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Abstract

Experimental investigations of the optical properties of GaN nanostructured light

emitting diode (LED) arrays are presented. Microphotoluminescence spectroscopy with

pulsed and continuous wave lasers was used to probe the carrier dynamics and emis-

sion mechanisms of nanorod LED arrays fabricated by a top down etching method.

Results show a possible reduction in internal electric field as nanorod diameter de-

creases. Localisation effects were also observed, affecting the spectral shape of the

nanorod emission.

Under two-photon excitation, quantum dot-like sharp spectral peaks in the PL

spectra are found to exist in abundance amongst all the nanorod samples. The optical

properties of these localised states, which are shown to be associated with the nanorod

free-surfaces, are characterised using non-linear and time resolved spectroscopy.

An investigation into spatially resolved single nanorods was also carried out. Single

nanorods were isolated, and characterised using pulsed lasers. The etching is shown to

increase the carrier decay life-time at extended intervals over several hundred ns. The

temporal evolution and excitation power density dependence of the quantum dot-like

states are also presented for the first time. The long lived localised states are thought

to arise from surface effects, in particular Fermi-surface pinning, causing localisation

and spatial separation of carriers.

Additional work on nano-pyramid array LEDs, with quantum wells on semi-polar

surfaces is also presented. Optical properties using micro-photoluminescence are com-

pared to cathodoluminescence studies. An uneven distribution of emission wavelengths

across the pyramid facet is thought to lead to an emission mechanism involving carriers

transferring between multiple spatially localised states.

Finally, experimental techniques and fabrication methods for future work are doc-

umented in detail.
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1

Introduction

1.1 Introduction and overview

The short history of semiconductor lighting traces its sources back to H. J. Round. In

a short letter published in Electrical World in 1907, he reported an observation of light

emission in silicon carbide carborundum on applying a potential between two points

(1). In 1927, O. V. Losev reported emission of silicon carbide diodes and measured the

I-V characteristics of the device and the thermal dependencies of emission (2). However

practical uses of the LED as an alternative lighting device were not realised until 1962.

In the paper published in Applied Physics Letters, N. Holonyak and S.G. Bevacqua (3)

observed the first visible emission LED, centred at 710 nm (4). The first LED using

GaN was reported in 1971 by Pankove et al. (5).

Since then, the LED industry has become one of the fastest growing areas in semi-

conductors in the past two decades. The world demand for lighting fixtures is in fact
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projected to climb at ∼7% annually through 2016 up to 153 billion USD (6). This

growth is related to the expansion of the world’s population combined with the needs

of developing nations. The increasing appetite for artificial lighting has a tremendous

impact on the demand of LEDs. The greatest demand remains in the domestic lighting

market, competing against compact fluorescence lights which currently retail at much

cheaper prices than LED bulbs. However, with both the decline in LED prices and in-

crease in energy bills, payback time is increasingly shortened, and long-term forecasts

of the LED’s market penetration in fact reveals an estimated accelerated increase (7).

Research in the field is therefore progressively expanding due to the financial benefits

and also the increasing public awareness in the environment and energy conservation

in addition to the many prospects of novel opto-electronic devices flourishing from the

advance of semiconductor nanotechnology.

1.1.1 Overview of LED research and development for lighting

Bulk GaN is not widely available, nor are there suitable lattice-matched foreign sub-

strates for growth. The relatively poor crystalline quality of GaN makes for defect

abundant samples, compromising its light emission efficiency (8). It is therefore a sur-

prise that under these circumstances, the GaN-based LED is still considered the most

successful candidate for next generation ultra efficient lighting. To date, though the

emission processes of InGaN devices have been under investigation and debate, they

still remain poorly understood (9, 10, 11, 12). The current goals of GaN-based LED

research remain focussed around: Achieving efficient emission in the whole visible spec-
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trum range and beyond, the so called Green Gap, maintaining efficiency with higher

and higher injection currents (i.e. high lumens/Watt), extraction efficiency photonics,

and alternative materials.

For artificial lighting, colour balance is one of the most important aspects of design.

The preferences for the colour of home lighting differ around the world (13). There

is therefore much emphasis in producing the correct tone of white light. There are

generally two ways of achieving a broad spectrum white light with LEDs. The first and

most commonly used method is to have phosphor coated devices where the phosphor

is excited by high energy blue photons emitted by a blue LED. The spectrum emitted

is dependent on the phosphor used and can thus can be engineered to cover a wide

spectral range, emitting close to the desired colour preferences. The use of phosphors

is however lossy since each photon exciting the phosphor leads to a photon of lower

energy leaving the system. This is inherently inefficient compared to direct emission

of a broad spectrum. A phosphorless method of achieving the broad visible spectrum

can also be obtained by physically combining bright LEDs emitting blue, green and

red light. A desirable design would be to have a single LED chip which can emit a

continuous composition of red, blue and green light (14). Not only would there be no

loss of energy due to down conversion from the phosphor this technology, can also have

tremendous impact on devices such as emissive display and projection technologies with

a precise and wide colour space (15). A big obstacle in the development of this type

of device is to overcome the green gap. Green and lower energy emission in GaN based

LED systems requires a high level of indium incorporation in the active layer. This
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gives rise to highly inefficient operation owing to strong piezoelectric and spontaneous

polarisation fields which are particularly severe with high indium concentration InGaN

heterostructures (16). Also, spinodal decomposition occurs due to the poor miscibility

of InN and GaN at indium contents where the bandedge corresponds to the majority of

the visible spectrum (17). Progress in nano-fabrication has recently allowed remarkable

breakthroughs into the green by downsizing LED features, such as nanorod development

(14, 18, 19, 20, 21). This type of nano-LED has drawn a considerable amount of

attention in the research community as a hopeful candidate for the achievement of

high efficiency broad spectral emission on a single chip. One other method to achieve

this is is to vary the composition and width of an InGaN quantum well particularly

grown on facets of processed GaN strips and pyramids (22, 23). Reference (23) shows

that varying indium content in the quantum well can be produced along these facets.

Moveover, the facets of these pyramids and strips correspond different crystal planes

than the conventional c-plane LEDs. This can result in reduced piezoelectric fields and

better low photon energy emission efficiency.

Prices of LEDs depend largely on substrate, fabrication materials and packaging

electronics. Raw material costs, for example the indium price, have seen a rising trend

in the past 2 decades with an increasing demand in transparent electrodes in phones

and mobile devices (24, 25). Limited by the efficiency droop (26, 27), the prices of

LEDs in cost per lm, will have a dependence on the cost per unit area of the LED.

By implementing nanostructured LEDs, such as nano-pyramids and core-shell nanorod

structures (28), the surface area to volume ratio can increase dramatically, increas-
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ing light output per manufactured wafer. Silicon substrates for GaN are also under

development as a cheaper alternative to sapphire (29). A potential drawback to the

continuous decrease in feature size is its effect on the emission and photonic properties

of the LEDs resulting from strain relaxation, enhanced localisation, and surface effects

(19, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40). Furthermore, since the high refractive

index of GaN leads to a light extraction problem, the use of nanorods and photonic

crystals in LEDs has been shown to increase the extraction efficiency (32, 41, 42).

Most of the recent developments in InGaN LEDs mentioned are aimed to bring down

the price per lm of an LED. With the advances in nanoprocessing and fabrication, more

and more possibilities can be conceived. Our understanding of the nanoscale material

properties and physics of GaN is also becoming increasingly important.

A summary of the motivations, goals and strategies of LED research today is shown

in Fig. 1.1

1.1.2 Thesis outline

In this thesis the optical properties of GaN/InGaN nanostructrued LEDs with nanorod

and nanopyramidal geometries are reported. These structures are both in current devel-

opment for use in light emitting diodes to increase efficiency. Nanorods or nanocolumns

have seen use not only in LEDs, but also in photonic crystals and sensor technology

(43). Both GaN pyramids and nanocolumns have been reported to be used as seeds

for quantum dot growth with site control (44, 45, 46, 47). Nanorod arrays have been

shown to lase when arranged to tune the photonic bandgap of the periodic array to
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ColourEfficiency

Non-Polar/Semi-polar
materials, Growth of epilayers
Phosphors

Silicon/
alternative
substrates

Nanorods/pyramids
photonic crystals

Manufacturing
techniques
packaging

Lifetime

very low Ideal
CRI 100

very low
few hours

low Ideal
CRI 100

low
few months

good CRI 80 medium
few years

very good CRI 95 extremely
high
decades

low

very low

low

high

Initial Cost

Research focus
for LEDs

Figure 1.1: - Table comparing types of lighting and current strategies employed to solve
the issues of LED lighting. The colour rendering index (CRI) is a measure of the ability
of a light source faithfully reveal the colours of objects compared to a natural light source.
The incandescent lamp and candle (fire) has a CRI of 100
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the emission from the embedded quantum wells (48). A mass production method of

nanorod array fabrication by nanoimprinting is introduced and the optical properties

of the prototypes are investigated. Nanoimprinting was also used to make some of the

smallest reported nanopyramidal arrays. These were also studied using photolumines-

cence experiments. In addition to the experimental results, the experimental methods

and detailed sample preparation procedures performed during the course of the DPhil

are detailed. These are included for future reference for pending spectrometry work in

the research group.

In chapter 2 an overview of the properties of GaN with a brief discussion of internal

electric fields and the effect of nanoprocessing on carrier distribution are presented.

Chapter 3 has a detailed summary of the nanoprocessing techniques used to fabri-

cate the samples used studied in this thesis. Nanoimprint lithography, electron beam

lithography along with a variety of clean room techniques for making grid structures

for locating single structures and the designing tools are described.

In chapter 4 the experimental techniques employed to investigate the optical proper-

ties of the nanostructured LEDs are detailed. The investigations include time integrated

and time resolved micro-photoluminescence techniques using time correlated single pho-

ton counting (TCSPC) with a pulsed Ti:sapphire laser system. A brief discussion on

frequency doubling and tripling as well as two-photon absorption will be given. The

resolution of the experimental setup as well as capabilities to perform micro-reflectivity

and polarisation sensitivity will also be mentioned.

The core experimental data will be presented and discussed in chapters 5 and 6.
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Microphotoluminescence was used to study the emission properties of the mass pro-

duced etched nanorods. A comparison of the optical properties of the nanorods which

have undergone different etching times and temperatures is presented. Two-photon

absorption studies on narrow spectral lines are carried out and reported. In chapter

6, single nanorods are studied from the top down using time resolved photolumines-

cence. The results summarised in this chapter have resulted in two peer review journal

publications.

Chapter 7 summarises the experiments conducted to characterise semi-polar LEDs

made using nanopyramids on templates created by nanoimprint lithography.

Following this will be the appendices which will include an in depth description of

the fabrication methods. Also included are polarisation tests of the experimental setup

and also a brief summary of the polarisation experiments currently being performed on

MoS2 monolayer samples.

Finally poster presentations that were given at the International Workshop on

Nitride Semi-conductors (IWN2012) in Sapporo, Japan and UK nitrides consortium

(UKNC) 2011 are presented.
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Properties of gallium nitride

2.1 Crystal structure of GaN

Gallium nitride (GaN) is a III-V semiconductor with a tetrahedrally coordinated ar-

rangement of atoms, it is naturally found crystallised in wurtzite and zinc blende forms.

The wurtzite form of GaN is the most thermodynamically stable and is the most com-

mon form with each Ga atom covalently bonded with four N atoms at the corners of a

tetrahedron. A schematic is shown in Fig. 2.1 plotted using freely available software1.

The unit cell in the wurtzite structure is characterised by two lattice constants: The

edge length of the hexagonal base a and the height of the hexagonal prism c. Ga atoms

are situated at two sites, (0, 0, 0) and (1
3 ,

2
3 ,

1
2), whereas the N atoms are at sites (0,0,u)

and (1
3 ,

2
3 ,

1
2 + u), where u is an internal parameter defined as the length of the bond

along the c-axis. The wurtzite structure is hence defined by the ratio of the parameters

1Balls & Sticks http://www.ccp14.ac.uk/ccp/web-mirrors/toycrate/bs/index.html
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a

b

c

Figure 2.1: - Structure of wurtzite GaN unit cell, gallium atoms are in blue and nitrogen
atoms in red

a, c and, u, where the ratio of c/a =
√

8/3 = 1.633 and u = 3/8 = 0.375 in an ideal

wurtzite crystal. However, the real values of u are found to differ from 3
8 . The mea-

sured values of a and c are approximately 3.188 Å and 5.186 Å at room temperature

by X-ray diffraction (49). In this case c
a = 1.626 giving rise to a compressed unit cell in

the [0001] direction compared to the ideal crystal. The gallium atoms can be replaced

by indium or aluminium atoms to form ternary/quaternary alloys which enables the

engineering of crystals with a wide range of emission energies (50). A summary of

typical experimentally determined lattice parameters of sapphire, AlN, GaN and InN

is given in table 2.1. All of the work presented in this thesis was conducted on wurtzite

GaN grown on sapphire by a commercial metal-organic chemical vapour deposition

(MOCVD) procedure where typically, the substrate is heated to a temperature of up
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to 900 ◦C in the reactor. Subsequent cooling of the substrate gives rise to strain in

the GaN layer due to difference in thermal expansion coefficients (51). The lattice and

thermal mismatch in the of the substrate and epilayer gives rise to stress and strain,

and thus a high degree of dislocations in GaN-based systems.

Typical Values

AlN GaN InN

a(Å) 3.112 3.188 3.544
c(Å) 4.982 5.185 5.718
u 0.390 0.378 0.384

Table 2.1: Typical experimental values of the lattice parameters of AlN, GaN, and InN
(taken from references (52, 53, 54) . Table also shows the values of u compared to the ideal
structure of u = 0.375

The effect of strain induced by lattice mismatch between layer and substrate al-

ters the electronic properties of the epitaxially grown semiconductor. The growth of

epitaxial layers within a certain thickness known as the critical thickness will take on

the lattice constant of the substrate, resulting in strain. The lattice constant of the

epitaxial layer perpendicular to the substrate, the c-axis in our common GaN c-plane

growth, is forced to shrink or grow depending on the in plane lattice mismatch. Fig.

2.2 shows the two cases where the overlayer has lattice constant larger than the sub-

strate, leading to an enlarged lattice constant in the growth direction and conversely a

shrunken lattice constant perpendicular to the growth direction is seen when the lattice

constant of the overlayer parallel to the interface is smaller than the substrate. This

is known as pseudomorphic growth. Leyer et al. investigated the critical thickness of

In1−xGaxN grown on [0001] GaN and found it to be ∼ 7 to 10 nm for x = 0.1 − 0.2

(55).
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overlayer

substrate substrate

overlayer

aoverlayer < asubstrate aoverlayer > asubstrate

a) b)

Figure 2.2: - Diagram of strained layer under psuedomorphic tensile and compressive
strain. a) shows an overlayer of low lattice constant aoverlayer < asubstrate under pseudo-
morphic tensile strain, the lattice parameter perpendicular to the boundary is shrunken. b)
shows aoverlayer > asubstrate under compressive strain, the lattice parameter perpendicular
to the boundary is expanded
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2.2 Band structure of GaN

2.1.1 Polarisation

In group VI semiconductors such as silicon and germanium, the bonding is covalent

and the shared electrons between the atoms have no preferential attraction to any site

in particular. In the case of two different atoms such as GaN, the shared electron

will in general be more strongly attracted to one of the atoms due to the difference in

electronegativity. This results in a distortion of the electron cloud and is known as bond

polarity. In the case of GaN, the high electronegativity of nitrogen (3.04) compared to

gallium (1.81) creates a negatively charged nitrogen site and vice versa on the gallium

sites. GaN crystallised in both zinc-blende and wurtzite forms has a polar axis. In

wurtzite GaN, the bonds in the [0001] direction are aligned in the same direction of

polarity giving a spontaneous polarisation to the unit cell.

The wurtzite space group P63mc, is non-centrosymmetric, and hence exhibits piezo-

electric properties. The emergence of electric fields in response to strain has a great

effect on the electronic properties of the system. Consequently, the combination of

spontaneous and piezoelectric polarisation has a profound impact on the carrier recom-

bination mechanisms in III-nitride devices.

2.2 Band structure of GaN

III-nitride semiconductors have a direct bandgap; in the case of GaN, this lies at 3.39 eV

at the Γ point (k = 0) of the Brillouin zone. The concept of heavy hole, light hole

and split-off band has limited validity to wurtzite structures. In wurtzite GaN, the

13



2.3 Quantum confinement

valence band near the Γ point are highly non-parabolic and single band effective mass

approximations are no longer useful. The valence band is strongly affected by crystal

field and the spin-orbit interaction, correspondingly a lifting of the degeneracy of the

valence band splits it into three bands: (A), upper and lower (B) and (C) bands. The

values of the energy splitting between the A and B bands is ∼ 6 meV, and ∼ 36 meV

between the B and C bands (56).

2.3 Quantum confinement

2.3.1 Bandgap engineering

In common blue LEDs, a p-i-n structure is used, with an InxGa1−xN quantum well

active layer sandwiched between p - and n - doped GaN. The quantum well confines the

injected electron and holes spatially and by varying the indium content, the spectral

range of emission can be altered. An important aspect of III-Nitride semiconductors

for light emission devices is that by varying the composition x of the constituent atoms

in the ternary alloys InxGa1−xN and AlxGa1−xN, the emission wavelengths can be

tuned in devices. Values for the bandgap of the ternary alloys are situated between

the bandgaps for the pure forms of the two crystals bonded with nitrogen, that is,

EG InN < EG InGaN < EGGaN , where EG is the bandgap of the corresponding material.

The dependence of bandgap of the ternary compound AxB1−xC on its composition can

be described by an almost linear relationship with the addition of a bowing parameter

(b):
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2.3 Quantum confinement

E
AxB1−xC
G = xEACG + (1− x)EBCG − bx(1− x). (2.1)

The values of EG for InN vary widely in the literature as do the values of the bowing

parameter (b). InN bandgaps have been reported to be as low as 0.7eV (57). As for

AlN, a large bandgap of ∼6.1eV at room temperature (58) is generally accepted. This

property combined with the relatively small lattice mismatch between GaN and AlN,

makes AlGaN a frequent choice for use as a barrier material in nitride devices.

2.3.2 Quantum wells

Quantum wells (QW) can be realised by combining a thin layer of lower bandgap

material with thickness comparable to the carrier’s de Broglie wavelength, in between

materials with higher bandgap acting as a barrier. This forms a 1D QW parallel to the

direction of the interface. To understand the properties of a QW, the heterostructure

can be treated as a 1D infinite QW resulting in a dispersion relation

En(k) =
~2π2n2

2m∗L
+

~2

2m∗
(k2
x + k2

y) = εn +
~2

2m∗
|k|2, (2.2)

for quantum numbers n being positive integers and L is the well width. The first term,

~2π2n2

2m∗L corresponds to the quantisation of bound states by the infinite well and ~2|k|
2m∗

term is the 2D free electron energy. The dispersion relation is parabolic for each n

subband. The existence of these subbands gives rise to a step like density of states

behaviour as opposed to the bulk structure where the density of states is a smooth

continuous curve proportional to E−
1
2 .
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2.4 Strain in InGaN epilayers

For a more realistic situation, the QW barriers need to be finite with a depth of V0.

This problem can be solved by considering a trial wavefunction Ψ(z) and considering

that Ψ and its position derivative δΨ
δz remain continuous at the alloy interface. The

solution Ψ and particle probability distribution Ψ2 extends into the barrier regions; this

is known as tunnelling. In practice, multiple quantum wells (MQW) are often used,

and the tunnelling process plays a role when the MQW barriers are made sufficiently

small; this leads to various optical phenomena being observed. Lee et al. gives an

account of this in AlGaN nanorods with thin GaN barriers (35). Tunnelling can also

occur between localised states within the quantum well active layer. Brosseau et al.

explains the long-lived, non-exponential carrier life-times in InGaN QWs as the result

of tunnelling between localised states formed from nanoscopic potential fluctuations

(59)

2.4 Strain in InGaN epilayers

The previous section greatly simplifies the actual InGaN QW layers grown on GaN.

Strain, piezoelectric and spontaneous polarisation must be taken into account. Hooke’s

law relates the stress σ = F
A and strain ε = ∆I

L through the elastic modulus c,

σij = −cijklεkl. (2.3)

Stress and strain are represented by rank 2 tensors hence the relationship mapping the

two quantities is of rank 4 with a total of 3× 3× 3× 3 = 81 components. However, in

the absence of torque, the symmetry equates the shear components σxy = σyx and we
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can re-index the tensors using the Voigt notation:

σij ⇒

σ1 σ6 σ5

σ6 σ2 σ4

σ5 σ4 σ3

 . (2.4)

This reduction in indices reduces the number of elements of the elastic modulus and it

can be written as:

σi = cijεj . (2.5)

In the case of wurtzite structures, the stress-strain tensor can be written as:



σxx
σyy
σzz
σyz
σxz
σxy

 =



c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
c13 c13 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c66





ε1
ε2
ε3
ε4
ε5
ε6

 . (2.6)

This will be used in the following section to analyse the piezoelectric effect in wurtzite

structures.

2.4.1 Piezoelectric effect

In addition to the spontaneous polarisation discussed in the previous section, piezo-

electric polarisation needs to be taken into account in Wurtzite structures.

Pi = dijkσjk, (2.7)

describes the relationship of the polarisation Pi induced by the stress tensor σjk, where

dijk represents the piezoelectric tensor. With the symmetry of σjk, the number of

independent elements of dijk is reduced such that:
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dijk ⇒

 di1
1
2di6

1
2di5

di6 di2
1
2di4

1
2di5

1
2di4 di3

 and, Pi = dijσj . (2.8)

For wurtzite symmetry, there only exist 3 components of dij , in full matrix notation Pi

becomes:

P1

P2

P3

 =

 0 0 0 0 d15 0
0 0 0 d15 0 0
d31 d31 d33 0 0 0




σ1

σ2

σ3

σ4

σ5

σ6

 . (2.9)

Combining Hooke’s law, σi = cijεj , and the above equation, the piezoelectric polarisa-

tion can thus be written as:

Pi = dik(ckjεj) = eijεj , (2.10)

where

eij = dikckj (2.11)

is the piezoelectric constant in the layer and consists of only 3 independent components.

An in depth treatment is given in reference (60). Here, the relation between strain and

piezoelectricty is established in the wurtzite structure. The typical values in III-nitrides

for the piezoelectric constants have been determined by experiment and theory by many

research groups. In the following section, an example of InGaN on GaN will be analysed

to determine the degree of polarisation in the InGaN. In the c-axis growth direction (z

in our representation), the polarisation is:
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Pz = e31(ε1 + ε2) + e33ε3. (2.12)

The strain of the system can be written as:

ε1 = ε2 =
a− a0

a0
, (2.13)

and

ε3 =
c− c0

c0
, (2.14)

where a0 and c0 are the lattice parameters in equilibrium. For InGaN layers, boundary

conditions are of zero stress in the z direction (61), leading to σ3 = 0. From Hooke’s

law, we can write:

ε3 = −2ε1
c13

c33
. (2.15)

The field due to the doped regions can be neglected as it is found at room temperature

that this field is substantially smaller in magnitude than the polarisation fields (61).

To calculate the piezoelectric potential Ppz, we can solve equation 2.9 which requires

knowing piezoelectric tensor components and the stress of the system, or solving for

equation 2.12, requiring knowledge of elastic modulus (stiffness) components and strain.

We can use an interpolation method to approximate the physical properties of the

ternary alloy InxGa1−xN.

y(InxGa1−xN) = xy(InN) + (1− x)y(GaN). (2.16)

Using parameters from Vurgaftman et al. (62) listed in table 2.2, we can interpolate
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the relevant parameters for InxGa1−xN. Expanding equation 2.11 to a full matrix form,

Typical Values

d31 (pm/V) d33 (pm/V) c11 (GPa) c13 (GPa) c33 (GPa) c12 (GPa)

GaN -1.6 3.7 390 106 398 145
InN -3.5 7.6 223 92 224 115

Table 2.2: Values of the dielectric tensor elements and elastic modulus elements for GaN
and InN taken from Vurgaftman et al.

we have:

 0 0 0 0 e15 0
0 0 0 e15 0 0
e31 e31 e33 0 0 0

 =

 0 0 0 0 d15 0
0 0 0 d15 0 0
d31 d31 d33 0 0 0




c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
c13 c13 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c66

 .

(2.17)

Thus, the values of the piezoelectric constants for indium concentration x can be de-

termined after the interpolation of the InGaN parameters from table 2.2 and equation

2.16. e31 and e33 are found to be ∼ −0.52 Cm−2 and ∼ 0.924 Cm−2 respectively for

an indium content of x = 0.20. Following the same type of interpolation, c13, c33, and

the lattice constants of the InGaN layer with respect to x can be found. Using equation

2.12, the individuals components of the piezoeectric tensor can be filled out:

Ppz =

 0 0 0 0 e15 0
0 0 0 e15 0 0
e31 e31 e33 0 0 0




ε1
ε1
ε3
0
0
0

 . (2.18)

Placing the eij elements in, we have:
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Ppz =

 0 0 0 0 e15 0
0 0 0 e15 0 0

−0.52 −0.52 0.924 0 0 0




aGaN−aInGaN
aInGaN

aGaN−aInGaN
aInGaN

−2ε0
c13
c33

0
0
0


. (2.19)

From the piezoeletric constant in the z-direction, the piezoelectric field across the

boundary is simply given by:

Epz =
Ppz

εrε0
. (2.20)

The resultant electric field, Epz due to the piezoelectric polarisation for a 20% (x=0.2)

indium content QW is ∼ 3.7 MV cm−1. The variation of Epz with indium content x

is plotted in figure 2.3, which shows the increase of the piezoelectric field with the

increase in indium content of InGaN. This increase in the electric field has significant

consequences in trying to achieve efficient light emitters of lower energy photons with

InGaN quantum wells.

2.4.2 The quantum confined Stark effect

In the previous section lattice mismatch is shown to strain a thin film layer of InGaN.

The non-centrosymetric wurtzite crystal exhibits piezoelectric polarisation and it is

shown by first principles that the resultant internal electric field in the ternary alloy

layer is in the order of MV cm−1. There is almost linear dependence on the incorpo-

ration content of the ternary compound. The presence of an internal electric field on

quantum confined structures such as quantum wells, discs, wires, and dots is known as

the quantum Stark effect (QCSE). This can be described by looking at a perturbation
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Figure 2.3: - Calculated peizoelectric field magnitude by first principles with respect
to indium content compared to calculations and measurements reported in a few selected
literature. Jho et al. has measured the field to be 2.1MV cm−1 for x = 0.15.(63) Lefebvre et
al. measurements are around 2.45 MV cm−1 for indium composition between x = 0.15−2.0
(64). Lai et al. (65) reported a lower 1.9 MV cm−1 for a x = 0.22 InGaN layer. Calculations
performed by Holmes (66) reports a 1.8 MV cm−1 for x = 10

on the energy levels and wavefunctions of the QW due to an electric field acting per-

pendicular to the QW layer. As a result of the internal electric field, the band structure

is modified and has two major consequences.

1. Reduction of effective bandgap leading to red-shift of the emission relative to an

unstrained structure

2. Tilting of bands forces carriers to be distributed preferentially at opposite sides

of the quantum well.

The band tilting effect is illustrated in figure 2.4, where a simulation was carried out on

a 1 dimensional In0.2Ga0.8N QW of 2nm well width with GaN barriers using nextnano1,

a semiconductor nanodevice simulation package. Nextnano deals with the geometries

and combination of materials in the device in one, two and three spatial dimensions

1http://www.nextnano.de/nextnano3/
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2.4 Strain in InGaN epilayers

by defining a materials grid with the system parameters. The simulator minimises

the strain in the system and solves for the band structure using a finite differences

method, taking into account piezoelectric effects. The band diagram of a simple one-

dimensional GaN/InGaN quantum well system has been calculated in Fig. 2.4. The

effects of band gap reduction can be seen in the figure The electric field perturbs the
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Figure 2.4: - Band structure of 2 nm In0.2Ga0.8N QW embedded in GaN. The strained
QW tilts the band edges and reduces the apparent bandgap

ground state energy of the electron and hole wavefunctions in the QW. As a result, the

carrier wavefunctions are spatially separated along the c-axis (perpendicular to the QW

interfaces). A reduction in the overlap in the carrier wavefunctions causes a reduction

in the rate of recombination.

Strain alone can also have a direct effect on the conduction and valence band edges

through deformation potentials which describe the splitting of the band edges for tensile
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2.4 Strain in InGaN epilayers

AlN GaN InN

Psp (Cm−2) -0.081 -0.029 -0.032

Table 2.3: Spontaneous polarisation constants of AlN, GaN and InN taken from calcula-
tions by Bernardini et al. (67)

or compressive strain along the [0001] axis. Hence, as a direct result of strain, the

emission energy, line width, carrier recombination rate and probability of quantum

confinement are greatly altered.

2.4.3 Polarity and wavefunctions

Accompanying the piezoelectric polarisation Ppz, we need to take into account the

spontaneous polarisation PSP due to the wurtzite symmetry as described in the previous

section. In InGaN/GaN systems, piezoelectric polarisation is generally over an order

of magnitude stronger than the effect of spontaneous polarisation. Nontheless, the

combined polarisation Ptotal can be written as:

Ptotal = Ppz + Psp. (2.21)

Spontaneous polarisation is parallel to the [0001] axis, and the constants for AlN, GaN

and InN are given in table 2.3. Spontaneous polarisation constants for the ternary alloys

of content x, can be approximated using the linear interpolation technique used in the

previous calculations of the piezoelectric field. The effects of both spontaneous and

piezoelectric polarisations on the carrier wavefunctions in an InGaN QW structure can

be calculated and probability distributions visualised by using nextnano. Solving of the

Poisson equation handles the spontaneous polarisation in the InGaN/GaN interface. In
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2.4 Strain in InGaN epilayers

addition, the piezoelectric polarisation is considered in the calculation by using a strain

minimisation method employed by nextnano. The method is an iterative process that

considers the overall strain energy and tries to minimise this by allowing relaxation

and increase of strain in different areas of the user defined material grid. The self-

consistent solution of the Schrödinger equation is determined for the wavefunctions.

The resultant calculations for the carrier probability distributions are shown in Fig.

2.5. The hole wavefunction is marginally confined within the QW and a small overlap

of the wavefunctions can be seen.
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Figure 2.5: - Electron and hole wavefunctions (Ψ2) with the corresponding calculated
bands showing high spatial separation of the two carriers on opposite sides of the QW.

2.4.4 Carrier field screening

Photoluminescence of the strained QW photoemission will appear red-shifted because

of the QCSE. However, an increase in the density of carriers generated by the excitation
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2.4 Strain in InGaN epilayers

source of the experiment leads to local screening of the electric field in the QW. The

QCSE is therefore reduced and the tilted bandgap thus becomes flattened and recom-

bination occurs at higher photon energies. The flattened bandgap means that the hole

and electron probability wavefunction are now situated closer together in the centre of

the QW, causing a larger carrier wavefunction overlap resulting in a higher oscillator

strength of the exciton recombination transition (68). Experimentally, the increase in

carrier density can almost always be seen to be accompanied by a shift in peak emis-

sion energy along with a decrease in recombination life-time in InGaN quantum wells.

Although this is indicative of carrier screening of the internal field of the QW(69), it is

rarely the sole effect. Localised states play an important role in the carrier dynamics

of InGaN QWs. This added complication is responsible for giving InGaN QWs some

very interesting optical characteristics.

2.4.5 Phase separation

The challenge of obtaining a full visible emission spectrum from InGaN is not only

limited by the recombination inefficiencies with higher indium contents but also the

difficulty in growing InGaN at different indium contents. Thermodynamically stable

InGaN cannot be easily grown with high crystalline quality at different indium concen-

trations. There is a large difference in interatomic spacing between GaN and InN. In

early studies, Ho and Stringfellow calculated a phase diagram of InGaN in their paper

on miscibility of InGaN (17). Fig. 2.6 shows this phase diagram taken from their paper,

showing a solid phase miscibility gap with a consolute temperature of approximately
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1250 ◦C. Within the miscibility gap, the ternary alloy cannot exist in a single phase.

The arch-like curve shown is known as the coexistence curve.

Figure 2.6: - Binodal (solid) and spinodal (dashed) curves for the Ga1−xInxN system,
taken from ref. (17) calculated by Ho and Stringfellow

Ho and Stringfellow went on to deduce that for temperatures of 800 ◦C, the solubility

of In in GaN is calculated to be less than 6%. The spinodal composition is calculated

to be 22%. Between the spinodol limit and the binodal curve, the system is known

as being “metastable”. Phase separation into InN and GaN would occur and early

metalorganic vapour phase epitaxy InGaN growth seemed to show evidence of this

phase separation. This phase segregation is thought to form InN rich islands acting as

deep traps, preventing carriers from recombining in dislocations (70). As shown earlier,

InGaN quantum wells are typically under strain, whereas the calculations from Ho and

Stringfellow considered relaxed InGaN. It has been shown that under strain, the phase

separation can be suppressed (71). Karpov calculated a phase diagram for strained
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InGaN. It shows that the spinode shifts to lower temperatures and towards the high In

concentration side compared to that from Ho and Stringfellow (71). Strain engineering

can thus lead to higher indium content quantum wells emitters (12). However, the

insolubility of GaN and InN is still one of the big challenges preventing the continuous

tuning of InGaN LED emission wavelength to span across the visible sepctrum from

UV-A to the near infra-red.

2.4.6 Localised states in InGaN quantum wells

Despite poor crystalline quality, early GaN based LEDs from Nichia achieved very

high brightness, showing remarkably little sensitivity to structural dislocations (72).

In fact, even dislocation densities of up to 2 × 1010 cm−2 do little to impede the blue

LED’s performance (73). Explanations of this exceptional behaviour suggested that

some nano-scale structural features prevented non-radiative recombination of carriers.

Initially, spatial distribution of indium was thought to vary over the InxGa1−xN lay-

ers. Gerthsen et al. reported indium segregation and measured lattice parameters

with transmission electron microscopy (TEM), showing indium-rich agglomerates with

sizes of a few nm. These suspected indium rich regions act as potential traps, cre-

ating localised energy states. Indeed, sharp emission lines were spatially resolved by

photoluminscnence spectroscopy using metal masks with small aperture openings on

InGaN/GaN QW samples (74).

However, later studies have pointed out that the materials characterisation meth-

ods, in particular transmission electron microscopy (TEM) techniques used to directly
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observe indium clustering were not entirely convincing (75). Smeeton et al. (76) demon-

strated that the electron beam used in characterising the InGaN QWs were in fact dam-

aging the active layer, giving apparent indium-rich regions. This finding invalidated a

fundamental observation supporting the arguments for indium clustering, further open-

ing up the debate on what accounts for the success of the blue LED in the mid-late

2000s.

An alternative school of thought on the localisation effect is fluctuations in QW

width (12). Despite continual improvements in epitaxial techniques, these fluctuations

are unavoidable (77). The quantisation energy depends on the width of QW, hence

small changes in QW width can localise and trap carriers spatially across the plane.

This results in quantum dot-like optical behaviour. In addition to the spatial fluctuation

of potential, the thickness of the InGaN also affects the band due to the piezoelectric

effect in the strained layer (78). It has also been shown that the degree of localisation

or disorder increases for a greater indium content (79).

Localised states in InGaN QW structures can be demonstrated experimentally by

an “S-shape” observed in the photoluminescence peak energy as the temperature of

the sample is varied from cryogenic temperatures up to room temperature (80). The

impact of localised states in QWs on the recombination dynamics have in the past

decade been extensively studied by time resolved photoluminescence (81) and even

direct observation of excitonic states in plane QWs (81).

Structural characterisations on the morphology of InGaN layers conducted by van

der Laak et al. have shown QW width fluctuations and even discontinuity in the InGaN
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layer. Interlinked strips of InGaN have been observed forming a complex network

around dislocations (82). The extra confinement from these strips may indeed restrict

carriers from recombining non-radiatively at these dislocations, accounting for the high

efficiencies in the studied LEDs. But it is generally well accepted today that some form

of localisation effect is what allows for the efficient radiative recombination of carriers

despite the high density of defects.

2.4.7 Lifetime of a quantum system

For a two-level system with energy levels E1 and E2 (ground and excited states), when

a photon of energy hν is absorbed, the rate of absorption, promoting a charge carrier

from E1 to E2 can be given by

Rabsorption = B12N1ρ(ν), (2.22)

where ρ(ν) is the spectral energy density at frequency ν and B12 is the Einstein coeffi-

cient of absorption, and N1 is the population of energy level E1. The rate of stimulated

and spontaneous emission is given by

Rstimulated +Rspontaneous = A21N2 +B21N2ρ(ν), (2.23)

where A21 and B21 are the Einstein coefficients of spontaneous emission and stimulated

emission respectively, and N2 is the population of energy level E2 The rate equation

for the change in population density of E2 is thus given:

dN2

dt
= −A21N2 −B21N2ρ(ν) +B12N1ρ(ν), (2.24)
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For spontaneous emission, the rate equation yields:

N2(t) = N20e
−A21t, (2.25)

where N20 is the population density at time t = 0, and the spontaneous lifetime is given

by 1
A21

= τ . The lifetime of the system is related to the transition rate between level 2

and level 1 which is the rate of change of the transition probability known as Fermi’s

golden rule

R =
2π

~
|W 2

12|D(E), (2.26)

where W12 = 〈2|W |1〉 is the transition matrix element, W is the perturbation Hamilto-

nian, D(E) is the density of the final states. In semiconductors, the transition between

states 1 and 2 occurs between the conduction band and the valence band. For spon-

taneous emission, the transition matrix element is proportional to the overlap of the

envelope electron and hole wavefunctions 〈Ψe|Ψh〉 (83). The spontaneous rate of re-

combination is thus proportional to the square of the electron and hole wavefunction

overlap. In an InGaN QW system such as that shown in Fig. 2.5, the calculated

wavefunction overlap is very small. The spatial separation causes a slow rate of recom-

bination which can be measured by an extended decay rate of the QW emission.

Transition from level 2 to level 1 may go through intermediate states which may

be non-radiative. In a simplified recombination process shown in Fig. 2.7, two paths

are possible. The radiative process has a constant rate of decay, but the radiative

lifetime τr is dependent on the number of carriers in level 2. The carriers in this level
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also participate in the second recombination pathway (which we assume here is non-

radiative). Hence the two decay processes compete and the effective life-time τeff in

relation to τr and the non-radiative lifetime τnr is given as:

1

τeff
=

1

τr
+

1

τnr
. (2.27)

level 2

level 1

hv
hv

Intermediate
Level

Figure 2.7: - Diagram of the interaction of a two-level system with a radiation field. A
radiative process is shown giving a photon of energy hν and a competing recombination
process via an intermediate state

The lifetimes are inversely proportional to the recombination rates of the two pro-

cesses. Radiative efficiency can thus be written as:

η =
RRad

Rtotal
=

1

1 + τr
τnr

=
τeff

τr
. (2.28)

This gives a relationship between radiative (quantum) efficiency and measurable life-

times of the system.

The simplified two-level system in Fig. 2.7 can be used to describe the effect of

localised states on the emission dynamics of QWs, if we treat the intermediate energy
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level as the localised state which recombines radiatively. Carriers are first generated in

the QW (level 2) and a proportion of these carriers subsequently relax into localisation

centres (intermediate level). Zhang et al. used this analysis to describe the interactions

of InGaN QWs with localisation centres (84). The discussion on localisation effects is

continued in the following chapters.
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Fabrication techniques

3.1 Introduction

There are commonly two approaches to fabricate nanorod devices used for LED and

photonic crystal applications.

1. Top down approach. Where the nanorods are etched into pre-existing GaN wafers

(84)

2. Bottom up grown approach. Where the nanorods are grown by self assembly by

precise reactor conditions (36, 40, 85, 86) or through selective area growth via

masking (87)

While both these approaches have their advantages, there have been significant ad-

vances in the grown nanorods due to the high crystalline quality that can be achieved.

The possible reduction of the internal piezo-electric field in active layers also leads to
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the prospect of increased efficiency in high indium content InGaN QW LEDs prompt-

ing an abundance of research into the growth of nanorods resulting in very promising

ideas for LED applications reported by Kishino et al. (21, 31, 44)

The top down etching approach, in contrast, relies on having suitably good wafer

crystalline quality before nano-processing is performed. Current LED wafer growth,

material properties and fabrication techniques are well understood and have been com-

mercialised in the past decade. Low cost, relatively high quality wafers are available

off the shelf. The top down etching approach can be an addition to the commercial

process reducing the complications in acquiring new designated growth processes in

production plants to realise photonic crystal LED based devices. The majority of this

work focusses on the top down etched nanorods.

3.2 Principles of nanoprocessing

Nanoprocessing is a generalised term referring to miniaturisation of devices and circuit

processing technologies and also atomic level manipulation such as crystal growth and

epitaxial techniques. This chapter focusses on on miniaturisation processing technolo-

gies.

A series of different fabrication techniques were employed to produce etched nanorod

samples, mostly: thin film deposition, lithography, resist technology, and thin film

etching. The principle is to generate a pattern, which is then transferred onto a sample

surface such that additional material can be deposited or removed according to the

pattern on the sample. This is then repeated layer by layer and it is not uncommon
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that a wafer would go through more than several tens of processing stages to produce

commercial devices.

3.2.1 Pattern transfer

The pattern transfer principle draws parallels from traditional photographic film pro-

cessing techniques. In film photography, a light sensitive emulsion is deposited onto

acetate film. An image is projected onto the film through a camera and lens. Bright

parts of the image expose the emulsion and change its chemical properties. By develop-

ing and fixing the film, the dark unexposed parts of the image get removed selectively

due to the emulsion’s light sensitivity. As a result, a negative of the image is left on the

acetate. In nanoprocessing, the sample wafer replaces the acetate and the photographic

emulsion is replaced by a resist. The image writing system can either be optical (mask

aligner and stepper) like photography, by direct writing using electrons (electron beam

lithography) or by applying pressure (imprint lithography). The pattern transferred

to the resist is then developed. According to whether the resist is positive or negative,

the exposed resist can be left behind or removed, leaving behind a positive or negative

sample pattern covering the surface of the sample.

3.2.2 Etching and deposition

With the negative (positive) pattern formed on the sample surface with resist, material

can be added by thin film deposition or removed by etching. Metal evaporation is a

common thin film deposition technique used in making masks and electrical contacts.
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Metal Heater Source Current

Al Tungsten wire coil 45A
Au Tungsten Boat 50A
Ni Tungsten Dimple Boat 70A

Table 3.1: Metals evaporated in the Edwards 306 with the boat type and current used

In this work, an Edwards auto 306 evaporator with a rotating turret boat holder

for different metals in an evacuated bell jar is used. The thickness of the metal can be

controlled via a crystal monitor. A brief summary of typical evaporation currents and

heater sources (in which the metal is placed) is shown in table 3.1

Metals which are evaporated on to the sample will adhere to its surface as well as

to the resist. The resist can then be washed off, leaving behind only the metal that was

directly on the sample surface, hence creating a pattern of metal on the sample. This

technique is called lift-off and is used to produce metal patterns in small areas of the

sample.

Alternatively, a metal coated sample surface can be patterned with resist leaving

exposed areas of metal. The sample can then be put in metal etcher which will selec-

tively etch away parts of the exposed metal layer. Since the resist protects the metal

underneath it, patterns can be made in the metal layer. This method is used to create

small openings on metal masks and has been employed by our research group to isolate

and register single quantum dots. (88, 89)
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3.2.3 Structural analysis

The optical microscope provides a quick way to inspect the processing between steps.

Despite being limited in resolution to features of ∼ few µm, the optical microscope

is useful in looking at procedures such as resist development progress. When higher

resolution images of the sample are required Scanning Electron Microscopy (SEM)

is used to examine the nanostructures. A Hitachi S-4300 SEM is used for imaging

structures down to ∼ 50 nm. It is equipped with a rotating and tilt stage, and outputs

images of 2560×1920 pixels. For non-conducting samples, electron accumulation causes

charging on areas of the sample deflecting electrons. This is particularly serious when

attempting to image resists, and very often a thin layer of metal can be deposited

on top of these samples to obtain a clear image. In cases where thickness of a thin

layer need to be measured, a Dektak profilometer can be used. The Dektak uses a low

force stylus which is dragged across the sample surface to create a height profile such

that nanometer vertical resolution can be achieved. If the sample requires even higher

resolution, Atomic Force Microscopy (AFM) is employed to examine fine structural

details in the three spatial dimensions.

3.3 Nanorod array fabrication

Nanorod array samples are fabricated by the Department of Electrical and Electronic

Engineering at the University of Bath on commercially available LED wafers provided

by OSRAM. The wafers consist of epitaxial grown GaN/InGaN P-i-N LED structure
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on a sapphire substrate.

There are a multitude of available nanofabrication methods to create top down

etched devices. The goal of the project in Bath was to create a photonic crystal array of

nanorods which will provide advantages for light emitting diodes primarily for lighting.

The design is a simple process of removing material from the wafer in a regular pattern

with high precision. Common methods of patterning are: photolithography (mask

aligner, stepper), electron beam lithography and nanoimprint lithography. Nanoimprint

lithography was the preferred method due to the extremely low cost starting costs, high

throughput, and low feature size (down to 20nm, (90, 91)) on large areas.

3.3.1 Nanoimprint lithography

Nanoimprint lithography (NIL) or hot embossing is a novel manufacturing technique

pioneered by Chou (92) in 1996. NIL relies on mechanical deformation of resist by a

master template for pattern transfer. It has been proven to achieve feature sizes which

are beyond the resolution limits of optical lithography techniques at a relatively lower

cost to mass produce. The resolution of NIL therefore depends primarily on the ability

to fabricate fine featured master templates used to print the resist. These are currently

made using electron-beam lithography methods to fabricate features down to 25 nm

quite readily.

One major disadvantage of mechanical lithography is the difficulty of alignment.

However, in fabrication of arrays of holes or rods with spatial translation symmetry

across the whole wafer, such as preparation of large scale photonic crystals, alignment
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is not particularly important. This makes NIL particularly interesting especially in

the blue spectral region where short wavelengths require low feature sizes pushing

manufacturing limits of conventional photo-lithography techniques.

Typically, nanoimprinting consists of two steps:

1. Imprinting of the mould by physically pressing it onto a substrate thinly coated

with a liquid resist. The resist is hardened either thermally or by UV light

exposure before removing the mould.

2. Pattern transfer onto the substrate surface by etching the thin residue layer of

resist by reactive ion etching, creating the resist pattern on the substrate ready

for further processing

There are many variations of nanoimprinting that have been developed in the past

decade. Roller imprint process is chosen for the “SMASH” project at University of

Bath as it offers a very high throughput and high wafer scale uniformity. The high

throughput is achieved since the imprint process is continuous, the actual imprinting

does not need to stop from wafer to wafer. The contact area of the mould and the

substrate where pressure is applied is small and constant and hence evenness across

the wafer is achievable. Roller nanoimprinting, as the name implies, is a roller-type

continuous manufacturing method. There are two main approaches, the first of which is

a roller mould, where the roller itself has embedded on it, a mould. A second approach

is a flat mould and smooth roller type, where generally a flexible mould is used and

the roller “irons” the pattern onto a soft resist surface. For development purposes,
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the latter approach was taken upon since flat mould fabrication is much cheaper for

prototyping and accuracy is very high.

3.3.2 Nanorod array processing procedures

An intricate series of etching processes are performed on the sample to produce nanorod

arrays developed at the University of Bath. An outline of the process is given below:

1. Transfer of positive nanorod pattern onto resist span onto substrate (nanoim-

printing).

2. Preparation of GaN etch mask by nickel deposition and performing a liftoff.

3. Inductively coupled plasma reactive ion etching (ICP RIE) to form a nanorod

array on the sample

4. Wet etching with potassium hydroxide (KOH).

The individual steps of the patterning are documented in Fig. 3.1 and the etching steps

are shown in Fig. 3.2 Fig. 3.1(1) shows a 2 inch LED wafer prior to processing. A UV

hardening resist is spin coated onto the wafer shown as the two shaded layers in 3.1(2).

Subsequently a master mould is placed on top of the sample, mechanically imprinted

on to the resist by a roller shown in 3.1(3). The resist is hardened by exposure to UV

and the mould peeled off the sample 3.1(4).

The next step is to form a ICP RIE etch mask with nickel from the pattern using

lift-off. This step is not straight-forward, since there is residual resist on the surface of

the sample, which will have an effect on nickel adhesion and the sample uniformity. In
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1) 2)

4)3)

5) 6)

8)7)

key:
1) wafer preperation 
2) resist deposition
3) imprint master onto resist by roller
4) harden and peel off master
5) deposit spin-on-glass
6) etch spin-on-glass level
7) remove resist
8) deposit nickel film

Figure 3.1: - Diagram showing the processes of nanoimprint lithography, steps are
numbered and are briefly described in the key
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9) 10)

11)

key:
9)   lift off resist, leaving nikel island mask
10) ICP etch, into the wafer structure 
11) nanorod array formed

Figure 3.2: - Diagram showing the processes of ICP etching, steps are numbered and
are briefly described in the key
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order to overcome this, a novel spin-on-glass (SOG) technique is employed, described

in Fig. 3.1 (5-8). Upon removal of the imprinting mould, SOG is deposited on to

the sample, covering the resist. The conformal deposition ensures that a thin layer of

SOG covers all the resist pattern features. RIE is then used to etch down the SOG,

exposing the resist on the surface, shown in 3.1(6). Next, the sample is washed in

solvent to remove the nanoimprint resist through the gaps of the SOG, leaving a lattice

of SOG with a positive pattern of the mould on the sample surface shown in 3.1(7). The

sample is then mounted in an evaporator and a layer of nickel is deposited on top. The

deposition is non-conformal meaning the nickel amongst the holes of the SOG lattice

is isolated from the nickel which coats the top layer of the SOG, shown in 3.1(8).

Fig 3.2 (9) shows the lift-off procedure. Hydrofluoric acid (HF) is used to dissolve

the SOG, leaving the isolated nickel on the surface of the wafer. The nickel acts as

an ICP etch mask, which is highly resistant to the etching procedure. The ratio of

the etching rates of GaN compared to nickel in our desired etching conditions is found

to be around 30:1. Therefore the thickness deposited is dependent on the depth of

the required etching. Finally ICP etching is carried out on the sample using chlorine

and argon plasmas. The nickel etch mask prevents the underlying crystal from being

attacked, allowing high aspect ratio nanorods to be formed as shown in 3.1(10, 11).

Fig. 3.3 shows an SEM image of a nanorod array fabricated using this technique.
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3.4 Grid fabrication

1 um

Figure 3.3: - SEM image showing nanorod arrays fabricated by nanoimprint lithography
by YiDing Zhuang at the University of Bath

3.4 Grid fabrication

Reference grids have been fabricated on the samples used in this thesis in order to

register individual nanoscopic features. Grids with numbered references were designed

to give a clear image under our optical microscope. Previous reference systems were

prepared using an etching method, gold layers were deposited and grid patterns were

made by etching through the thin gold layer. The metal surface can be problematic in

experiments when electronic contacts need to be used. An alternative method is to use

lift-off to produce a metal reference pattern detailed below.

5 mm × 5 mm silicon wafers were used and patterned with an electron beam (e-

beam) lithography system with a custom made grid. The grid design was made using

Autocad, and the design is shown in Fig. 3.4 The large crosses are alignment markers
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3.4 Grid fabrication

a) b)

Figure 3.4: - CAD design of reference grids. a) shows the entire grid covering an area
of 36 mm × 36 mm. b) an enlarged section of the grid showing the grid references.

such that the sample can be re-aligned allowing further processing such as fabrication

of electric contacts on specified coordinates.

To perform a successful lift-off, two layers of resist of different exposure/development

characteristics are typically used; this is known as a bi-layer resist. Upon electron beam

exposure, both the resist layers are exposed with the desired pattern. The underlying

resist is chosen to have a lower contrast and higher dissolution rate. After development,

the underlying layer undercuts the top layer resist. This increases the separation of any

subsequently deposited material between the resist and the sample surfaces, enabling

a clean lift-off.

A layer of poly(methyl methacrylate) (PMMA) 495 A4 is spun on top of the surface

of the wafer, subsequently PMMA 950 A8 is spun on as a top layer. The samples

are exposed with the pattern in Fig. 3.4 by a Jeol JBX-5500ZC e-beam system and

developed using a 1:3 methyl isobutyl ketone (MIBK) to isopropanol (IPA) ratio for
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3.5 Nanorod masks of varying size

60 s. A post development optical microsope image is shown in Fig. 3.5 a). 50 nm of

aluminium is then evaporated onto the surface of the developed resist; an SEM image

is shown in Fig. 3.5b). A magnified SEM image of the number “9” in Fig. 3.5 c),

clearly shows a thin layer of aluminium over the resist. The side profile shows that the

aluminium on the resist layer is severed from the aluminium on the substrate with with

a clean edge. After lift-off with a solvent, the aluminium grid reference pattern is left

on the wafer. Fig. 3.5 d) shows the reference grid with AlGaN nanocolumns dispersed

on the surface. Single AlGaN nanocolumns can be seen to the left of the number “38”

and to the bottom right of the alignment cross. The identified single nanocolumns can

subsequently be examined with micro-photoluminesence and electrical contacts can also

be made to an isolated nanocolumn.

3.5 Nanorod masks of varying size

For wafer scale fabrication by nanoimprinting, the original master moulds must be fab-

ricated again each time a change is made to the dimensions, pitch and shape of the

nanorod etch masks. Since NIL is a mass manufacturing technique this adds complica-

tions when it comes to making quick prototypes. Modifications to the master moulds

are costly to make, and therefore electron beam lithography is generally used in the

initial experimental developments where full wafer fabrication is not required.

For the purpose of studying nanorods of varying diameter, ideally the nanorods

need to be fabricated on the same wafer to control the wafer variations. Etch masks

with decreasing diameter from 5µm micropillars to 50 nm nanorods were fabricated.
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b)a)

c) d)

20 um

20 um

20 um4 um

Figure 3.5: - Images of fabricated alignment reference grids. a) Optical microscope
image of developed resist. b) SEM image of grid after aluminium coating. c) SEM image
showing aluminium layer with slight overhang. d) SEM image showing AlGaN nanorods
scattered on the fabricated grid after lift-off
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3.5 Nanorod masks of varying size

The micro pillars and the nanorods are to be made on the same wafer next to one

another, but also to be far enough apart such that each can be separately resolved by

our microscope. Fig. 3.7 shows the design used to fabricate the nanorod etch masks.

A lift-off procedure shown in Fig. 3.6 was then used to perform the pattern transfer

for the nickel etch mask.

e-

Exposure

Ni deposition Lift-offDevelopment

Bi-layer resistClean Sample

Figure 3.6: - Diagram showing the fabrication processes for the lift-off procedure used
in making the nickel mask array. The sample is cleaned, then the resists are deposited. It
is then exposed and developed, leaving a T-shaped cavity. The nickel is then deposited,
and finally the resist is washed off leaving individual islands of nickel.

A suitable bi-layer resist recipe was found through a series of trial and error experi-

ments. The underlayer was made using A4 495 PMMA spun at 4000 RPM for 40 s with

a 500 RPM ramp, followed by a 90 s bake at 180 ◦C, giving a thickness of ∼ 170 nm

(93). The top layer was A4 950 PMMA span on at 4000RPM for 40 s with a 500 RPM
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b)

a)

10

15
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0.5
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0.1

0.052.0

3 4 4.4

Figure 3.7: - Autocad design of the etch masks with varying diameter. a) shows the
full pattern designed for a wafer of 1 mm ×1 mm in size. b) dimensions are shown for the
masks of different sizes
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3.5 Nanorod masks of varying size

ramp followed by a 90 s bake, giving a thickness of ∼ 200 nm (93).

Evaporation of nickel is usually performed using electron beam evaporation. How-

ever, the only available evaporator to us is an Edwards 306 thermal evaporator. Nickel

has a relatively high evaporation temperature even at low pressures in the evacuated

evaporation chamber. A small dimple tungsten boat Kurt J. Lesker part number

EVS9A005W was used as the heater source with 1 g nickel pellets. Successful evapo-

ration was achieved by carefully regulating the evaporation rate by means of manually

controlling the current. Due to the high boat temperatures required, the evaporation

of nickel is strikingly delicate. Fluctuations in current can cause the boat to snap spon-

taneously. On successful evaporation, a Dektak profilometer was used to measure the

height profile of the across an edge of the nickel deposition. The profile of the nickel is

shown in Fig. 3.8. it is relatively flat away from the edge at a height of ∼ 50 nm. The

edges are slightly lifted due to the removal of adhesive tape used to affix the sample

inside the evaporation chamber. This data provides information on the positioning of

400um

200nm

Figure 3.8: - Profile across an edge of the evaporated nickel measured by AFM. A rise
of 200 nm along the edge can be seen, the metal is relatively flat ∼ 400µm from the edge,
with a height of ∼ 50 nm.

the pattern.

Fig. 3.9 shows optical microscope images of the intermediate steps for the etch
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3.5 Nanorod masks of varying size

mask fabrication. 3.9a) shows the developed resist. A bright pattern from the wafer

surface can be seen, showing clean resist development. In b) the outline from the height

difference of the pattern is shown after nickel deposition. c) shows the high contrast

nickel masks after lift-off. A defected etch mask can be seen and a magnified image

of the defected etch mask is shown in d). This could be due a locally incomplete

development. The residual resist can result in risen areas of nickel inside the developed

patterns, and therefore the etch masks may not be completely isolated from the nickel

to be discarded in the lift-off. This results in rupture of the circular etch masks on

lift-off. SEM images of the etch masks are shown in Fig. 3.10

100 um 100 um

100 um 40um

a) b

d)c)

Figure 3.9: - a) Resist on sample after development. b) Sample after nickel deposition.
c) Nickel masks after lift-off. d) Magnified image of c) showing a “pacman-like” defected
etch mask.
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3.5 Nanorod masks of varying size

10 um 2.5 um

a) b)

Figure 3.10: - a) SEM image showing circular etch masks on GaN LED surface. b) SEM
image of 500 nm diameter etch masks on GaN LED surface
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Figure 3.11: - AFM examination of a nickel etch mask on GaN LED wafer. a) shows
the 2D height profile, the nickel circular mask is clearly seen. b) shows a line height profile
across the position indicated by the red line in a).

AFM was performed on the etch masks to closely examine the thickness profile. Fig.

3.11a) shows a 2D surface profile across one of the larger etch masks. A line profile taken

across the line marked in red through the image is shown in Fig. 3.11b). The data is

relatively noisy, but is sufficient for the purpose of this characterisation. Approximately

5µm × 1µm sized flakes can be seen in the height profile in Fig. 3.11a) around the etch

mask. These are identified to be thin residual resist which was subsequently removed
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3.5 Nanorod masks of varying size

by heated solvent. The average height across the measured etch mask is 62 nm ±5 nm.

Considering an etch mask redundancy of 30%, this gives a maximum GaN etch depth

of 1.3µm with a 30:1 etch ratio.

—————————————————————————
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4

Experimental techniques

4.1 Introduction

The experimental apparatus used to perform experiments for this thesis is described

in detail in the following sections. Photoluminescence (PL) is an important charac-

terisation technique that allows us to probe material, electronic and optical properties

of the sample under investigation. Two different types of PL measurements are per-

formed in this work, namely: time integrated PL and time resolved PL. The principle

of micro-PL is to selectively stimulate small areas of the sample optically, and collect

the photons that the sample emits via PL through a spatial filter for analysis both

spatially and spectrally. Combined with the ability to vary excitation power, energy

and temperature and further modifications to measure polarisation enables us to obtain

multi-dimensional data to perform in depth characterisation. The majority of the work

was performed on a single optical setup consisting of a home-made microscope as the
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4.2 Excitation sources

backbone. Modifications and components are added to perform certain measurements.

This chapter will commence with detailed description of excitation sources and followed

by the optics and methods used to achieve the results. Finally, methods developed for

polarisation detection are briefly discussed.

4.2 Excitation sources

4.2.1 Ultrafast laser

Mode-locked tunable Ti:sapphire laser systems are used to generate ultrafast pulsed

emission. The active medium allows emission to be tuned in wavelength between 700

to 1000 nm in either continuous or mode-locked operation. There are two Ti:sapphire

lasers used in this work:

• Coherent Mira 900

• Spectra-Physics Mai Tai

In the Coherent Mira 900 system, the near infrared emission is obtained through sev-

eral optical pump stages. The Ti:sapphire is pumped by a continous wave laser system

(Coherent Verdi) operating at 532 nm and 8 W. In the Verdi system, the 532 nm emis-

sion is achieved by second harmonic generation. A 1064 nm laser is frequency doubled

through a lithium triborate (LBO) crystal. The 1064 nm beam is in turn generated by

a diode pumped Nd:YVO4 crystal inside the Verdi(94).

The Mira 900 can have two operational modes, generating short femtosecond pulses

of ∼ 100 fs duration or picosecond pulses of ∼ 1 ps. The spectral width of the laser is
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inversely proportional to the temporal width by ∆t∆ν ≥ K, where ∆t and ∆ν are the

full width half maximum of the duration of the pulse and the bandwidth in frequency,

and K is a parameter associated with the pulse shape which is generally modelled by

a hyperbolic secant pulse (K ∼ 0.315) (95). Therefore, for a 100 fs pulse ∆ν = 3.15

THz, corresponding to a ∆E ∼ 13 meV, and 1.3 meV for 1 ps pulses. This needs to

be taken into account when choosing between the two laser modes especially for near

band edge excitations and fine time resolution.

The normal mode-locked output produces a pulse repetition rate of 76 MHz, cor-

responding to a 13.2 ns time between pulses, at an average power of up to 1.5 W. In

InGaN/GaN QW systems, typical QW lifetimes can easily exceed this (53, 69, 96),

causing errors in photon statistics when carrying out time resolved measurements due

to carriers unable to fully relax within the laser repetition time-frame. It is therefore

necessary to reduce the repetition rate by utilising a pulse picker (APE PulseSwitch).

The pulse picker works by modulating a crystal with a radio frequency creating peri-

odicity in refractive index of the crystal. This enables the crystal to selectively deflect

the beam in synchrony with the pulses, effectively creating a slower pulse repetition

rate. The average power of the output decreases, but the signal of the photolumines-

ence scales with this reduction in average power only when the recombination lifetime

is shorter than the repetition rate of the laser. The Mai Tai is a software controlled

Ti:sapphire laser system with the same fundamental operation as the Mira 900, pro-

ducing pulses of duration 100 fs at 80 MHz. The laser is tunable in a much narrower

range between 795 nm and 805 nm with an average power of 800 mW.
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4.2.2 Harmonic generation

It is necessary for excitation sources to be able to have an emission energy above

the bandgap of the samples. Investigation of wide bandgap semiconductors such as

III-nitrides with these lasers therefore requires either frequency up-conversion inside a

birefringent non-linear crystal or non-linear two photon absorption of the sample.

The intensity of light is directly proportional to the square of the amplitude of the

electromagnetic field. At low intensities, the displacement of the atoms in a solid has

linear response with the electric field. With an increase in the intensity of electromag-

netic fields, non-linear properties will show in materials on exposure. This non-linear

relationship can be represented by an induced polarisation P which can be expanded

as:(97)

Pi = ε0[χ(1)Ej + χ(2)E
2 + χ(3)E

3 + . . .] (4.1)

The number in the parenthesis is the order of susceptibility where (1) is the linear, (2)

and (3) being second- and third- order susceptibilities. Consider an incident field of

frequency ω, and thus E can be written as E = E0e
iωt, P is therefore:

P = ε0[χ(1)E0e
iωt + χ(2)E

2
0e
i2ωt + χ(3)E

3
0e
i3ωt + . . .] (4.2)

Polarisation is therefore written as a sum of terms containing higher order harmonics 2ω,

3ω, ... Higher order terms of P become more significant with higher E0 of light. Hence,

the intensity of incident light can induce higher order polarisation in the material.

In practice, the dispersion of the material will need to be taken into account. For
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up-conversion to take place, the second harmonic has to propagate with matching

phase velocity as the fundamental wave. The required condition can be achieved using

birefringent crystals. By rotating the crystal relative to the incident beam, the two

waves can be brought into phase; this is known as index matching.

4.2.2.1 INRAD ultrafast harmonic generation system

A commercially available Inrad 5-050 ultrafast harmonic generation system was used

in our experiments to produce the 3rd harmonic from the Ti:sapphire laser system

output. A lithium triborate (LiB3O5 or LBO) crystal was used for the second harmonic

generation in the system. The crystal is positioned on multi-axis micrometer mounts

such that phase matching conditions can be achieved. Output from the LBO crystal

consists of the fundamental 800 nm beam and a frequency doubled 400 nm beam. Third

harmonic generation made is possible by reintroducing the residual 800nm beam from

the LBO crystal and combining this with the doubled 400nm beam via a delay arm to

ensure correct temporal overlap in a beta-barium borate (β-BaB2O4 or BBO) crystal

generating a 266nm ultraviolet beam.

For our experiments, a BBO crystal on a home built stage was used to frequency

double the pulsed laser to 400nm. The layouts of the two excitation sources are shown

schematically in Fig 4.1.
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Ti:Sapphire

Delay

BBO

BBO

LBO

BS

filter

flipable mirror

Inrad system
for third harmonic
generation

for second harmonic
generation

266 nm

400nm

Figure 4.1: - Schematic showing our two laser excitation frequency schemes. The fun-
damental frequency is provided by a Ti:sapphire laser which has a flipable mirror in place
to switch from the top (third harmonic) frequency tripled scheme by using the Inrad 5-
050 Ultrafast Harmonic Generation System or the bottom simple BBO crystal doubling
system.
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4.2.2.2 Two photon absorption

Two photon absorption processes allow excitation of semiconductors below bandgap

with high power pulses. The absorption process takes place via an intermediate virtual

state shown in Fig. 4.2 Degenerate two photon absorption is achieved by using the

hv
0

hv
emission

hv
0

E
G

Figure 4.2: - Schematic of a degenerate two photon absorption. Two photons at the
same energy arrives, and excites via a virtual state

picosecond mode on the Mira 900 laser, directly exposing the sample to high the

intensity laser, at peak power number of photons can reach up to 1018 over 1µm2.

Intensity of emission is shown to have has a squared dependence on excitation power

(98). Consequently, two photon absorption can provide superior spatial resolution to

conventional single photon excitation techniques. It is also shown that the two photon

absorption preferentially excites highly quantum confined structures such as quantum

dots (98). The theoretical discussions of two photon absorption is outside the scope
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of this thesis, since we only use this technique to reduce background emission when

investigating sharp spectral features in samples as demonstrated in references (98, 99).

4.2.3 Continuous wave lasers

Alongside the pulsed laser systems, continuous wave laser systems are also used to

investigate the samples. In this work, a 405 nm violet diode laser is used to excite

directly into the bandedge of our InGaN systems. The diode laser is commercially

available with an aluminium custom made holder and heat-sink. The violet laser is

driven by a 12 V power supply producing up to 120mW of power. Stability of the laser

in the home built holder and heatsink was measured and is shown to be reliably stable

showing less than 1 mW of drift in power whilst operating at 120 mW over a period

of 30 minutes measured. The laser is collimated and power is controlled by neutral

density filters.

4.3 Optical setup

Central to the micro PL experiment is a far field confocal microscope. A schematic of

the setup is shown in Fig. 4.3. For different wavelengths of laser, the optical setup needs

to be modified slightly, which include mirrors, beam-splitters, neutral density gradient

wheels, lenses, pin-holes, filters and also microscope objectives. A collimated white

light source is available to illuminate the sample surface when identifying particular

areas to excite. A slide in semi-transparent mirror is used to guide the collimated

white light into the beam path when needed, also shown in figure.
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Figure 4.3: - Schematic showing the optical setup used in this work

The laser is focussed on the sample and luminescence is collected through the same

objective. Due to the big differences in wavelengths between emission and excitation

and the necessity of mounting the sample in a cryostat, long working distance achro-

matic/apochromatic/reflecting microscope objectives are used. Table 4.1 gives detailed

information on the different objectives used for different laser excitation wavelengths.

4.3.1 Confocal imaging

The laser passed through a spatial filter, by focussing through a pin-hole and subse-

quently collimated. Since we are utilising a confocal geometry, collection of lumines-

cence lies on the same beam path as the excitation beam through the same microscope

objective. A dichroic mirror is therefore used as a beam splitter to separate the lu-
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Specification UV Visible Near Infra-red

Manufacturer Techspec Mitutoyo Mitutoyo
Model Adjustable RefleX M Plan Apo M Plan NIR
Magnification 36× 100× 100×
Numerical Aperture NA 0.5 0.7 0.5
Working distance (mm) 5.40 6.0 12.0
Focal length (mm) 5.4 2.0 2.0
Wavelength range (nm) 200-11000 330-700 380-1800

Table 4.1: List of objectives for different wavelength ranges used. Data is taken from
Edmund Optics technical documentation (100)

minescence from the excitation beam. Previous measurements have used 50/50 beam

splitters (33, 69, 101), but the dichroic mirror reduces the loss of excitation beam and

also collected PL photons by half1; since it reflects ∼ 99% of the laser wavelength

and has a sharp cut-off for transmitting PL wavelengths. A set of dichroic mirrors is

available for different laser excitation wavelength.

The laser excitation spot can be seen as a relay image of the pin-hole shown in Fig.

4.4. Applying the simple magnification equation:

M = − fc
fm

(4.3)

For a typical 50 − 100mm collimating lens and a pin-hole of 25µm, the relay image

magnification typically is less than ∼ 1µm in diameter. Hence the excitation area is

limited by the laser spot size, selectively exciting very small regions on the sample.

For collection, since the same objective is used, the focal length must remain constant

across the wavelengths used in both excitation and collection ranges. A farfield image

1During UV excitation, the beam-splitter cubes were frequently damaged by the fs pulses. The
damaged layer gives a broad luminescence around 430nm. For previous work, the luminescence of the
QWs lay above this, and thus it did not effect the results obtained in (69)
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Figure 4.4: - Layout of infinite conjugate microscope, showing relay imaging of a pin-hole
on the sample. fm and the fc are the focal length of the microscope objective and the focal
length of the collimating lens

of the sample is formed on the plane of the spectrometer entry slit by a 50 mm lens on

a 3-axis mount. The size of the farfield image of the excitation point is ∼ 25µm. By

closing the entrance slit to 25µm and aligning the laser reflection spot to coincide with

the slit, we can essentially eliminate the scattered light from the out of focus regions,

meaning PL from the excitation spot close to the focal plane can pass through the

detector slit. The resolution is greatly improved in depth as well with the use of this

configuration. Fig. 4.5 shows a schematic of the collection arm of the microscope

setup. The sample can also be imaged on a CCD by diverting the parallel light with

a mirror. In order to image, the illumination and collection point needs to perform

a scan across the sample. Samples can also be scanned with variation of focal plane,

thus obtaining a 3D image of the sample. In a conventional confocal system, a moving

stage is used to perform the scans. However, for our work, the sample needs to be

mounted in a cryostat with helium transfer tubes, hence instead the objective is held
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TV camera

sample
entrance slit

to spectrometer

back focus beam

Figure 4.5: - Schematic showing the confocal imaging system with spatial filter blocking
off beams which do not originate from the plane of the point illumination

in a nano-positioning modular stage to perform scans to position the laser spot with

nm precision. The position module is the Melles Griot NanoMax TS 3-Axis Flexure

Stage which contains piezoelectric crystals with a closed feedback loop control unit

ensuring stability and absolute position readout. The positioning resolution is down

to 5 nm in three directions. This unit can be controlled by computer to perform scans

and for stabilisation of laser spot relative to sample used in experiments requiring long

accumulation times.

4.4 Time integrated photoluminescence spectroscopy

Time integrated micro-PL allows the measurement of PL from a sub micron region of

the sample. Using the confocal microscope described previously, a region of less than

1µm2 can be studied. PL collected through the slit depicted in Fig. 4.5 is passed into a

spectrometer (Andor Shamrock SR-303i). The SR-303i is a 0.3 m imaging spectrome-

ter. It has fully automated software control and is equipped with changeable reflecting
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4.4 Time integrated photoluminescence spectroscopy

gratings mounted on a software controlled turret with absolute positioning. A choice

of 1200 lmm−1, 600 lmm−1, and 300 lmm−1 gratings are available. PL is dispersed

on the grating and imaged onto a Peltier-cooled charge coupled device (CCD) (Andor

Technology DU420A-BV ). The CCD has an array of 1024×255 pixels with a pixel size

of 26µm. It is possible to by-pass the dispersion grating and directly produce a 1:1

image of the slit onto the CCD for alignment purposes.

Use of higher resolution grating, despite being able to achieve a higher spectral

resolution, comes at a cost of light throughput per channel on the CCD, meaning

higher acquisition time. The dispersion of the spectrometer is given by:

dλ

dx
=

d

fL
, (4.4)

where dλ is a small change in wavelngth, dx is the corresponding change in position

x, d and fL are the grating line spacing and the focal length of the spectrometer.

(102) Applying this to our setup, a rough calculation gives us a dispersion of 2.78 nm

mm−1 using the finest grating available. The combination of dispersion and ccd spatial

resolution will therefore determine the lower limit of the spectral linewidth. Since the

width of the slit is approximately equal to the width of each pixel. We can estimate

this lowest limit of spectral linewidth by:

δRES = 3× dispersion(nm mm−1)× pixel width ∼ 0.21 nm, (4.5)

where the factor of three comes from the fact that the full width at half maximum of

the raw data can only be obtained with at least 3 pixels. This corresponds to an energy
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4.4 Time integrated photoluminescence spectroscopy

δE = hc/λ2 × dλ ∼ 1.6 meV for wavelengths of 450 nm (2.76 eV).

4.4.1 Cryogenics

Measurements carried out at low temperatures used a liquid helium cooling system.

The sample is mounted using silver conductive paint on a machined copper cold-finger

in an evacuated cryostat. The cryostat used, Janis ST-500, was mounted on an x− y

micrometer stage to allow control of sample position. Liquid helium is transferred

through to the cold finger from a liquid helium dewer. A pressure regulating system

ensures stable helium flow to cool the sample, and the helium is subsequently returned

through an helium cycle system. Mechanical stability and drift levels have been mea-

sured previously to be ∼ 60 nm in 30 minutes (103).

4.4.2 Resolution

The spectral resolution and point illumination size were discussed previously. Here,

the system resolution will be characterised experimentally. Light microscope resolution

can generally be described by assessing the full width half maximum of the focal spot

also known as the point spread function. The focus of a infinitesimally small point

through an ideal lens on the image plane is represented by an Airy function intensity

profile. By imaging fluorescent beads in solution, the emission can approximate small

point-like objects.

Since our laser spot size and collection focal volume is not resolution limited (it was

estimated in the previous section to be ∼ 1µm in diameter), the measured apparent
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4.4 Time integrated photoluminescence spectroscopy

size of small point sources will actually be a direct measurement of the excitation and

collection spot size, as opposed to a point spread function.
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Figure 4.6: - Resolution test of a 2D scanned image of fluorescent beads. a) shows the
intensity profile in 3D, b) and c) shows cross-section slice of the intensity profile along the
dashed lines across the image shown in d)

Fig. 4.6 shows the integrated intensity plotted against position of a 2D scan using

the piezo-controlled moving objective over a fluorescent bead excited with a 532 nm

diode laser. 4.6 a) is a 3D plot of the intensity of the luminescence of the beads over

the scan area. A clear sharp peak can be seen corresponding to the position of the flu-

orescent bead. 4.6 d) shows the contour plot of the same figure, showing imperfections

of the setup. There is an asymmetry in the intensity profile between the vertical and
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horizontal directions. There are also bands of varying high and low intensity across

the horizontal direction only. It must be noted that the raster scanning is programmed

to run horizontal line scans and increment the vertical position after the end of each

horizontal line as depicted in Fig. 4.7, hence the vertical component of the image re-

Sample grid

o
b

je
ct

iv
e

Raster scan scheme

Figure 4.7: - Raster scanning scheme employed, the sample is split into a square grid and
the objective moves to the start position to perform collection/excitation on the designated
area defined by the spot size. The objective moves across the sample and collects in one
horizontal direction only, before moving to the next horizontal line vertically above. The
image is built up by integrating the intensity at each grid point and reforming the image
in software

quires a much longer time to accumulate. In fact, the image shown in Fig. 4.6 took 20

minutes to acquire. During this time, any slow drift in the system will appear to distort

the image in the vertical direction. The bands across the image are also an artefact

of time dependent experimental conditions, in this case the temperature of the CCD.

The CCD, despite being cooled, is still subject to room temperature change: as the

room gets warmer, background counts increase. This periodic temperature fluctuation

is clearly recorded here and was finally found to be due to the air-conditioning system

in the laboratory.
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The slight asymmetry in the shape of the intensity profile is analysed in 4.6 b) and

c). Intensity data from the dashed lines are taken fitted with a Gaussian in the graphs

shown. The horizontal slice gives a better fitting and a width of ∼ 0.8µm, with the

vertical slice giving a width of ∼ 1µm. From 4.6 b), it can be seen that the fitting points

slightly deviate from the fit towards the 3µm position. A gradual stretch is probably

due to drift over time, as each point is probably taken about 1 minute apart. However,

overall the intensity profile shows that the laser spot or collection size is in fact only

about ∼ 0.6µm2 in area. This is an important characterisation, and must be taken

into account and is used as a reference for the rest of the thesis. The components of the

confocal microscope can be critically tuned to be diffraction limited by increasing the

focal length of the collimator lens after the pinhole in the in the excitation arm. Also,

the collection focal volume can be tuned to the limit of diffraction by using the same

set of lenses and pinholes as in the excitation pathway in front of the spectrometer.

4.4.3 Resolving polarisation

Further modifications to the micro-PL apparatus to allow for the detection of polarisa-

tion of luminescence were performed. Polarisation sensitive measurements applied to

micro-PL can be a very powerful tool in characterising nanostructures such as quan-

tum dots where line splitting can be resolved by its polarised emission (45, 104, 105,

106, 107, 108). During the course of the experiments for this thesis, there have been

continuous efforts to modify the micro-PL stage to enable polarisation studies. A brief

account of the fundamentals are given below for reference to future polarisation related
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work that will be carried out. The electric field can be written into linear orthonormal

basis, X and Y. Circular polarisation can be viewed as the phase difference between

the two basis. The Jones vector is a convenient way to view polarised light, writing the

electric field as a vector we have:

(
EX(t)
EY (t)

)
=

(
EXe

iφX

EY e
iφY

)
ei(kZ−ωt) (4.6)

Where φ is the retardation or increase in phase for a normalised amplitude. Hence

linear polarised light along the X and Y directions can be represented as vectors:

(
1
0

)
and

(
0
1

)
(4.7)

circular polarised light is simply a difference in phase of φ = π/2, thus the corresponding

Jones vector for the right handed and left handed circular polarised light is:

1√
2

(
1
i

)
and

1√
2

(
i
1

)
(4.8)

Optical elements can be represented by a set of transformation matrices called the

Jones matrices. A list of common elements is found in table 4.2.

Considering a simple case: For a simple linear polariser in the X direction placed

in the beam path of a polarised beam in the X direction, the output can be calculated

by:

(
1 0
0 0

)(
EX
0

)
=

(
EX
0

)
(4.9)

The solution is trivial, the Jones vector remains unchanged. When we turn the polariser
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Optical element Jones Matrix

H. Polariser

(
1 0
0 0

)

V. Polariser

(
0 0
0 1

)

linear at +45◦ 1
2

(
1 1
1 1

)

linear at −45◦ 1
2

(
1 −1
−1 1

)

Quarter wave plate eiπ/4
(

1 0
0 −i

)

Table 4.2: List of Jones matrix of typical optical elements (97)

90◦, we have:

(
0 0
0 1

)(
EX
0

)
=

(
0
0

)
(4.10)

Hence linear polarised light can be detected simply by using a linear polariser in the

beam path in front of a detector and rotating through 0 to 90◦: the result should give a

sinusoidal signal with polariser angle. For circular polarised light, a quarter waveplate

can be used. It can be shown using the Jones matrices that the resultant light will be

linear polarised 45◦ to the X axis as shown below:

eiπ/4
(

1 0
0 i

)
1√
2

(
EX

EY e
iπ/2

)
=

1√
2

(
EX
−EY

)
(4.11)

The linear polarised light can then be used in the measured ±45◦ position to measure

the left and right handedness of the circular polarised light.
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4.4 Time integrated photoluminescence spectroscopy

In our case, we need not only to be able to obtain the intensity of the different

basis of polarisation but also spectral information. Since the Andor spectrometer uses

a reflection grating which is polarisation sensitive, additional elements must be added

to compensate for this added complication as shown in Fig. 4.8 To analyse the signal,

λ/2 waveplateGlan 
Thompson

Sample
Entrance slit

Spectrometer

Signal After analyser
linearly polarised

Waveplate 
rotating polarised
light

Spectrometer
most sensitive 
polarisation

Figure 4.8: - Schematic of linear polarisation analyser employed in the micro-PL setup.
PL is collected and analysed through a rotating Glan Thompson analyser. The polarised
light output is then passed through a half wave plate to rotate (polarisation vector) signal
through to an axis for which our spectrometer has a maximum sensitivity.

a Glan Thompson linear polariser is rotated along the beam path (rotating analyser)

and passed to a rotating half wave plate which corrects for the detector’s polarisation

dependence by rotating the plane of linear polarisation from the analyser angle to the

optical axis in which the spectrometer is most sensitive.

By adding in a quarter wave plate, and using the scheme described above, circular

analysis is also possible. It is straight forward to determine whether the signal is com-

pletely linearly polarised or not, but in practice it is rare to have a fully polarised signal.

Unpolarised and partially polarised light need to be taken into account but these re-

quire a more generalised form of vector analysis. The following section serves to outline
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4.4 Time integrated photoluminescence spectroscopy

some theoretical background of polarimetry analysis. The experimental technique has

yet to be fully implemented and is still under development stages.

Analysis of the polarisation information requires a deeper understanding of the

data obtained by polarimetry. Stokes vectors provide an alternative representation of

polarisation, spanning the space of unpolarised, partially polarised and fully polarised

light. The basis of the Stokes vector were chosen for its ease in measurement. It is

defined by:


S0

S1

S2

S3

 =


IX + IY
IX − IY

I+45◦ + I−45◦

IL + IR

 (4.12)

where IX and IY are the normalised intensities in the X and Y polarisation directions.

I+45◦ and I−45◦ are the intensities linear to the +/ − 45◦ directions, while IL and IR

are the left and right hand polarised light intensities. I is proportional to the product

of the Jones vectors in equation 4.8 with its Hermitian adjoint. By definition, the

representation can be directly measured and the axes are all defined by the apparatus.

S0 is obtained by measuring the intensity of light through a filter which passes half

the incident light. S1 is obtained by taking the intensity difference of the light passing

through a linear polariser aligned to an axis X and of the same beam of light passing a

linear polariser aligned to the Y axis, defined to be orthogonal to X. S2 is the same, but

the polarisers are now 45◦ rotated relative to the set used in obtaining S1. Similarly

S3 is obtained by measuring the difference of the intensity of the circular polarisation

in the right handed direction to that of the left handed direction. The Stokes vector
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obtained can then be analysed, and parameters such as the azimuth, ellipticity angles

and degree of polarisation can be extracted.

This section lays down some of the theory behind building a polarisation detection

add-on, to enable a more in depth analysis of the properties of light emitted from

our samples. The full Stokes vector analysis provides all the information contained

in the X-Y direction of light in the imaging plane. Partially polarised light can be

analysed and represented graphically on a Poincaré sphere surface, enabling the ability

to look at properties such as de-coherence, the reader is directed to references (109, 110)

for further reading. The above scheme would be an exciting addition to the current

apparatus, expanding measurement capabilities.

4.4.4 Reflectivity measurements

Micro-reflectivity measurements were carried out using a 12 V 100 W tungsten light

source. As with Fig. 4.4, light from the lamp is passed through a pin-hole and relay

imaged onto the sample. The 36× achromatic UV-VIS reflecting microscope objective

is used to provide the incident light. Collection of reflected light is through the same

objective as depicted in Fig. 4.3. Broadband optics are used since the tungsten lamp

is capable of producing near-UV light. The reflected light off the sample is analysed

with the spectrometer. In order to normalise the signal to obtain the real reflectivity,

a near perfect reflector (aluminium in our case) needs to be measured under the same

experimental conditions. The two sets of data can then be combined to remove the

system dependent factors.
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4.5 Time resolved photoluminescence

4.5 Time resolved photoluminescence

As the name suggests, time resolved PL is a technique for obtaining information on the

temporal evolution of the luminescence. In Fig. 4.3, the PC, PMT and Sync Photodiode

on the left of the diagram form the time resolved arrangement used in this work. A

small fraction of the pulsed Ti:sapphire laser beam is sent to a fast photodiode which

generates a timing clocking signal to the computer from the laser pulse repetition rate.

As described previously in the time-integrated PL section, the PL from the sample is

dispersed by the spectrometer grating. As opposed to using the CCD a mirror can be

flipped in place to divert the dispersed PL onto a second exit slit on the side of the

spectrometer. The slit acts as a spectral filter with the same resolution as calculated

by equation 4.4. The exit slit is controlled by a stepless micrometer manually and is

typically set at 50−150µm. Spectral resolution is therefore at a cost of signal intensity.

The selected wavelength to be measured is collected by a photomultiplier tube (PMT)

and sent to a time correlated photon counting system.

In this work, a high speed PMT made by Becker and Hickl (PMH-100-0) is used.

It has a large collection area (few mm) and a modest instrument response time of

150ps (111). The detection wavelength range covers the visible spectrum optimised

for 300-650 nm. The fast photodiode used is the Becker and Hickl PHD-400-N and is

optimised for 800 nm detection.
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4.5 Time resolved photoluminescence

4.5.1 Time correlated single photon counting

Time correlated single photon counting (TCSPC) is used to perform the time resolved

PL measurements. The basic working principle of TCSPC is the measurement of de-

lay time of a single photon signal arriving at the PMT compared to the sync signal

generated by the fast photodiode. A histogram of the delay times of each detected

photon is built up over 1024 channels. The corresponding decay curve is generated by

this histogram. A graphical description of this is shown in Fig. 4.9. It is important

1st photon
2nd photon

Nth photon

Decay histogram

Time

Figure 4.9: - Diagram of the measurement principle of TCSPC, histogram is created by
individual photon signals binned to its delay time from timing pulse

that the intensity on the PMT is kept low enough, such that the probability of a single

photon detection from each pulse is much less than one. Typically, the detection count

rate will be set to around 1000 to 10000 counts per second by adjusting the slit width

or using neutral density filters.
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4.5 Time resolved photoluminescence

The signal measured is a convolution of the instrument response function (IRF,

measured to be ∼ 135 ps in our setup) with the real signal. It is necessary to perform

deconvolution to the signal (or re-convolution of a fitted exponential decay with the

measured IRF) when the measured decay time is close to the system’s response time.
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5

Spectroscopy of InGaN nanorod

array LED fabricated on a wafer

scale

5.1 GaN nanorods

GaN nanorod investigations began in the late 1990s with pioneering research focussing

on self-organised growth of GaN nanorods by molecular beam epitaxy (MBE) (86, 112).

The research initiated interesting studies in the semiconductor physics on scaling down

of devices (37). This led to the successful demonstration of an InGaN/GaN quantum

disk nanocolumn LED (31). However, for solid state lighting applications, a regular

array of GaN vertically aligned nanorods provides significant benefits for device pro-

cessing. Homogeneity in height is necessary, as it lends itself to more straightforward
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methods to contact the nanorods with electrodes as well as further device processing.

With these goals, the nanorod LED research community has fixated upon selective

area growth techniques which can be utilised in fabricating controlled regular arrange-

ments of nanorods. In 2009, Kishino et al. reported highly uniform arrays of GaN

nanocolumns fabricated using selected area growth and rf-MBE (87). Subsequent work

after the breakthrough in these high quality nanorod arrays demonstrated the multi-

tude of possible devices that can be realised with nanorod LEDs. Two dimensional light

confinement was confirmed with nanorod photonic crystals made in this manner (48).

Furthermore, green stimulated emission was reported by the same type of nanorods

(113) and recently, near infrared LEDs have been demonstrated operating at 1.46µm

(21).

Although grown nanorods have shown a promising future for new generation ultra

efficient artificial lighting, a top down etched approach can have significant advantages

over the bottom-up approach in nanorod fabrication. In particular, the ability to

fabricate arbitrary structures over well controlled arbitrary positions with homogeneous

heights on well-established, highly commercialised, and high fabrication throughput

c-plane GaN wafers. Furthermore, artificially controlling the diameter of an etched

InGaN quantum disk in nanorods is speculated to be a highly effective method to

enhance emission efficiency in higher indium content LEDs as described by Kawakami

et al. (20, 114).

There are many schemes for fabricating nanorods from the top down. More indus-

trial oriented methods for mass nanorod LED manufacturing commonly involve an etch
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mask fabrication and a dry etching routine (115, 116, 117). Nanoimprint lithography

provides an inexpensive, high throughput and high precision method to fabricate etch

masks.

5.2 Surface effects on InGaN

The free surface around the nanorods are what gives the nanorod many of its unique

properties. Understanding how this free surface affects the recombination mechanics

allows us to harness the advantages of the nanostructured LED to increase the light

output of these devices. As the diameters of nanorods decrease, surface effects from

the sidewalls of nanorods become more and more apparent.

5.2.1 Strain relaxation

As explained in the previous chapters, strain has been one of the problems plaguing the

III-nitrides devices and in terms of LEDs, generally considered a nuisance. Free surfaces

on the sidewalls of nanorods can relax the strain in the GaN based structures. Both

grown and top down etched nanostructures have reported decreases of strain (19, 20,

33, 37, 101, 113, 115, 116, 118, 119) . A truncation of the GaN crystal perpendicular

to the [0001] growth direction allows the strained GaN lattice sites to relax at the

boundaries of the discontinuity. The compressive strain inherent within the GaN lattice

for samples grown on sapphire can relax at these areas. Hence the side walls of any

c-plane GaN crystal are typically strain free. This effect is indeed very small even if

the artificially fabricated features are on the micron scale. However, downscaling these
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features increases the free surface to emitter area ratio dramatically.

Nanorods which are grown typically have very high crystalline quality due to the

strain being relaxed along the length of the nanorod as the GaN is formed during

epilayer growth. One scheme to implement the nanorod LED is to embed the active

layer (InGaN QW) within a GaN nanorod. Calculations on the strain distribution on

a 2.5 nm thick In0.1Ga0.9N quantum disk 140 nm in diameter in a GaN nanorod were

performed in our group and published by Holmes et al (33). As expected, the quantum

disk is under compressive strain in the xy-plane (plane of the quantum disk) and under

tensile strain in the z-axis (growth) direction. Strain in the quantum disk plane is

found to vary over 2 orders of magnitude from -1.1% at the centre of the disk to almost

completely relaxed value of -0.05% at the edge of the nanorod (33).

The non-uniform strain distribution results in a corresponding non-uniform piezo-

electric field across the plane of the quantum disk. This heavily reduces the quantum

confined Stark effect and hence reduces the red shift in band edge around the perimeter

of the quantum disk. The carrier separation is lower around the perimeter increasing

the carrier overlap and recombination probability.

Furthermore, the change in strain will directly cause the conduction and valence

bands to bend across the radius of the quantum disk described by deformation potential

theory. A full account of this calculation can be found in Ref. (66). The effect of

deformation will bend the conduction band edge downwards towards the edge of the

quantum disk whereas the valence band edges have a slight upward bend at the very

edge of the quantum disk (35, 120). A consequence of this band bending is that the
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carriers will tend to distribute around the rim of the quantum disk.

5.2.2 Fermi level pinning

One further effect that must be taken into account in nanorod LEDs is Fermi-surface

pinning. An upward or downwards bending in the conduction and valence band edges

can arise due to the pinning of Fermi energy levels on semiconductor interfaces with

surrounding materials.

Free dangling bonds on semiconductor surfaces lead to surface states being formed.

Diffusion of charge from the bulk of the semiconductor to the surface states or vice

versa results in an electron depleted (or accumulated) region near the surface. There

exists a vast density of states on the surface of the semiconductor, proportional to the

number of atoms. Carriers from the valence band fill these surface states to the extent

that its Fermi energy levels coincides with the level where the surface states are filled,

reaching thermal equilibrium and Fermi level is said to be pinned. The resultant change

in Fermi energy relative to the conduction and valence bands causes the bands to bend

into the semiconductor body. The separation between the conduction band minimum

and the surface Fermi level is known as the barrier height ΦB. This barrier can be

positive or negative depending on the position of the surface Fermi level with respect

to the conduction band edge.

In GaN surfaces the Fermi level is pinned within the band gap below the conduction

band minimum and hence there is a electron depletion region beneath the surface (121).

In GaN nanorods, this depletion region is located around the entire surface and thin
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nanorods have been found to exhibit insulator properties at critical diameters below

∼ 80 nm (122, 123). In InN, the surface Fermi level lies far above the conduction band

edge (124), which is also found to be the case for InxGa1−xN, with high In-content

(125). As In-content decreases, Veal et al found that there is a transition of ΦB from

negative to positive with a relation to In-content estimated by the equation:

ΦB = 0.53− 2.1x+ 0.95x2 (5.1)

In the case of a typical In0.2Ga0.8N alloy, the ΦB is positive, corresponding to the Fermi

level lying below the conduction band minimum. Consequently an upwards bending

of the conduction and valence is apparent at the surfaces of the alloy. In the case

of a nanorod with an embedded InGaN quantum disk, the band bending leads to an

inhomogeneous distribution of carriers across the plane of an InGaN quantum disk in a

nanorod. Fig.5.1 shows a possible configuration of carriers due to Fermi level pinning.

5.2.3 Combination of strain relaxation and Fermi level pinning

The effects of side-wall strain relaxation and Fermi surface pinning individually affects

the band structure around the perimeter of the nanorod. A full treatment of the

potential in the quantum disk accounting for the combination of these effects requires

complex calculations which are out of the scope of this thesis. A brief qualitative

description of the carrier distribution in light of the the QCSE, deformation and Fermi

surface pinning will however be outlined by considering the the effects laterally in the
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Figure 5.1: - Effect of Fermi surface pinning on carrier distribution of an InGaN quantum
disk in GaN nanorod. a) Supposed carrier distribution in the quantum disk plane, showing
lateral separation of electrons and holes. b) Band bending of In0.2Ga0.8N quantum disk
due to Fermi surface pinning in nanorods leading to carrier separation

plane of the quantum disk and along the [0001] axis, perpendicular to the quantum

disk plane.

In the plane of the quantum disk, the piezoelectric field reduction tends to confine

carriers in the centre of the nanorod and the deformation tends to confine carriers at

the perimeter. The interplay between the effects therefore depends on the structural

properties of the quantum disk such as the In-content and the thickness. Fermi surface

pinning on the other hand separates the carriers in the plane of the disk.

For thicker quantum disks, the QCSE will be stronger in the centre of the nanorod,

and it is likely to prevail over the deformation potential modifications to the band edge,

whereas thinner quantum disks may favour carriers being confined at the perimeter as

shown by Rivera et al.(126) and Holmes et al. (118). Analysis of higher In-content

quantum disk system shows that electrons may be confined at the perimeter of the
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nanorod and the holes confined to the centre (127). This is summarised in Fig. 5.2

CBE

VBE

laterally confined laterally separated

Plane of 
quatum disk

e-

h+

a) b) c) d)

Figure 5.2: - Possible potential for in-plane directions of InGaN quantum disk. a) and
b) are two confined configurations at the centre and at the perimeter respectively. c)
and d) are the two laterally separated configurations. A graphical depiction of the carrier
distributions on in the plane of the quantum disk is shown below

The side walls of the nanorod have less effect on the strain distribution along the

growth [0001] axis. Hence the strain related band bending is as calculated in sec-

tion 2.4.3. The carrier wavefunctions are spatially separated along the [0001] axis at

either side of the interfaces of the quantum disk.

To date, a quantitative study on the distribution of carriers in relation to structural

composition is still not a well published topic. Work by Bocklin et al., Rivera et al.,

and Holmes et al. all have pointed out that carrier separation due to the surface effects
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are inevitable and must be taken into account when designing nanorod devices.

5.3 Optical Properties of InGaN/GaN Nanorod LED Ar-

rays

5.3.1 Design and fabrication of nanorod arrays

Nanorods were formed on a wafer-scale from a commercially available LED wafer by

nanoimprint lithography. The LED wafer consisted of 6 pairs of 2.5 nm thick In-

GaN/GaN MQW layers. Initially nanorod array templates with a pitch of 450 nm

were fabricated by ICP etching in Cl2 and Ar. The resulting nanorods are of a trun-

cated cone shape shown in Fig. 5.3 a). The nanocones have diameters ∼ 230 nm at the

top, with a base width of ∼ 470 nm. It has been found that ICP etching can introduce

a damaged layer extending up to ∼ 50 nm beneath the etch surface (128). Subsequent

wet etching with KOH was employed to further etch the nanocones in order to remove

this damaged layer. KOH etching was performed at 40◦C and 80◦C to observe the

effects hot KOH has on the nanocone structures. The KOH can create vertical sides

on these structures since it is a facet sensitive etch. Thus this reduces the base width

of the cone shape. The resultant nanorods with different etch paramaters are shown in

Fig 5.3 b)-e)

The nanorod diameter can be controlled using this wet-etching method. Initially,

the KOH removes the ICP etch-damage layer, converting the nanocones into nanorods

shown in Fig. 5.3c). Further etching in the 80◦C solution starts to taper the base of
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the nanorod, showing a difference in etch rate of the n-type GaN as compared to the

top p-type layer. This is shown in Fig. 5.3d). In fact, the nanorods can be etched

even further to produce top heavy p-GaN structures standing freely on thin stems. The

thinnest nanorods fabricated from this same ICP etch batch (pitch of 450 nm, 230 nm

top and 470 nm base) gave a diameter of 50 nm from extensive KOH etching. Table

5.1 shows a summary of the etch time and temperature and corresponding nanorod

diameter. For the more extreme etching conditions, the nanorods are very fragile and

are prone to collapsing. This is shown in Fig. 5.4.

80oC KOH etch

40oC KOH etch

1 min

5 min 30 min

10 min
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Figure 5.3: - Series of SEM images showing the effect of wet-etching on ICP etched
nanorods. a) shows ICP etch only. b) 40◦C for 1 minute, c) 40◦C for 10 minutes. c) 80◦C
for 5 minutes, d) 80◦C for 30 minutes
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500 nm

Figure 5.4: - SEM image of heavily etched samples in KOH. Many nanorods have
collapsed during the etching process

Etching ICP only 1 min
40◦C

10 min
40◦C

5 min
80◦C

30 min
80◦C

Average Di-
ameter

370nm 340nm 320nm 230nm 80nm

Table 5.1: Average diameter of nanorods with etch time and temperature
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5.3.2 Time integrated photoluminescence

The samples were mounted on a crysotat, cooled to 4.2 K and excited with a frequency

tripled Ti:sapphire laser giving 100 fs pulses at 266 nm. A 36× achromatic reflecting

microscope objective was used to focus the laser to a spot of ∼ 1µm in diameter.

This illuminates up to ∼ 10 nanorods simultaneously. The laser power measured in

the excitation beam before the microscope objective is ∼ 30µW, giving an excitation

power density on the sample of ∼ 1.9 kWcm−2.

The time integrated PL spectra at 4.2 K of the difference sized nanorods are shown

in the insert of Fig. 5.5. The PL is centred around ∼ 2.79 eV. There is a variation in

PL spectral shape between the samples which are more heavily etched. The variation

of nano-rod diameter of the QW emission peak energy and intensity per unit emission

area is shown in Fig. 5.5. With the 30min 80◦C, ultra-thin sample aside, there is

a trending blue shift in the QW emission with decreasing nanorod diameter excited

with a constant excitation power of 1.9 kWcm−2. Similar effects have been observed in

nanorod and nanohole structures investigated by Ramesh et al. (32), and are caused

by a reduction in the piezoelectric contribution to the QCSE as the strain in the InGaN

QWs relaxes at the surface of the nanorods.

The PL intensity per unit area is obtained by integrating the intensity of the PL over

the entire MQW emission spectrum and dividing by the active area of the nanorods.

It can be seen that this intensity increases with decreasing size down to the 5min

80◦C sample, together with the increase in peak photon energy. With KOH etching

of 30 minutes, the diameters of the nanorods reach 80 nm. At this diameter, the PL

91



5.3 Optical Properties of InGaN/GaN Nanorod LED Arrays

2 . 6 2 . 8 3 . 0 3 . 2

 

 

Of
fse

t N
orm

alis
ed

 PL
 In

ten
sity

E n e r g y  ( e V )

 3 0 m i n  8 0 C
 5 m i n  8 0 C
 1 0 m i n  4 0 C
 1 m i n  4 0 C
 I C P  e t c h  o n l y

I C P  o n l y 1  m i n  4 0 C 1 0  m i n  4 0 C 5  m i n  8 0 C 3 0  m i n  8 0 C0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

S a m p l e

PL
 In

ten
sity

 pe
r u

nit
 ar

ea
 (A

rb.
 Un

its)

2 . 7 6

2 . 7 8

2 . 8 0

2 . 8 2

2 . 8 4

2 . 8 6

2 . 8 8

2 . 9 0

 Pe
ak

 ce
ntr

e (
eV

)

Figure 5.5: - Variation of PL peak emission energy and the intensity normalised by unit
of emission area at 4.2K of InGaN MQW with different nanorod etch conditions. Insert
shows the PL spectra of the different etch conditions on the nanorods

spectrum is found to change drastically, together with a decrease in intensity per unit

area measured. This is most likely due to fewer nanorods being measured under the

same size laser spot size, owing to copious numbers of collapsed nanorods shown in the

SEM image in Fig. 5.4.

There are a few possible factors contributing to the increase in light output per

unit area. Firstly an increase in electron and hole wavefunction overlap as the QCSE

is reduced due to a reduction in strain on the sidewalls of the nanorod as its diameter

is decreased. Secondly, a reduction in non-radiative recombination could arise when

the nanorod diameter is comparable to the carrier diffusion length (typically 200 - 600

nm for InGaN/GaN (114)). Kawakami et al. describes how controlling the size of
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the nanorods can artificially restrain where the carriers recombine. Fast recombination

may occur at the sidewalls of the nanorod due to the reduced QCSE as mentioned

above. This can produce a radial distribution in carrier radiative lifetime which may

allow carriers to diffuse from the centre of the nanorod radially to recombine closer to

the perimeter (32). The overall effect is thus a reduction in carrier radiative recombi-

nation lifetime. Lastly, waveguiding effects such as lateral light confinement can have

significant impact on the light output. Overall, the results in Fig. 5.5 show definite

changes in carrier recombination on variation of etch conditions of nanorods, which are

potentially advantageous to LED performance.

The spectral shape of the PL also shows changes when the diameter of the nanorod

is etched down. Nanorods of diameter 370-320 nm show similar spectral shapes. At

230 nm diameter, there is a broadening towards the high energy side shown in the insert

of Fig.5.5. The broadening appears as an extra feature in the spectrum on the high

energy side resulting in an asymmetric spectral shape. On further etching, the 80 nm

diameter nanorod shows a dramatic change in both peak photon energy and spectral

width. The narrowing of the spectral width in the heavily etched sample could arise in

two ways.

First of all, the number of nanorods excited under the laser spot is far fewer than

that on the other samples since the thin nanorods are prone to collapsing hence have a

much lower density, shown in Fig 5.4. The majority of the area on the surface of the 30

min 80◦C sample does not actually give any luminescence; this seems to get worse with

time, and can be due to damage from prolonged laser irradiation. The lower sample
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size measured on the 30 min 80◦C nanorods will lead to inaccurate representation of

the entire sample. We must take into account that there are extensive fluctuations in

the potential of InGaN QW both locally and across the wafer. With a small sample

area of one or two nanorods of 80 nm diameter, the peak width can misrepresent the

average, explaining the slightly smaller and unexpectedly red-shifted peak in Fig. 5.5.

Secondly, the surface effects described in the previous section will have a much

stronger influence in the smaller diameter sample. In fact, the free surface circumfer-

ence to emission area ratio increases by a factor of 3 for the 230 nm diameter sample

compared to the 80 nm diameter sample. On one hand, the strain relaxed side walls

can lower the internal electric fields in the QW, leading to a reduction of QCSE giving

a narrower line width as well as a blue shifted peak photon energy. On the other hand,

the deformation potential contribution to the bandgap reduces as strain is relaxed to-

wards the side-walls, red shifting emission. Other effects such as Fermi surface pinning

can alter the band-profiles, lowering the effective band gap and separating carriers lat-

erally across the QW layers as discussed in the previous section. The following work

will be discussing the different effects

5.3.3 Quantum confined stark effect in etched nanorod array LEDs

The intensity of the excitation beam also affects the peak emission energy of the

nanorods. Varying the laser excitation power density varies the carrier density in the

sample. As carrier density increases, free carriers can screen the internal electric field

in the QW, reducing the QCSE. An increase in PL emission photon energy is thus
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usually observed in InGaN QW systems when excitation power density is increased,

and is evident in the presence of QCSE. Fig. 5.6 shows the excitation power density

variation of the PL spectrum from the 370 nm nanorod (ICP only).
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Figure 5.6: - Time integrated PL spectrum of InGaN emission as a function of excitation
power density for 370 nm diameter nanorods. Insert shows MQW emission peak position
with increasing excitation of the spectra shown

The peak position in photon energy is plotted against the excitation power density

in the insert of Fig. 5.6. Peak energy centre positions can be roughly fitted with a

parabolic curve for excitation power densities between 0.1-1.5 kW cm−2. Robinson

et al (129) showed that the electric field holds a quadratic relationship with energy

shift. If we assume that the carrier density is proportional to the carrier field screening

(130), we can infer from the relationship between the excitation power density and peak

emission photon energy, that for this excitation range, the blue-shift is most likely due
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to carrier field screening of the QCSE.

Experiments on PL emission peak photon energy in relation to excitation power

density were carried out systematically on the different nanorod arrays. Fig. 5.7 shows

the change in peak photon energy with increasing excitation power densities over 3

orders of magnitude of the 5 different samples discussed. It can be seen clearly that

there is an upwards shift in the peak photon energy for the entire excitation power

series for decreasing diameters of nanorods apart from the most narrow sample (30 min

80◦C).
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Figure 5.7: - Variation of PL emission peak photon energy with excitation power density
for different nanorod samples

From the logarithmic plot of the shift in energy, we can see that the slope between

0.1-1.5 kW cm−2 between the 4 larger diameter samples (370 nm to 230 nm) are similar,

whereas the thinnest nanorod sample shows little change in peak photon energy as
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the excitation power is varied. As the excitation power is further increased, band tail

state filling appears and becomes the dominant blue-shifting mechanism as described

by Kuokstis et al (130). This can be seen by a logarithmic plot of the change in peak

energy (shift) with excitation power density increase shown in Fig. 5.8. The gradient

of the fitting decreases from 0.5 to a lower value above ∼ 1 kW cm−2.

5.3.4 Assessing relative strain relaxation of the different rods by pho-

toluminesence

By assuming a sheet charge, we can consider the carrier screening effect of the piezo-

electric field to be proportional to the carrier density. The quadratic nature of the

energy shift with internal field as described by Robinson et al (129), Fry et al (131)

and Holmes et al (33) leads to a quadratic relationship between the shift in QW emis-

sion energy with the increase in carrier density. The increase in carrier density (carrier

generation rate), which lessens the effective internal field strength, can be assumed to

be proportional to the increase in excitation power density.

The magnitude of the internal field of each sample can therefore be roughly assessed

relative to each other by looking at the overall absolute peak energy of the different

samples within the limits of the quadratic excitation to peak energy regime shown in

Fig 5.8. It is hence evident that despite having strain relaxed side-walls, the four thicker

nanorods are still under the influence of the QCSE.

There is an overall decrease in the energy shift as diameters decrease summarised

by table 5.2, where the energy shift is taken for the case when the sensitivity of the
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Figure 5.8: - Logarithmic plot of the change in peak energy and excitation power density
in the ICP only sample. The blue shift across the excitation power range consists of two
dominating mechanisms characterised by two rates of increase. The low limit has a slope
of 0.5, which we assign to be due to carrier field screening of the QCSE.

ICP only 1min40◦C 10min40◦C 5min80◦C 30min80◦C

Energy shift ∼ 15 meV ∼ 15 meV ∼ 13 meV ∼ 10 meV N/A

Table 5.2: Blue shift in emission peak energy due to carrier field screening
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log ∆E and log of the increase in excitation power density is quadratic. This is in good

agreement with the assumption that as the surface to emission volume increases, the

strain relaxation induced QCSE reduction from the side-walls of the nanorod has a

larger effect on the overall emission properties.

Further evidence that the blue-shifted emission from the nanorods is due to a re-

duction in QCSE when its diameter is reduced can be found on examination of the

time resolved PL (TRPL) data. Fig. 5.9 shows the time resolved decay trace of four of

the nanorod samples. The data were taken at the photon energy corresponding to the

peak intensity of each of the nanorod spectra. It can be seen clearly that the small-

est diameter nanorod (5 min 80◦C) shows a reduced lifetime compared to the other

nanorods.

The lifetime of the InGaN QW system in nanorods was investigated extensively

previously by Holmes et al (33). The study focussed on the carrier dynamics in quantum

disks and revealed that despite surpressed by strain relaxation, the QCSE has a great

impact on the emission of the nanorods. In particular, QCSE will tend to spatially

separate carriers resulting in increased carrier recombination lifetime. Our initial TRPL

study on wafer-scale fabricated nanorods shown in Fig. 5.9 complements the results

presented in (69). For the smaller diameter nanorod we see a reduction in PL decay

rate, indicating a better carrier wavefunction overlap in the smaller diameter system

as a result of strain relaxation.
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Figure 5.9: - Time resolved PL decay traces of four of the nanorod samples. The smaller
diameter 5 min 80C nanorod sample shows a lower lifetime than the other nanorods

5.4 Evidence of other recombination mechanisms

The peculiar broadened spectral shape from the 5 min 80◦C sample, in the insert of Fig.

5.7, prompts the question of how other physical effects can be affecting the emission

from etched nanorods and what the origins of the broadened emission can be.

5.4.1 Excitation power density revisited

Fig. 5.10 shows contour maps of the PL spectra plotted against excitation power density

with normalised intensity to show the change in spectral shape and position. The

FWHM is drawn on the plots and indicated by a dashed line as a guide to the eye. The

larger samples, ICP only and 5 min 80◦C show a broadening in line width as excitation

power density increases. The smaller diameter sample shows a larger FWHM in the
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Figure 5.10: - Contour maps of the normalised PL spectra with variation of excitation
power density for ICP only, 5 min 80◦C and 30 min 80◦C samples. The dashed lines in the
three plots show the contour of the half maximum (50%).

emission energy than the larger diameter sample. For the 30 min 80◦C sample, there is

little broadening observed. The FWHM lines are almost parallel across the graph. On

close examination of Fig. 5.10a) the low energy side of the normalised spectrum blue-

shifts first followed by the broadening of the spectrum from ∼ 0.6 kW cm−2. The 5 min

80◦C sample in contrast, does not exhibit such a blue shift of the FWHM line on the

low energy side. In a similar manner to the smallest diameter sample, the low energy

side of the FWHM line remains straight across the excitation range. Broadening and

blue shift occurs due to an asymmetric growth of the high energy side of the emission

peak only.

This peculiar behaviour indicates that as the surface to emission volume ratio in-

creases, there could be an additional emission path contributing to the broadening of

the spectrum. This contribution does not undergo the usual blue shift exhibited by the

larger nanorod, as shown in Fig. 5.10 a), suggesting that its emission mechanism is

not greatly affected by the free carrier screening of the internal electric field and that
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it can possibly be related to the free surface.

5.4.2 Localisation in nanorods

An S-shaped change in peak photon energy with temperature has been associated with

localisation, first reported in InGaN/GaN QWs by Cho et al. Cho conducted a tem-

perature dependent PL experiment and discovered a blue shift in peak emission energy

followed by the conventional red shift according to the Varshni equation with the in-

crease of sample temperature from 5K to 300K (80). This behaviour has been attributed

to localisation in the InGaN QW due to potential fluctuations and is generally a well

established and widely accepted phenomenon.

A temperature dependent study was carried out on sample 5 min 80◦C to investigate

the surface relaxation effect which is speculated to result in the small feature on the

high energy side of its TIPL spectrum. Fig. 5.11 shows a compilation of the PL spectra

taken at varying temperatures excited at 0.13 kW cm−2 laser power. The PL spectra

of the InGaN QW can be seen as having a main low energy peak with a high energy

shoulder. As the sample temperature is risen from 4.2 K to 300 K, a clear distinction

can be seen between the two peaks as the intensity of the high energy side and the

low energy side reaches a similar height. The overall effect from 4 K to 180 K is that

the distribution of the emission shifts to a higher energy due to the intensity change

between the peaks. Subsequent temperature increase causes band gap shrinkage due

to lattice thermal expansion. A red-shift is thus observed as the sample temperature

is increased to room temperature.
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Figure 5.12: - Fitting of two peaks to the PL spectrum with varying temperature. a)
shows the peak energies of the two fitted peaks. Peak A is the lower energy fitted peak
and Peak B is the higher energy fitted peak. b) shows the intensity contribution ratios of
the higher energy peak to the total integrated PL intensity.
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Fig. 5.12 shows the results of fitting two Lorentzian peaks to the PL spectral series.

The double-peak fits very well with the PL spectrum throughout the temperature range.

Fig. 5.12 a) shows the centre positions of the two fitted peaks. The lower energy peak

(A) in red is shows a very slight blue shift followed by a red shift due to band gap

shrinkage. The higher energy fitted peak (B) in blue shows a relatively stable peak

energy as temperature rises from 4K to 200K. There is noticeable shift of B as the

sample approaches room temperature. The two lines in Fig. 5.12 a) are plotted on

the same scale. Hence the energy difference between the two peak has an increasing

separation in energy from ∼ 160K to 300K. The intensity ratio of peak B with respect

to the total integrated intensity (A+B) is shown in Fig. 5.12 b). As temperature rises,

from 4K to 60K, the intensity of the higher energy peak dominates the PL spectrum

and as temperature rises to room temperature, the intensity ratios for the two peaks

becomes 1:1.

By normalising the spectral intensity for each individual temperature, contours

of the normalised PL intensity are plotted in Fig. 5.13 a), showing very clearly the

evolution of the PL spectrum following an “S-shape” shift. The broadening is shown

as a contour line along the half maximum of the main peak, denoted by the dashed

line in the figure. Broadening first occurs on the high energy side of the spectrum as

temperature is raised to 100K before the whole spectrum is red shifted due to lattice

thermal expansion.

Time resolved PL measurements were taken at three different photon energies

throughout the temperature dependence investigations. Three different photon en-
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Figure 5.13: - Normalised intensity contour plots of time integrated and time resolved PL
spectra with variation of temperature. a)Normalised PL intensity spectrum plotted with
temperature showing broadening and an “S-Shape” shift in peak energy. Time resolved PL
with normalised intensity at each temperature variation at photon energies of b) 2.81eV,
c) 2.75eV, and d) 2,77eV are plotted with time after excitation pulse. These three photon
energies are displayed by the three bars in a) as a guide to the eye.
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ergies were examined, 2.75 eV, 2.77 eV, and 2.81 eV. 2.77 eV, and 2.81eV correspond to

the approximate energies of peak A and B in Fig. 5.12. The positions of these energies

with respect to the TIPL spectrum are indicated by the red bars in Fig. 5.13 a). Con-

tour plots of the TRPL taken at the three photon energies with intensities normalised at

each temperature and stacked by time after excitation are shown in Fig. 5.13 b) c) and

d). At the two lower energies, the temperature time resolved behaviour is comparable

to that investigated by Holmes et al. on InGaN Quantum disks in nanorods. There

is a decrease in decay rate as temperature is increased. The black line in the figure

indicates the 1/e contour line. It is worth nothing that the lifetime is non-exponential,

hence the 1/e line is used as a comparison between the three sampled photon energies.

At 2.75 eV and 2.77 eV, as temperature is increased from 4K, the decay rate remains

unchanged (with even a slight increase at the lower temperatures) until ∼ 100K. The

decay rate decreases with further increase in temperature and finally settling at a value

of 1/e = 15 ns. This effect is likely to be due to opening of nonradiative decay paths

at increased temperatures. This is in stark contrast with the TRPL measured on the

higher energy side of the spectrum (peak B) shown in Fig. 5.13 b). The decay rate

here does not vary much with temperature increase though the rate is faster than the

PL from lower energies.

The “S-shape” shift was investigated by Cho et al (80). Cho showed in their InGaN

QW sample that as the temperature increased from 10K to 300K, a series of shifts in

emission energy peak occurs. Time resolved studies provided Cho with clues about

the interplay between radiative and non-radiative recombination alongside localisation
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from band-tail states with temperature variation. Photocarriers excited above bandgap

recombine both at the bandedge and also at lower energy band-tail states, causing a

red-shifted emission at low temperatures. As temperature increases non-radiative re-

combination paths start opening; this gives competition to the energy transfer of car-

riers to band tail localised states, resulting in an apparent blueshift in overall emission

energy as explained in reference (80).

However, we speculate that the emission shift in the nanorod sample due to temper-

ature is of a different nature to that reported by Cho mainly due to two reasons. Firstly,

the 5 min 80◦C sample clearly exhibits a two peak behaviour which experiences separa-

tion and change in intensities as temperature is varied. Secondly, the time resolved data

shows that the decay rate of the high energy peak remains stable at 1/e ∼ 13 − 11 ns

through temperature variation from 4 K to 250 K. Both these observations are different

to the data presented in ref. (80). A possible explanation for the lack of decrease in

decay rate for the high energy peak is due to the fact that the non-radiative recombi-

nation paths are suppressed due to localisation processes that are not present in plane

unprocessed quantum wells. For nanorods, carriers can distribute in the quantum well

unevenly and it is very likely that they can be localised around the periphery of the

nanorod as a result of bandstructure modifications due to the free surface (33). Evi-

dence from cathodoluminescence studies carried out by our collaborators Zhuang et al

do indeed point out that there are two distinct regions in the quantum well of the etched

nanorods emitting different wavelengths of light (132). Zhuang reported emission cen-

tred at 2.82eV for regions close to the surface of the nanorod, decreasing to 2.76eV at

107



5.4 Evidence of other recombination mechanisms

the centre of the nanorod. The high energy emission essentially forms a donut shape

around the periphery of the quantum well in the nanorod. A donut shaped emission

has also been observed by Kawakami et al in much lower energy nanorod array samples

using high resolution fluorescent microscopy (133). In light of the results reported by

Zhuang, we propose that that the two peaks A and B, seen in Fig. 5.12 refers to emis-

sion from spatially separate regions of the nanorods. According to Zhuang’s report,

peak B comes from the periphery of nanorod whereas peak A comes mainly from the

centre.

The PL from the periphery of the nanorod has a small decrease in decay rate as

temperature rises from 4K to 250K as compared to that of the centre of the nanorod.

This observation suggests that carriers recombining at the centre of the nanorod are

more prone to non-radiative recombination that emerges at ∼ 100K. Localisation of

carriers at the periphery of the nanorod may be preventing some carriers from diffusing

into non-radiative traps. This results in lowering of radiative recombination at the lower

energies and hence the high energy peak appearing more dominant causing an apparent

blue-shift in the normalised PL energy from 100K to 230K shown in Fig. 5.13. This

strong localisation can lift the emission efficiency of nanorods at room temperature,

providing a further explanation for the higher intensity per unit area of the etched

nanorods demonstrated in Fig. 5.5.
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5.5 Discovery of QD-like features

Thus far, discussion on the emission at low carrier density limits of the micro-PL ex-

periment have yet to be discussed. With excitation power densities of a few W cm−2,

the PL spectra of nanorods are jagged despite long accumulation times. The jagged

spectra are particularly apparent in samples which are etched heavily. These features

are immediately washed out by the usual broad QW emission as excitation power is

gradually increased. In this section, the emission mechanisms in the low carrier den-

sity regime in etched MQW nanorods are investigated using conventional one-photon

excitation (OPE) and also non-linear two-photon excitation (TPE).

Under OPE, the normalised PL spectra of the smallest diameter sample 30 min

80◦C are shown in Fig. 5.10c). At low power excitation densities below 0.2 kW cm−2,

the spectra show features which are above noise level. This phenomenon occurs across

all the nanorod samples but is particularly pronounced in the narrowest sample. In

this low excitation regime, the PL varies greatly with position. Fig. 5.14 shows a

particular position on the sample where a narrow line in the spectrum can be isolated

from the main emission peak. On the high energy side of the main emission, there is

a narrow line of around 4 meV full width at half maximum. When the laser excitation

power density is increased, the narrow line broadens and eventually merges into the

background at 0.2kW cm−2. Above 0.6 kW cm−2, fine features in the spectrum are no

longer visible, the spectrum is smooth and blue-shift of the emission energy starts to

occur with increasing excitation powers. A similar observation has also been made by
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Kawakami et al (19). However, little was discussed about the peculiarity of the result.

It was thought that the sharp peaks may have come from subband emissions which are

only seen when the nanorod’s PL is examined from the side and not top down. But

this argument is contrary to our observations, since our nanorods are all free standing

and micro-PL is conducted from the top-down.

2 . 6 2 . 8 3 . 0 3 . 2

Of
fse

t  N
orm

alis
ed

 PL
 In

ten
sity

E n e r g y  ( e V )

P o w e r  D e n i s t y
K W  c m - 2

 3 . 8 2 0
 1 . 2 7 3
 0 . 6 3 7
 0 . 3 8 2
 0 . 1 9 1
 0 . 1 1 0
 0 . 0 8 9
 0 . 0 6 4
 0 . 0 3 8
 0 . 0 2 5

Figure 5.14: - Excitation power density dependence spectra from the 30 min 80◦C
sample. One photon above band-gap excitation is varied over 2 orders of magnitude at low
power densities. Clear narrow lines can be seen.

Fig. 5.14 shows a detailed account of the evolution of these narrow emission lines

with increasing excitation power density. Schömig and Gotoh(74) (134) reported small

features in the PL spectrum and argued that the origins of these states are due to
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5.5 Discovery of QD-like features

localisations in the InGaN well layer which can be resolved by high resolution micro-

PL experiments. As more and more photocarriers are generated, they cease to be

trapped in localised centres and recombination occurs over a larger area in the well.

The localised centres are filled resulting in the spectrum gradually becoming smoother

as these narrow line features are saturated. In contrast to the blue-shift of the broad

main QW PL emission, the narrow lines remain at a fixed energy with variation of

excitation power, similar to InGaN quantum dots (QD) (135).

5.5.1 Two-photon excitation studies

Two-photon excitation can be employed to suppress the background quantum well

emission to study the narrow QD-like peaks arising from carrier localisation in the

nanorods as demonstrated on InGaN QDs by Jarjour et al (98). It is necessary to use

a high photon flux to excite the sample due to the two-photon absorption cross section

being very small. Sample 1 min 40◦C with base diameter ∼ 340 nm showed very few

narrow spectral featuers under OPE at 266 nm. Under TPE, spectral linewidths of less

than 1 meV were observed with a highly suppressed background emission. Fig. 5.15 a)

shows an excitation power density dependent study of the emission at ∼2.705 eV at a

sample temperature of 4.3K.

The spectrum at low excitation power density shows an isolated narrow QD-like

peak on a low background. The increase in PL emission with excitation follows an

I ∝ P 2 relationship, indicative of excitonic emission under TPE. As excitation power

increases, the QD-like line shows no energy shift. Instead, the increase in excitation
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Figure 5.15: - Spectra showing a comparison of OPE and TPE on 1min 40C sample.
a) Shows the TPE excitation power dependence results. There is no shift in energy in
increasing excitation density for the narrow QW-like peak at 2.705 eV. b) Shows spectra
for two-excitation power densities with a 266 nm laser OPE. The spectrum for 0.013 kW
cm−2 excitation density has resolvable narrow features. For excitation density of 0.509 kW
cm−2, the peak has smoothed out.
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5.5 Discovery of QD-like features

power leads to the formation of new discrete peaks at the high energy side of the studied

peak. The intensities of these higher energy peaks become increasingly pronounced.

At 14 MW cm−2, the high energy peaks are of a similar intensity as the studied QD-

like peak 2.705eV. Integration of these higher energy peaks which emerge with higher

excitation density may be a contributing factor to the overall observed blue shift in the

OPE PL when carrier density is increased.

Fig. 5.15 b) shows the OPE spectra for the 1 min 40◦C sample at two excitation

power densities. For the low excitation density, small features can clearly be seen within

the main emission band. At 0.5 kW cm−2 excitation density, these features disappear

to give a smoother emission band accompanied by a small blue-shift. The excitation

density at which this shift occurs is approximately at the level where we would expect to

begin to observe blue-shift due to piezoelectric field screening in InGaN QW samples. In

light of the findings from TPE, we are lead to believe that as carrier density increases,

higher energy localised states are filled. The resultant overall population of carriers

moves towards a higher energy resulting in a blue-shift which is in addition to the

carrier field screening of the QCSE.

The origins of these narrow QD-like peaks raise a considerable number of ques-

tions. Suggestions include charge-carrier localisation from QW thickness variations

and composition fluctuations, carrier localisation due to strain relaxation, and Fermi-

level pinning on the side walls of the nanorods. Furthermore, since the micro-PL area

covers more than 10 nanorods, each with MQWs, the peaks could arise from individual

QWs in the MQW structure. As excitation power increases, a wider area is excited due
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5.5 Discovery of QD-like features

to laser scatter. It is therefore possible that the rise of the higher energy peaks in Fig.

5.15 is due to excitation of additional nanorods.

A spatially dependent study of the sharp peak was performed by carrying out a

raster scan and integrating 3 meV around the sharp emission line, shown in Fig. 5.16

b). The spot of the emission centre corresponds to the effective laser spot size for

TPE, and hence is resolution limited. It can be seen that the studied peak is well

isolated showing no emission in the 3 meV window over the 10µm−2 scan, covering

up to 70 nanorods. It is therefore unlikely that this QD-like peak originates from

individual QWs in the nanorods, taking into account number of nanorods sampled.

Temperature dependent studies were carried out on this QD-like peak. A scanning and

remapping method was used to trace the position of the peak as temperature varied

using a constant TPE power density of 2.5 MW cm−2

Fig. 5.16 a) summarises the temperature dependent study at the same 2.705 eV

emission peak. The temperature is gradually increased from 4.3 K. The signal of the

peak is clearly detectable to 25 K. Beyond 25 K, spectral broadening and intensity

decrease causes the investigated peak to be indistinguishable from background. No re-

solvable shift of emission energy can be seen in this temperature range. The linewidth

broadening occurs asymmetrically towards the low energy side. Similar QD-like nar-

row peaks was studied by Schömig et al., and it was thought that these peaks were

localised states caused by indium fluctuations in planar 2-D InGaN/GaN QWs. Tem-

perature studies conducted by Schömig found pronounced blue-shifts of > 15 meV

when temperatures were raised from 10 K to 20 K (74). It was suggested that this
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5.6 Final remarks

Figure 5.16: - a) Spectra showing the temperature dependence of a narrow QD-like
peak. The QD-like peak starts to disappear at around 25 K. b) Spatial map of the studied
QD-like peak showing a resolution limited spot.

observed blue-shift was due to temperature dependent screening of the internal electric

field. There is however, no evidence of this temperature related field screening in our

nanorod sample, questioning whether the origins of the peaks found in our sample are

similar to those reported by Schömig.

5.6 Final remarks

Micro-PL with OPE and TPE was used to study carrier localisation in nanorod LED

arrays made from top down processing of a commercial wafer. Narrow QD-like peaks

with undetermined origins were discovered. Results using non-linear TPE spectroscopy

are reported. There is no peak energy shift in either temperature or excitation density

dependent TPE studies. This is indicative of carrier localisation.
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5.6 Final remarks

Despite the numerous claims on GaN nanorods or nanocolumns being completely

strain free, our position on this subject remains reserved. Both the work presented

here and previous InGaN nanodiscs embedded in GaN nanorod work performed in

our group (33, 69, 101) have shown that the optical properties may suggest otherwise.

To interpret the unusual results from the optical studies carried out on wafer-scale

fabricated nanorod LEDs, a more simplified system must be designed in order to isolate

a single nanorod which fabricated in the same way in order to study, in isolation, from

the top down, which leads to the work presented in the next chapter.

Recently, work on the fabrication of ICP etched nanopillars containing InGaN QDs

has been carried out by our collaborators in Harvard University. In these samples,

a higher than expected density of sharp peaks were observed under micro PL. It is

believed that these observation are related to the etching induced localisations examined

in this thesis.
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6

Optical studies of single nanorod

LEDs

Optical studies of nanorod LEDs are continued in this chapter. In the previous chapter,

we saw that etched nanorod arrays gave rise to some interesting results. It is necessary

to isolate a single nanorod fabricated using identical methods to be studied from the

top down in order to further effects of downsizing of LEDs by means of ICP etching.

The work detailed in this chapter has been presented in UKNC2012, IWN2012, and

published in references (34, 39).

6.1 Isolating single nanorod LEDs

A simple single quantum well LED structure was used as the base wafer. The reason

for this is to allow us to exclude possible complications arising from multiple quantum
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6.1 Isolating single nanorod LEDs

wells in order to determine the origins of the QD-like peaks discovered in the previous

chapter. The pattern was also designed such that the spacing between individual

nanorods exceeded the laser spot size, making it possible to excite a single nanorod

from the top down. Many previous studies have mechanically exfoliated the nanorods

from their substrate and studied the emission from the side (19, 101). This method of

removal can inflict damage to the nanorods. Whether or not this damage can affect

emission characteristics of the nanorods is not within the scope of the thesis. We

decided instead to isolate the nanorod and study it from the top down to keep the

investigation as simple as possible.

Figure 6.1: - Diagram showing the bespoke LED with a exploded view showing the
different layers. On etching, this results in nanorods with structure shown on the right.

Fig. 6.1 shows the structure of the LED wafer used for processing. The bespoke

wafer was made by OSRAM, and is a functional commercial single QW LED. It consists

of a 2 nm thick single In0.2Ga0.8N QW layer and a 20 nm AlGaN electron blocking layer

grown on top of 4µm of GaN on a conventional sapphire substrate and capped with
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6.2 Single QW LED initial optical characterisations

500 nm of p-doped GaN. Nanoimprint lithography was again used to define regular

patterns on the surface of the LED and nickel etch masks deposited, under which the

nanorods would be created. ICP was used to etch through the surface of the sample to

reach the GaN layer with a diameter to etch depth aspect ratio of ∼ 1:3.

The spacings of the nanorod array were designed such that only one nanorod would

be illuminated under the laser spot. It was also necessary to resolve these individual

rods by optical microscope. A pitch of 2 µm was therefore selected with diameters of

∼400 nm. Fig. 6.2 shows a few SEM images of the nanorod array. An unprocessed

wafer with an equivalent structure was also used as a control sample to compare the

etching effects. However, since the processing is on a wafer scale and there is not only a

degree of variation between manufactured wafers, but also variation across the surface

of individual wafers, there exists a certain amount of variation in emission properties

such as intensity and emission wavelength as a result.

6.2 Single QW LED initial optical characterisations

A high NA(0.7) objective was used to avoid excitation and collection of PL from more

than one nanorod. The glass objective also proved to be much easier to align than

the reflecting objectives used for UV excitation. A reflectivity study was carried out

to give a brief assessment of the optical properties of the unprocessed SQW sample.

under visible light excitation.

Fig. 6.3 shows the reflectivity spectrum of the SQW unprocessed sample superim-

posed with a corresponding PL spectrum. The reflectivity is taken using the method
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6.2 Single QW LED initial optical characterisations

5 µm

10 µm

1µm

Figure 6.2: - Top shows a side view SEM image of the fabricated nanorods. Bottom
SEM shows the nanorod array with an hexagonal pattern. Insert is an SEM showing a
wider field of view of the nanorods.
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6.2 Single QW LED initial optical characterisations
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Figure 6.3: - Reflection spectrum normalised with aluminium mirror superimposed on
top of the PL spectrum of the SQW unprocessed LED.
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6.2 Single QW LED initial optical characterisations

described in section 4.4.4 and the spatial resolution is in the order of a few microns. De-

spite the study being very localised, the sample shows a similar characteristic in several

randomly selected locations. The raw spectrum was normalised with a plain uncoated

aluminium mirror, assuming a close to 100% flat band reflection of aluminium between

370 nm and 500 nm. The measurements give a close approximation of the reflectivity,

since absolute reflectivity of the aluminium has not been recorded. Fringes are seen

across the reflectivity spectrum corresponding to the optical modes between the sample

substrate and surface interfaces, varying slightly across the wafer. The normalised PL

intensity of the same sample within 1 mm vicinity of the reflection measurements is

shown overlaid on the figure. The spot is excited with a 405 nm CW laser at very low

excitation powers using a visible spectrum, 100× 0.7 NA objective. The laser is able

to excite the sample to give the QW luminescence, and hence in the following studies,

the visible violet lasers are used as opposed to the tripled UV laser due to the smaller

spot size and ease of alignment. Two shoulders can be seen approximately 30 meV on

the high energy (low wavelength) side, and 30 meV lower in energy to the main PL

spectrum. The periodicity in energy of the shoulders with the main peak coincides

with that of the reflectivity spectrum. Concluding from this, the shoulders and the

asymmetry in the PL spectrum are photonic effects modulated over the real PL rather

than real luminescence properties.

Although the absorption behaviour of the sample requires knowledge of the trans-

mission spectrum, the reflectivity spectra gives us an idea of the absorption edge, albeit

only in a very general sense. There is a dip in the reflectivity spectrum at approxi-
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6.3 Initial optical studies on a single nanoLED

mately 3.08 eV (403 nm), which is situated close to where we would expect the InGaN

absorption to lie. Assuming that the detected reflectivity drop at 3.08 eV is due to the

absorption edge, the Stokes shift is thus ∼ 200 meV, typical of InGaN QW (81). In

addition, the contrast of the fringes in the reflectivity decreases at high energies. The

presence of these fringes is due to interfering reflected light from multiple surfaces of

the sample. A decrease in contrast indicates an increased absorption, leading to a lower

intensity of internal reflection. This is expected as the absorption of the InGaN QWs

is found to increase rapidly above 3.2 eV (136) . The increase in noise level is due to

the intensity drop of the white light spectrum at higher photon energies.

6.3 Initial optical studies on a single nanoLED

Spatially resolved time integrated micro-PL was performed on the sample by exciting

into the InGaN bandgap with a continuous wave solid state laser emitting at 405 nm.

The laser was focussed to a spot size of 0.8µm2 using a 100× 0.7 NA visible objective

(Mitutoyo M Plan Apo). The entrance slit to the spectrograph was kept at 25 µm and

the luminescence was dispersed by a 1200 l mm−1 grating. Confocal PL imaging was

performed by undertaking a raster scan using the piezo controlled microscope objective.

Fig. 6.4 shows a far field microscope image of a single nanorod under emission at

room temperature. A nanorod is targeted with a the laser spot, and reflected laser is

filtered out by a dichroic mirror in addition to a sharp edge filter. The far-field image is

in real colour and is captured by a commercial colour CCD camera. The directly excited
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Figure 6.4: - Combined microscope images overlayed: Left Far-field PL image exciting
a single nanorod and capturing the true colour image showing neighbouring nanorods
excited due to scatter. Centre SEM image showing exact dimensions of the nanorods.
Right Confocal microscope PL image made by raster scanning. Scale bar is shown in the
corner

nanorod can be seen clearly as the brightest spot in the left of the figure. Adjacent

nanorods can also be seen emitting weakly due to laser scatter. As a comparison

between the the imaging methods, the far-field PL image is overlaid together with a

scanning confocal image on top of the SEM. The right side of Fig. 6.4 shows a spatial

map created by integrating the PL intensity from each step of a raster scan made on

the sample in the confocal configuration. The PL is spatially filtered such that only

luminescence from the confocal volume is collected by the CCD. It is clear from the

image that there is negligible luminescence coming from the spacing between nanorods.

The intensity contrast ratio between the nanorods and the surrounding space is up to

200:1.

There does however exist a certain degree a variation in intensity from rod to rod,

albeit within a factor of 2 of each other. Fig. 6.5 shows a clearer PL intensity map with

contours indicating intensity levels and a indication of the uniformity. A few nanorods
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Figure 6.5: - a) 8 × 12 µm PL map of the nanorod LED array. Normalised integrated
intensity is indicated by the contours. b) PL spectrum of a single nanorod excited at 0.5
kW cm−2 at 4.2 K.

shown in Fig. 6.5 a) have degraded emission intensity (circled in the figure) due to

previous laser irradiation damage when power reaches the MW cm−2 regime. A PL

spectrum of a single nanorod at 4.2 K is shown in Fig. 6.5 b). It is excited at 0.5 kW

cm−2 showing a shape similar to the nanorod PL presented in the previous chapter,

centred at ∼ 2.76 eV. The PL emission energy, like the intensity, varies from rod to

rod.

The room temperature PL spectrum from a single nanorod excited at 100 kW cm−2

is shown in Fig. 6.6. The emission is centred at ∼ 2.77 eV broadened by a phonon

replica towards the lower energy side of the main emission peak (130). The variation

of peak energy between different rods forms a statistical mean of 2.81 eV and a rather

large standard deviation of 22 meV. The spatially dependent spread in peak energy is
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Figure 6.6: - Room Temperature PL spectrum of single nanorod (solid line) and of
unprocessed sample (dashed line) excited at 100 kW cm−2

much higher than that of the unprocessed control sample. The big spread in PL peak

energies could be due to surface-irregularity related effects or effects which are related

to the structure of the QW in the wafer. If the QW is uneven, etching small structures

can cause an added degree of disorder as the single well is fragmented into quantum

discs in the nanorods. The room temperature PL spectrum of the unprocessed sample

from an equivalent wafer excited at the same laser power is also plotted in Fig. 6.6. The

spectrum shows 4 to 5 peaks within the broad PL band which are identified as fringes

due to optical resonator effects from the interfaces at the surface and substrate of the

LED (137), these fringes are not present in the nanorod sample due to geometrical

differences in light extraction. Reference (138) reports a detailed study of the modes

associated with this type of nanorod array. The emission is centred at slightly higher

energy than the nanorod; we suspect that this is mainly due to wafer variations as
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6.3 Initial optical studies on a single nanoLED

discussed previously. The unprocessed sample exhibits a higher emission intensity

than the single nanorod in Fig. 6.6. This arises since the emitting LED area under

stimulation is smaller in the nanorod. Normalising the intensity with emission area for

a rough comparison, i.e.,

PL intensity of nanorod

emission area of nanorod
:

PL intensity of unprocessed sample

collection spotsize of unprocessed sample
(6.1)

The ratio obtained is on average ∼ 2 ± 1 at an excitation power density of 100

kW cm−2. Despite being a very rough estimate, this provides us with some additional

information on the extent of actual damage on the nanorods from etching. Since the

normalised intensity with emission area of the nanorod is higher than that of the un-

processed LED, we conclude that the damage caused by etching is not great. Light

guiding effects together with increased recombination efficiency due to strain relaxation

may also be contributing to the observed improvement in efficiency.

2 . 6 5 2 . 7 0 2 . 7 5 2 . 8 0 2 . 8 5 2 . 9 0

1 6 5 0  k W  c m - 2

1 0  k W  c m - 2

1 . 0  k W  c m - 2

 

Of
fse

t N
orm

alis
ed

 PL
 In

ten
sity

E n e r g y  ( e V )
0 . 1 4  k W  c m - 2

Figure 6.7: - Time integrated PL spectra taken from a single nanorod LED at 4.2 K
under laser excitation powers of 0.1, 1, 10, and 1650 kW cm−2.

On increasing the excitation power density at low temperatures (4.2 K), the PL
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6.3 Initial optical studies on a single nanoLED

peak broadens asymmetrically with the majority of the carriers recombining at a higher

energy. However there are major differences which occur pre- and post-etching. Fig.

6.7 shows a plot of the PL spectra of a single nanorod with increasing laser excitation

power. The intensity of the spectra are normalised at each excitation power taken

and the excitation power spans 4 orders of magnitude from 0.1 kW cm −2 to 1000 MW

cm −2. The power dependent PL can be separated roughly into three sections and

subsequently explained by three effects that emerge from the observations similar to the

investigations from the previous chapter 1. At low excitation powers, the PL appears to

be formed from multiple narrow peaks, which shows similarity to the peaks discovered

and probed in section 5.5.1. At excitation power densities of 0.8 to 10 kW cm−2, a

smoother emission peak is formed and broadening to the high energy side occurs. This

broadening is accompanied by a large increase in PL intensity and hence an apparent

blue-shift in observed. On a normalised scale, the apparent shift can be seen as a

high energy biased asymmetric broadening. The PL peak changes in shape drastically,

and flattens out. This wide peak behaviour is found in section 5.4.2 on the prototype

nanorod arrays, attributed to emission from the higher band gap at the side-walls, due

to strain relaxation induced band tilt. Finally at excitation power densities of > 10

kW cm−2 the full width at half maximum (FWHM) linewidth of the emission stays at

1The results presented in Fig. 6.7 and 6.8 are made by excitation using a CW laser. The excitation
power density dependent PL emission is therefore different to that observed using pulsed sources. For
pulsed excitation, after the sample is excited, carriers are generated in the sample and there is a dynamic
decrease in carrier density as the carriers recombine before successive pulses arrive. The dynamical
change is thus recorded and appears as a broadened peak integrated over a full range of internal field
screening magnitudes in time-integrated PL (139). When CW excitation is employed, a constant carrier
density can be maintained in the sample, meaning that the magnitude of the shielding of the internal
field is kept constant in the QW through the time-integrated PL acquisition. The integrated peak will
therefore appear narrower than using a pulsed laser.
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6.3 Initial optical studies on a single nanoLED

∼ 67 meV and does not increase further. This is more clear on a contour plot shown in

Fig. 6.8 a), where the PL normalised PL spectra is plot on a contour map, combined

using approximately 35 data sets.
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Figure 6.8: - Plot showing normalised PL spectral intensity with varying excitation
power density from: a) a single nanorod and b) unprocessed control sample. Contour lines
show 1/e, 50% and 70% intensity levels.

The three stages of PL variation with excitation density in the nanorod shows a

stark difference with that of the plain unprocessed sample shown in Fig. 6.8 b). The

experimental parameters are the same for both samples in the figure. Emission energy

is slightly higher in this sample due to the slight variations between wafers. For the

unprocessed sample the following is observed: between 0 and 0.5 kW cm−2 excitation

range, the quantum well emission spectrum smoothed out with increasing excitation

power density due to an increase in signal to noise ratio. With increasing excitation

power from 1 kW cm−2 to 100 kW−2, there is a blue shift of approximately 20 meV
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6.3 Initial optical studies on a single nanoLED

with an unchanged FWHM of ∼ 50 meV, due to carrier screening of the QCSE under

an increase in carrier density generated by CW laser excitation (140). This is followed

by broadening accompanied by blue shift at excitation powers above 100 kW cm−2,

which can be attributed to filling of band tail states at high carrier densities (130).

In the single nanorods, the PL emission blue-shift and broadening saturates at

10 kW cm−2, whereas in the unprocessed sample, the saturation does not occur in

the excitation power range used. There are two possible reasons for the difference in

saturation behaviour pre- and post-etching. For the unprocessed sample, full saturation

cannot be fully achieved since for a Gaussian beam profile, areas on the edge of the

excitation area are always partially screened. Whereas the reduction in size of the

nanorod smaller than the size of the laser spot means the full active area is excited

with a similar power, leading to difference in saturation behaviour (139). The side-

walls on the nanorods relax the strain in the QW layer, which subsequently reduces the

red-shifted emission due to band tilting (20, 116, 118, 141). Thus, the remaining QW

layer which is strained or partially-strained is much smaller in comparison to the excited

spot in the plane well. As a result, saturation to the blue-shift in emission energy will

occur at much lower carrier densities, or in our case, laser excitation powers. This is

also consistent with the observed change in spectral shape as excitation is increased

from 1kW cm−2, where we see a drastic flattening to the tip of the emission peak.
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6.4 Low excitation power studies

6.4 Low excitation power studies

At low excitation powers, narrow spectral lines with a FWHM of less than 3 meV can

be observed in the single nanorods. Fig. 6.9 shows a plot of 12 different nanorods

at excitation power densities of below 0.1 kW cm−2. There are an average of four

such narrow lines per nanorod, giving a density of ∼ 5 × 109 cm−2. The behaviour of

the forest of narrow peaks echoes closely the previously studied prototype samples in

section 5.5.1. Recalling the previous chapter, various origins of the narrow peaks in the

prototype nanorod arrays were proposed including: Individual quantum disc emission

from the MQW in the nanorod array under the excitation spot, localisation due to

variations in the QW thickness or indium content, as well as surface related effects

were all suspected to be capable of causing the observed narrow peaks. Since multiple

peaks are found at low excitation powers in a single nanrod with a single quantum well,

it rules out that the narrow peaks reported in section 5.5.1 are individual QW emission

from the MQW layers in the nanorod array. We also claim that both the narrow peaks

discovered here and in the prototypes are alike, and arise from actual localisation effects

within the quantum well in the nanorods.

As mentioned in section 5.5, these narrow lines resemble early studies on localised

centres in InGaN/GaN QWs by micro-PL (74). Previous observation of localised states

from QWs was only possible by measuring the emission from a small area of the sam-

ple using holes in a metal mask generated by electron beam lithography and etching,

creating apertures of a 1µm to a few hundred nm in diameter (74). The unprocessed
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6.4 Low excitation power studies
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Figure 6.9: - Normalised PL spectra of 12 different nanorods at low excitation power
densities. Excitation was carried out using a CW 405 nm laser
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6.5 Dynamics of single nanoLEDs

sample however does not exhibit any signs of these localised states with the low exci-

tation powers under time-integrated micro-PL with a sub-micron excitation spot size.

6.5 Dynamics of single nanoLEDs

Time resolved PL studies were carried out on the single nanrods to further examine

the effects of etching on SQW LEDs. A frequency doubled Ti:sapphire laser at 400

nm with 1ps pulses at a repetition rate of 2 MHz was used to excite into the InGaN

bandgap. The optics used to carry out the time resolved PL is identical to that used

in the previous section. Fig. 6.10 shows PL spectra from a single nanorod studied in

Figure 6.10: - TIPL spectra taken from a single nanorod LED at 4.2 K under a laser
excitation power of (a) 55 µW, (b) 5 µW, and (c) 3µW. A single sharp peak is seen in (c)
at 2.785eV.

this section excited at three different excitation powers with the pulsed laser showing

familiar results to when the CW laser is used. No shift is seen in the spectral position of

these sharp peaks with carrier density, showing similarity with InGaN quantum dot-like
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6.5 Dynamics of single nanoLEDs

emission (99). Traces from time-resolved PL studies of a single nanrod LED are shown

in Fig. 6.11, where a comparison is made with emission from the unprocessed SQW

wafer at 2.81 eV excited at the same high excitation power density. The TRPL decay

traces of the InGaN QW are non-exponential for both samples; however, for rough

quantification, we fit the curves using a bi-exponential decay for comparison purposes

as used in reference (19):

I(t) = A1 exp(
−t
τ1

) +A2 exp(
−t
τ2

) (6.2)

The initial fast decay (labelled τ1) is similar for both samples, with the single nanorod

Figure 6.11: - Decay dynamics at 4.2 K of (a) a single nanorod LED and (b) a planar
single quantum well LED both taken at emission photon energy of 2.81 eV

having a slightly shorter lifetime than the unprocessed SQW. This decay time encom-

passes the majority of the carriers recombining. However, for the long time portion of

the decay, τ2, the single nanorod is consistently much longer lived than the unprocessed

sample. In fact, we can see that τ2 is an underestimate of the lifetime in the single

nanorod, as the fitting is far from being ideal. The non-exponential decay is indica-
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6.5 Dynamics of single nanoLEDs

tive of the dynamic nature of the PL emission. The QCSE leads to reduced carrier

wavefunction overlap, resulting in an increased lifetime and a redshift in the transition

energies in InGaN QW epilayers (33)(142)(65). For pulsed laser excitation, the initial

carrier density in the QW screens the QCSE leading to a blue shift in the emission. As

excited carriers recombine, the screening effect decreases. This effect can be directly

observed by combining the TCSPC decays taken at different photon energies. The dy-

namic picture of the emission spectrum of the single nanorod LED evolving with time

is built using this method with a spectral resolution of ∼0.5 nm (3meV) and a temporal

resolution of 0.25 ns. Fig. 6.12 i) shows the time evolution of the PL spectrum of the

single nanorod excited at a laser power of 55 µW. The TRPL is performed on the same

nanorod as with the TIPL spectra shown in Fig. 6.10, and the figure is normalised at

each time interval to make apparent the spectral evolution. During the initial few ns,

the majority of the carriers recombine at energies centred around 2.84eV, partially due

to screening of the QCSE, and also due to excitation into higher energy localisation

states. It can be clearly seen that as photocarriers recombine and decrease in popu-

lation, a gradual red-shift in emission occurs. This effect can largely be due to the

decrease in the screening effect and hence an increase in the magnitude of the QCSE

induced band tilt with time. PL emission stays centred at 2.78 eV at 50 ns after the

excitation, whence the spectrum evolves from a smooth Gaussian-like shape to reveal

sharp features at times over 100 ns after excitation as the carrier density decreases

further. At 200 ns, we find sharp features in the PL spectra at ∼2.78 eV as shown

in the foremost spectrum in Fig. 6.12i). The time-resolved PL from 50 ns to 200 ns
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6.5 Dynamics of single nanoLEDs

period taken at the PL emission energy of 2.78 eV is shown in Fig. 6.12ii). During

this period, the decay of the unprocessed SQW wafer can be approximated by a single

exponential with a straight line fit on the log-plot. The single nanorod on the other

hand experiences a change in decay time at 100ns as indicated by the two straight lines

in Fig. 6.12; coinciding with the formaion of the sharp peaks in Fig 6.12i).
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Figure 6.12: - i) Evolution of PL spectra with time at 4.2 K from a single nanorod
LED under 55 µW excitation power showing a dynamic shift with time. ii) A decay trace
showing a dynamic time-resolved PL at 2.78 eV from (a) a single nanorod and (b) a single
QW unprocessed LED wafer, between 50 and 200 ns after excitation laser pulse

Fig. 6.13 shows a comparison of the low excitation power time-integrated PL spec-

trum with the time-resolved PL spectrum of a single nanorod at 230 ns after the excita-

tion pulse. When superimposed upon the low excitation time-integrated PL spectrum,

the peaks are aligned with surprisingly high accuracy confirming that the sharp peaks

found in the time-integrated are the same peaks as those seen in the time-resolved spec-
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6.5 Dynamics of single nanoLEDs

trum at time segments above 100 ns. Hence, the sharp peaks in the time-integrated PL

in Fig. 6.10 are long lived, and it is thus reasonable to believe that it is such features

which cause the decay dynamics in the single nanrod to have a longer lived tail than

that seen in the unprocessed SQW sample. At very low carrier densities, carriers re-

combine with long lifetimes in non-degenerate states that are populated preferentially.

As carrier density increases, they spill into the SQW layer to recombine and the typical

QW spectral peak emerges and starts to dominate the emission spectrum.

Figure 6.13: - Comparison of (a) the time-integrated PL spectrum of a single nanorod
LED at low excitation power density and (b) the time-resolved PL spectrum of the same
nanorod 230 ns after excitation, taken at 4.2 K.

The origins of sharp peaks in the PL spectrum of InGaN QWs have been well

studied and often attributed to indium localisation (74) (143) (137). However, indium

fluctuations or QW thickness variations in the InGaN epilayer are intrinsic to the

growth of the LED wafer and therefore, we can assume the unprocessed SQW wafer
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6.5 Dynamics of single nanoLEDs

has similar fluctuations in potential in the quantum well to the nanorods. For a 1 µm

illumination and collection spot size, there appears to be no indication in the time-

resolved or time-integrated PL spectra of the SQW of sharp peaks. This is evidence

that the occurrences of such sharp long lived states observed in the single nanorod are

mainly due to surface effects after sample processing.

Depending upon the position of the Fermi level and the charge neutrality level on

the nanorod, the filling of surface states will lead to a charge depletion region close

to the surface. This results in conduction and valence bands bending higher or lower

into the semiconductor. Electrons or holes are, therefore, localised close to surface,

with the recombining counterparts localised near the centre of the rod due to this band

bending (125)(127). Slight variations of surface smoothness may cause fluctuations in

the potential around the perimeter of the nanorod. Combined with the preferential

distribution of carriers near the surface, localisation sites may therefore form at the

side walls of the nanorod. These carriers trapped close to the surface can recombine

with carriers localised in the centre of the nanorod at low carrier densities. With such

a mechanism, there will be a large spatial separation between the recombining carriers,

leading to very long lifetimes associated with this transition. Evidence of gaps forming

in InGaN QW layers causing fragments of QW dispersed laterally has been a suggested

cause for localisation. In addition, fluctuations in well thickness on the nanometre

scale will also give rise to added disorder (12). Etching can cause further fragmenting

of these QWs, producing a smaller average size of these fragments of QW across the

sample.
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6.6 Final remarks

These effects will also give rise to a similar PL spectrum, and it is possible that the

observations are a combination of these. However, the majority of the lifetimes observed

in these localised states are much higher than expected for indium rich clusters emitting

at 450 nm (81). Comparsion of the time-resolved data with that from the equivalent

LED wafer shows that the PL lifetime in the quantum well of the unprocessed sample

is much shorter than that measured for the nanorod, which is a further indication that

the extended lifetimes arise from surface effects as discussed, related to the side-walls

and possible surface roughness in the nanorods.

6.6 Final remarks

Concluding this chapter, we have extensively studied the optical properties of a single

nanorod fabricated employing a mass production method from the top down. The

results reveal that there could be surface trapping at low carrier densities, reducing the

spatial overlap of recombining carriers at low temperatures. These features however

disappear with increasing carrier density. The observation of highly localised states

in InGaN QWs have been well reported over the last 15 years, and it has long been

established that it is these localisations that give the blue LED its brilliance despite the

high dislocation densities. Surface localisation in nano-LEDs has seldom been reported,

though it has been recognised and discussed in literature briefly (120, 127). Reports

of sharp peaks in single nanorod QW LEDs have been made before by Kawakami et

al. (19), owing to the cross-sectional observation configuration in PL gathering, and

not to extra localised states. It is uncertain whether or not that under high power and
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6.6 Final remarks

room temperature operational regimes (such as in commercial lighting applications)

that such localisation of carriers close to the surface will have much effect on light

output. The surface roughness of mass produced nanorods by etching techniques may

therefore not be too important a factor in room temperature lighting applications.

6.6.1 Future work and ideas

From an LED application perspective, the the results reported here may not ultimately

be of much impact. However these results can cause severe difficulties in nanorod

structures used for site-controlled quantum dot systems. Development of etched or

ion-milled InGaN quantum dot wafers are of on-going interest especially in creating

nanorods for light confinement and site-control for single photon sources. In these

systems, typically small excitation powers are used to excite individual quantum dots.

The large modifications to the optical properties of an etched InGaN QW leading to

a quantum dot-like spectrum could potentially be parasitical in system such as ones

prepared in references (144, 145).

Further work has been initiated to investigate if there exist any correlations between

the density of narrow lines to size of nanorods. Larger nanorods have been designed and

plans for the etch masks are to be made using electron beam lithography to investigate

any carrier lifetime difference in the centre and near the edge of the rods. There are

a variety of interesting experiments that can be carried out if a single nanorod can be

contacted, including reverse bias measurements to measure the internal electric field

and also EL experiments.
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7

Semi-polar nano-LED

The internal piezo-electric field in GaN based light emitting devices is widely regarded

as a detrimental effect especially to InGaN/GaN based LEDs emitting close to the

green region of the spectrum. Controlling this material property is a key to achieving

ultra bright, high efficiency devices. Almost all commercially available LEDs are grown

on c-plane sapphire, and InGaN-based LEDs are constructed along the Ga-polar (0001)

direction. InGaN heterostructures in this growth direction are susceptible to strong in-

ternal electric fields induced by spontaneous and piezoelectric polarisation. It has been

demonstrated that the reduction of such an internal electric field by using non-polar

and semi-polar material can lead to a reduced efficiency droop (146, 147). Furthermore,

an improved efficiency of extended photon emission energy into the green band has also

been reported (148, 149, 150). The limited availability of GaN substrates has been a

major setback to the commercial realisation of non-polar and semi-polar devices and

much research has been conducted in growth on foreign substrates. A scheme discussed
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in this chapter is selected area growth (SAG) of semi-polar nano-pyramid devices by

epitaxial layer overgrowth (ELOG) seeded from apertures in a mask made on conven-

tional c-plane sapphire. This technique is capable of producing semi-polar LEDs with

mass production techniques on readily available substrates. Dislocations are thought

to be suppressed since the growth of the pyramids is only “seeded” from individual

small areas of the c-plane GaN surface. There is also an additional advantage of active

surface area increase due to the pyramidal geometry.

GaN nanopyramids were grown by MOVPE on a 100 nm thick SiO2 SAG template

deposited on a GaN layer on a c-plane sapphire substrate. Patterns in the SAG tem-

plate were prepared using nanoimprint lithography and CHF3 plasma etching (151).

Apertures were made in an organised hexagonal array on the SiO2, approximately

300 nm in diameter and separated by 450 nm. The difference in the growth rates of

the {101̄1} planes as compared to the {1000} leads to self-assembly behaviour. A re-

actor temperature of 1100 ◦C and a pressure of 200 mTorr was used in the growth of

our n-GaN nanopyramids. Previous studies show that the sizes of the pyramids are

determined entirely by aperture sizes of the SAG masks and are independent of pitch,

or even symmetry of the aperture array (152). Reactor conditions were altered before

merging of adjacent pyramids and a single InGaN QW layer is grown on the facets at

a temperature of 825 ◦C, followed by growth of an Mg:GaN capping layer at 1070 ◦C

and 100 mTorr. Scanning electron microscopy was used to study the morphology of the

samples, and high spatial resolution cathodoluminescence and micro photoluminescence

were employed to investigate the emission properties.
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7.0.2 Surface morphology

SEM images of the nano-pyramids are shown in Fig. 7.1 and Fig. 7.2 The fig-

Figure 7.1: - Top down SEM image showing nano-pyramids with hexagonal symmetry
amongst a number of asymmetric elongated pyramids

ures clearly show that there is still room for improvement in the uniformity of the

nano-pyramids sizes. The spatial separation is however very uniform, showing good

nanoimprint masking. The diameters of the hexagonal nano-pyramids are approxi-

mately 350 nm and are consistent throughout the sample. The density of the nano-

pyramids is roughly 2 × 109 cm−2, implying that ∼ 50% of the area of the sample is

unused. The facets were grown making an angle of ∼ 62◦ to the sample surface giving

heights of around 310 nm. Therefore, the active layer area is approximately 9% larger

than the surface area of the sample. With further tailoring by reducing the spacing

between nano-pyramids, active area can be further increased. Growth of the nano-
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7.1 Photoluminescence

Figure 7.2: - SEM image taken at an angle from the surface, showing aspect ratio of the
nano-pyramids and surface profile (image taken at University of Bath by P. Shields)

pyramids relied on ELOG employed on the apertures made from SiO2. Residual SiO2

on the GaN surface within the apertures in the growth mask disrupts the growth of

the pyramids. This can lead to the elongated pyramids seen in Fig. 7.2.

7.1 Photoluminescence

Micro-PL studies were conducted on the sample with a frequency doubled, pulsed

picosecond Ti:Sapphire laser excitation source. Carriers are excited directly into the

InGaN, avoiding emission from p-GaN impurities. A 100 × objective was used, giving

a spot size which covers approximately 5 to 10 nano-pyramids. Fig. 7.3 insert shows

the PL spectrum of the nano-pyramids with varying excitation power densities from

0.1 kW cm−2 to ∼ 100 kWcm−2. The shape of the PL spectrum remains the same with

increasing power. Fitting Gaussians to the spectra, a slight blue shift of the peak of
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7.1 Photoluminescence

4.5 meV can be seen. This is comparable to other studies carried out on semi-polar

InGaN QWs where around a 10µeV shift at roughly similar emission wavelengths is

found (153, 154). This shift is also accompanied by a slight broadening and is widely

accepted to be caused by carrier screening of QCSE.
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Figure 7.3: - Room temperature peak energy shift and variation of Gaussian width
with different excitation power densities. Inset shows PL spectra series of normalised PL
intensity for varying excitation powers

The evolution of the PL emission with varying excitation power density at 4.2 K,

shown in Fig. 7.4, behaves very differently to that at room temperature. Although the

population of carriers is largely recombining at higher energies as the density increases,

the evolution does not preserve the shape of the spectrum. The spectrum is not a single

gaussian-like curve, but has multiple shoulders, indicative of a possible inhomogeneous

QW structure. A broadening towards the high energy side of the peak is found on

increase of excitation power density. This broadening is accompanied by a change in

the spectral shape at 0.13 kW cm−2 excitation power, a broad peak is seen ranging from
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7.2 High spatial resolution studies
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Figure 7.4: - 4.2 K PL spectra series of normalised PL intensity with different excitation
power densities. At low excitation a broad flat peak is seen between 2.70 eV and eV. An
arrow shows the emergence of a dominant peak at 2.79 eV which undergoes a 10 meV blue
shift when excited with high laser powers.

2.78 eV to 2.7 eV. On increasing excitation power, a peak emerges at 2.79 eV dominating

the spectrum.

7.2 High spatial resolution studies

Since the pyramid spacing is much smaller than the laser excitation spot size in micro-

PL experiments, CL can provide much more information revealing details regarding

the emission homogeneity down the facets of the QWs. Room temperature CL mea-

surements were carried out by K. J. Lethy at the University of Strathclyde on behalf

of our collaborators at the University of Bath. The nano-pyramid samples were char-

acterised using this technique in order to investigate the emission properties with very

high spatial resolution.
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7.2 High spatial resolution studies

Electrons are used to excite the sample in an electron microscope through im-

pact ionisation. These energetic incoming electrons collide with the sample, creating

electron-hole pairs as the electrons in the lattice are promoted to the valence band.

The recombination of the generated carriers leads to photon emission which then can

be collected and detected to analyse the optical properties.

Lethy et al. studied a sample with the same growth conditions as that studied in this

chapter (sample name 2335), reported in Ref. (155). An emission peak centred around

2.8 eV is identified as the InGaN peak from the QW layer. High resolution hyperspectral

CL mapping was carried out, and a blueshift in QW emission peak energy from the

base to the tip of the nanopyramids was reported (155). The emission from the PL

studies summarised in the previous section corresponds to the quantum well emission

on the facets of the nano-pyramids. The variation of emission energy down the facet of

the pyramid indicates that either the QW may be tapering or that there is a variation

of InN fraction close to the tip of the pyramid. Both these effects will lead to higher

photon energies being emitted. Previously published data on similar nano-pyramids

grown with lower indium content and with the absence of doping suggest that the

latter explanation is more viable due to the absence of QW emission from the nano-

pyramid tip, and that the high number density and small size of the nano-pyramids

will limit the the QW width variation (156).
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7.3 The quantum well potential

7.3 The quantum well potential

Inhomogeneity of the QW emission along the facet of the nanopyramid cannot be

resolved by micro-PL. The integrated effect however may be the cause of the non-

Gaussian distribution of photon energy. On top of this unusual QW emission, we can

comfortably deduce that the small blue shift seen by varying excitation power density

at room temperature is due to a strongly suppressed piezo-electric field across the QW.

At low temperatures, impurities and non-radiative recombination pathways are largely

frozen out and carriers recombine largely radiatively, with photon energies centred

around the InGaN QW bandgap. The blue-shift at low temperatures with increased

excitation power density is caused by a combination of field screening and filling of

localised states. From the CL analysis, a spatial distribution of indium is evident, with

higher indium content close to the base of the pyramid. Combining these three effects,

we have

1. A band tilt due to the quantum confined Stark effect across the entire QW layer

2. Localised energy states due to potential fluctuations in the QW layer

3. A trending decrease in potential down along the QW, from an average photon

energy of 2.8 eV close to the tip to 2.6 eV near the base

A diagram of the proposed picture of this potential is shown in Fig. 7.5 c) The poten-

tial is sketched parallel to the facet from the base up to the tip of the nano-pyramid,

and perpendicular to the facet across the QW layer at some arbitrary point. An in-

creasing trend in the average recombination energy with position away from the base is
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Figure 7.5: - Diagram showing the different effects on the potential of the QW. a)
Schematic of a nano-pyramid showing directions in which the potentials are plotted against.
b) Band diagram along the z-axis (perpendicular to the facet) across the QW. c) Diagram
of proposed potential along the x-axis (facet) of the nano-pyramid.
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7.3 The quantum well potential

shown overlayed by a potential fluctuation. Deeper, lower energy centres are associated

with higher indium concentration. A high density of such localised states are located

closer to the base of the nano-pyramid. Carriers captured by the shallower states with

lower barriers will emit radiatively at higher energies but also escape over the barriers

into neighbouring states with lower energies. An increase in sample temperature will

enable carriers to overcome higher barriers and a larger proportion of carriers can now

recombine at these these higher energy states. Such phenomena are typical of strong

localisation in an InGaN QW often described by the S-shaped curve of emission peak

energy with variation of temperature (80). On top of these potential fluctuation effects,

there is the piezoelectric field acting perpendicular to the QW leading to the QCSE. A

net piezoelectric field nonetheless will still exist in InGaN QWs despite being grown on

semi-polar planes. This has an effect of separating the electron and hole wave functions

perpendicular to the direction of the field by tilting the bands shown in Fig. 7.5 c).

The band tilting takes effect along the nano-pyramid facet. The QW emission is thus

red-shifted. This can be thought of as shifting Fig. 7.5 c) vertically in energy.

The dependence of emission spectrum with variation of excitation power in Fig. 7.4

can be explained by looking at the picture described by Fig. 7.5. At low excitations,

carriers recombine in the localised states; the energy of these states are spread between

2.70 to 2.78 eV. As more and more carriers are generated the low energy states are

filled, and there is an increasing likelihood that the carriers would recombine at the

high emission energy tip of the pyramids which were identified by CL. We speculate

that the high energy shoulder which becomes more prominent at high excitation power
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7.4 Time evolution of photo emission

is due to emission from the tip of the pyramid. There is also a slight 10µeV shift of

this peak with further increase in excitation power indicated by the arrow in Fig 7.4,

which can be explained by carrier screening reducing the QCSE in the QW.

7.4 Time evolution of photo emission

Time resolved micro-photoluminescence was performed on the nano-pyramids to inves-

tigate their carrier dynamics. Fig 7.6 shows the decay traces taken at different photon

energies accumulated for the same amount of time and excited with 16 kWcm−2 laser

power density.

The decays are clearly not mono-exponential but can in general be fitted with a three

part decay. There is clearly an initial fast component in the order of a few-hundred

picoseconds followed by a second decay component of approximately 2 ns. Finally a

long lived tail persists which is especially dominant close to the peak emission energy

of the TIPL. Decay rates at lower photon energies are also longer. On lowering the

excitation power density to 0.6 kWcm−2, the decay trace still consists of three parts,

but the decay constants in the fitting are comparably larger. The recombination rate

is slower overall compared to that of the equivalent peak of the TIPL spectrum excited

at a higher excitation power of 16 kWcm−2. This decay behaviour deviates from a

stretched exponential fitting (59, 157, 158) or a bi-exponential fitting (30, 32) which

have both been used to fit the decay traces of InGaN QWs. The majority of the PL

intensity is emitted within the first few ns, and the time constant associated with the

first two decay fittings is much less than that of conventional c-plane QWs at similar
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7.4 Time evolution of photo emission
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Figure 7.6: - a-e) decay traces of PL at different photon energies taken at 4.2K with an
excitation power density of 16 kWcm−2. Increasing photon energy shows a corresponding
decrease in decay constant
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7.4 Time evolution of photo emission
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Figure 7.7: - Decay trace of PL at photon energy of peak spectral intensity (2.799 eV)
with a low excitation power density of 0.6 kWcm−2

wavelengths (69, 159). A lifetime reduction is indicative of an increase in oscillator

strength and carrier wavefunction spatial overlap, as should be expected with QWs

grown on semi-polar planes. The piezoelectric field in this case is however not fully

diminished and this is demonstrated by the overall increase in carrier lifetime with

the decrease of excitation power. Reduction of excitation power decreases the carrier

density generated in the sample and in turn decreasing the carrier screening effect of the

piezoelectric field increasing the carrier lifetime. The three part decay can be explained

by considering the potential across the facet of the pyramid in Fig. 7.5. The initial

fast part of the decay is due to the carrier escape from localisation at high energies.

The two slower parts of the decay are the usual elongated exponential behaviour of

InGaN QWs which describe localisation and also carrier field screening (68, 160). The

carrier field screening lifts the entire band such that all the localised recombination

process is shifted to a higher energy. As carriers relax, screening has less of an effect

153



7.4 Time evolution of photo emission

and the carriers relax in the long lived states red-shifted from the initial few ns. In

Fig. 7.6, an decrease in measured decay rate in the fast part of the TRPL trace is seen

with decreasing photon energy measured. This can be explained by a state filling and

carrier escape mechanism. The fast part of the decay time measured is the combination

of radiative recombination lifetime, carrier escape time, and carrier transport time from

higher energy states as indicated in Fig 7.5. Carriers from high energy states escape

over shallow barriers into deeper localisation states. As a result, lower energy states

are fed more carriers than the higher energy states. Therefore, an increase is measured

in the lifetime of the fast part of the decay. As for slow part of the decay, lower energy

states have a stronger local piezoelectric field and thus a longer recombination time.

Hence, a gradual increase in the lifetime of the extended slow part of decay is measured

at lower emission energies. The full PL spectrum can be resolved in time by taking

TCSPC traces at constant intervals in energy and subsequently recombining the data to

extract the spectrum at particular times after excitation. Fig. 7.8 b) shows a series of

spectra at different delay times after excitation with an excitation power density of 0.6

kWcm−2. Fig. 7.8 c) is the same time series at the same position but excited by a higher

power density of 16 kWcm−2. The TIPL of the two excitation powers is shown in 7.8

a) for reference. Examining the low excitation power case, in the initial spectrum taken

at 360ps after excitation, there is a clear non-symetrical shape indicating a complex

recombination. A particular shoulder is seen to the high energy side of the spectrum

at 2.88 eV with a spectral peak at ∼ 2.80 eV. At ∼ 2 ns delay, the high energy shoulder

has disappeared with its peak situated at ∼ 2.80 eV. There is still a long tail towards
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7.4 Time evolution of photo emission

a)

c)b)

Figure 7.8: - a) Normalised time integrated 4.2 K PL spectrum of the nanopyramids
excited at 16 kWcm−2 (in red) and 0.6 kWcm−2 (in black). b) Time resolved PL spectral
series excited at 0.6 kWcm−2. c) Time resolved PL spectral series excited at 16 kWcm−2,
showing a large shift in energy in the first nanosecond
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7.4 Time evolution of photo emission

the lower energy side of the peak. The peak energy gradually shifts to ∼ 2.7 eV as the

delay time exceeds 10 ns.

The shoulder in the initial few hundred ps after excitation originates from recom-

bination of high energy states. Carriers at these energies relax by photo emission

and transportation to lower energy states. These fast processes are assisted by carrier

screening of the built in piezoelectric field, which also shifts the recombination to higher

energies. After the first couple of ns, the carriers recombine with a largely unchanged

spectral shape typical to QWs. From 2 ns to 10 ns, the red-shift of peak energy with

increasing decay time is due a decrease in carrier density which gradually decreases the

screening effect. Carrier separation increases and recombination occurs with the tilted

band edges due to the QCSE.

At higher excitation powers the difference in the time evolution spectra is significant

only in the initial nanosecond. At 360 ps delay time after excitation, the spectrum is

now blue shifted to a peak at around 2.85 eV, with asymmetric tails elongating towards

the low energy side. At 730 ps, a very broad peak is seen and at 2 ns and onwards

the spectrum is the same as in the low excitation power density case in Fig. 7.8b).

One other observation is that the slope of the low energy side of the peak at almost

any given time in Fig. 7.8 b) and c) remains close to constant. This indicates that

the recombination processes in the low energy states all undergo a similar change with

increasing time. The carrier field screening of the QCSE for the low energy states

manifests itself as a lateral red-shift with the increase in time, apparent in Fig. 7.8

c) which can be interpreted as a dynamic tilting of the band gap. This is consistent
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7.4 Time evolution of photo emission

with the model in Fig. 7.5, where we suggest that the QCSE lowers the emission

energy across the whole PL spectrum. The slope of the high energy side of the PL

spectrum changes, unlike the low energy side. This is because the filled high energy

band tail states are recombining very rapidly, producing the high energy photons as

mentioned in experiments conducted by Eliseev et al. (80, 160, 161). As time lapses

after the excitation pulse, the high energy states recombine the fastest and are no

longer populated after a few ns. Hence the spectral shape on the high energy side of

the spectra in Fig. 7.8 c) changes.

a)

c)b)

Figure 7.9: - Room temperature time resolved PL traces integrated at different parts
of the spectrum fitted with bi-exponentials at: a) 2.61eV b) 2.76eV c) 2.85eV. The corre-
sponding part of the TIPL spectrum is shown in the insert below

At room temperature, the decay rates are much shorter and of similar value across
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7.4 Time evolution of photo emission

the PL spectrum. Three decay traces at difference parts of the spectrum excited with 1

kWcm−2 laser power density is shown in Fig. 7.9. There are three significant differences

of the decay traces at room temperature. A bi-exponential fit is now employed, since

the three-part decay used previously is over-parametrising as the decay reaches close

to noise level by 10 ns. The initial fast recombining part of the TRPL traces have been

reduced further close to the resolution limit of the detector. It is still evident that there

is an increase in the decay rate for a decrease in measured photon energy. The lifetime

has a spread of ∼ 40 ps across the emission range from 2.6 eV to 2.85 eV whereas a

similar comparison at 4.2 K gives a lifetime spread of ∼ 200 ps. In addition to the

reduction in the spread of the lifetime across the PL spectrum, we also see a very small

blue shift of the spectral peak with an increase in the excitation power density at room

temperature.

As temperature is increased from 4.2 K, carriers are thermally assisted to overcome

higher barriers in deep localisations in the vicinity of higher indium content areas. The

enhanced carrier escape process can explain the similar rates of the fast decay part

across different photon energies in Fig. 7.9 at room temperature. This enhancement

together with activation of non-radiative recombination processes reduces the measured

lifetime which is in good agreement with the proposed carrier recombination mechanism

in Fig. 7.5c) in the previous section.
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7.5 Chapter summary

7.5 Chapter summary

GaN nanopyramids with a single InGaN quantum well grown on the facets of the

inclined {101̄1} semi-polar plane were characterised. The studied nanopyramids are

some of the smallest nanopyramids and highest density to be fabricated by SAG and

ELOG in a regular array, maximising active area of the LED. Growth of InGaN QWs

on high density GaN has impacts on indium incorporation discussed by Liu et al (152,

156). Micro-PL experiments have been carried out to investigate the carrier dynamics

and a recombination mechanism involving localisation along the QW and QCSE due

to piezoelectric polarisation parallel to the QW has been proposed to describe the

observations from the PL experiments.

• A lower recombination lifetime compared to conventional c-plane LEDs is due

to reduction in internal electric field in quantum wells grown on the facets of

nanopyramids.

• There is narrowing and blue shifting of the peak as excitation density is increased

which is due to carrier field screening of the QCSE, showing that the piezoelectric

field is still present, despite being suppressed.

• The time resolved studies reveal non-monoexponential decays. These cannot be

easily fitted with conventional stretched and bi-exponentials commonly used in

literature. The decay traces can be separated into three stages. This is explained

in a model where we propose that the fast decay rates in the initial ns is due to

a combination of carrier escape and capture from localisations, in addition to the
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7.5 Chapter summary

fast carrier recombination due to the screened piezoelectric field which gradually

decreases with time. The extended lifetimes observed > 10 ns arise due to the

deep localisation centres emitting in the lower energies.

• We observe that there is dynamical change of the time resolved PL spectrum.

This is due to the difference in recombination rates of states localised at differ-

ent energies as well as the decrease in carrier field screening as carrier density

decreases.

In summary, the reduction of QCSE in the QW grown on semi-polar facets is shown

through a reduced carrier lifetime. The inhomogeneity of the QW emission gives rise to

some interesting effects which were investigated through time resolved PL studies. The

selected area growth method for the fabrication of LEDs on semipolar planes shows

great potential for an economical solution to the polarisation problem plaguing GaN

based devices.
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Conclusion

Novel methods in the fabrication and design of next generation LEDs by downsizing

features to the nanoscale drastically modify their physical properties. The research

presented in this thesis focusses on the optical properties of these nanostructured de-

vices and also the development of further techniques to characterise and test the effects

hypothesised for GaN based nanostructures.

Low temperature microphotoluminescence experiments were conducted on nanorod

LED arrays fabricated on pre-existing off-the-shelf LEDs via nanoimprint lithography,

a high throughput, low cost manufacturing technique, and reactive ion etching. This

contact method is unlike optical fabrication techniques such as steppers which are ex-

pensive to implement and usually only used in complex nanoelectronics. The nanoim-

printing gave very precise and high resolution etch masks and very good uniformity of

nanorods.

Initial experiments were carried out on multi-quantum well samples with etched
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nanorods of varying diameters with a pitch of approximately 400 nm. The emission

was found to be modified by the nanoprocessing, with narrower rods emitting at higher

energies as expected from the modifications of the strain in the active layer due to

sidewall relaxation. However when the diameter of the nanorod LED was reduced

down to less than 100 nm the fabrication regularity begins to deteriorate, and nanorods

are easily broken. The emission spectrum also changes drastically, which we postulate

to be due to surface states affecting the band structure of the quantum well in the thin

nanorods.

Non-linear optical spectroscopy at low temperatures provided insight into a peculiar

phenomenon which has rarely been reported in literature on InGaN/GaN quantum well

nanorods. Spectrally narrow peaks were found over the InGaN spectrum which broad-

ened and decreased in intensity considerably with increasing temperature. These peaks

cannot be distinguished from the background emission at over 30 K. The peaks resem-

bled the spectral characteristics of early InGaN quantum dot measurements. Further

characterisation was carried out on samples which were structurally simpler and made

with a wider pitch. This enabled us to experiment on a single nanorod from the top

down. The study revealed that each nanorod had a unique spectral pattern dominated

by the positions of the narrow peaks at low temperatures and low excitation powers.

It was also shown by time resolved photoluminenscence experiments that there was

a dynamic shift in the spectrum as the carriers recombined. The temporal evolution

of the emission of the sharp peaks was reported and thought to be a consequence of

surface effects.
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Experimental studies were carried out on the optical properties of GaN nanopyramid

array LEDs with one of highest reported densities at the time. The quantum wells were

grown on the facets of the nanopyramids which were naturally on the semi-polar crystal

planes. Reduction in strain was shown by power dependent photoluminescence studies

compared to conventional c-plane samples. The effect was further confirmed by the

rapid decay rates observed in time-resolved photoluminescence experiments. The time-

resolved results also showed varying decay rates with time which we concluded was

due to a combination of: carrier transfer to and from localised states; field screening of

the quantum confined Stark effect due to residual piezoelectric field; and also carriers

recombining in lower energy parts of the quantum well which were shown to be near

the base of the pyramid by cathodoluminescence.

This work also introduced a scheme for measuring polarisation of photoluminescence

for the existing cryogenic microphotoluminescence experimental apparatus. Work has

been carried out on MoS2 flakes and also GaN nanorods, with very fascinating results.

Comparing polarisation dependent excitation and polarised emission from samples will

expand the capability of the system and lead to interesting studies of nanostructures

in different materials.

The challenges that nitride based LEDs face are not easily solvable by a single so-

lution in the near future. Strategies that introduce nanostructures, can for example

improve the photonic properties but on the other hand often complicate the device

physics significantly. Future experiments on the narrow spectral lines found in nanorod

LEDs have already been planned and the initial fabrication design has been documented
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in the thesis. We need to verify that the sidewall perimeter correlates with the number

of observed localised states to confirm the surface effect that we hypothesised. Once

this has been confirmed, this may have significant impact on the implementation of ex-

perimental InGaN based quantum systems relying on nanorod ion etching. In addition,

recent change in the experimental setup has allowed us to see what we think may be

lasing in the nanorod array system, but this is yet to be confirmed. Interesting studies

on electroluminescence can also be made if the nanorods are cut off and scattered onto

a reference grid to be contacted individually. The polarisation sensitivity can also be

tested with different alignments of the nanorod which could potentially make way for

novel designs in polarisation emitters. On top of that, with recent advances in the

research group activity in optical cavity systems, coupling the nanorod emission to a

tunable cavity would be a very interesting possibility.
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Appendix A

Detailed fabrication information

A.1 Lift-off processing recipe and procedures

Process Procedure

Sample

preparation • Cleave 5 mm × 5 mm Si sample

• Clean sample wafer with acetone in ultrasonic cleaner for 5

mins, dry and repeat with IPA.

Resist

Coating
• Load sample into spin coater and set resist recipe: 500 RPM

ramp followed by 4000 RPM for 40 s

• Use a pipette to place a drop of PMMA A4 495 onto the

sample through a paper filter

• Start the spin process

• Place sample on hot plate set at 180◦C for 90 s to evaporate

solvent

• Check to see if coating is even un optical microscope

• Repeat the above process with PMMA A4 950 for the upper

layer resist coating
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A.1 Lift-off processing recipe and procedures

E-beam ex-

posure
• Load sample into Jeol 5500ZC e-beam lithography system

in the custom built sample holder and evacuate chamber

• Set beam current to 1nA and proceed to calibrate the e-

beam system

• Load the Autocad .dwg file in the pattern designer to convert

the file to .sdp file

• switch to SE imaging mode to find sample coordinates and

locate the sample centre in the custom holder

• Expose the pattern in the centre of the sample setting the

dose at 650µC/cm2

Development

• Upon removal of sample from chip carrier, develop the ex-

posed sample in MIBK: IPA (1:3) at room temperature for

15 s

• Rinse in IPA

• Check exposure and development under optical microscope

• Repeat above steps until exposed PMMA is removed.

Metal evap-

oration
• Load sample into Edwards a306 evaporator using tape

• Load metal evaporation source with suitable crucible accord-

ing to table 3.1 and proceed by following the Edwards a306

user manual

• On ramping the current, slowly increase the current until

the metal pellet melts

• Open the shutter and manually control the current dial to

achieve a rate of 0.1 nm s−1

• Leave to cool and remove sample
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A.1 Lift-off processing recipe and procedures

Inspection

with SEM
• Load sample in Hitachi S-4300 SEM to inspect the coated

sample, checking for coating smoothness and good separa-

tion of metal layers in the pattern

Pattern lift-

off
• Place sample in NMP solution on a hotplate set to 70◦C

• leave for 30 minutes agitate lightly for a few seconds

• On successful lift-off a whole flake of metal will detach from

the sample

• Check under optical microscope to check complete resist re-

moval. If not, repeat the above steps with more agitation

and sonication

Removal of

metal
• Nickel can be removed by using nitric acid

• If nitric acid cannot fully remove the metal, aquaregis should

be used
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A.2 etch mask fabrication problems

Design Pitch Diameter Spacing

TM1 198nm 79nm 120nm
TM2 264nm 169nm 95nm

Table A.2: Table of design parameters used for fabricating etch mask arrays labelled
TM1 and TM2

A.2 etch mask fabrication problems

Many difficulties have been encountered in the course of fabrication of the etch masks.

An attempt to fabricate etch masks for a narrow pitched prototype photonic crystal

was carried out which revealed problems with E-beam lithography with writing closely

neighbouring structures. The two designs used are TM1 and TM2 with design param-

eters listed in table: A.2

Electrons accumulating on the sample surface during e-beam writing causes com-

plications when writing structures in close proximity to each other. If the electrons are

not dissipated after exposing the resist, the local area becomes charged, resulting in

deflection of the electron beam. GaN is prone to this charging effect, creating problems

when fabricating closely packed structures such as photonic crystals.

FigA.1 shows SEM images of the two photonic crystal patterns on PMMA with

50 nm of nickel deposited on the surface. Despite TM1 pattern having a smaller diam-

eter holes, it was successfully written and developed on PMMA. However with smaller

spacing between exposure areas, the proximity effect becomes significant as illustrated

by the TM2 pattern, where the spacing between exposure areas is 95 nm.

Another reason for the collapse of the TM2 pattern could be due to a large difference

in exposure/development between the two resist layers, causing a large undercut on

development. If the undercut is too large, a large cavity is formed under the top

layer of the resist. The resist therefore collapses near the centre of the structure. A

combination of these two effects is likely to explain for the collapsed structure shown

in Fig. A.1c) and d).

For the TM1 pattern, lift-off was performed, however, the nickel islands were in-

complete, the reason for this is still under investigation. SEM image of this is shown

in Fig. A.2
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A.2 etch mask fabrication problems

5 um 2 um

1 um10 um

Figure A.1: - SEM images if TM1 and TM2 patterns. a) TM1 pattern showing a clean
exposure and development with regular holes created. b) angled view showing a magnified
image of TM1 pattern. c)TM2 pattern showing a collapsed structure. d) Magnified image
at the corner the structure of the TM2 pattern.

2.5 um

Figure A.2: - Incomplete array of nickel islands from the TM1 pattern
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Appendix B

Polarisation analysis

B.1 Instrument characterisation

A control (GaAs) quantum well in AlGaAs barriers emitting at 745nm was excited

with a 532nm diode laser using a 100× achromatic objective. The sample was grown in

Cambridge by Paola Atkinson and used as a control non-polarising emitter for test. The

PL was collected through the same objective and reflected into the polariser/analyser

before being focussed onto the spectrometer slit. The analyser/polariser was turned

through 360◦ and the intensity of the PL peak was recorded at every 10◦ intervals.

The alignment of the optics plays a crucial role in detecting polarisation with good

spatial and spectral selectivity. Deviation of the beam by 10 µm can cause the PL to

miss the entrance slit of the spectrometer entirely, resulting in inaccurate results. The

alignment is therefore one of the main sources of error in the experiment. By increasing

the entrance slit size, we can reduce the sensitivity of the experiment to misalignment,

but at a cost of reduced spatial and spectral resolution.

Fig. B.1 shows the polarisation polar plot of the GaAs QW emission line. 0◦ is

taken arbitrarily in the plot, and the PL is normalised to the PL at the angle with

highest intensity. The entrance slit is at 100µm, and it can be seen that the measure-

ment exhibits a slight asymmetry mainly due to the instrument alignment errors. The

maximum values are collected at 315◦ and 140◦.

B.2 MoS2 example

Mono-layer MoS2 was chosen to be analysed in the polarisation study due to its inter-

esting polarisation properties reported in recent literature. There is a growing interest
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B.2 MoS2 example
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Figure B.1: - Polar plot of the intensity of the PL analysed at different polarisation
angles

in MoS2 due to the possibility of making devices utilising the degeneracies at the con-

duction band minima (valleytronics). The brief study was carried out to see if there is

any differences in photoluminescence polarisation from bi-layer and mono-layer flakes

at 4.2 K . The initial results are shown below. Mono-layer and bi-layer MoS2 flakes were

prepared on SiO2 substrate by exfoliating bulk crystals of 2H-MoS2. Micro-Raman ex-

periments were conducted by Prof. Y. S. Park to verify monolayer and bi-layer flakes.

Micro-PL mapping of the flake reveals differences in the optical behaviour of bi-layer

and mono-layer, namely a double peak being observed in the mono-layer at 1.78eV and

1.88eV, whereas only a single peak at 1.88eV is observed in the bi-layer area. Spatially

resolved polarisation studies of the PL were then carried out on the MoS2 flake. The

integrated intensity of the PL was taken at room temperature at every 20◦ intervals.

The results are then normalised and divided by the control GaAs sample to obtain

more reliable results.

Fig. B.2 shows the polar plot of the normalised PL intensity relative to the control

GaAs sample for both mono- and bi-layer MoS2 flakes taken at 4.2 K. There is polar-

isation anisotropy for both samples, however, it is clearly visible that the mono-layer

sample exhibits a higher degree of anisotropy, with a decrease of intensity at ∼ 240◦

and ∼ 60◦. The polarisation degree, Pd is defined as:

Pd =
Imax − Imin
Imax + Imin

, (B.1)
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Figure B.2: - Polar plot of normalised PL intensity relative to control GaAs sample of
bi-layer and mono-layer MoS2 flakes at 4K

where Imax and Imin are the maximum and minimum measured intensities. The mono-

layer sample measured above gives a degree of polarisation ∼ 0.22 whereas the bi-layer

gives a value of ∼ 0.136. The anisotropy gives rise to many questions with regards

to its origins. Preliminary results also show that the degree of polarisation is also

temperature dependent. Polarisation anisotropy of the bi-layer is found to be lifted

when the sample is at room temperature. The discussion of this behaviour is still

under-way and is a major topic of interest of our collaborators in Korea. It is initially

thought that the polarisation anisotropy is caused by strain existing in the substrate

to sample interface. This is however at very preliminary stages of experimentation

and there has yet to be more research performed on the sample. Particularly on the

verification the type of polarisation, for example whether the observed anisotropy is

a result of partial polarisation, or elliptical polarisation. The need to further expand

our experimental set-up to resolve left and right circularly polarised light is highlighted

here.

Other experiments conducted by this set-up has shown promising results with quan-

tum dot work given at by B. Ried at UKNC summer meet 2013. The results show good

extinction ratios in linearly polarised light found in InGaN quantum dots grown on non-

polar GaN.
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Appendix C

Poster presentations

———————————————————————-

173



Quantum Dot-like Emission Lines in
Wet-etched Nano-rod Arrary GAN
Based MQW LEDs
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LED nanorod arrays grown by University of Bath were Characterised
optically using micro-Photoluminescence. Quantum Dot like features in the
emission spectrum was observed and studied.
Nanorod nano-rod arrays were made on a wafer-scale by from a
commercial LED wafer by nanoimprint lithography[1]. The array was
formed by ICP etching with ~450nm pitch. Subsequently the array is wet-
etched and the effect of etching is shown in the SEM images in fig1.

Wet-etching produces columns with progressively narrower bases
(attachment to the bulk GaN). After a 30-minute etching in KOH, the
columns thin to an extent that pod shaped structures are created. Many of
these thinned down columns cannot support the GaN/InGaN quantum well
LED structure on the end, causing the whole pod like structure to topple.An
SEM is shown in Fig 2a).

Micro-PL was carried
out using a pulsed
2 6 6 n m U V l a s e r .
Quan tum Dot l i ke
emission spectra was
o b s e r v e d a t l o w
excitation powers. Fig
2c) shows a single peak
with a good background
contrast, the FWHM of
the peak is less than
0.4nm.

! Two peaks from the same confocal area (~micron) in the sample
exhibits different responses to varying excitation powers, indicating
two different types of structures

! Red Shift from peak 1 maybe due to local heating and lack of phonon
heat dissipation at that specific area of structure.

! Narrow QD like states fill before the broad MQW states in the LED
which forms the main broad peak seen in the other LED samples with
less KOH etching.
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Laser excitation power is changed to vary the carrier density. The peaks
broaden and background states are filled with increasing power/carrier
density. At higher excitation powers, the spectral shape of the normal LED
array sample is recovered. Fig 3 shows an excitation power dependent
spectrum of the sample. Some of the states visible at low excitation powers
can be related to shoulders of the main peak at high powers. The main broad
peak at high excitation is also seen to blue-shift with increasing excitation
power. This blueshift can be a sign of QCSE in the GaN/InGaN well
structure[2], it may also be filling of the higher energy localised states. [3]

Fig. 4 shows an excitation power dependent series on a different area of the
sample. The series shows the spectra in detail with progressive increase in
excitation power until background states are filled. Seven sharp peaks can
be identified in this area of the sample ranging from 380nm to 440nm
emission range. Fig.4 insert shows the analysis of the peak wavelength and
the width of the two peaks 1 and 2. Peak one shows a red-shift of around
1nm with increasing excitation power, and a FWHM increase. The rate of
broadening of peak 2 is much higher than that of peak 1. Peak 1 shows very
little broadening and a resolution limited blue shift is observed.

Fig.1 SEMs of columns a) shows ICP etch only
columns before KOH etching. b) shows KOH
etching for 1 minute at 40C KOH. c) shows KOH
etching for 5 minutes at 80C. d) shows KOH
etching for 10 minutes at 40C

Fig. 3 Excitation power dependent spectra, red line shows shift in main broad peak, The peak shift
measured ~6.5nm. Sharp peaks are seen on the Red side of the main peak

Fig. 4 LEFT:
TOP RIGHT:

BOTTOM RIGHT:

Excitation power dependent series spectra of pod like structure. Quantum dot-like
features are shown. Analysis of peak 1, graph showing change in peak emission
centre and peak FWHM with increasing carrier density. Analysis of peak 2,
showing a much less change in both peak centre and width with increasing carrier density.

Fig. 2 a)/b) SEM of pod-like structures studied, a) MQW structure
on end of etched columns toppled over with tapering tails. b) In the
middle of one of the nano-rod sites, the etching has left a thin
column behind. c)micro-PL spectrum of a area on the sample

Excitation Power Dependent Study

The sample temperature was varied
from 4K to 60K and micro-PL was
c a r r i e d o u t t o s t u d y t h e
temperature dependence of the
QD-like states with temperature.
Fig. 5 shows the temperature
dependent series of the sample.
T h e e f f e c t o f i n c r e a s i n g
temperature on individual peaks is
similar to that of InGaN QD.[4] The
peaks broaden and disappear at
around 45+K. The main peak
broadens merging with the
surrounding smal ler peaks .
However main peak intensity does
not decrease within the 60K range.

Fig.5 Spectra of pod like structure with increasing
temperature

Temperature Dependence

xford

hysics

Figure C.1: Poster for UKNC 2011, Manchester, UK
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Figure C.2: - Poster for IWN2012, Sapporo, Japan
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Fine Structure of Biexciton Emission in Symmetric and Asymmetric

CdSe /ZnSe Single Quantum Dots. Physical Review Letters, 82(8):1780,

1999. 55

[108] S. Amloy, K. F. Karlsson, T. G. Andersson, and P. O. Holtz. On

the polarized emission from exciton complexes in GaN quantum dots.

Applied Physics Letters, 100(2):021901, 2012. 55

[109] Azzam. Principles and Applications of Optical Polarimetry. Wiley-Blackwell,

1988. 58

[110] Max Born and Emil Wolf. Principles of Optics: Electromagnetic Theory of

Propagation, Interference and Diffraction of Light. Cambridge University Press,

1999. 58

[111] Becker and Heckl. High Speed PMT Detector Head for Photon Counting

specifications. 59

[112] M.a. Sanchez-Garcia, E. Calleja, E. Monroy, F.J. Sanchez, F. Calle,

E. Muñoz, and R. Beresford. The effect of the III/V ratio and sub-

strate temperature on the morphology and properties of GaN- and

AlN-layers grown by molecular beam epitaxy on Si(1 1 1). Journal of

Crystal Growth, 183(1-2):23–30, January 1998. 61

[113] Shusuke Ishizawa, Katsumi Kishino, Ryuichi Araki, Akihiko Kikuchi,

and Shuichi Sugimoto. Optically Pumped Green (530560 nm) Stimu-

lated Emissions from InGaN/GaN Multiple-Quantum-Well Triangular-

Lattice Nanocolumn Arrays. Applied Physics Express, 4(5):055001, April

2011. 62

[114] Koichi Okamoto, Akio Kaneta, Yoichi Kawakami, Shigeo Fujita,

Jungkwon Choi, Masahide Terazima, and Takashi Mukai. Confocal

microphotoluminescence of InGaN-based light-emitting diodes. Jour-

nal of Applied Physics, 98(6):064503, 2005. 62, 70

188

http://linkinghub.elsevier.com/retrieve/pii/S0921452611009756
http://linkinghub.elsevier.com/retrieve/pii/S0921452611009756
http://link.aip.org/link/APPLAB/v100/i2/p021901/s1&Agg=doi
http://link.aip.org/link/APPLAB/v100/i2/p021901/s1&Agg=doi
http://www.amazon.co.uk/Principles-Applications-Optical-Polarimetry-Azzam/dp/0471853410
http://books.google.co.uk/books/about/Principles_of_Optics.html?id=aoX0gYLuENoC&pgis=1
http://books.google.co.uk/books/about/Principles_of_Optics.html?id=aoX0gYLuENoC&pgis=1
http://linkinghub.elsevier.com/retrieve/pii/S0022024897003862
http://linkinghub.elsevier.com/retrieve/pii/S0022024897003862
http://linkinghub.elsevier.com/retrieve/pii/S0022024897003862
http://apex.jsap.jp/link?APEX/4/055001/
http://apex.jsap.jp/link?APEX/4/055001/
http://apex.jsap.jp/link?APEX/4/055001/
http://link.aip.org/link/JAPIAU/v98/i6/p064503/s1&Agg=doi
http://link.aip.org/link/JAPIAU/v98/i6/p064503/s1&Agg=doi


REFERENCES

[115] Cheng-Yin Wang, Liang-Yi Chen, Cheng-Pin Chen, Yun-Wei Cheng,

Min-Yung Ke, Min-Yann Hsieh, Han-Ming Wu, Lung-Han Peng, and

JianJang Huang. GaN nanorod light emitting diode arrays with a

nearly constant electroluminescent peak wavelength. Optics express,

16(14):10549–56, July 2008. 62

[116] YR Wu, Chinghua Chiu, and CY Chang. Size-dependent strain relax-

ation and optical characteristics of InGaN/GaN nanorod LEDs. Selected

Topics in Quantum Electronics, 15(4):1226–1233, 2009. 62, 99

[117] Tao-Hung Hsueh, Hung-Wen Huang, Chih-Chiang Kao, Ya-Hsien

Chang, Miao-Chia Ou-Yang, Hao-Chung Kuo, and Shing-Chung Wang.

Characterization of InGaN/GaN Multiple Quantum Well Nanorods

Fabricated by Plasma Etching with Self-Assembled Nickel Metal

Nanomasks. Japanese Journal of Applied Physics, 44(4B):2661–2663, April

2005. 62

[118] MJ Holmes, YS Park, and Xu Wang. Optical studies of GaN

nanocolumns containing InGaN quantum disks and the effect of

strain relaxation on the carrier distribution. Physica Status Solidi (C),

714(3):712–714, 2012. 62, 65, 99

[119] Horng-Shyang Chen, Dong-Ming Yeh, Yen-Cheng Lu, Cheng-Yen

Chen, Chi-Feng Huang, Tsung-Yi Tang, C C Yang, Cen-Shawn Wu,

and Chii-Dong Chen. Strain relaxation and quantum confinement in

InGaN/GaN nanoposts. Nanotechnology, 17(5):1454–1458, March 2006. 62

[120] Mark J Holmes, Young S Park, Xu Wang, Christopher C S Chan,

Anas F Jarjour, Jun Luo, Jamie H Warner, H A R El-ella, R A

Oliver, and Robert A Taylor. Optical Studies on InGaN quantum

disks. Proceedings of SPIE, 1:7937, 2011. 63, 106
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