the instrument function.

strongly on the instrument. The approach taken within this work is to first

fit the period, which is easily found, then to match the layer thickness ratio.

Next use the template thickness to match the troughs of the experiment and

then to find the porosity by fitting the first few satellite peaks. The next

section examines how effective this method is for fitting experimental data

These simulations of porous GaN DBRs show how the key structural

parameters of a DBR (period thickness, thickness ratio, and porosity), each

have different influences on the shape of the X-ray diffraction pattern: the

period thickness changes the period of the satellite peaks; the thickness

ratio changes the position of missing peaks and their relative intensities;

and the porosity changes the overall intensity of the satellite peaks. This

should allow decoupling of the effects and hence characterization of the DBR

structure by fitting simulations to experimental XRD data. In order to do

this it was necessary to be able to easily vary each of these parameters, along

with the template thickness and plot the simulation against experimental

data. This was achieved by creating a GUI that allowed both the simulation

and the experimental data to be plotted alongside one another and replotted

the simulation each time the value of one of the DBR parameters was varied,

using a slider. A screenshot of this GUI is presented in Figure 5.12 and it

can be downloaded as part of the modelling software, from:
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Figure 5.12 Screenshot of the Matlab GUI written to allow easy fitting to exper-
imental data. The sliders can be varied until a close fit between the simulated and
experimental data is found.

https://bitbucket.org/phgriffin/porous-xrd-model/.

5.3.2 Experimental results

The section above has outlined how a kinematic model could be used to

fit experimental XRD data of porous GaN DBRs in order to learn about

the DBR structure. To test this method, three DBR samples were grown

via MOVPE. These consisted of ten pairs of alternating layers of n-doped

GaN (Si-doped at ≈ 1 × 1019cm−3) and NID GaN grown on a GaN on

sapphire template. Table 5.1 shows the growth times for each layer in the

three samples. Sample A has the shortest total growth time, which should

indicate the thinnest period thickness. Sample B has slightly longer growth

times and sample C is significantly longer. The proportion of the total time

used to grow the doped layer, which under ECE will become the porous

layer, is larger for samples B and C and is approximately equal between

these samples. All samples have a longer growth time for the doped layer

than the NID layer. ECE was applied to each of these samples with an

applied potential of 6 V.
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Table 5.1 Growth times for each layer of the three DBR samples and the fraction
that the doped layer makes up of the total.

NID layer n layer Total n layer fraction

Sample s s s %

A 56 66 122 54

B 61 82 143 57

C 119 158 277 57

(a)

(b)

Figure 5.13 ω-2θ scans of (a) sample A, showing the periodic satellite peaks with
the two fitted simulations resulting from the two possible ρ values, and (b) sample
B and C with the best fit simulation plotted as dashed lines. Plots for sample B
and C are offset vertically from one another for clarity.

155



5.3. Porous GaN DBRs

ω-2θ scans of the three samples A, B and C were measured close to

the 0002 GaN reflection. Figure 5.13a shows the XRD intensity profiles

for sample A, which shows periodic satellite peaks around the GaN peak

as predicted by the modelling. Obtaining the period thickness, ratio of

the layer thicknesses in each period and the porosity of the porous layer

of the DBR is achieved by fitting our model to the measured data. As

described previously, our model gives two possible solutions corresponding

to two values for ρ, i.e. if the first fit gives ρ = ρ1 then the second solution is

for ρ = 1− ρ1. The two plots obtained from the fitted simulation of sample

A are shown alongside the measured data in Figure 5.13a. The difference

between the two simulations is small and neither give a definitively better fit.

This means that the XRD analysis gives two layer thicknesses, which cannot

be assigned to the porous and non-porous layers without further input.

For both plots, the period and shape of the envelope are well matched,

but the absolute intensity of the higher order satellite peaks is not well

matched. The model predicts less damping of the higher order peaks than

is measured and this is also seen in the measured and fitted plots for samples

B and C, shown in Figure 5.13b. This indicates that there are non-idealities

in the structure that are not represented in the model, such as variation of

layer thickness along or between the layers or from the intrinsic roughness

of porous layers. This difference between the model and the measurement

leads to a large uncertainty in the extracted porosity value, as only the

first few satellite peaks can be used to fit this parameter. Related work

on porous silicon multilayers suggests that the damping might be due to

graded interfaces between layers in the real DBR structure [174]. Fringes

resulting from the total thickness of the structure may also arise, but these

would have a spacing of less than the instrumental resolution and so are not

measurable. The parameters extracted for each DBR by this method are

shown in Table 5.2.

As described in the previous section the porosity and template thickness

have an overlapping influence on the result. This outlined a fitting method

in which the template thickness is used to fit the simulation to the troughs

of the experimental results and then the porosity is found by fitting the

first few satellite peaks. This approach worked well with sample A, but for

samples B and C the issue came that the slope of these samples was more

gentle than could be modelled, even with the template thickness set to zero

156



5.3. Porous GaN DBRs

Table 5.2 Measured parameters of the three DBR samples from simulation of the
XRD data.

Period thickness Layer 1 Layer 2 Porosity

Sample (nm) (nm) (nm) (%)

Value ± Value ± Value ± Value ±

A 97 1 34 1 64 2 37 4

B 113 1 47 1 66 1 54 10

C 205 1 97 1 108 1 44 10

in the simulation i.e. the troughs were much deeper in the simulation than in

the measured data. This issue is compounded by the difference in damping

meaning that it is impossible to get the experimental and simulated data to

overlap for the higher order satellite peaks. This is why the fit is significantly

worse for samples B and C in Figure 5.13.

A key difference between sample A and samples B and C is that the latter

two have significant porosity beneath the DBR structure, both having buried

doped layers beneath the DBR of around 1 µm thick that were porosified

in the ECE process. This will certainly lower the effective thickness of the

template material, as the scattering factor is reduced, but it could also be

that the large amount or roughness in a sample with a thick porous layer

beneath the DBR creates significant diffuse scattering, which acts to increase

the intensity in the troughs.

5.3.3 Assessment of the modelling approach

Two approaches have been followed in order to assess the accuracy of the

values presented in table 5.2, found by fitting the simulation to the XRD data

as described above. Firstly, the same samples are characterised using SEM,

which is currently the most common way of measuring such DBR samples.

This is presented in section 5.3.3.1 and the two methods are compared in

section 5.3.3.2. Secondly, the optical reflectivity of each of the DBRs is

then measured. This is then simulated using a transfer matrix model built

with the parameters from the two methods, which gives an independent

comparison of the two sets of values and is presented in section 5.3.3.3.
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5.3.3.1 The SEM approach

The most common approach for characterising porous GaN structures is by

cross-sectional SEM. Figure 5.14 shows cross-sectional SEM images of the

three porous GaN DBR samples A, B, and C. Samples A and B have similar

layer thicknesses and pore size, with pores that tend to occupy the whole

width of the porous layer. Sample C has significantly thicker doped layers,

which allows multiple rows of porosity to form in each layer. From these

data the period and layer thicknesses can be measured directly. Five SEM

images with widths of 2.5 µm were analysed for each sample and an average

and the standard error was calculated. Table 5.3 shows these results, with

the error given as the larger of the 3% instrument calibration uncertainty

and the standard error. The instrumental uncertainty is generally larger.

For each sample the porous and non-porous layers have similar thicknesses

to one another. The period increases slightly from sample A to sample B

and is much larger for sample C, hence it is shown at a lower magnification.

Figure 5.14 Cross-sectional SEM images of three porous DBR samples: A, B
and C. Scale bars represent a width of 200 nm. The three rectangles on sample
B highlight different pore morphologies: well defined (solid line); smaller, poorly
defined (dotted line); and pores aligned along the image plane (dashed line).

Table 5.3 Measured parameters of the three DBR samples from simulation of the
SEM data.

Period thickness Porous Layer Non-Porous Layer Porosity

Sample (nm) (nm) (nm) (%)

Value ± Value ± Value ± Value ±

A 96 3 42 2 54 2 28 5

B 107 3 58 2 50 1 25 5

C 203 6 93 3 110 3 20 5
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When analysing SEM images, segmenting the image into porous and non-

porous regions is a more challenging problem than measuring layer thick-

nesses. Some regions of the porous layer show well defined pores that can

be easily segmented (e.g. solid box in sample B, Figure 5.14). These are

where the pores are relatively large and are aligned perpendicular to the

image plane. For samples where pores are etched laterally from a trench

pores will have a predictable alignment, so imaging pores at this orientation

can easily be achieved, but this is not the case for samples etched via the

dislocation pathways described in section 3.3. In other regions, the pore

cross-section is poorly defined, as they are smaller (dotted box in sample B,

Figure 5.14) or are aligned near to parallel with the image plane (dashed box

in sample B, Figure 5.14), which results in smooth edges that are difficult

to segment and makes defining the actual volume of the pores challenging.

Cleaved facets also introduce additional complications, such as cleave lines

and overhangs, which can cause additional image contrast in SEM data that

make segmentation more challenging still.

(a)

(b)

Figure 5.15 (a) an SEM image of sample A showing the porous DBR (Scale bar
is 200 nm) and (b) the same region after segmentation with the Phansalkar auto
local threshold algorithm.

Image segmentation is a major area of study in its own right, but we
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are looking for methods that can easily be adopted by researchers requiring

simple methods that enable fast turnaround characterisation for material

optimisation. We used segmentation techniques available with the Fiji dis-

tribution of analysis software ImageJ (version 1.52i). The most straight-

forward method for segmenting the pores is to use a thresholding technique.

At its most basic this defines each pixel as a pore if it is darker than a

threshold value or as GaN if it is lighter than this value. This works poorly

across an SEM image of a porous DBR, as shadowing effects and features

other than the pores create a wide range of grayscale values, as can be seen

in Figure 5.15a, in the example SEM image of Sample A. This method be-

comes much more effective if a local thresholding method is used, where the

threshold value at each pixel is defined by the local area around it. There

are many methods for defining the threshold value and preliminary testing

of the 9 methods included in ImageJ found that the Phansalkar method was

the only one to produce results that matched the pores in the image well.

In the Phansalkar method, the threshold for each pixel is calculated using

the local mean and standard deviation, as described in [188]. The result

of this algorithm on the example SEM data is shown in Figure 5.15b. The

image was smoothed first, in order to reduce noise. It can be seen that the

algorithm generally does a good job at finding the pores, most pores are

well-segmented.

The second segmentation method that was examined is the level sets

method, which uses the fast marching algorithm to find boundaries [189,

190]. This requires seed points to be defined within each pore, which makes

the method far more labour-intensive than the Phansalkar method. Figure

5.16 shows the seed points and the resulting segmentation for two regions of

the SEM image shown in Figure 5.15a. The first region (Figures 5.16a and

5.16b) has 17 seed points, which result in a set of well-defined pores. The

seed point marked 8 shows how the method can find connected pores. The

second region (Figures 5.16c and 5.16d) shows a pore where the boundary

has not been found by the algorithm. This means that it leaks out into

the non-porous region and fails. For some pores leakage can be eliminated

by fine-tuning the parameters, but it is challenging to find parameters that

work for all the pores in an image.

The third segmentation method explored is the Weka segmentation al-

gorithm, which uses machine learning to define the two regions [191]. The
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(a) (b)

(c) (d)

Figure 5.16 (a,c) seed points and (b,d) segmented pores produced using the level
sets algorithm, for two regions of the SEM image shown in Figure 5.15a. The seed
points are marked by the yellow crosses and the boundaries of the segmented pores
are marked with a yellow and red outline. The seed points defined in (a) have lead
to successful segmentation, as shown in (b), but the seed points defined in (c) lead
to poor segmentation, due to leakage.

same SEM data (shown again in Figure 5.17a) has been segmented by the

Weka algorithm, as shown in Figure 5.17b. In this method, the user labels

parts of the image as either pore or solid GaN. This is used by the algo-

rithm to produce a classifier, which can then segment the image. This has

the potential to be used to produce a classifier trained on a large set of SEM

data, but labelling such a dataset will be a time consuming task. In this

case, each image was segmented by a classifier trained by labeling parts of

the image itself. The advantage of this method is that it has the potential

to segment the image by using many characteristics simultaneously, beyond

just the raw intensity (as in local thresholding) or the gradient of intensity

(as in level sets). Figures 5.17c and 5.17d show two regions of the raw SEM

image overlaid with the segmented image with translucent purple shading.

Figure 5.17c shows many pores that are well segmented, but also a region

where pores are missed in the bright region of an overhang and regions are

falsely identified as pores in its shadow underneath. Figure 5.17d shows a

region where there are many small pores, some of which are missed by the

algorithm. These errors are typical of those observed and lead to a lower

porosity value, it is therefore expected that this method will give an un-
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(a)

(b)

(c) (d)

Figure 5.17 (a) an SEM image of sample A showing the porous DBR and (b)
the same region after segmentation with the Weka algorithm. (c) and (d) are the
regions highlighted by the solid and dashed boxes respectively in (a), showing the
original SEM image overlaid with the segmented pores in a transparent purple
shading.
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derestimate. The Phansalkar approach struggled in these regions too and

generally produced a similar result to the Weka data, although the Weka

approach was less sensitive to noise and to features outside of the porous

layers. Following this analysis, the Weka approach was chosen, although for

more straightforward processing of large amounts of this type of SEM data

the Phansalker local-thresholding approach could also be recommended.

Figure 5.18 Profile of average porosity with depth, extracted from the SEM image
in 5.15a by the Weka algorithm.

Once a segmented image has been obtained, by whatever method, it

must be processed to extract the percentage porosity. This was done by

first inverting the image, such that a pixel representing a pore is white

(with a grayscale value of 256) and a pixel representing GaN is black (with

a grayscale value of 0). The image can then be plotted to give the average

value as a one-dimensional profile along the depth of the DBR. By dividing

the values of this profile by 256 (the value of a porous pixel) we get the

proportion of porous pixels at that depth and therefore the average poros-

ity. Such a profile is shown in Figure 5.17. This shows ten peaks, which

correspond to the ten porous layers of the DBR. The porosity for each layer

can be found by integrating each peak. A value of 5% average porosity was

chosen as the threshold to define the boundaries of each porous layer and

to remove the influence of pores found outside of the porous layers, such as

the very first peak. The value chosen for this threshold has a large influence

on the measured porosity value. The period thickness and the width of the

porous layers could also be extracted from this analysis.

163



5.3. Porous GaN DBRs

5.3.3.2 Comparing the SEM and XRD methods

Figure 5.19 shows the extracted thickness parameters for the DBR struc-

tures from the XRD and SEM techniques described above. The values for

period thickness are plotted in the top plot of Figure 5.19. This is the most

straight forward structural information to extract from both methods and

these values have the smallest uncertainty. In the SEM case, measuring the

thickness of the entire structure and dividing the value by the number of

periods reduces the measurement error significantly, as compared to mea-

suring the layer thicknesses. This results in the 3% calibration accuracy of

the SEM being the dominant source of error. This leads to larger error bars

than in the XRD approach, where fitting the simulation to the period of the

satellite peaks can be done with high accuracy. The two methods give simi-

lar values for each structure, especially for structures A and C, although the

SEM method generally gives slightly smaller values than the XRD approach.

The middle plot of Figure 5.19 shows the determined thickness of the

individual layers in each period for the two methods. The XRD method

cannot assign the two values it produces to the porous and non-porous

layers, but comparison with the SEM results gives a clear assignment for

each layer in the three samples. For the SEM case, the measurement error

becomes more significant than the 3% calibration uncertainty, which leads to

slightly larger error bars than for the period thickness. The XRD has similar

uncertainty to the SEM method, although it is slightly smaller. This arises

from the uncertainty in fitting the simulation to the relative satellite peak

heights. Much more significant than these uncertainties is the discrepancy

between the values given by the two methods, the largest of which is 10 nm.

It is difficult to say which of the methods is the more accurate from just

these data, but the optical simulations compared in the next section provide

some answers to this question. Sample C shows close agreement between

the two methods with differences of only 4 and 2 nm. This is a significantly

smaller difference than seen in the other two samples, as sample C also has

thicker layers.

One possible factor in the discrepancy between the two methods is that

they could be measuring subtly different things. In the SEM, the porous

layer thickness was defined as the thickness of the region, in which any

porosity could be seen. This can be considered as a maximum porous layer

thickness. It is inevitable that at the edges of each porous layer, there is
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Figure 5.19 Extracted data for the DBRs from XRD and SEM: (top) the period
thickness of the structure, (middle) the individual layer thicknesses and (bottom)
the porosity of the porous layer.
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some thickness over which the degree of porosity varies between non-porous

and “fully porous”. This must be the case as the pores are round, but may

be increased too by the depletion region in a similar way to the transition

layers seen in surface porous samples [63]. Our XRD analysis has assumed

that the porous layer is of uniform porosity, but in reality it is likely that the

porous layer has a gradient of porosity at either edge. This could possibly

be reasonably well modelled by a thinner layer of constant porosity. In other

words, the XRD analysis may be giving a value for “effective thickness” of

the porous layer for a given constant porosity. This would result in thinner

measurements of the porous layers and thicker measurements for the non-

porous layers, as seems to be the case in the middle plot of Figure 5.19, if

it is assumed that each XRD value corresponds to the nearest XRD layer

measurement, which is a reasonable assumption. The better agreement for

sample C, could therefore be a result of the graded edges making up a smaller

proportion of a thicker porous layer. In other words, the “effective thickness”

of a porous layer tends towards its total thickness, as the thickness increases.

The bottom plot of Figure 5.19 shows the extracted values for porosity

from the Weka algorithm applied on SEM data and the fitted value from

the XRD data using our model. Both these values have large uncertainty

and they do not show the same trend. The error bars on the Weka values

are due to the range in threshold value, as explained above. There is also

uncertainty due to imperfect segmentation of the SEM data into pores and

solid GaN. As discussed earlier, this is expected to lead to an underestimate

of the porosity, which is demonstrated relative to the porosity derived by

XRD in the bottom plot of Figure 5.19. However, the porosity estimated by

XRD itself has large uncertainty too, predominantly due to the poor fit of

the model at higher order satellite peaks. The difficulties in fitting porosity

combined with the thickness of the template in the XRD model, may lead

to a further inaccuracy of these values. Generally, measuring porosity is not

achieved well for either of these methods.

5.3.3.3 Optical reflectivity

The comparisons presented in the previous section show that the two meth-

ods employed here for measuring porous GaN DBRs give differing values,

particularly for the individual layer thicknesses and the porosity. In order

to assess their accuracy, a third test is therefore required. Given the struc-
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tural parameters of a DBR it is possible to simulate its optical reflectivity

and compare this with optical measurements. Simulation of the optical re-

flectivity of multi-layer structures can be achieved using a transfer matrix

model (TMM) by modelling the structure as a series of layers with a de-

fined refractive index and thickness [192]. This is based on the continuity

equations, derived from Maxwell’s equations, which relate the electric (or

magnetic) field on either side of a boundary between two materials. If the

field is known at one end of a layer then a matrix can be derived that gives

the field at the other end of the layer. A series of layers are each represented

by a matrix, which can be combined into a system matrix. This can be

converted into the coefficients of reflection and transmission. This provides

a straight forward technique for optical modelling of these structures, but

assumes that each layer has known and constant values for thickness and

refractive index.

For solid GaN, the value of the refractive index varies with wavelength

and has different values for the ordinary and extraordinary axes. In the case

of c-plane GaN at normal incidence, the relevant refractive index is the ordi-

nary axis, for light of any polarisation, as the extraordinary axis is parallel to

the c axis. Slightly different values have been reported for different GaN sam-

ples, although the disagreement is small in the visible range [171, 193, 194].

For this work, the values of Barker et al. were used [171]. For the porous

GaN layer it is assumed that the morphology of the pores is negligible. We

know that this assumption is not valid in the case of pores with long range

order perpendicular to the direction of light propagation, as these materials

show birefringence, as explored in Chapter 4, hence we are assuming that

these pores are randomly aligned. The refractive index of the layer should

then be given by some kind of average of the refractive indexes of the two

media (in this case GaN and air). It has been shown that the most accurate

method for finding this value is the volume averaging theory [195]. This

dictates that the porous layer’s effective relative permittivity (εeff ) is given

by an average of the permittivity of the two media, weighted by the porosity

(φ):

εeff = (1− φ)εGaN + φεair (5.10)

The refractive index is then given by:
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neff =
√

(1− φ)n2GaN + φn2air (5.11)

The TMM modelling was done using Python, with the TMM package [168,

170] and the code written by the author to model the DBRs is published

under an MIT license at this address:

https://bitbucket.org/phgriffin/porous-dbr-simulator

(a)

(b)

(c)

Figure 5.20 Measured and TMM simulated reflectivity for the 3 DBR samples:
A, B and C. Each plot shows the measured optical reflectivity (solid, black) with
TMM simulations using parameters from the SEM (blue, solid), SEM thickness
parameters with the XRD porosity value (blue, dotted) and the two results of
the XRD analysis for thicker solid layer (red, solid) and thicker porous layer (red,
dotted).

These principles have been used to model the reflectivity of each of the

three DBR samples for the parameters obtained from both the SEM and

XRD approaches above. The samples were measured using the macro re-
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flectivity set-up described in section 2.2.2. Figure 5.20 presents these results

for the three samples plotted with the measured optical reflectivity in black.

The stopband shifts from blue to green to infra-red for samples A, B and

C respectively, following the trend of increasing period thickness. Samples

A and B have a distinctive shoulder at the short wavelength end of the

stopband. The measurement of the stopband of sample C is limited by the

equipment available, which had a wavelength limit of 890 nm. This means

that only the short wavelength end of the stopband can be measured. The

two simulations using the fit parameters from the XRD analysis are shown

in red; the solid lines shows the case where the non-porous layers are thicker

than the porous layers and the dotted lines show the opposite case. Simula-

tions using the SEM parameters are plotted by the blue solid line. The blue

dotted line shows simulations for which the thickness values from the SEM

are combined with the porosity values derived by XRD to allow comparison

of the difference in thickness values alone. The difference between these blue

lines, shows how porosity changes the width of the optical stopband, as well

as the peak reflectivity. This is because it changes the refractive index of

the porous layers, which changes the optical thickness.

For both sample A and B, the simulation based on XRD with a thicker

non-porous layer agrees well with the reflectivity measurements in terms of

stop-band location, while those with a thicker porous layer do not fit the

optical measurement well. This is surprising when compared to the growth

times in table 5.1, as for all samples the n-doped layers were grown for

longer than the NID layers, although by a fairly small proportion. This

could suggest that pores do not form in the entire thickness of the intended

doped layer, which can be explained by a depletion region at the edges

of each doped layer, where the electric field is not large enough to form

pores, similar to the transition layers reported in surface porous layers [63].

The SEM values also suggest a thinner solid layer for sample A, but not for

sample B, where the porous layer was measured to be thicker. The difference

in growth time is larger here, which suggests that this could be the case,

but this does not explain why the optical simulation based on the XRD

data with a thicker solid layer in Figure 5.20b gives the better fit. This can

be explained by the idea presented above that the XRD method will give

an effective thickness for a porous layer with graded edges, which would

be smaller than the total porous thickness given by the SEM approach.
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It may be that the effective layer thicknesses given by the XRD are more

appropriate values to use in an optical model than the maximum thickness

of the SEM, as the TMM model used also assumes the porous layers have

uniform porosity.

The stop band width of sample A is matched well by the XRD values,

but is too large in sample B, suggesting that porosity has been slightly

over-estimated by the XRD here. The simulations for samples A and B

do not show the shoulders that these samples exhibit. Instead they show

oscillations at a lower wavelength and of lower intensity. This may be a sign

of the disorder present in the real DBR, which also causes the oscillations to

be less well defined than in the TMM simulations. Generally, the SEM values

provide worse fits to the optical data than the XRD values. The stopbands

simulated with the SEM results are shifted to lower wavelengths, due to

the lower measured period thickness. This results in poor alignment with

the long wavelength end of the stopband. The blue dotted curves use the

SEM thickness values with the porosity value obtained from the XRD and

these highlight this effect. The stopband width of the SEM-derived curves

(solid blue) is significantly smaller than the measured optical data, due to

the lower porosity values and comparison with the optical data suggests that

this is an underestimate.

For sample C, the thickness parameters of the two models agree closely,

showing that for this larger structure both methods are reasonably good.

The porosity measurement, however, differs considerably between the two

methods, with the SEM approach yielding a significant underestimate. This

is made clear by the reasonable agreement between all the simulations of

sample C that use the porosity value from the XRD, while the blue solid

curve that uses the porosity value from the SEM shows very poor agreement.

This underestimate is due in part to the larger area SEM image required to

image this larger structure, which resulted in a lower resolution of the pores,

making them harder to analyse. This could be compensated by increasing

the image size when collecting the SEM data, but this will increase the

acquisition time.

Comparison between the optical reflectivity and simulated reflectivity

spectra suggest that XRD may be preferred over SEM for measuring the

thickness values of a porous DBR structure. Although both approaches

have a large uncertainty for porosity, the optical data suggests that XRD
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measurements and simulations are more accurate and demonstrate better

reliability than using SEM. With large, well-oriented pores, it is likely to

be possible to achieve more accurate SEM measurements than are shown

here within a tractable analysis methodology, but our results suggest that

XRD is more robust to the analysis of a wide range of pore structures. XRD

also has the advantage of giving an integrated measurement of the structure

over an area of several mm2, whereas SEM is a highly localised measurement

able to view a cross-section of just tens of micron. SEM is also a destructive

process, requiring the structure to be cleaved, and it is generally a more

labour-intensive measurement.

5.3.4 X-ray reflectivity

An alternative approach to measure the structure of porous GaN DBRs

could be taken using low angle x-ray reflectivity (XRR), where similar oscil-

lations have been used to extract structural information from InGaN/GaN

quantum wells through simulation and fitting [196, 149]. Technical details of

this method are set out in section 2.2.7.5. Similarly to the XRD method out-

lined above, XRR traces of porous GaN DBRs will produce satellite peaks

due to the periodic structure and the response can be modelled and fitted

to, in order to measure the DBR structure. This method is predominantly

sensitive to the electron density, so could be well suited to characterizing

porous materials where the electron density varies strongly between porous

and non-porous layers. Simulation can therefore be done using Panalytical’s

commercial “Reflectivity” tool (Version 1.3a 2011), as this allows materials

to be modelled by defining the mass density and for porous layers this can

be calculated as:

ρPor = (1− φ)ρGaN (5.12)

Where φ is the porosity and ρGaN and ρPor are the densities of GaN and

porous GaN respectively.

XRR is notoriously sensitive to roughness, which causes a rapid roll-

off of the collected signal due to a high degree of diffuse scattering. The

low angle of the x-ray beam means that generally the area of sample that

is measured can be large. Lateral inhomogeneity of layers, i.e. variation

of layer thickness or porosity across the measured area can cause blurring
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Figure 5.21 Measured and simulated XRR data of sample A, using the structural
parameters extracted from XRD.

of the characteristic features. This necessitates reducing the beam size, in

order to be able to define features clearly enough to fit the simulation to.

Figure 5.21 shows a measured XRR curve of Sample A along with a

simulation using the Reflectivity software. The parameters of this XRR

simulation are obtained directly from the best fitted values from the XRD

analysis presented in the main text. No attempt has been made to fit the

simulation to the XRR data. In theory one should observe clear oscillations

in the XRR data, as indicated by the simulations. However, most of the

features that would allow for a better insight into the DBR structure are

lost due to the blurring effect arising from lateral variation in the layer

thicknesses. This is despite all efforts being taken to reduce the impact

of this blurring by reducing the illuminated area. These included the use

of soller slits, masks and a beam knife. The width of the beam was easily

reduced to around 8 mm with a mask, but the length of the illuminated area

will be large despite all of these steps, as the low incident angle acts to smear

the beam. Even if the beam knife imposes a 1 mm gap for the beam this will

lead to an illuminated length of over 11 cm at an angle of 1°. This makes

it difficult to fit the simulation data any more closely to predict the sample

structure, as the measured features are simply not well defined enough.

This implies fluctuation of the layer thickness within a length scale smaller

than the illuminated area or variation of layer thicknesses with depth, which
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cannot be reduced by reducing the sampled area. These measurements do

not allow these two possibilities to be distinguished.

5.4 Summary

This chapter has described the development of x-ray based techniques for

measuring porous GaN structures. Section 5.2 used XRD to examine single

layers of porous GaN, as has been used for similar porous silicon structures

to measure both the porosity and thickness of the porous silicon layer [174].

This revealed that porous GaN is fundamentally different to porous silicon

in that GaN shows no significant change to the lattice parameter resulting

from introducing porosity. The difference in lattice parameter measured in

porous silicon is thought to be due to strain created by chemical reactions

at the surface of pores. GaN is highly chemically inert, so it is not entirely

surprising that porous layers do not exhibit a change in strain.

This knowledge was useful for the following work that used XRD to

measure porous GaN multilayers. A kinematic model has been built to

simulate the XRD measurements of these structures and the influence of

the individual structural parameters on the resulting diffraction pattern.

This has been used to fit to experimental data in order to measure the

structure of a range of porous GaN DBRs with optical reflectivity from blue

to IR. The typical method for obtaining structural data for samples like

this currently, is by using image analysis of cross-sectional SEM data. Our

results suggest that the XRD approach yields more accurate measurements

of layer thickness than analysis of SEM data. This is supported by using

the structural values from both methods to predict the optical reflectivity

of the sample through a TMM. The XRD values produced a closer estimate

of the optical stop-band for all three DBRs tested. Part of this may be

due to differences in what is being measured for the porous layer thickness.

With cross-sectional SEM the total thickness of the region containing any

porosity is measured, which does not take account of the fact that the edges

of the porous layers are likely to be of reasonably low porosity. The XRD

and optical approaches, however will measure an effective thickness of the

porous layer, assuming that the porosity is constant. This will likely be

thinner than the total thickness measured by the SEM approach.

Measuring the porosity accurately remains a challenge for both methods.
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The model used to fit to the XRD measurements has two principal short-

comings that lead to high uncertainty around this measurement. Firstly, the

modelling of the template thickness below the DBR changes the intensity

of the entire spectrum relative to the central reflection peak, which changes

the intensity of the satellite peaks in a way that is difficult to decouple from

the porosity. Secondly, the lack of the ability to model inhomogeneities in

the DBR structure means that the ability to fit to the diffraction pattern

is limited. In particular, the graded nature of porosity within the porous

layer is likely the main cause of the strong roll-off of satellite peak intensity

in the measured data, as this was seen in porous silicon DBRs [174]. This

is the biggest challenge in finding the best fit of the porosity, as only the

first few satellite peaks can be used. The variation of the structure laterally

or with depth has not been studied in this Chapter, but the XRR data in-

dicates that this may be relatively large. The blurring of XRR features is

the barrier to interpreting the data, rather than roll-off of intensity beyond

the critical angle, which shows that inhomogeneity of layers is limiting the

measurement, rather than the roughness of the sample. An X-ray based

approach has the advantage over SEM of being non-destructive, less labour

intensive and giving a measurement that is representative over a large area.

5.4.1 Future work

It could be possible that thickness fringes could be measured for a highly

uniform single layer of porous GaN, but the initial measurements presented

here suggest that this is unlikely to be worth pursuing. XRD could still be

used to provide measurements of defect density and strain in porous GaN

layers through rocking curve widths and similar approaches, and some work

has been done on this elsewhere [71, 50].

Measuring porous GaN multilayers has several advantages over the cur-

rent characterisation method, but there is considerable room for improve-

ment in the modelling approach in order to increase the precision of the

results, especially for the porosity. Further investigation of the influence of

the substrate layer thickness should be pursued in order to find a method for

better decoupling this from the porosity in the fitting process. The second

challenge around the accuracy of the approach is to find a way to incorporate

variation within the perfect DBR structure, most importantly the graded

nature of the porous layer, as discussed above. This could be achieved by
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representing each porous layer as a number of layers with varied porosity.

For a few graded layers this could be achieved by extending the method

directly, but it would become prohibitively complex for a significant number

of graded layers.

As well as improving the accuracy of the method presented here, it would

be interesting to extend the model to the measurement of structures other

than DBRs. If satellite peaks can be detected for a single buried porous GaN

layer then the XRD method may be able to measure the layer thickness or

the porosity. It would also be interesting to test the maximum thickness of

the method. The method could also be extended to other porous structures,

such as AlGaN, and even beyond the nitrides.
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Chapter 6

Forming Pores in Binary

Nitride Alloys

6.1 Introduction

Alloys of nitrides using Al,Ga and In are fundamental to the operation of

nitride devices. While the bulk of published work on porous nitrides has

focused on GaN, being able to porosify a range of nitride alloys is of keen

interest. This chapter details my work in applying the methods developed

to form porous GaN to the formation of pores in both AlGaN and InGaN.

The chapter is divided into two sections, with one on each material. Both

sections start by describing the formation of pores in single layers of doped

alloy, using this as a method to test the applicability of the ECE method and

to explore the parameter space for the new material. The AlGaN section

then goes on to describe the development of porous AlGaN DBRs, as these

have a significant potential application as UV non-absorbing reflectors for

UV LEDs and lasers. InGaN is less interesting as a reflector, as its low

bandgap results in high absorption of visible light, making GaN DBRs more

appropriate. Instead, the InGaN work has focussed on using ECE to create

nanostructures in quantum wells to enhance the emitted light, as described

in section 6.3.
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6.2 Porous AlGaN

High Al content AlGaN has a large bandgap, which can produce light deep

into the UV. Unfortunately material with high aluminium content has sev-

eral problems that hamper the efficiency of UV light-emitting devices. LEDs

emitting in the UV have an external quantum efficiency below 5% [7] and

this decreases even further with higher required aluminium content in the

deep UV (DUV, 100-280 nm) [197]. The problems introduced by high alu-

minium content all stem from three factors: poor crystallinity, poor doping

efficiency and anisotropic light emission. Porous AlGaN has the potential

to improve efficiency of UV emitting devices in various ways, but my work

has focussed on forming AlGaN DBRs, which offer the potential to form

highly reflective structures that are non-absorbing in the UV and lattice-

matched to the rest of the AlGaN device. AlGaN DBRs are not so relevant

for increasing the light extraction efficiency of AlGaN LEDs, as they are in

the GaN case because the unique band structure of c-plane AlN leads to

anisotropic light emission with light emission preferentially in the plane of

the structure [198]. Instead, they are of interest for creating optical cavities

for structures, such as VCSELs or as the bottom cladding layer for an edge

emitting laser. Moreover, a DBR is an effective proof of concept device for

demonstrating subsurface porous AlGaN.

A range of porous AlGaN structures have been reported in the literature,

although all of these have been published within a year of when this thesis

was submitted. Pores have been formed in the surface of AlGaN using ECE

in KOH [199]. While lateral etching to create subsurface porous layers has

demonstrated ECE with KOH and HNO3 [200]. Porous AlGaN layers have

also been demonstrated through lateral etching in a subsurface doped layer

from an etched hole when the applied potential was too low to completely

remove the doped layer and create a membrane [201]. In this work, they

show the same trend of increasing pore size with applied potential, and also

find that higher Al content requires a higher potential to remove the doped

layer. This is put down to a reduction of the electron affinity with increasing

Al content, which increases the depletion width. This section focuses on

using vertical pathways to form subsurface pores in AlGaN, applying the

methods outlined for GaN in section 3.3.
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6.2.1 Single porous AlGaN layers

In order to begin exploring the creation of porous AlGaN, a sample series

was grown, consisting of a 150 nm thick Si-doped AlxGa1–xN layer with

x varied from approximately 0.1 to 0.8 and a 150 nm NID GaN cap layer

grown on top. The silane flow was kept constant for all of these samples,

targeting a doping density of around 1 × 1019cm−3, although this value

has not been measured. The aim then was to use ECE to form pores in

the single, subsurface, doped AlGaN layer. These samples were grown on

AlN templates on sapphire substrates, meaning that they will be under

compressive strain and can be expected to have dislocations in the 109 cm−2

regime [202]. The samples were first etched using ECE at 10 V and the

current curves from these etches are shown in Figure 6.1. The etch was

terminated when the etch current exhibited a sharp drop in magnitude,

suggesting that etching of the doped layer had terminated. For the x = 0.1

sample this was after about 10 mins, as shown in the inset of Figure 6.1.

This sample has a current peak, which is over an order of magnitude higher

than the other samples. All of the other samples were run for several hours,

with a maximum for the x = 0.6 sample of just over 15 hours. There does

not seem to be a correlation between the length of time that the etching

process took and the AlN content.

Figure 6.1 Current curves from applying ECE to the single AlGaN layer sample
series at a potential of 10 V. Inset shows the 10% AlN content sample.
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(a) x=10% (b) x=20%

(c) x=40% (d) x=40%

(e) x=60% (f) x=80%

Figure 6.2 Cross-sectional SEM data of the AlGaN single layer growth series with
AlxGa1–xN layers of increasing x from 10% to 80%, etched at 10 V.

These samples were imaged using cross-sectional SEM and all samples

showed some porosification of the doped AlGaN layer, as shown in Figure

6.2. These data have been chosen to demonstrate a few particular features

across the series. Firstly, the degree of porosity and pore size within the

porous regions generally decreases with increasing x. This follows the same

trend seen in porous GaN that porosity and pore size decrease with decreas-

ing conductivity, as increasing AlN content leads to increasing ionisation

energy of dopants and therefore decreasing conductivity for a constant dop-

ing density [7]. The porosity is not constant across the porous layer, with

regions such as the one shown in Figure 6.2c, where the porosity is incom-

plete as well as some larger regions with no visible porosity. Such regions

were present across all samples. The same samples also show regions where

the etching process has lifted off parts of the capping layer, as seen in Figure

6.2d, where a bulge is formed. This sort of surface damage is undesirable, as

it destroys the order of the grown layer structure and prevents the surface

from being suitable for regrowth. An extreme example of this damage is

shown in Figure 6.2a, where it appears that a section of the GaN cap has

been lifted off completely and deposited onto the surface, as indicated by
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the orange arrow. This image also shows a large channel through the GaN

cap that has allowed etchant to access the doped subsurface layer. This fea-

ture is highlighted by the pair of white arrows and measures around 30 nm

across at its thinnest point. The same sample series was also etched at 8 V

and cross-sectional SEM data for these samples is shown in 6.3. This shows

a similar trend in terms of porosity, but no evidence of surface damage was

found. The porosity of the porous regions is generally slightly lower than

for the 10 V etched samples too.

(a) x=10% (b) x=20%

(c) x=40% (d) x=60%

(e) x=80%

Figure 6.3 Cross-sectional SEM data of the AlGaN single layer growth series with
AlxGa1–xN layers of increasing x from 10% to 80%, etched at 8 V.

In order to characterise the variation in morphology across a larger scale,

optical data was collected using a Nomarski optical microscope, as shown

in Figure 6.4. The as-grown 10% AlN content sample is shown in Figure

6.4a and this shows that the surface is reasonably rough with a morphology

that shows hillocks, which may suggest spiral growth, as discussed in section

2.1.1.1. This morphology is typical of the whole sample series. The other

images show samples etched at 10 V. All of the etched samples show cir-

cular rings, which correspond to the porous regions seen in the SEM data,

supporting the fact that only some regions of the samples become porous.

The contrast between the porous and non-porous regions is strongest for the
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(a) x=10%, as-grown (b) x=10%

(c) x=20% (d) x=40%

(e) x=60% (f) x=80%

Figure 6.4 Nomarski optical data of the AlGaN single layer growth series with
AlxGa1–xN layers of increasing x from 10% to 80%, etched at 10 V, except for (a),
which shows the 10% sample prior to ECE.
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x = 10% sample and generally gets weaker with increasing x. This supports

the reduction of porosity within the porous regions with increasing x, seen

in the SEM data. The cracks seen in Figure 6.4e are due to mistakenly

using the edge of the wafer for ECE, which often gives rise to networks of

small cracks. Away from the edge of the wafer the cracks were not present,

and observations of the sample edges do not suggest that this sample exhib-

ited more cracks than the others. The x = 10% sample shows significantly

smaller porous regions than are seen in the other samples, but with a higher

density. The x = 60% sample also shows slightly smaller porous regions

than the others, although this may be influenced by the cracks. There is

significant surface damage in Figure 6.4b, which is evidenced by the adja-

cent bright and dark regions. It is hardly surprising that surface damage

has occurred in this sample, as the etch was completed in only half an hour

and removed almost all of the doped AlGaN layer. This is seen to a lesser

extent in the other low AlN samples in Figures 6.4c and 6.4d, but is not seen

in the two highest AlN content samples. This correlates well with the SEM

data, which showed visible surface damage, such as bulges, in only the sam-

ples with x < 50%. The optical data obtained for the 8 V etched samples

was very similar in appearance, although there was virtually no evidence of

surface damage, due to the lower etching rate. This means that the creation

of gas within the pores is slower and the maximum pressures reached are

not as high.

The circular shape of the porous regions combined with the channel seen

in Figure 6.2a, suggests that pores are spreading out symmetrically from

vertical access points, in a similar way to that seen for subsurface porous

GaN layers formed via vertical nanopipes in section 3.3. The samples have

a single doped layer and no other conductive pathways. The conductivity

of the un-doped AlGaN will be lower than similar GaN samples, due to the

higher ionisation energy of any non-intentional dopant atoms in the layer

and there is no other doping in the structure. As material becomes porous it

is reducing the lateral conductivity of the material. As the growing porous

regions merge to form lines they create islands of material that are now

electrically isolated. Within these islands there is no longer sufficient electric

field to form pores, and hence the porous regions cease to grow. The density

of the initiation points seems to be highest for the x = 10% sample. In

order to form pores, material must contact the electrolyte and there must
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be an applied electric field at the interface. The size and distribution of

porous regions will therefore be defined by the distribution of pathways to

access the doped, subsurface layer and the electric field. Calculating the

density of these pathways from optical data is more challenging, as many

of the porous regions merge together, which leads to a high uncertainty.

Within this uncertainty the calculated value is roughly constant, at around

2 ± 0.5 × 105 cm−2 for all the 8 V etched samples except for the x = 10%

sample, which has a density around an order of magnitude higher. Even

if the dislocation density is comparable between samples the difference in

conductivity may lead to more pathways being activated by a higher applied

electric field, which could explain the higher density of porous regions seen

for the x = 10% sample.

The optical images were also used to calculate the mean radius of the

porous domains and the proportion of the area that has become porous, as

shown in Figures 6.5a and 6.5b respectively. This was done by segment-

ing the images into porous and non-porous regions, which was achievable

through a simple threshold on the intensity, as the images generally show

clear contrast between the two regions. Two samples are circled in each

graph, as the pieces used for these measurements had significant cracking

across the surface. The cracks provide an alternative etching pathway and

the formation of pores around these cracks will lead to the bulk of the sam-

ple being electrically isolated quickly, as the cracks form lines. Therefore

the porous regions in these samples have smaller radii and the sample has a

lower overall area of porous material. Excluding these datapoints from the

analysis shows no obvious trend in how the AlN content affects the mean

radius. There seems to be a reduction in the proportion of the area that is

porosified with AlN, which is strongest for the 8 V etched samples. Neither

8 or 10 V etching results in consistently higher mean radius or proportion

of the area.

The lack of clear trends may result from the fact that these two metrics

are the result of a number of factors: the density of the vertical pathways,

the lateral etch rate, the conductivity of the non-porous material and the

conductivity of the porous material. The density of vertical etching path-

ways is certainly higher for the x = 10% sample and this could be expected

to lead to a higher percentage area, but a higher density of initiation points

will also result in regions becoming isolated sooner. This is seen in the fact
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(a)

(b)

Figure 6.5 Trends extracted from optical data for (a) the mean radius of the
porous regions and (b) the percentage area of porous material for samples with a
single, subsurface, doped AlxGa1–xN layer. The data-points ringed with dashed
lines had cracks that provide alternative etching pathways. Error bars are standard
error.
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that the radius of the porous regions in these samples is significantly smaller

than the others. This effect is especially strong for the x = 10% samples,

as the doped layer is fully etched, meaning that there is no conductivity in

the layer once etched, whereas a porous layer may retain some conductivity.

The other samples have a lower density of vertical pathways, which results

in the porous regions having larger radii, as there is more space to be filled

before they merge with one another. The fact that after the x = 10% sam-

ples there is not a general trend of increasing radius with x, but there is a

decrease in the proportion of the area porosified shows that the availability

of vertical pathways must be generally decreasing as x increases.

As these pathways are likely to be related to dislocations or pits in the

as-grown surface, as seen for subsurface GaN layers in sections 3.3 and 4.2

respectively, the surface morphology of the as-grown material is of interest.

This can be assessed using AFM. Such data is shown in Figure 6.6a for the

x = 40% sample, as an example. The growth morphology is highly granular

and is made up of hillocks, which leads to a rougher surface than step flow

growth [131]. This morphology is similar for the whole sample series and

supports the observations made from the Nomarski data shown in Figure

6.4a. The dislocation density may differ slightly between samples, but as

they were grown on the same templates and differ only in the AlN content of

a thin layer near the surface they should be broadly similar. It is difficult to

quantify the density or nature of dislocations from this data, as the surface

morphology is so rough. This sample was etched at both 8 V and 10 V and

corresponding AFM data is shown in Figures 6.6b and 6.6c respectively.

While the 8 V etched sample shows no significant difference from the as-

grown measurement, after etching at 10 V a number of reasonably large pits

are created. This supports the finding from the optical and SEM data that

surface damage is lower for the samples etched at 8 V.

This work has shown that AlxGa1–xN layers can be porosified in much

the same way as GaN, up to at least x = 80%, but forming uniform porous

layers has not been possible. The high density of porous regions in the

x = 10% sample, as well as the close to 100% removal of the AlGaN layer in

these regions, means that the porous regions are small at the point at which

merging of adjacent regions isolates the sample electrically and stops the

etching process. In contrast, the x = 80% sample has larger porous regions

due to a lower density of initiation points, as fewer dislocation pathways
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(a) x=40%, un-etched (b) x=40%, etched at 8 V (c) x=40%, etched at 10 V

Figure 6.6 AFM images of the surface morphology of the 40% AlN content single
layer sample before etching and after 8 V and 10 V etching. Vertical scale is 100
nm.

can be activated by the lower applied electric field. This indicates that

the incomplete etching is due to poor current spreading, as there is only

one conductive layer. Smaller pores result from lower applied potential

and from the lower conductivity caused by increasing AlN content. This

indicates that the nature of the ECE process is broadly similar to that of

GaN. Since this work was completed, a paper exploring ECE of similar

AlGaN structures laterally, via etched holes has been published [201]. This

comes to similar conclusions about the trends resulting from changing the

potential and AlN content. The incomplete porosity results from a lack of

conductive layers to spread the current across the sample, such that there

is a sufficient electric field to drive the ECE process. This may suggest that

multiple doped layers would provide sufficient current spreading to allow the

formation of a completely porous layer.

6.2.2 Porous AlGaN DBRs

Following on from the preliminary work to form single layers of porous Al-

GaN I worked to produce porous AlGaN DBRs, in order to both produce

an application relevant structure (i.e. a UV reflector), as well as an at-

tempt to overcome the uniformity issue by adding multiple doped layers to

increase current spreading. Two samples were prepared with an aluminium

alloy fraction around 60%. This was chosen as it has an absorption edge

well below 300 nm [203] and produced strong porosity at 8V. The structure

consisted of ten alternating pairs of n-AlGaN and NID AlGaN layers with

thickness of around 50 nm and 35 nm respectively. The n-AlGaN had a
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targeted doping density of 1× 1019 cm−3. The structure was grown concur-

rently on two templates to compare the influence of defects and of strain

on pore formation. Sample A used an NID AlN template meaning that the

AlGaN was grown in compression and sample B used a NID GaN template

meaning that the AlGaN was grown in tension. The samples were etched

in oxalic acid, following the same method as described in 2.1.2 at an ap-

plied potential of 8 V. This potential was chosen, as the single layer studies

showed that this was an effective voltage for creating pores whilst preventing

the severe surface damage that was seen in many of the samples etched at

10 V.

(a) (b)

(c) (d)

Figure 6.7 AFM images with a 5 µm scan size for: (a) sample A, as grown; (b)
sample B, as grown; (c) sample A, after ECE; and, (d) sample B, after ECE. Lateral
scale bars are 500 nm and z range is 20 nm.

Figure 6.7 shows AFM images of the surface of both samples before and

after ECE, in order to assess the surface quality. The as-grown sample A

(Figure 6.7a) shows large hexagonal surface pits with a density of around

7 ± 2 × 107 cm−2, (calculated from multiple AFM scans) and diameters in
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the range 50-500 nm. This V-pit density is comparable to values for planar

AlN templates on sapphire [204], so it is likely that the majority of these pits

are inherited from the AlN template and these pits form above threading

dislocations (TDs) [205]. Between these large pits, terraces are visible as well

as a higher density of significantly smaller dislocation pits. This morphology

indicates step-flow growth that, other than the pits, is smoother than the

granular growth seen for the single layers. The as-grown sample B (Figure

6.7b) has far fewer V-pits, with just one visible in this scan with a calculated

density of 9 ± 3 × 106 cm−2 (calculated from multiple AFM scans). One

possibility for the V-pits formed on the GaN templates is that they result

from inversion domains formed at the GaN/sapphire interface [206], rather

than forming from TDs when the growth temperature is reduced, as has

been seen when growing InGaN QWs on GaN, for example [207]. This pit is

within the same size range as those in sample A, measuring around 80 nm

across. The surface is also pockmarked with a high density of smaller pits,

measuring a few tens of nm across and around 1 nm deep. Figure 6.7b also

shows a fissure around 1 µm long. Optical data (not shown here) revealed

that sample B has a network of cracks across the entire surface of the as-

grow material, as might be expected for an AlGaN layer under tension on a

GaN template.

After ECE, sample A (Figure 6.7c) has a V-pit density of 8 ± 1 × 107

cm−2, while sample B (Figure 6.7d) has a V-pit density of 7±3×106 cm−2.

These are both within the uncertainty of the pit densities of the as-grown

samples. The AFM data of sample B after ECE also shows smaller pits,

which are likely the result of dislocations. Growth terraces can still be seen

in both samples after ECE. This suggests that the ECE process is not sig-

nificantly affecting the surface morphology, as is the case for creating pores

in subsurface GaN. The surface quality of these samples is not well opti-

mised and the pits and cracks present in the samples will provide pathways

for the ECE process to reach the subsurface layers, which will likely have a

significant impact on the pore morphology.

Figure 6.8 shows cross-sectional SEM images of samples A and B after

etching. The ECE process has created pores in all ten layers of n-AlGaN in

both samples and this was seen to be the case across the cleaved edge of the

sample. The porosity of both layers was estimated from the SEM data to be

roughly 20% porous for both the samples. At the centre of both images is a
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(a) (b)

Figure 6.8 Cross-sectional SEM images of the porous AlGaN DBRs. (a) Sample
A, grown on an AlN template; and, (b) sample B grown on a GaN template. Scale
bars are 500 nm.

large column of etched material in which the material in both the doped and

NID layers has been etched. In Figure 6.8b, the column of porosity extends

into the NID AlGaN material grown on the template and there are voids at

the GaN/AlGaN interface. Other porous columns observed in sample A also

reach down to the template in a similar way. It appears from the SEM data

that the material underneath the pit is conductive, such that a column of

material can be porosified. To better understand why this would be, I used

cross-sectional SEM-CL to image the region underneath a pit. Figure 6.9a

shows the SEM image, with the pit itself in the centre. Below this point,

in the corresponding panchromatic CL image of Figure 6.9b, there is a dark

vertical stripe between the bright regions of the rest of the AlGaN layers.

Other dark regions in the panchromatic CL correspond well to morphological

features in the SEM data, but this does not seem to. This may suggest there

is a high density of non-radiative recombination centres below the pit. As

has been stated, the pits in sample A likely arise from TDs inherited from

the AlN template, suggesting that the non-radiative centre here is a TD,

rather than a high density of point defects.

A line spectra was taken across the stripe, in which a spectrum of the

light is produced at each point along the 1 µm line illustrated in Figure

6.9b. The result of the linescan is plotted in Figure 6.9c. This shows the

band-edge emission peak at around 270 nm (4.6 eV), as well as a larger

emission peak at 430 nm (2.9 eV). PL studies of AlGaN relate this peak

location to the yellow line transition (YL). One suggestion for the origin of

this emission is the transition between a shallow donor and a deep acceptor

state, caused by point defects, such as complexes of oxygen or silicon [208].
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(a) (b)

(c)

Figure 6.9 Cross-sectional SEM-CL data of the region under a pit in sample A. (a)
the SEM image, (b) the panchromatic CL image and (c) a plot of the CL spectrum
at each point along the micron long white line in b.
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As this material is highly silicon doped, it is likely that the strength of this

peak arises predominantly from a silicon complex. The intensity of both

of these peaks are significantly reduced under the pit. The fact that the

intensity of the YL peak also drops indicates that the TD does not lead to a

large increase in point defects, as has been noted previously [209]. It has been

suggested that silicon tends to segregate to TD cores in GaN, which would

lead to higher conductivity [159]. The SEM images of Figure 6.8 show that

the material under the V-pit has formed pores under ECE. Analysis of CL

data for the material underneath the pit suggests that there are TDs present

under these V-pits. This suggests that TDs in n-doped AlGaN also lead to

silicon segregation, which allows them to form a conductive channel. An

alternative explanation is that the sidewalls of the V-pits are preferentially

incorporating oxygen [210].

Figure 6.10 Cross-sectional SEM image of sample A etched after a short etch of
4000 s. Scale bar is 500 nm.

In order to investigate how these pits affect the etching process, a short

etch of 4000 s was performed on sample A. Figure 6.10 shows a cross-

sectional SEM image of this experiment. This shows a porous channel

formed under a pit, with a 180 nm wide opening to the surface. Around

the channel, the material has become porous for the top 8 doped layers of

the DBR. Further from the channel only the first few layers are fully porous

and the material in the lower layers is intact. This shows how the pit allows

vertical etching of the material underneath it, which then allows faster lat-

eral etching of the subsurface layers. The first two layers are continuously

porous across 30 µm of imaged material. To the right of the pit there is

another cone of porous material, affecting the top four n-doped layers. This

suggests that there is another vertical etching pathway nearby. This could

be another pit, or it could be via a dislocation, by the mechanism shown to

occur in GaN in section 3.3.
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Figure 6.11 Top-down SEM image of sample B, after FIB milling used to remove
part of the sample surface. The surface was milled in 2 µm wide strips, indicated
by the vertical dashed white lines. The milling time was increased gradually from
left to right.

To view the nature of the pathways in AlGaN, FIB-SEM was used to

give a top-down view of the layers of the porous structure, as described in

section 2.2.6. This was done for sample B, as the distance between pits

is larger, making it easier to determine whether pores arose from pits or

dislocation pathways. An SEM image of the milled surface is shown in

Figure 6.11. FIB milling was used to mill 2 µm wide strips, as indicated

by the vertical dashed white lines. The milling time was increased linearly

between each region, from left to right. The depth has not been calibrated

exactly, but the steps are such that the exposed area across the image is all

within the top porous layer. 6 V-pits are visible across this image, which are

the large black circular features clustered within the middle of the image,

as indicated by the white arrows. The first strip shows the dislocation pits

with no other porosity. Counting these pits suggests a dislocation density of

4× 109 cm−2. The second strip shows that around each of these pits there

are some branching pore structures. The final three strips show the porous

structure more clearly, with visible domains of porosity around dislocation

pits in which the pores emanate radially from a central dislocation channel.

This structure of the pores is similar to that shown in the STEM data of a

porous GaN DBR in Figure 3.9.

The key parameter of the DBR structures is their optical reflectivity.

Measurements of optical reflectivity were made on both sample A and sample

B using the fibre probe system. This has a spot size of several mm, so

the measurements are macroscopic, as described in section 2.2.2. They are
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Figure 6.12 Optical reflectivity data of the two porous AlGaN DBR samples.

plotted in Figure 6.12. The etching process creates a peak in reflectivity at

around 320 nm in both samples, which is defined primarily by the thickness

of the porous and non-porous layers. Sample A has a peak reflectivity of

89% centred at 324 nm with a full-width at half maximum (FWHM) of 30

nm. Sample B is significantly less reflective with a peak reflectivity of 67%

measured at 318 nm and a wider FWHM of 67 nm, skewed towards shorter

wavelengths. Sample A also shows higher order oscillations, which arise

from Fabry-Pérot interference between the top surface of the DBR and the

substrate. Sample B does not show these fringes as clearly.

Higher porosity will lead to a greater refractive index contrast and there-

fore higher reflectivity, but comparing the cross-sectional SEM data from 6.8

suggests that there is not a large difference between the two samples. Re-

gions where the DBR structure is disrupted, such as under the pits, will have

lower reflectivity and may have a different peak location. Sample B has a

lower pit density, but a high density of cracks. These correspond to a far

greater etched area than the pits, so the low reflectivity and wide FWHM of

sample B are likely to be attributable to the high density of cracks, which

disrupt the layer structure of the DBR and lower the reflectivity. This also

offers an explanation for why interference fringes are not so well defined in

sample B, as averaging across a more disordered structure will smooth these

features out. Micro-scale reflectivity would enable better correlation be-

tween morphological features and the reflectivity, but this was not possible

for such short wavelengths.
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It is evident from these data that the AlGaN DBRs have not suffered

from the same partial porosification as the single layer samples. Unfortu-

nately, it is difficult to conclude as to why this is, as there are a number

of differences between the sample sets. The presence of the large pits has

certainly impacted pore morphology, but the FIB-SEM data from sample B

indicates that dislocation pathways still play a role in forming pores. Indeed

it may be that a higher dislocation density enables the more uniform pore

growth. What’s more, the material used for the single layers was rough and

granular, whereas the DBRs had a smoother step-flow morphology between

the pits. The inclusion of multiple doped layers may provide extra con-

ductive paths to avoid regions becoming electrically isolated so easily, but

it is difficult to determine whether this is a major factor in forming pores

uniformly across a sample or not. Nevertheless, this work does show that

it is possible to form a porous AlGaN DBR with high AlN content (60%)

and continuous porous layers. These structures can show reasonably high

reflectivity in the UV. The high density of pits and cracks in the as-grown

material is the biggest barrier to improving these DBRs.

6.3 Porous InGaN

InGaN has a lower bandgap than GaN and its use in optoelectronics is

widespread, particularly in forming quantum wells in GaN to make blue

LEDs and lasers [8]. InGaN quantum wells are thin layers of InGaN sur-

rounded by GaN and are used in the emitting region of an LED to increase

efficiency by confining electrons and holes in the same spatial region. Porous

DBRs are of little technological interest for InGaN, as they will absorb visible

light more strongly than a similar structure in GaN, which is more straight-

forward to fabricate. Instead, this section is focused on creating porosity in

InGaN quantum wells with the aim of improving recombination efficiency.

Figure 6.13 illustrates this idea, showing a cartoon of the 2D plan-view of

how a porous quantum well could look. If the structure is small enough then

quantisation will cause charge carriers to be localised in the QD-like regions

and the energy of carriers in these regions will increase. Charge localisation

would increase the radiative recombination rate, as the wavefunction overlap

of electrons and holes would be greater and would also reduce transport to

non-radiative recombination centres, both increasing efficiency.

194



6.3. Porous InGaN

These are not the only impacts that creating pores in InGaN QWs may

have. GaN quantum wells are influenced by QCSE, which lowers the chance

of radiative recombination and hence reduces device efficiency. Porosifica-

tion could allow strain in the InGaN QWs to relax, by creating space. Strain

increases the internal electric field and the strength of the QCSE, so relaxing

strain would act to increase efficiency. We have also seen that ECE can etch

defects, as shown in section 3.3, so it may be that ECE can increase efficiency

by selectively targeting defects, which act as non-radiative recombination

centres. As well as having the potential to increase efficiency, porosification

may also allow the engineering of the band structure of the material in or-

der to tune the wavelength of emitted light. As described above, increasing

quantum confinement leads to an increase in carrier energy and thereby a

blueshift in the emitted light. QCSE creates a red shift [211], so reducing

its impact through strain relaxation would produce a blue-shift. It is also

possible, however, that the ECE process targets InN or GaN selectively,

which could produce a blue-shift or a red-shift respectively by changing the

material’s alloy content. If this were the case it is most likely that InN is

selectively removed, as In-N bonds are weaker than Ga-N bonds.

Figure 6.13 2D cartoon of how porosity could create a network of QD like regions
introducing quantum confinement and changing the band structure.

PECE has already been demonstrated to form InGaN quantum dots,

where the wavelength of the illumination controls the size of the dots pro-

duced [212]. This method is limited, however, to producing surface layers,

and although regrowth has been demonstrated to passivate and bury the

195



6.3. Porous InGaN

dots, multiple growth steps makes for an expensive and laborious process.

This section outlines efforts to produce similar structures in multiple quan-

tum wells in a one-step process through the vertical ECE process we have

developed. Firstly, as was done with AlGaN, single thick subsurface layers

of Si-doped InGaN are etched to verify that it is possible to create pores this

way and to help calibrate appropriate conditions for the new material. Then

structures containing InGaN/GaN QWs were electrochemically etched.

6.3.1 Thick InGaN layers

An initial InGaN sample series was grown consisting of an n-doped InxGa1–xN

layer, around 60 nm thick with a 100 nm NID GaN cap on top, grown on a

GaN template on sapphire. Four samples were grown, with the InN content

varied by changing the growth temperature. These had targeted x values

of 8%, 12%, 16% and 20% and were measured using ω-2θ XRD scans to

have slightly lower x values of 7%, 11%, 15% and 17% respectively. The tar-

geted 20% InN content sample had a black colour, indicating that metallic

In droplets have formed in the intended InGaN layer [213]. These metal-

lic droplets quench luminescence. The aim of these samples was to learn

whether the ECE method developed for forming porous GaN can be ap-

plied to InGaN and what conditions are favourable for doing so. A separate

question arises from the black wafer, which is whether ECE can be used

to selectively remove metallic In in a way that would restore the material’s

luminescence and this is explored separately in section 6.3.1.1.

AFM data of the as-grown surface of each sample is shown in Figure

6.14. All the samples show a high degree of roughness, with RMS roughness

(Sq) values ranging from 2.1-4.0 nm for the first three samples, increasing

with InN content, as given in the captions of Figure 6.14. For the black

wafer, the surface shows signs of hillock growth and this sample has Sq =

7.7 nm. Increasing roughness with increasing InN content has been seen

previously for InGaN growth [214]. Figure 6.15 shows room temperature PL

spectra obtained for each of the un-etched samples. The band-edge emission

from the InGaN shifts towards the red, as the InN content is increased, as

expected. The intensity of the InGaN emission also drops, which arises

from both the decrease in carrier confinement and the increase in defects,

as seen from the AFM data, which will act as non-radiative recombination

centres. The InGaN peak of the black wafer is significantly lower than the
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(a) x = 7%, Sq = 2.1 nm (b) x = 11%, Sq = 2.4 nm

(c) x = 15%, Sq = 4.0 nm (d) Black Wafer, Sq = 7.7 nm

Figure 6.14 AFM data of the as-grown InxGa1–xN sample series with varied x,
as measured by XRD. Scale bars are 2 µm. Z-scales are (a-c) 15 nm and (d) 50 nm.
RMS roughness (Sq) is given in each case.

Figure 6.15 PL spectra obtained from the PL mapper for the un-etched thick
InGaN samples.
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other samples, by more than an order of magnitude. This curve is plotted

both as measured and with the intensity multiplied by 10, in order to better

compare the peak location to the other curves (dashed line). The rest of

this section uses data from the other three samples only, the black wafer is

discussed in section 6.3.1.1.

(a) x = 7%, 6 V

(b) x = 11%, 6 V

(c) x = 15%, 6 V

Figure 6.16 Cross-sectional SEM data of the InGaN sample series, etched at 6V.
The white circle highlights a V-pit and associated porosity in each case. Scale bars
are 100 nm.

ECE of these samples was performed with an initial applied potential

of 6V. Cross-sectional SEM data of the samples after ECE at 6 V is shown

in Figure 6.16. V-pits are visible in each of these images and some small

degree of porosity is associated with each one. One such feature is indicated

by a white circle in each image. The degree of porosity is low in these data

and what’s more it seems to be directly associated with defects. Applying a

higher voltage of 7V to the x = 7% sample was therefore tried, to attempt

to induce a higher degree of porosity. The result of this is shown in the

cross-sectional SEM data of Figure 6.17. This shows pores in the InGaN

layer far more clearly. The pores are reasonably large and isolated, rather

than creating a network of porosity, as would be expected for a similar doped

GaN layer.

These data suggest that a higher potential is necessary for forming pores
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Figure 6.17 The x= 7% sample etched at 7 V. Scale bar is 500 nm.

in InGaN than in GaN and the pore morphology is very different. For

GaN, pores formed at low potential have a small size, but high density.

There may be an intrinsic difference in the ability to form pores via ECE in

InGaN, but previous work has demonstrated forming pores in InGaN using

PECE [215, 216]. Instead, this may suggest a difference in the effective

applied electric field due to conductivity. Although InxGa1–xN films see a

higher carrier concentration with x > 0.2, it drops off abruptly with x < 0.2,

as is the case for these films [217]. In these structures, the mobility is likely

to be severely hampered by the high density of defects, indicated by the

rough surface morphology in Figure 6.14. The high density of defects in

these samples make it difficult to draw conclusions about forming pores in

InGaN by ECE more generally, as they have a strong influence on material

behaviour. This work has, however, shown that it is possible to create pores

in InGaN material via our ECE method. Seeing as the main purpose of this

work was to explore the impact of introducing porosity to InGaN QWs, I

decided to move on to exploring this directly, rather than spend more time

characterising pore formation in thick InGaN layers. Particularly as the

material quality in InGaN/GaN QW samples is likely to be very different

to that of these samples with a thick InGaN layer.

6.3.1.1 Removing metallic In by ECE

The highest InN content sample was black, as a result of metallic In content.

This quenches the emission from the QWs, as shown in Figure 6.15. The

emission peak is around 462 nm with an intensity of more than an order

of magnitude lower than the other samples. It was postulated that ECE

may be able to selectively remove the metallic content from this sample in a

way that would restore luminescence, as the metallic content will be highly

conductive.
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(a) 6 V

(b) 7 V

(c) 10 V

Figure 6.18 Cross-sectional SEM of the black sample after etching at 6 V, 7 V
and 10 V. The white circles highlight a pore in each image.

The sample was etched at 6 V, 7 V and 10 V, as shown in the cross-

sectional SEM data in Figure 6.18. In each case there are pores visible in

the InGaN layer. The pores are around 80 nm wide and 50 nm thick in the

6 and 7 V etched samples. There is not much difference in pore size between

the three potentials, although the 10 V etched sample seems to have a close

to continuous layer of porosity. Some pores have a particularly flat top edge,

especially visible in Figure 6.18b. This is similar to a morphology sometimes

seen in GaN layers and suggests that the etching has stopped at the layer

interface. Metallic In formed in InGaN QWs has been shown to take the full

width of the QW and have widths of up to 80 nm [213]. It seems feasible

from this morphology that the pores are voids left by the removal of metallic

In.

Figure 6.19 shows PL spectra of the black wafer un-etched and etched

at 6 V, 7 V and 10 V. The 6 V etched sample shows a similar emission

to the un-etched sample, but the 7 V etched sample shows a four-fold en-

hancement of emission intensity compared to the un-etched sample. The

10 V sample shows some enhancement, but weaker than at 7 V. The peak

location of the 7 V sample is also red-shifted by 16 nm, although there is

a shoulder around 450 nm. One explanation of these data would be that

etching at 7 V removes metallic In that is quenching emission around the

dip in the un-etched spectrum at 495 nm. Etching at 10 V then undermines
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Figure 6.19 PL spectra of the black sample before etching and etched at 6 V, 7 V
and 10 V.

this advantage by removing a significant amount of InGaN, as well as the

metallic In. This theory aligns well with the continuous porous layer seen

in Figure 6.18c. It is not clear whether the material that has been removed

is metallic In or defective material, but the SEM data does not show signs

of the etching around defects seen in Figure 6.16, which would indicate se-

lective removal of defects. There could be enhancement arising from better

extraction efficiency from a porous structure, but this would not change the

shape of the spectrum so significantly and is unlikely to lead to a four-fold

enhancement.

6.3.2 Electrochemical etching of InGaN quantum wells

Having demonstrated that it was possible to form pores in InGaN layers

using the same ECE method developed for GaN, attention turned to InGaN

QWs. The first sample for exploring this was grown on a GaN template

with 10 quantum wells grown via a 2 temperature method with the InGaN

quantum wells grown at 770° C, as described elsewhere [218]. The sample

contained no intentional doping. Even under an applied potential as large

as 14 V, applying ECE to this sample gave low current over a period of

around 24 hrs. This indicates that little or no material has been removed.

Photoluminescence of the as-grown sample showed a peak that varied be-

tween 435-455 nm across the wafer. The PL emission of the sample after
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ECE at 8 V and 14 V did not indicate any shift beyond this range and

moreover the peak in the etched region was similar to the nearby material

that had not been submerged during the ECE process. It was not possible

to find any evidence of pores in these samples using cross-sectional SEM.

Although quantum wells form effective traps for charge carriers, they are

not intentionally doped and they are thin, so conductivity across the sample

will be significantly lower than for a thick n-doped layer. We know that

for effective ECE the sample must be adequately conductive, such that an

electric field is applied across the interface between the sample and the elec-

trolyte. The low current and lack of evidence for porosity suggests that

the lateral conductivity of the QWs is not sufficient to support ECE down

dislocations to create vertical nanopipes. It follows that a conductive layer

will be necessary below the QWs, in order to create an electric field that

will etch vertical dislocation pathways for the electrolyte to reach them.

A subsequent QW sample was then grown with two pairs of n+ doped

and NID GaN layers above and below five InGaN QWs. These doped lay-

ers act as current spreading layers for the sample and also provide porous

layers that usefully indicate the progression of the etching progress in cross-

sectional SEM. The sample was grown using a two temperature approach, in

which the InGaN wells were grown at 735° C and the temperature was then

ramped up sharply to 937° C in order to grow the GaN barrier layers. This

is similar to the method described elsewhere [218], but the temperature was

increased suddenly, rather than ramped up over 90 seconds. This is likely

to lead to local variations in the QW thickness across the wafer. The target

thickness of the structure was 2.5 nm QWs with 7.5 nm barriers and neither

the QW, nor the barrier layers contained any intentional doping.

An ω-2θ scan was performed on the as-grown sample at the symmetric

0002 reflection using the triple-axis approach, as plotted in Figure 6.20a

(solid, black line). This data shows periodic satellite peaks around the

GaN reflection, which arise from the periodic MQW structure. It would

be expected to see a peak corresponding to the average InGaN composition

across the periodic structure, lying at a lower angle to the GaN reflection due

to the larger lattice constant of InN. Such a peak is not visible in this plot.

The red, dashed line plotted with the measured data is a fitted simulation,

which has 5 InGaN QWs with a thickness of 2.3 nm and 10% InN content,

separated by GaN barriers with a thickness of 7 nm. A reasonably close fit
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(a)

(b)

Figure 6.20 (a) ω-2θ scan at the 0002 GaN reflection of the as-grown InGaN QW
structure (black) along with the simulated fit (red, dashed). Satellite peaks are
labelled and the dotted blue line indicates the expected position of the zero order
peak. (b) sin(ω) plotted against the peak number for each satellite peak in (a).
The gradient of the linear fit is used to calculate the period of the QW structure.
The red circle marks the estimated position of the zero order peak, given by the
linear fit.
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is achieved with the satellite peaks of the measured data. This simulation

shows a shoulder on the GaN reflection, which lies within the measured GaN

peak. In fact all of the measured satellite peaks are significantly broader than

simulated. This suggests that peak broadening is concealing the presence of

the central InGaN reflection. This is a standard experimental method that

has resulted in sharper peaks for other, similar structures. This suggests

that the peak broadening is a result of the material rather than a limit

of the method. Such broadening could indicate a high dislocation density,

leading to high mosaicity. Using the periodicity of the satellite peaks we

can see that the average InGaN peak should lie halfway between the peaks

marked -1 and 1, as the spacing between these peaks is twice the spacing

between the others. This point is marked by the dotted blue line. This lies

within the envelope of the measured GaN reflection and aligns well with

the shoulder on the simulation. This suggests that the InN content of the

QWs is around 10 ±2%. Beyond 12% the simulated shoulder lies beyond

the envelope of the GaN peak, so would be visible.

The period thickness of the repeating QW and barrier structure can be

estimated by plotting the peak numbers, as labelled in 6.20a against sin(ω).

This is shown in 6.20b. The dashed line shows a linear fit to the data, with

an R2 value of 0.99999, indicating very high linearity. The gradient of the

line is 0.00814 and using Bragg’s law, as shown in section 2.2.7.3 this gives a

period of 9.46 nm, which is close to the targeted value of 10 nm and within

the uncertainty given by the simulation. The red circle in Figure 6.20b

marks the estimated position of the zero order reflection peak. This is the

same position as the blue dotted line in Figure 6.20a. The typical fitting

approach for these MQWs uses the presence of weak or missing peaks to

accurately extract the thicknesses of the QWs themselves [149]. The data

shown in Figure 6.20a shows only four satellite peaks on the low angle side

of the GaN reflection that are visible above the noise floor. There are no

missing peaks present that can be used to fit the simulation to, so measuring

the QW and barrier thicknesses is not possible using this method. This

is expected, as these QWs are likely to have uneven thickness due to the

two temperature growth approach. This causes variation in the measured

QW thickness meaning that the location of missing peaks varies at different

points in the measured volume and averaging across the structure results

in all peaks being measured. The presence of satellite peaks verifies the
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presence of the InGaN QWs and allows the measurement of the period and

can give an approximate estimate of their structure.

(a) As-grown, Sq = 1.2 nm (b) 6 V, Sq = 1.4 nm

Figure 6.21 AFM data of the InGaN QW sample. (a) as-grown and (b) after ECE
at 6V. Z-scale is 10 nm and the scale bar is 2 µm. RMS roughness values (Sq) are
given in each case.

Figure 6.21a shows AFM data of the as-grown sample. This shows that

the surface morphology is formed by step flow growth and gives rise to

significantly smoother surfaces than was achieved for the thick InGaN layers.

ECE was applied to the sample at 6 V and AFM data of the surface after

ECE is shown in Figure 6.21b. Other than the introduction of some surface

contamination, the surface morphology appears unchanged and the RMS

roughness values are similar, 1.2 and 1.4 nm for the as-grown and etched

data respectively.

Figure 6.22 shows cross-sectional SEM images for a series of ECE ex-

periments on this sample, with an applied potential between 4 and 12 V.

Porosity is visible in the GaN layers for etching at every potential, as well

as in the region of the QWs, which is indicated for each image by the white

arrows. At 4 V (6.22a) the pores are small, forming a double or even triple

layer of pores in each doped GaN strip. The porosity is also well confined to

the doped layers. The image also shows porosity between the two pairs of

porous GaN layers. The porosity in this region occurs within a 40 nm thick

layer centered halfway between the doped GaN layers. This is the same

location and approximate thickness of the 5 QWs. Within this region, the

pores seem to be aligned horizontally, although it is not possible to identify
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(a) 4 V (b) 6 V

(c) 10 V (d) 12 V

Figure 6.22 Cross-sectional SEM images for a series of ECE experiments at dif-
ferent voltages on the 730° sample. The white arrows indicate the approximate
position of the QW layers. Scale bars are 200 nm.

5 discrete lines for the 5 QWs. The pores are laterally elongated and the

thickest pore measures 10 nm thick, which is as much as the period of the

QW plus the barrier measured by XRD, far thicker than the thickness of

the QW itself. The spacing of the pores horizontally varies considerably as

does the width of the pores themselves.

The 6 V sample (6.22b), has larger pores within the doped GaN layers,

as would be expected. The morphology within the QW layers is similar to

the 4 V sample, but these pores are also larger and the porous layers have

a generally higher porosity. The 10 V sample (6.22c) continues the trend,

with even larger pores, as well as signs of porosity in the NID GaN. At 12 V

(6.22d) the pores are so large and poorly confined to the doped GaN that

the layer structure is no longer intact. There is also evidence of etching

around dislocations visible, which extends into the QW layer, as indicated

by the white circle in Figure 6.22d. These images indicate that porosity can

be created in QWs, but show little of the resulting pore morphology, due to

the low resolution of the SEM method.

Cross-sectional STEM images were taken of this sample by Boning Ding,

in order to image the QWs through higher resolution data, as well as showing

contrast between InGaN and GaN that allows the QWs to be seen. Figures

6.23a and 6.23b show the sample etched at 4 V at two different magnifi-

cations. The sample was prepared for TEM imaging using the FEI Helios
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(a) 4 V (b) 4 V

(c) 8 V

Figure 6.23 STEM images of (a, b) the 4V etched sample at two magnifications.
The dashed, white box in (a) shows the region viewed in (b) and (c) shows the 8 V
etched sample. These data were taken by Boning Ding.
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NanoLab FIB with in-situ lift-out method using Ga+ ions accelerated at

30 kV, followed by 5 kV surface treatment. The data was then obtained

using an FEI Tecnai Osiris at 200 kV. The lines of pores in the doped GaN

layers are visible as two pairs at the top and bottom of the image in Figure

6.23a. In between these are five bright lines that indicate the 5 QWs. The

dark spots in these regions are pores. The porosity is significantly sparser

in the QW region than in the doped GaN layers and the pores are smaller.

Figure 6.23b shows that although the pores seem to be predominantly in

the QW layer, there are also significant amounts of material removed from

the barrier layers. This leakage seems to occur preferentially in the barrier

above the QW. This appears to be the same mechanism described in sec-

tion 3.3.3, which is due to the shape of the electric field as the electrolyte

approaches a layer that forms a conductive plane, in this case the QW. This

forms triangular shaped pores in the NID layers above doped layers. Sim-

ilar STEM data for the sample etched at 8 V was also collected, although

in this case the sample was prepared by mechanical polishing, followed by

Ar+ ion milling at 5 kV until a hole was visible, followed by a final cleaning

step at 0.1–1 kV, as shown in Figure 6.23c. This shows larger pores in both

the doped GaN layers and the QWs. There is a reasonably high number of

pores in the QW layer that have removed the entire thickness of barrier layer

between two QWs. The STEM data has shown that it is possible to create

pores in InGaN QWs, but in this case the porosity is not well confined to

the QW layers and even at a low voltage produces reasonably large pores

with a low density.

This data supports the conclusion, suggested by the SEM data, that

porosity has been created around the QWs due to their conductivity, but

this is not confined to the QWs. The position of pores in the QWs is sparse

and seemingly random. This is probably due to the random placement of

dislocation pathways, as there is evidence of pores forming around dislo-

cations. There are, however, a number of pores that do not appear to be

associated with a dislocation. There could be a dislocation that is out of the

plane of the TEM lamella and is therefore not imaged, which indicates that

the pores can grow some lateral distance from the dislocation. It does seem,

however, that this distance is far lower than in thick doped GaN layers,

where it can be several micron, as the visible pores are small and sparse.

Plan view STEM images, as used in section 3.3.1 would be able to measure
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this distance. A smaller lateral distance in the QWs would follow from the

lower conductivity of the QWs, as this will lower the rate of lateral etching.

The lateral process will terminate once the vertical nanopipe has reached

the conductive layer below and this has been etched, as the electric field

drops. A lower rate of lateral etching therefore means that the size of the

porous domains in the QW layers could be limited. This limit is not seen

in GaN DBRs, because the rate of lateral etching in the doped GaN layers

is so much larger than the rate of etching the vertical nanopipes.

This work has shown that doped layers are necessary as current spreading

layers in order to form pores in InGaN QWs. It is likely that porous layers

must be underneath the QWs, such that they act as a conductive back

plane. The electric field then drives the dislocations to form nanopipes. The

porosity seems to be concentrated fairly near to dislocation pathways and

is not exclusively bound to the QW layers, as it is for doped GaN layers.

Further morphological studies are required in order to better understand

this process and the nature of the pores. This could be achieved using

techniques such as the plan-view imaging process described in section 3.3 or

a tomography approach. However, the aim of this work was to influence the

luminescence of the QWs and this is investigated in the next section.

6.3.2.1 Luminescence

Room temperature photoluminescence data was collected for the QW sample

using the PL mapper system, as described in section 2.2.3. Figure 6.24a

shows this data for the as-grown sample and after ECE at 6, 10 and 12 V.

The as-grown sample shows a single broad peak, centered at around 550

nm. After ECE at 6 V the emission increases and redshifts to be centered

at around 575 nm. Higher voltage ECE increases the emission of the peak

slightly more, but also causes a second, more intense peak to form at a

shorter wavelength. This is centered around 500 nm for the 10 V sample

and 485 nm for the 12 V sample. It is important to note that the PL

measurement has a pixel size of 0.04 mm2, so produces an average of the

emission across a fairly large region. The plotted data is taken from just

one pixel, but comparing measurements from many pixels found that the

curve did not vary significantly in each case, indicating that the samples are

uniform at the macro scale.

The broad peak centered around 550 nm seen in the as-grown sample
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(a)

(b)

Figure 6.24 PL spectra from the InGaN QW sample (a) as-grown and after ECE
at 6,10 and 12 V, as measured by the PL mapper with the laser at full power and
(b) after ECE at 12 V, with the laser power varied.
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can be attributed to the yellow line transition (YL) [219]. The small degree

of enhancement to this emission upon low voltage ECE could be a result of

improved light extraction, due to the porosity in the doped GaN layers. As

this is a lower energy emission than the InGaN peak, this will be preferen-

tially excited by PL. The additional emission peak at higher energy after

ECE at higher potentials (10 or 12 V) can be attributed to radiative recom-

bination in the QWs. This suggests that the porosity enables some carriers

to recombine radiatively in the QWs, rather than in defects. This could

be caused by the pores creating carrier localisation, which limits transport

to defects. Alternatively, it could be that the ECE process preferentially

removes defective material, which therefore reduces the availability of those

recombination pathways. The fact that the broad defect peak around 550 nm

is still present in these samples, suggests that it is the former, although it

is possible that there are other non-radiative pathways that are reduced by

the porosity. As the QW peak is not measurable in the as-grown sample

it is impossible to identify whether the porosity is inducing a shift in the

wavelength of the QW emission itself.

Figure 6.24b shows the PL spectrum of the sample after ECE at 12 V

under a range of laser powers. The black curve shows the spectrum collected

under the un-attenuated laser (1.48 mW), as was used to collect the data

in Figure 6.24a, as can be seen by its similarity to that data. The other

two curves were collected using an attenuator to reduce the laser power to

0.47 mW and 0.37 mW. In both cases, these curves show a shape similar

to the as-grown sample, with a single broad peak, although it is centered

at a slightly longer wavelength, around 580 nm. Changing the power of

the laser changes the rate of incident photons and therefore the density of

carriers induced in the material. When the laser power is too low, only the

defect based emission is seen, but increasing the laser power allows the QW

emission to also be seen in this sample. Sufficiently high laser power may

be able to excite the QW emission in the as-grown sample too. The fact

that QW emission is seen in the most porous samples is consistent with a

picture where the porosity is creating carrier localisation, as the threshold

carrier density required to view the QW emission is lowered by an increase

in localisation. A higher power laser is not available, but instead higher

carrier concentration can be achieved using cathodoluminescence (CL).

The 12 V etched sample and an un-etched region were examined using
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(a)

(b)

Figure 6.25 CL spectra taken from the InGaN QW sample after ECE at 12 V
and on as-grown material. Measured at (a) room temperature and (b) 10 K. Each
measurement was taken in two different regions. Inset into each graph are the peaks
at around 500 nm, normalised to 1.
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the Attolight CL system, which is described in section 2.2.4.3. This allowed

the measurement of a CL spectrum at both room temperature and at 10 K.

These measurements were taken by Kagiso Loeto under the supervision of

Gunnar Kusch. Under CL, a beam of high energy electrons is incident on

the material and this acts to excite a large number of electrons from the

valence to the conduction band. This means that even with a reasonably

large density of traps providing alternative carrier pathways, it is likely

that some carriers will relax directly to the valence band, thereby emitting

light that allows the QW to be characterised. At low temperature, non-

radiative recombination and defect related emission are inhibited, as there

are negligible phonons available to allow these transitions. The high density

of carriers in the CL measurements also has the effect of compensating the

electric fields due to strain, meaning that as CL data was collected at just

one acceleration voltage it cannot be used to measure changes in the QW

emission due to strain [220]. Both the porous and non-porous material were

measured in two different regions at both room temperature and at 10 K

with an electron beam acceleration voltage of 6 kV. The regions imaged

were arbitrarily defined and were not the same for the two measurement

temperatures. Figure 6.25a shows the room temperature CL data. This

shows two peaks, the first at around 360 nm is the absorption edge of GaN,

while the second peak at around 500 nm corresponds to the InGaN QW

emission. The band-edge peak is relatively similar between the porous and

as-grown samples, while the QW peak shows significant enhancement of

around 20× intensity. The low temperature data is shown in Figure 6.25b

and this also shows the two peaks in similar locations. The porous regions

show enhancement of about an order of magnitude, compared to the as-

grown material, which is less than in the room temperature case, but still

significant. Inset into each of these graphs is a plot of the QW peak with

the intensity normalised to 1, such that the peak position can be more easily

compared. For both temperatures, the porous regions are shifted to shorter

wavelengths than the as-grown regions. In the room temperature case, the

QW peak is at 501±3 nm and 486±3 nm for the non-porous and porous

regions respectively, meaning a blueshift of 15±6 nm. For the 10 K data,

the as-grown QW peak is centered at around 493±3 nm, while the porous

one is at 480±3 nm, giving a blueshift of 13±6 nm. The low temperature

data measures the peaks at shorter wavelengths for both regions, but the
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shift between porous and non-porous peaks is the same, within the margins

of error.

As described at the beginning of this section there are a number of possi-

ble mechanisms for changing the emission of InGaN QWs: defective material

could be removed preferentially, which would enhance QW emission; carrier

confinement could enhance QW luminescence both by reducing transport

to defects, as well as increasing the efficiency of radiative recombination by

increasing the electron-hole wavefunction overlap; Quantum confinement in

the QWs could lead to a blue-shift in the emission; Preferential etching of

GaN over InN or vice versa would change the chemical content of the QW

and could therefore change the emission wavelength; change to the strain

state of the QWs through creating pores could also lead to a change in

emission, by altering the piezoelectric fields across the wells.

The data on this sample is still fairly limited, but taking the PL and CL

data together it is possible to form some speculative conclusions about the

possible influences of porosity on the QW emission. Firstly, strain effects

may be present in the samples, but will not be apparent in these data, as the

high density of carriers in both the PL and CL methods will act to shield

electric fields and prevent the quantum confined Stark effect from altering

the emission. The emergence of the QW peak in the PL data after ECE

at a high potential suggests that the porosity acts to confine carriers. The

fact that the strength of the defect emission peak does not reduce, suggests

this is likely to be a stronger effect than the removal of defective material,

although this could be happening too. The blue-shift of the sample after

ECE at 12 V seen in the CL data is consistent with this, as it could be

created by increased quantum confinement. As changes to strain fields can

be discounted, the alternative to this is preferential etching of InN over GaN,

but this would act to reduce the depth of the QW, which would lead to a

reduction in emission, rather than the observed enhancement. This could

be verified using TEM combined with EDX, to identify whether the etching

process in changing the alloy content in the QWs. This could also be used

to identify whether ECE selectively removes defective material. The TEM

data of this sample suggests that the pore formation is fairly limited and

does not look to be enough to significantly change the confinement in the

quantum wells. It is possible that the pores create an additional barrier

to carrier diffusion, which would increase enhancement without influencing
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confinement. To verify whether porosity is increasing confinement in this

sample it would be necessary to gain more detailed understanding of the

morphology of the porous QWs, which could feasibly be achieved via the

plan view TEM approach, described in 3.3.1. These studies suggest that

porosity has brought about significant enhancement to QW emission and

created a blue-shift, as was desired. The luminescence data suggests that

increased confinement is the most likely mechanism for this, but the TEM

data does not seem to support this, meaning that the mechanism for the

change is not yet conclusive.

6.4 Summary

In this chapter I have demonstrated that both the major binary nitride alloys

can be porosified using the same ECE methods developed to form porous

GaN. The work on porous AlGaN showed that single layers are difficult

to etch uniformly due to poor conductivity, but multilayer structures have

not shown this problem. This allowed the successful fabrication of porous

AlGaN DBRs, which function as UV reflectors. The reflectivity of these

DBRs is limited primarily by low uniformity due to a high density of large

V-pits in the as-grown samples. Better optimised growth conditions should

yield more reflective structures by the same methods described here. It

is possible that the high density of V-pits prove vital to the electrolyte

transport in subsurface etching of these samples, but FIB-SEM data (Figure

6.11) suggests that this is not the case as there are signs of subsurface pores

forming around dislocation pathways in between V-pits, similar to those

seen in pit-free GaN samples (Chapter 3).

Whereas porous AlGaN looked similar in morphology to porous GaN,

pores in single n-doped InGaN layers seemed to behave differently. At low

applied potential (6 V) pores formed only around etched dislocations for

a region of 100 nm or so (Figure 6.16), whereas for just a slightly higher

potential (7 V) the pores were large and sporadic. These samples exhibited

extremely low material quality with the AFM data indicating very rough

surfaces showing high dislocation density and signs of hillock growth. It was

therefore unclear whether the differences in etching behaviour was due to

the use of InGaN itself or due to the poor quality growth. For the black

wafers, where metallic In droplets had formed, it was found that the ECE
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process could be used to improve the quenched luminescence (Figure 6.19).

This is of limited practical interest for InGaN layers, as the PL emission is

still relatively weak, but may be applicable elsewhere.

The same techniques were then applied to QWs, and following a 2 tem-

perature growth method produced a smooth surface with relatively few de-

fects (Figure 6.21). Applying ECE to these at 4 V produced signs of pores in

the QW regions, as shown by STEM (Figure 6.23). The pores in these data

were up to 10 nm thick, meaning that the porosity was not confined to the

QWs. The pores were also wide and sparsely placed, meaning that the sort

of network imagined in Figure 6.13 is certainly not being produced. Etching

at a higher potential (8 V) produces a more porous structure (Figure 6.23c)

and it is possible that this has introduced greater confinement in the QWs.

The luminescence of these samples was studied with both PL and CL and

this showed that porosity could create significant enhancement to the QW

emission, as well as a blue-shift in the emission, seen in CL. Analysis of

these data suggests that some degree of confinement is the cause of this, but

without more detailed structural data it is difficult to confirm this.

6.4.1 Future work

The next steps for developing porous AlGaN DBRs are to move closer to

improving UV light sources. The first focus towards this goal should be

to apply the method to samples without the high density of V-pits, which

should improve uniformity and overall reflectivity. These samples could then

be used as templates for material growth. Using porosity to enhance the lu-

minescence of InGaN QWs has been demonstrated, but characterising the

resulting structure has proved challenging, making it difficult to understand

the mechanisms and to design porous QW devices. This knowledge gap

could be plugged by developing the STEM imaging techniques set out in

section 3.3.1 to produce plan-view images of these structures. Advanced

modelling methods may also be able to support this, by predicting how the

luminescence of a structure would change due to different pore morpholo-

gies and fitting this with the measured data in order to understand the

mechanisms at play. This could then be used to optimise the growth and

etching of InGaN/GaN QWs to enable enhanced light emission. Beyond

this, the next step is to incorporate porous InGaN QWs into a device to

demonstrate electroluminescence and pursue the same degree of enhance-
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6.4. Summary

ment. The continuation of all the work set out in this chapter would be to

begin to develop porous AlGaN/AlN QWs with the aim of using porosity

to improve light output for UV emitting devices. Porosity could potentially

be used to both introduce confinement in order to improve recombination

efficiency and create a blue-shift in the emitted light, allowing deeper UV

luminescence.
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Chapter 7

Conclusions and Future

Work

This thesis aimed to better understand the mechanisms and methods for

forming porous nitrides and to expand the opportunities available for ex-

ploiting their use in a range of devices. It has done this through a wide

ranging study of the formation, properties and characterisation of a variety

of porous nitride structures. In Chapter 1, detailed analysis of the current

literature around forming porous nitrides through electrochemical methods

was presented and this provided the basis for understanding pore forma-

tion. Chapter 3 built on this directly and demonstrated that the electric

field that drives the reaction is focused at the pore tip, meaning that mod-

ulating the applied potential can create layers of modulated porosity. This

chapter also described the mechanism for forming subsurface porosity using

vertical nanopipes etched from dislocations, using a novel plan-view STEM

imaging technique to show both the radial pore structure and the dislo-

cations at their centres. Applying this method to samples with a single

subsurface layer and a thicker NID capping layer found that it was difficult

to form a uniformly porous layer when the capping layer thickness was in-

creased above 50 nm. This was seemingly caused by a shortage of viable

nanopipe pathways through such a thick layer. The original aim of forming

a porous layer with a thick capping layer was to use the capping layer as a

slab waveguide and to pattern the surface to form a photonic crystal. This

work was not pursued due to the nonuniform porosity, which would cause

considerable light scattering. A way to overcome this problem could be to



etch the surface with the holes necessary to form the photonic crystal, before

applying ECE. The holes will then allow the electrolyte to access the doped

layer and overcome the uniformity problem.

Chapter 4 describes how regions with aligned pores create strong bire-

fringence in porous GaN DBRs, measured for one sample as ∆n = 0.14±0.05

at 500 nm with a larger refractive index parallel to the pore direction. In ex-

ploring this, a SBI technique was developed to build a 3D model of the pore

structure, using a FIB-SEM microscope. This allowed correlation of the 3D

structure with the optical measurements through finite element modelling,

which suggests that birefringence arises from the limitation of the resonant

frequency by the finite width of material between pores for light polarised

laterally across them. Creating birefringent structures relies on controlling

the electric field to engineer pore alignment. This was presented in three dif-

ferent techniques, creating radial birefringence through surface pits, lateral

etching from patterned trenches and finally, surface masking, which creates

weaker birefringence, but requires only a simple, one-step patterning pro-

cess. This work has presented a deep understanding of the birefringence of

porous GaN. Further work should focus on developing cross-polarised light

microscopy as a straight-forward characterisation tool for porous structures

and applying birefringence to optical devices, particularly in controlling the

polarisation of nitride lasers.

Chapter 5 presented the work done to characterise porous GaN struc-

tures using x-ray methods. It was found that unlike the characterisation of

porous silicon, the lattice constant between porous and bulk GaN doesn’t

vary, meaning that XRD cannot be used to characterise single layers of

porous GaN in the same way. However, the difference in density in the

porous layers leads to a difference in scattering coefficient. This creates in-

terference, which can be used to characterise multilayer porous GaN struc-

tures. A model was developed to simulate and fit this in order to charac-

terise porous GaN DBRs. A comparison with the standard characterisation

technique of cross-sectional SEM showed that XRD gave a more accurate

prediction of the DBR’s optical reflectivity. Nevertheless, the XRD model

still has large uncertainty on the value of porosity. Further work should

focus on improving the model’s accuracy, by accounting for non-uniformity

in the structure.

Finally, Chapter 6 of this thesis described how AlGaN and InGaN can
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be porosified using ECE. Porous AlGaN DBRs were demonstrated with a

reflectivity of 89% at 324 nm. The main obstacle to higher reflectivity

was the material quality of the as-grown structures, as these contained a

high density of large V-pits and ECE created columns of porous material

underneath them. SEM-CL analysis suggested that this was because of seg-

regation of silicon to the threading dislocations causing the pits. Although

surface pits were channels for sub-surface etching the combined FIB-AFM

data of these samples showed evidence of porous domains in between pits,

which likely correspond to dislocation pathways. This suggests that pit-free

AlGaN samples could still be porosified. The work on InGaN followed a

different route, as InGaN DBRs are not of technological interest, instead

focussing on using ECE to enhance the efficiency of InGaN QWs. This was

achieved for PL and CL, and analysis of this data suggests that the mecha-

nism behind this enhancement is increased confinement, as it also resulted in

a blue-shift in the emission peak, although without better structural data it

is difficult to verify this. This requires high-resolution 3D characterisation,

which could be achieved via the plan-view STEM approach demonstrated

in section 3.3.1 or alternatively using electron tomography. Then, the aim

would be to create porous QWs in a device that allows the measurement of

electroluminescence, in order to see whether the emission enhancement can

be transferred into practical devices.

This work has presented considerable data on the formation of subsur-

face porous nitrides through the use of dislocations as vertical pathways.

This method is rather remarkable in its simplicity and has been shown to

be applicable to GaN, InGaN and AlGaN. Forming subsurface, porous ni-

trides can also be achieved by patterning trenches and etching a porous

layer laterally or by regrowing material on top of the structure after having

formed pores. The advantage of etching via vertical pathways is that the

method is far simpler and less expensive than either of these alternatives,

but a major disadvantage is the inability to leave n-doped material intact

on top of porous layers, which reduces the flexibility of the method con-

siderably. The most likely niche for commercial application of this method

is forming complex multilayer porous structures, such as DBRs, which can

then be used as templates for the regrowth of further device layers. The

second significant limit to this method is the thickness of the capping layer

in order to form a uniform porous layer. In our case the limit was around
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50 nm, but this is likely to vary on the nature of the material used, and ECE

conditions. It may be possible, to increase this thickness if the density of

the most conductive dislocations could be increased, but this will likely have

a damaging impact on the performance of any optoelectronic device being

made on the material. It is also possible that etching dislocations in order

to form nanopipes to lower layers is applicable to other material systems,

which could open up further areas of research.

Characterisation is a key challenge for the development of porous ni-

trides, which this thesis has made significant contributions to. The SBI

method developed has the capability of forming high resolution 3D models

of layered porous structures, but has the drawback of being expensive and

imaging only small regions. Numerical analysis of these 3D datasets has

not been attempted, but there is a significant potential for them to provide

detailed data on pore size and morphology. This would rely on 3D segmen-

tation processes being developed to accurately distinguish pores from GaN.

For TEM level resolution the plan-view STEM approach enables layer by

layer analysis, but is even more labour intensive than SBI. These methods

are incredibly useful for detailed analysis of pore structure, but are of lim-

ited use for higher volume applications. Gaining general insights about the

porous structure can be more straight forward. The XRD analysis approach

developed in this thesis offers straight-forward characterisation of porous

multilayer structures. The hardest value to extract from this analysis is the

porosity. There is still a lack of a method for measuring this precisely and

efficiently. Currently, cross-sectional SEM offers the most widely applicable

method for doing this. Another novel characterisation method introduced

in this work is the use of polarised light microscopy. This can be used to

show the orientation of pores where there are aligned regions. With further

development it may be possible to identify the degree of pore alignment

from these data by analysing how the reflectivity spectrum of different re-

gions varies with the polarisation angle of the incident light. This should

be possible even without accurate knowledge of the porosity, as it can be

assumed that this remains constant. The advantage of this method is that

collecting data is simple, fast and cheap, but it relies on the structure in

question having sufficient reflectivity.
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