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ABSTRACT

Two main methods are used for InyGa;«N growth: high-temperature Metalorganic
Chemical Vapour Deposition (MOCVD), proven to be successful for the growth of
materials for commercial devices with low InN content (x<0.3), and low-temperature
Molecular Beam Epitaxy (MBE), with better prospects for obtaining higher InN
fractions (x>0.5). A direct comparison between MOCVD and MBE InGaN epilayers
with similar InN concentration has been performed for the first time. The InN
fraction in available MOCVD epilayers varies from 0 to 0.4 while in our MBE
samples the range is 0.13-0.35. Wavelength Dispersive X-ray (WDX) analysis was
performed to determine the composition of the samples. In-situ cathodoluminescence
(CL) and ex-situ photoluminescence (PL) energy mapping were combined with
large-area optical absorption spectroscopy in order to assess the optical properties of
the materials. The composition dependencies of the optical energies are found to vary
with the growth method. The trendline of PL/CL peak energy versus InN fraction is
linear in both cases with comparable slopes but different intercepts for zero InN
fraction. An “S-shape effect” of PL emission energy also appears with temperature,
accompanied by an anomalous behaviour of the emission linewidth. We will try to

explain these results.
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1. INTRODUCTION

1.1 SEMICONDUCTORS THAT EMIT LIGHT

1.1.1 Semiconductors

A semiconductor is a material whose electrical conductivity lies between
those of metals and insulators [1]. We can make a first classification of these
materials in two groups: elemental semiconductor materials, found in group IV of the
periodic table, and compound semiconductor materials, formed from combinations of
groups Il and V or groups Il and VI. These compounds can be binary, ternary or
quaternary depending on the number of elements that are mixed: two, three or four
respectively.

Examples of elemental semiconductor materials are Si and Ge, whose
applications are known since the invention of the transistor in 1947 (using Ge) and
its development in 1954 using Si [2]. As compound semiconductors we can
enumerate ZnS, ZnSe, CdS, which are 11-VI compounds, and AIN, InN, GaN, GaAs,
GaP, as binary, InGaN, ternary, and AlGalnN, quaternary examples of IlI-V
compounds. In this work we will study and analyse the properties of one important
compound semiconductor: InGaN.

The interest in compound semiconductors with emission in the visible range
is focused on their use for optical devices such as Light Emitting Diodes (LEDs) and
Laser Diodes (LDs). While the first ones are used in traffic lights, graphics displays

and room lightning (in the near future, with “white” LEDs) the features of blue/violet



LDs could improve the processing of data because of the smaller wavelength needed
for reading the media: with smaller wavelengths and, as a result, smaller spots, it
would be possible to store more data in less space as shown in the table of Figure 1.1.
The High-Definition Digital Versatile Disc (HD-DVD) or Blu-ray Disc, whose
marketing will compete with the actual DVD, has a capacity of around 30Gbytes of
information. The laser used for reading/writing data in HD-DVDs is a blue one; GaN
and InGaN are potential compounds for building these lasers [3]. The challenge the
blue lasers have is related to writing: while the power requirements is 5mwW
continuous wave (CW) for reading, the writing function in this case requires a power
in the 35-50mW range.

The material used for writing HD-DVDs should have a good performance,
large power, low noise, good beam quality and low price, in order to have a good

market expansion.

Cptical Disc ch —== [DWD —= BlurayDisc
Dats Slorage Capacly B40MB 47GB 27GB
Video Recording | 17mautesor - Zhourefely  2hours for HDTV
Commercialization 1982~ 1997 — 2003~
Laserbeam Color Infrared Red Violet

Wavelength 780nm B50nm 405nm
Device Material Gads GaAs GaM

Figure 1.1. Application of 111-V compound semiconductors [4]

As was explained before, optical devices are based on either II-VI1 or 11I-V
semiconductors. The first are based on ZnSe and the second on GaN. ZnSe and GaN

emit at 440nm and 355nm, respectively, at low temperatures. In order to extend the



range of emission they have to be mixed with a third element: Cd in the case of Il-
Vs and In in the case of 111-Vs.

At the beginning of the study of compound semiconductors the development
of 111-N semiconductors was very poor. Researchers focused on 11-VI because of the
advantage that they have a similar zincblende structure and almost the same lattice
constant as GaAs, the material used as substrate. For III-N compounds it was
impossible to find a lattice matched semiconductor substrate, which made the growth
of 111-N especially complicated.

One advantage IlII-N have over 1I-VI materials is that, despite the huge
density of defects they have, I11-N are efficient light emitters. Another advantage is
the longer lifetime: 11-VI are grown at lower temperatures than I11-N but they are
very fragile.

In short, 111-N materials are intrinsically more stable, robust and efficient than
I1-VI compounds but the crystal growth is difficult due to the temperature conditions
necessary and the lattice mismatch between substrates and active layers [5].

Talking about InGaN, one of the main problems it has, apart from the lack of
a suitable substrate, is related to the growth technology. Indium is a very volatile
material; as a result the In incorporation on the sample is improved by growth at
lower temperatures. However, growth at low temperatures entails a loss in crystalline

quality. In the next section the most popular growth techniques are described.



1.1.2 Growth of llI-V compounds

Two main techniques are used for the growth of IllI-V compounds and,
particularly, InGa;.xN, where x indicates the InN content: Metalorganic Chemical
Vapour Deposition (MOCVD)®, proven to be succesful in the growth of materials
with low InN content (x < 0.3), and Molecular Beam Epitaxy (MBE), with better

prospects for higher InN fractions (x > 0.5).

MOCVD (MOVPE) Growth

MOCVD is used to prepare high purity semiconductors devices. MOCVD
uses a chemical reaction between metal alkyl vapours (precursors) and non-metal
hydride gases stored in separate containers to a hot and usually rotating substrate
surface. Substrate rotation improves film uniformity.

A binary compound such as GaN can be grown using trimethyl-gallium
(TMGa) as a metalorganic source of the gallium and ammonia (NH3) to supply
nitrogen. For the growth of InGaN it will be necessary to use, as well as TMGa and
NHs, trimethyl-indium (TMIn) as the metalorganic source of Indium [6,7].

The metalorganic materials are stored in “bubblers”; a basic sketch is shown
in Figure 1.3. The vapour pressure of these sources determines the growth rate and
quality: too low pressures make difficult the transport of the material to the
deposition zone inside the reaction chamber. A commercial MOCVD growth reactor

is shown in Figure 1.4,

! And Metalorganic Vapour Phase Epitaxy (MOVPE) For semiconductors these two techniques are
the same.
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into the reactor chamber where they mix and transfer to the deposition area; in the
deposition area the film precursors are formed by decomposition, at high
temperatures, of sources and other gas-phase reactions. These precursors are useful
for film growth: once they are transported to the growth surface and absorbed, atoms
can incorporate into the growing film through surface reaction. The surplus products

are sent away from the deposition zone towards the reaction exit (exhaust). A scheme
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Figure 1.3. A typical MOCVD growth reactor system

In order to grow material, the metalorganic sources and hydrides are injected

of the growth reaction for GaN is shown in Figure 1.5.
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Figure 1.4. A commercial MOCVD growth reactor [8]
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Figure 1.5. Reactions taking place during GaN growth [9]

One of the main problems of MOCVD growth is related to the low cracking
efficiency of ammonia. For temperatures below 450°C the cracking efficiency is
nearly zero. Above this threshold the efficiency increases to reach a maximum of
only 4% at 800°C [10]. For that reason it is necessary to increase the ammonia flux in
the reactor chamber, in order to maintain the right stoichiometry in the grown film.
Usually a high amount of ammonia (nearly 50%) at high temperatures for enhancing
thermal decomposition is required; physical properties of the ammonia will have an
important effect on the flow dynamics of the reactor. Dimethylhydrazine (DMHYy)
has been used lately as an alternative nitrogen source; the disadvantage this

compound presents is its high risk of explosion [3].



The need for high temperatures generates another problem related to
MOCVD growth of InGaN with high InN concentration. Temperatures above 700°C
are needed in order to grow InGaN with good crystalline quality; the disadvantage
this range of temperatures has is the volatility of In, reported to be very high for
temperatures close to 1000°C [3]. To be able to incorporate a high fraction of InN in
the InGaN material the layers have to be grown at relatively lower temperatures and
that is limiting the crystalline and optical quality (the emission would not be so
efficient) [3]. Then a compromise between InN content and crystal quality is
necessary when talking about MOCVD growth. Good quality layers are obtained for
InN contents below 0.3.

Another main problem of InGaN growth is the lack of a suitable substrate.
Even if GaN were available, InGaN would still be mismatched. The InGaN/GaN

system is necessarily a “strained-layer” material.

MBE Growth

MBE was introduced in the early 1970s as a popular technique for the growth
of 111-V compounds [11]. Due to the low growth rate of the order of a few angstroms
per second, MBE offers good control of layer thickness, doping, composition and
growth of high quality layers with very abrupt interfaces.

MBE is the simplest epitaxial growth method: it is a refined form of ultrahigh
vacuum (UHV) evaporation. In MBE the constituents of a semiconductor are
deposited as molecular beams on top of a heated crystalline substrate to form thin

epitaxial layers. The molecular beams typically originate from thermally evaporated



elemental sources, but other sources include metalorganic group Ill precursors,
gaseous group V hydride or organic precursors may be used. For InGaN growth solid
Gallium and Indium sources are used and ammonia or a nitrogen plasma as the
nitrogen source [3]. A typical MBE growth reactor system is shown in Figure 1.6

Compared to MOCVD this technique has some advantages. The first one is
that MBE does not require such high substrate temperatures: it is possible to grow
InGaN samples with higher InN contents. Other advantages are the reduced
contamination conditions due to the ultra-high vacuum (UHV) environment and high
purity of sources, in-situ monitoring of surface reconstruction and growth
environment, excellent layer thickness and interface control [12].

The main problems MBE growth has (in common with MOCVD) are the low
cracking efficicency of ammonia and the lack of an appropriate substrate for the
epitaxial growth fitting both the lattice parameter and the thermal expansion
coefficient.

In order to resolve the first problem, nitrogen plasma may be used as nitrogen
source. Although the first generation of nitrogen plasma-sources suffered from low
growth rates and the presence of unwanted ionic species, it is possible now to grow
high-quality GaN epilayers with growth rates larger than 1um per hour [3].
Returning to the lack of an appropriate substrate: as a consequence of this,
heteroepitaxy generates a high density of dislocations and defects on the layers.
Although MOCVD is not free from these problems, the higher temperatures involved
and the different kinetics generate much better results. Samples of InyGa;.xN with x

spanning the range ~0.1<x<1 have been produced by MBE.
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Figure 1.6. Typical MBE growth reactor system [13]

1.1.3 Samples

We have seen that MBE growth produces, due to the lower temperatures

involved, samples with higher crystalline quality than MOCVD in the high InN

content region.

Thus, we focused our study on two sets of samples that have been grown by

MBE in the Departamento de Ingenieria Electrénica, Universidad Politécnica de

Madrid, Spain [14]. The sample structures are shown in the schemes presented in

Figure 1.7.
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Figure 1.7. InGaN samples studied

Both sets of samples were grown using a MECA2000 MBE system; sapphire
was used as a substrate. Although this material has some disadvantages as a substrate
such as a very large lattice mismatch, reported to be around 16% for (0001) sapphire
with GaN [15], and high thermal mismatch which generates a crystal growth with
large quantity of defects, it has some other advantages that make it a good substrate;
for example, low cost, availability, stability at high temperatures and transparency to
visible light.

The use of a GaN buffer layer between the sapphire and the 111-V material
improves the quality of the material grown [16]; a nitridation of the sapphire surface
(Al,0;3 — AIN) is generally carried out before growing this GaN buffer layer in
order to improve its structural and optical properties [17]; the growth temperature of
the GaN buffer layer also determines the structural quality of the InGaN epilayer.
The material is improved a thin layer of GaN grown at low temperature is followed

by a thick layer grown at high temperature.
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Focusing on 4-series samples: a nitridation of the sapphire was first carried
out. A small AIN layer, 10nm thick, was grown over this. Finally MBE GaN buffer
layer was grown to allow, as we pointed out before, a better growth of the MBE
InGaN layer.

The conditions for the growth of the last layer were changed from one sample
to the other in the 4-series. During the growth of samples M479 and M481 In flux
and growth temperature were kept constant (2-10 " Torr and 540°C respectively), but
the Ga flux was varied. Lower Ga fluxes produce higher InN concentration. In
samples M480 and M485 both In flux and Ga flux were kept constant while growth
temperature was varied [12]. Smaller InN concentrations are obtained with higher
temperatures; this is due to increased In desorption at higher temperatures.

In the 5-series samples a MOVPE GaN template was grown on top of the
sapphire and before the MBE GaN buffer layer. The use of such templates is
expected to increase the quality of the active layer [18-20]. On top of this template
the structure of 5-series is the same as in 4-series: a MBE GaN buffer layer followed
by a MBE InGaN layer. The growth conditions for these epilayers are similar to
samples M480 and M485: In and Ga fluxes are constant and temperatures vary from
500°C to 600°C.

A previous study of these samples has been carried out in 2002 by F.B.
Naranjo et al [12,14,21]. Properties such as emission peak and width, energy
bandgap and absorption band edge were measured. The results show a special
behaviour of 5-series samples with temperature: multiple peak emission due to
interference between bulk layers and air is found, a red-shift of luminescence

followed by a blue shift at higher temperatures and also a minimum in the full width

12



at a half maximum (FWHM) depending on temperature. Minima of emission energy
and FWHM take place at different temperatures.

The strain state and InN content of the samples were assessed by High
Resolution X-ray Diffraction (HRXRD) and a bowing parameter of 3.6eV was
calculated from optical absorption data assuming an InN bandgap of ~1.9eV.

In this report the optical properties of the samples described above will be
measured and compared to the results obtained by Naranjo et al [12,14,21]. We will
also compare the behaviour of these samples with InGaN epilayers grown by
MOCVD, of great importance since MOCVD layers are the basis for commercial
devices. The properties of these MOCVD samples, whose InN content varies
between zero and 0.4, were measured in the same laboratory as measurements on the
MBE samples were performed. Thus, a direct comparison between MOCVD and
MBE InGaN epilayers can be performed. This investigation is the main aim of this

report.

13



1.2 OPTICAL PROCESSES IN SEMICONDUCTORS

1.2.1 Electrons and holes in semiconductors

In the same way that an electron bound to an atom can only take discrete
values of energy due to Pauli’s principle, we can say that in a semiconductor the
carriers are disposed in allowed energy bands separated by forbidden bands.
Electrons occupy bands of allowed states.

Electrical processes in a semiconductor can be explained if two different
forms of carrier are considered: electrons and holes, the last ones being positively
charged “empty states” created when an electron leaves a band. The two carriers are
complementary, holes are like bubbles in a liquid: liquid and bubbles move in
opposite directions under gravity.

Conduction can only take place in a band that is partially empty. Electrons
(holes) in a completely full band can only interchange states, but that means nothing
in terms of conduction taking into account the fact that electrons (holes) are
indistinguishable.

When an electron is locked in a chemical bond and is immobile it is said to be
in the valence band. On gaining enough energy (thermal, electromagnetic field, etc)
to break the bond and become a mobile carrier, this carrier is said to be promoted to
the conduction band. The energy gap between the two allowed bands is called the
energy bandgap, Eg, and its value (in eV) is a characteristic parameter of each

semiconductor material. A scheme of the bands is shown in Figure 1.8.

14



Conduction band
....................................................... (almost emptyv of electrons)

1 © o Electrons

v ——— Empty electronic states (holes)

Valence band
(almost full of electrons)

Figure 1.8. Semiconductor band structure diagram

Thus free carriers are produced when electrons travel from the valence band,
normally almost filled with electrons, to the conduction band leaving holes in the
valence band. Typical values of the bandgap energy are 1.1eV for Si and 3.4eV for

GaN at room temperature [22].

1.2.2 Band structure of alloys

InGaN is a ternary compound consisting of some mixture of the binary
compounds GaN and InN. Such a solid solution is called a semiconductor alloy. We
can say that the composition of InGaN varies depending on the molar fractions of

InN and GaN in the following way [23]:

InxGa;«xN = xInN + (1-x) GaN (1.2

where x is the InN content of the alloy. Extending Vegard’s law, which says that the

lattice parameters of a substitutional solid solution is a weighted average of the

values of the components, we can say that the properties of InGaN will be situated

between those of InN and GaN.

15



GaN and InN have bandgaps reported to be 3.44eV [22] and 0.67eV [24] at
room temperature and at 77 K respectively. Previous values of 1.89eV [22] reported
for the InN bandgap at room temperature seem to be associated with layers of high
carrier concentration [25].

Thus InGaN covers all the visible spectra from infrared (IR) to ultraviolet
(UV); for emission in this range InGaN is found to be more efficient in the blue/UV
region. Hence most studies of InGaN focus on the blue spectral region.

In theory x can reach values from x=0 (pure GaN) to x=1 (pure InN), but in
practice high InN content values are not so easy to achieve because of the low
solubility InN has in GaN. This fact causes problems while growing samples with
high InN concentration and high crystal quality: it is quite difficult to have high-x
samples that are homogeneous.

Previous studies of the variation of emission peak energy with InN content in
the range 0 < x < 0.4 for MOCVD-grown samples show that the peak emission
energy depends, in that region, linearly on the InN concentration [26,27]. Due to the
existing difficulties on the growth of MBE samples with low InN content and
MOCVD samples with high InN content a study of the dependence of emission
energy on InN content for samples grown in the same way and in the whole range
from x = 0 to x = 1 has not yet been carried out. The only study which takes in the
whole range O<x<1 combines results from MBE- and MOCVD-grown InGaN
epilayers [28].

As well as the emission peak energy, the bandgap of InGaN varies with the

InN concentration in the following way [29]:

16



Eqy (X) = (1-X) Eq (GaN) + XEq (INN) — bS,y (1.2)

Where Eg (GaN), E4 (InN) are the bandgap values for GaN and InN respectively and
X is the InN content. The term S,y is associated with the correlation function of the

InN content at different spatial points of the material:

Sex ~ <AX (1) Ax (1')> (1.3)

Where r and r’ are two points in the sample. Thus, this parameter, which is a
perturbation term, depends on the way InN is distributed in the alloy. Assuming that
the alloy is an ideal solution with random distribution of InNN we can use the

following simplification:

Syx ~ X (1-X) (1.4)

If we apply this approximation the bandgap of the InGaN alloy will depend on InN

concentration in the following way:

Eqy (%) = (1-%) Eq (GaN) + xEq (InN) — b X (1-X) (1.5)

The parameter b is known as the bowing parameter. A wide range of values for b has

been reported from 1.0eV [30] to 3.2eV [31], but the value obtained by curve fitting

depends strongly on the assumed InN bandgap. The values reported have been

obtained assuming a value for InN bandgap of ~1.9eV.
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It is also known that the emission peaks do not coincide with the bandgap
energies. Due to relaxation of the exciton via phonon emission and percolation, the
energy of the photon emitted is lower than the energy necessary to create the exciton.
This difference between the emission peak and bandgap energy is known as Stokes’
shift. Since the trendlines of both emission peak and bandgap energies tend to the
same value for zero InN content it is expected for the Stokes’ shift to decrease with

the InN content on the epilayer reaching the theoretical value of zero for pure GaN.

1.2.3 A model for emission in semiconductors

The optical properties of a semiconductor are due to the processes that take
place in the semiconductor associated with the absorption/emission of photons whose
wavelength is situated in the appropriate spectral region. When talking about optics it
is necessary to mention the exciton. An exciton is a particle formed by an electron
and a hole whose motion is correlated by an attractive force (Coulomb force)
between them. Electron and hole move in the exciton like the electron and proton in
the hydrogen atom: thus we have bound states and continuum states of the exciton.

Excitons are created when the thermal equilibrium concentration of electron-
hole pairs is changed by phenomena such as increase of temperature, absorption of
photons or incidence of high-energy electrons on the semiconductor. In this non-
equilibrium situation excess electrons and holes tend to relax towards quasi-thermal
equilibrium distributions before recombining. The recombination is radiative if we
have photon emission or it can be nonradiative if the energy of the electron-hole pair

is dissipated in some other way, such as heat via excitation of phonons. These two
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processes compete. A scheme of these two possible recombinations is shown in
Figure 1.9, in a three level model.

An efficient luminescence material is one in which radiative transitions,
B—A, predominate over non-radiative ones, C—A. Thus, the prescription for
efficient light emitters is to help the radiative side of the competition that is intrinsic
to the material by eliminating or at least reducing the processes that cause non-

radiative decays.

: E a

< Nonradiative decay

Radiative decay .

A —y P Ground state

Figure 1.9. Three level model for radiative and nonradiative decays

The conditions for increasing the rate of radiative recombinations are first, a
direct bandgap and second, a material with a low density of defects.

In a direct bandgap material valence band (VB) maximum and conduction
band (CB) minimum both occur at the same k-value (k being the momentum in k-
space diagrams). Transitions between the two allowed bands can take place with no
change in crystal momentum. It is not necessary to have a third particle (phonon)

with the appropriate momentum in order to satisfy the momentum conservation law
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as happens with indirect bandgap materials, that are really much less efficient in the
emission of light than direct bandgap materials.

Defects and impurities play an important role in recombination features: deep
traps can create allowed states within the forbidden bandgap and electrons may
transit from the conduction band to the valence band via the intermediate deep trap
state without emitting any photon. In other cases defects can generate strains and
electromagnetic fields. In this case the bands are shifted and excitons can decay in a
nonradiative way.

Following the scheme presented in Figure 1.9 it is possible to say that an
excited electron decays from B to A and generates a photon. At higher temperatures
the electron can be thermally excited to the state C, in reality a band of states, from
which the subsequent recombination is nonradiative. The threshold energy separating
these two states, B and C, is called the activation energy (E.). The higher the
temperature the higher the population in C relative to B. Thus, a decrease of the
photon emission is expected with increasing temperature.

The probability of having a radiative decay, that is, the emission efficiency,

(1.6)

Where Ng and Nc are the carrier populations of the radiative and nonradiative states
in the three level model presented in Figure 1.9. The total number of carriers, Ng +
Nc is constant with temperature. This ratio of populations assumes a Maxwell-

Boltzmann distribution:
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—C —DpeX (1.7)

where D is a constant related to the degeneracy of available states on the band C and
to the process rate, k is Boltzmann’s constant and E, is the activation energy we
mentioned before. The emission efficiency can also be expressed in terms of the

emitted intensity:

n= (1.8)

where lp and | are the photoluminescence intensity at temperature T=0 and T
respectively.
By replacing equations (1.7) and (1.8) in (1.6) we obtain the following

equation for the temperature dependence of the luminescence intensity:

D is sometimes a function of temperature. In more detailed fits as, for example,
Ashkinadze’s model of exciton evaporation [32], the parameter D, as a ratio between
band and impurity populations, would depend on the temperature as D ~ T2,

We can see if we analyse equation (1.7) that an increase in temperature

involves an increase in the population of carriers in the nonradiative band. This
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would explain the decrease of luminous efficiency of the device with temperature.
Temperature has also influence over the emission peak: it can change the emission
energy and the width of the peak obtained. Both of these are expected to vary with
the number of phonons that are excited at a given temperature. Usually peaks shift to

lower energy and broaden with increasing temperature.
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2. EXPERIMENTAL TECHNIQUES

In this report we will describe various kinds of experiments performed on
MBE-grown InGaN epilayers that have been described in the first chapter. Optical
absorption, photoluminescence (PL) and cathodoluminescence (CL) spectroscopies
will be carried out in order to determine their optical energies. Absorption
measurements will measure the bandgaps of the samples and the broadening of the
band edge. PL and CL will provide information on the emission energies of the
samples. We will study their composition with wavelength dispersive X-ray
spectroscopy (WDX). The aim of these experiments is to establish the composition
dependence of the optical energies. In addition the PL temperature dependence will

compare radiative and non-radiative recombination.

2.1 ABSORPTION SPECTROSCOPY

Optical absorption is used to determine the band structure of semiconductors.
By illuminating a semiconductor sample with light and measuring the variation of
transmitted light with photon energy we determine at what energy transitions of the
carriers take place.

The absorption set-up is shown in Figure 2.1. A tungsten lamp is used as a
broad band light source. This light is introduced into a Bentham TM300
monochromator, with aperture /4.1; a chopper located just before the slits of the
monochromator modulates the focused light beam with a frequency of 30Hz,

approximately.
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In the monochromator a reflective diffraction grating splits the white light
coming from the lamp in the extended visible spectrum (300-1000nm). A motor
stepper, connected to a drive unit, moves the grating in order to select the output
wavelength of the monochromator. This light is passed through the sample (situated
in the sample holder shown in Figure 2.1) and the transmitted intensity is measured
with a Hamamatsu R636 photomultiplier. The current signal from the
photomultiplier is sent to a Stanford SR570 current preamplifier which converts it to
a voltage signal. The output chopped DC voltage is sent afterwards to a Stanford
SR810 DSP lock-in amplifier, in order to distinguish PL emission from background
noise.

The lock-in amplifier is a phase-sensitive device: both excitation and
luminescence signal have, taking into account that the lifetimes for the luminescence
processes are small enough and they are not generating a big delay, approximately
the same shape (because of the chopper). These two signals, excitation and
luminescence are then in phase and their product is always a positive number. Any
signal with different frequency and phase, such as noise whose variation is random,
is removed by the lock-in. Finally, the digital DC output data of the lock-in amplifier
are stored in a computer and analysed with an in-house program.

Thus, the spectra obtained in the computer correspond to the transmitted
intensity obtained when the monochromatic light is passed through the sample as it is

shown in Figure 2.2.
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The transmitted light intensity depends on the sample thickness, its

absorption coefficient o and on the photon energy (E) of the incident light.

I — Ioe—a(E)X
t

(2.1)
Where I; is the transmitted intensity, lo is the incident intensity coming from the light
source, measured in the same set up without the sample in the sample holder, and x is
the thickness of the sample. The value of the absorption coefficient can be deduced

from equation (2.1). It is described by:

o(E) =%Ln{:—°j 2.2)

t

When the energy of the incident light is less than the gap energy photons are not
absorbed strongly in the material but when this energy is approaching that of the
bandgap the amount of absorbed light increases dramatically.

According to simple theory, this increase in the absorption (then also in the
absorption coefficient) should be abrupt when the energy of the incident photons
exceeds the energy bandgap Ep. In practice the change before and after the energy
bandgap is smoother. The increase of the absorptance with the energy behaves in two
ways near Ep: first an exponential increase with the energy is observed. This regime

is known as the Urbach tail; its origin is the exponential tail of the density of states of
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localised levels in the gap. Above this Urbach tail follows the absorption via
transitions into extended states, which approximately follows an EY2 law.

A working definition of the absorption edge is proposed in [33] and can be
used as an accurate description of the behaviour of the absorption coefficient close to
the bandgap energy. This definition considers the effects of broadening and is
provided by fitting the experimental curve, from the rising edge to the plateau, to the

following sigmoidal formula:

a(E) = (2.3)

E,—E
1+e %€

Where E; is the effective optical bandgap and AE the broadening of the absorption

edge, equivalent to the Urbach tailing energy.

2.2 PHOTOLUMINESCENCE AND CATHODOLUMINESCENCE

SPECTROSCOPIES

By luminescence we mean the light emitted by a body, excluding the thermal
equilibrium black body radiation. For a semiconductor this process usually occurs
when we have excess electrons and holes created by an excitation source. The
recombination of electrons and holes entails the emission of a photon.

When the excitation source is light produced by a laser or a lamp the process

of excitation of electrons and radiative recombination is called photoluminescence

27



(PL). Cathodoluminescence (CL) occurs when the excitation is produced by an
electron beam. CL measurements were carried out at room temperature in the
EPMA that will be described in paragraph 2.3.

The set up used for the PL measurements is shown in Figure 2.3. An
Omnichrome 5mW He-Cd laser with UV output at 325nm is used as an excitation
source. The laser light is introduced in an infinity-corrected microscope having in the
entrance a band-pass filter for removing plasma lines from the discharge. Inside the
microscope a dichroic mirror directs the laser line to the focusing system. The
sample is brought into focus by moving the sample holder in the vertical direction

(2). A x-y stage allows different regions to be excited.

TV
expander [€— corrected
microscope oo
He-Cd laser Dichroic
mirror
Spectrometer [ ||y . g4
f : Polka-dot
beamsplitter
Long-
pass filter
Roughing
Temperature
controller

Rotary
pump

Diffusion Closed cycle refrigerator

pump

Backing Raffla /

Heater

Figure 2.3. Photoluminescence set up
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The luminescence emitted from the sample is collected in the same
microscope: a polka-dot beam splitter (50% mirror, 50% quartz) splits up the
luminescence in two beams. The first one enters the detection system consisting of a
Oriel MultiSpec spectrometer and a cooled CCD camera and the second one goes to
a TV camera, where the image obtained is used for focusing the sample and selecting
the excited region.

The CCD camera is connected to a computer where the data are stored. The
program used to visualise the spectra obtained is commercial software provided by
the CCD manufacturer, Andor Technology.

The holder containing the sample is mounted in a vacuum chamber, inside a
cryostat. With the help of a temperature controller (Oxford Intelligent Temperature
Controller ITC 4) and a heater (the resistor), the sample temperature can be

controlled in the range from approximately 10K to 300K.

2.3 WAVELENGTH-DISPERSIVE X-RAY SPECTROSCOPY

Wavelength dispersive X-ray spectroscopy (WDX) has proven to be a useful

tool for determining the composition of solid samples studied [33-35]. In WDX a

focused electron beam hits the sample; a small portion of the X-rays generated enters

an X-ray spectrometer and impinges on an analysing crystal which causes the

diffraction of the X-rays; they are diffracted according to Bragg’s law:

ni = 2d sind (2.4)
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Where n is an integer, A is the X-ray wavelength, d is the interplanar distance of the
analysing crystal and © is the angle of incidence of the X-ray beam over the crystal.
A gas-filled proportional counter detects these scattered rays. Subsequently an
analysis of X-ray intensity as a function of crystal angle is performed, by comparing
the results with well known standards, in order to associate the position and intensity
of the peaks observed with the amount of each element in the sample.

The advantages that EPMA-WDX has over Energy Dispersive Spectroscopy
(EDS) are, among others, a better spectral resolution (the peaks do not overlap),
much reduced background, less dead time in the data-collection process and a
minimum number of spectral artifacts of the type that cause peak positions shifts or
incorrect elemental assignments. Whereas EDS is semi-quantitative, at best, WDX
aspires to accurate quantitative measurements [34,35].

The WDX measurements were taken in a Cameca SX100 Electron Probe
Microanalyser (EPMA) shown in Figure 2.4. EPMA is basically a method of non-
destructive elemental analysis of micron-sized volumes. A focused electron beam
bombards a micro-volume of a sample with energy in the range OkV to 50kV. The
larger the energy of the beam, the greater the penetration of this beam into the
sample. The sample is located on a stage allowing movement in the three spatial
directions (X, Y and focus Z) controlled by the computer with accuracy of the order
of 1um.

The Strathclyde EPMA has three WDX spectrometers and a EDS detector in
parallel; each spectrometer has two or four diffracting crystals in order to measure
the X-ray emission spectrum from the sample. The appropriate crystals must be

selected depending on the elements expected. For InGaN, for instance, three crystals
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are selected in order to measure In, N and Ga. These are LPET (large
pentaerythritol), PC1 (a synthetic pseudocrystal) and TAP (thallium acid phthalate)
respectively. Quantitative analysis involve the use of certified standard reference
materials, known as calibration standards, in order to perform the instrumental

calibration. In the case of InGaN essays, InP and GaN were used as calibration

standards.
...
e
Ion pump
Direct drive I _ '1
mechanism [
Electron = u[ CC%WIBd
heam I camera
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]

P

Grating
W spectrometer

Airlock

Sample stage
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Figure 2.4. Cameca SX100 Electron probe microanalyser [35]
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3. EXPERIMENTAL RESULTS

In this chapter we present the results obtained in wavelength-dispersive X-ray
(WDX), photoluminescence (PL), cathodoluminescence (CL) and optical absorption

spectroscopies of MBE-grown InGaN samples.

3.1 InN CONTENT OF InGaN SAMPLES

WDX measurements were carried out in order to determine the InN content
of every sample [36]. Bulk analyses of the InGaN layer were performed in the
EPMA using a focused electron beam with energies ranging from 5kV to 12kV and a
beam current of the order of 10nA, low enough to avoid damage to the sample. Three
different diffracting crystals were used in order to determine the atomic proportion of
every element of interest (In, Ga and N) in the epilayer. The different beam voltages
used allow us to measure any dependence of the InN content on the depth. The
Griinn penetration range estimates, as a function of the energy of the beam, the depth

at which 90% of incident electrons are absorbed in the material [37]:

398102
o,

Rs EL7° (3.1)

where p is the density of the material (InGaN in this case) and Ey is the energy of the
beam. A beam voltage of 5kV would produce a Griinn penetration range of,
approximately, 100nm while the 12kV beam would penetrate into the material to a
depth of 500nm. The InGaN layers have a nominal thickness of 300nm. The InN

contents measured with various beam energies are plotted in Figure 3.1.
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Figure 3.1. InN variation with beam energy

We can see that, up to 8 kV, the InN content remains constant for all samples
except for M481 and M485, where the value drops continually with beam energy.

The best estimate of the mean InN content of each sample (at 6kV) is shown in Table

3.1.
Sample InN content (%)
M548 26.8 (2)
M549 23.3 (1)
M550 17.9 (2)
M479 20.5 (3)
M480 27.3 (6)
M481 34.9 (2)
M485 13.5 (2)

Table 3.1. InN fractions of InGaN epilayers
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3.2 LOW TEMPERATURE PL MAPPING

Prior to detailed investigation a PL mapping of the samples was carried out in
order to study the homogeneity of luminescence in the different InGaN epilayers.
Spectra were taken at a temperature of 16K at regular spatial intervals of 0.5mm in a
2 dimensional array in the central part of each sample. The PL set up shown in the
last chapter, Figure 2.3, was used. The maps are generated by plotting the PL
emission peak energy as a function of the spatial variables X, Y. A gaussian fit was
used in the computer package Origin 6.0 to estimate the position of the emission
peak at every point. Example fits are shown in Figures 3.2 (a)-(b). The equation for

the fit is the following one:
—(x=b)*
y=aexps———"— (3.2)
w

where a is the amplitude of the PL peak (arbitrary units), x the emission energy at
which the intensity, stored as variable y, is recorded and w is a broadening parameter

related to the full width at half maximum (FWHM) as shown in equation (3.2):
FWHM =w-/2Ln(2) (3.3)

The fitting error in the peak position is smaller in 4-series samples than in the
5-series because of their more regular spectral shapes. The 2 dimensional maps
obtained are shown in Figures 3.3 (a)-(g). In these maps we can see that the
difference between the maximum and the minimum emission energy for a given

sample lies between ~30meV and 60meV. Such an energy range implies variations in
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INN content of around 1% - 2%. These variations are also spatially regular in one
direction except in sample M548, where a scratch in the surface was found.

We can conclude, taking into account that the lowest InN content is 13.5%
and the diameter of the laser spot for PL is of the order 10um, that the samples are
homogeneous enough, within the limits of accuracy, for the PL and absorption

measurements we want to do.
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Figure 3.2(a). Gaussian fit to a PL spectrum of Sample M480
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Figure 3.2(b). Gaussian fit to a PL spectrum of Sample M549
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3.3 ASSESSING SAMPLE QUALITY

In order to assess the luminous efficiency of the samples, their emission
intensities were first measured at low temperature (16K) and room temperature
(300K) in the PL set up presented in chapter 2. The intensities, normalised to 100 for
the sample with highest intensity, and the ratio | (16K)/I (300K) are shown in figures
3.4 and 3.5.

We found that all the samples emit light in the whole range from 16K to
300K. It is possible to see, in the graphs presented, that the samples belonging to the
5-series are more efficient than those of 4-series at low InN fraction. The intensity is
bigger at low temperatures for 5-series and the ratio of intensity between the extreme
temperatures (16K and 300K) is bigger in 4-series, which show a larger loss of

intensity when the temperature is increased. These results are in accordance with
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those presented in [18-20]: in general, the use of a MOVPE GaN template

substantially increases the efficiency of the MBE InGaN epilayers.
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Figure 3.4. Normalised Intensity at 16K. Dotted lines are a guide to the eye
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Figure 3.5. Ratio of luminous intensity | (16K)/ I (300K). Dotted lines are a

guide to the eye.

We can also present, as a measure of the quality of the samples, the values for

the broadening of the absorption edges as a function of the InN content of the
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samples. These data were taken at room temperature in the absorption set up

described in paragraph 2.1. The results are plotted in the graph shown as Figure 3.6.
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Figure 3.6. Broadening of the absorption edge

The broadening increases for both sets approximately linearly with the InN
fraction. However the broadening is smaller for 5-series than for 4-series samples:
for a given InN content, ‘4’ samples are broader by ~50%. This shows the superior

quality of samples grown on MOVPE GaN templates.

3.4 OPTICAL PROPERTIES AT LOW AND HIGH TEMPERATURES

PL, CL and optical absorption measurements were carried out in order to
determine the optical energies of the samples, such as emission energy peak at
various temperatures and bandgap energy at room temperature. PL measurements
were taken both at 16K and 300K respectively while CL and absorption could only

be performed at room temperature. Beam voltages of 6kV and 9kV were used in
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order to obtain the CL data. With these voltages, 90% of electrons in the beam are
absorbed at depths of, approximately, 150 nm and 300 nm respectively. The beam
current was of the order of 10nA.

Figures 3.7 and 3.8 show CL and PL spectra, measured at 300K and 16K
respectively. In Figure 3.9 we plot the variation of FWHM with InN content for CL.
Figures 3.10 and 3.11 show how peak emission energies and bandgap energy depend,

as well, on the InN fraction of the sample.
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Figure 3.7. CL spectra taken at 300K with a beam energy of 9kV
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The CL spectra shown in Figure 3.7 possess the same general shape: a single
broadband feature with approximately exponential tails; in the case of samples
belonging to the 5-series interference fringes are observed. The FWHM of the
emission spectra broadens from 0.17eV in the case of the sample with the lowest InN
content to 0.28eV for sample M481, the one with the largest amount of InN. Thus the
FWHM of the CL spectrum increases with the amount of InN as it can be seen on
Figure 3.9. The value obtained in the case of sample M548 is situated further away
from the others. We could think about some interference with the GaN ‘yellow band’
since it emits in the same region.

A decrease of the peak emission energies with the InN content is observed in
Figure 3.10 in the case of CL and in Figure 3.11 for PL, both at low and room
temperature. In Figure 3.11 the bandgap energies at room temperature, obtained in
the absorption measurements, are also plotted. A linear trendline could be fitted to
the data. The value obtained for zero InN content is below the expected GaN wurtzite
bandgap in all cases. At room temperature, the Stokes’ shift decreases with InN

fraction, but does not vanish as expected at x = 0.

3.5 TEMPERATURE DEPENDENCE OF PL EMISSION

A study of PL emission dependence on temperature was carried out in order
to know how the temperature affects the luminescence properties of the materials
studied.

The samples are introduced in the cryogenic chamber for performing the

measurements of PL emission at different temperatures, which are selected by the

45



temperature controller. After waiting the time necessary for the stabilisation of the
temperature in the cryogenic chamber, the measurements can be taken. Some of the
results obtained are shown in Figures 3.12 (a)-(d); they have been plotted in a
logarithmic scale in order to show more clearly how the change in temperature

affects the luminescence properties of the samples.
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Figure 3.12 (a)
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Figure 3.12 (d)

A high-energy emission peak with exponential tails dominates all the spectra
and interference fringes are present up to energies of around 2.4-2.6eV. Periodic
fringes with the same spacing have been also found in the absorption measurements.

These results will be analysed in more detail in the following chapter.

3.5.1 Activation energy

It is observed in graphs presented in Figure 3.12 (a)-(d) that a decrease in
intensity is a general feature expected in temperature dependence measurements.
While increasing the temperature the number of carriers decaying radiatively

decrease; this behaviour can be explained taking into account the three energy level
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model presented in chapter 1 (see Figure 1.9). The experimental data have been fitted

using the equation (1.9). The results are shown in Figure 3.13
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Figure 3.13. Fit to the temperature dependence data

The fits are better for those samples with higher InN content because the drop
of the points when increasing the temperature is not as abrupt as in samples with low

InN content.

3.5.2 Peak emission energy and width dependence on temperature

While increasing temperature another features were found in common to all
the samples, such as a shift in the emission energy, a change in the width and a

decrease in the integrated intensity.
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Both peak emission and full width at half maximum (FWHM) are plotted as a
function of temperature. The curves have been fitted using equation (3.1), presented

in paragraph 3.2. Some of the results obtained are shown in Figures 3.14 (a)-(d).
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Figure 3.14 (d)
In both series the same shift in emission energy can be observed: first a red

shift is detected followed by a blue shift at bigger temperatures. Minima in FWHM

51



have also been found with the increase of temperature. These results are in
agreement with those ones reported by F.B. Naranjo et al [14,21].

We can also observe that the emission energy shifts from low temperature to
room temperature are bigger in samples belonging to the 5-series (around 0.1eV)
than for those in 4-series (around 0.06eV at most) except for sample M485. In this
one the shift between photoluminescence emission energy at low temperature and

room temperature is as big as in 5-series: around 0.1eV.
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4. DISCUSSION

The aim of this chapter is to analyse the results presented in the third chapter.
Some important features such as the quality of the samples, their emission properties

and their dependence on the InN content and temperature will be discussed.

4.1 HOMOGENEITY AND QUALITY OF THE SAMPLES

Luminescence was obtained in all samples, even at room temperature. This is
a general indicator of good sample quality. However, as pointed out in Chapter 3.1,
the efficiency of samples in the 5-series is generally larger than in the 4-series: as
well as brighter luminescence at low temperatures, 5-series samples show less
qguenching when the temperature increases. As can be seen from Figure 3.4, the
luminescence intensity decreases with the InN fraction, apart from sample M485.
The same tendency can be deduced in the case of 4-series for the ratio between
luminescence at low and room temperature, 1(16K)/ 1(300K), presented in Figure 3.5:
the quenching of luminescence increases with InN content. The 5-series does not
present a special tendency in this respect.

Another quality factor is the width of the peak and the broadening of the
absorption edge. As was shown in Figure 3.6 the broadening of the absorption edge
is smaller for samples belonging to the 5-series; the bandtail states are less numerous
in 5-series samples. Regarding the width of the emission peak, this factor is related to
the localisation of the exciton and its lifetime. A general tendency can not be plotted

but FWHM generally increases with the amount of InN in the samples.
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Comparing the CL and PL data there is one sample whose spectral properties
are anomalous: M485. Not only is the width changed but also the emission peak
energy, as can be seen by comparing Figures 3.7 and 3.8. A possible reason for this
difference in width and peak energy is the inhomogeneity of InN content with depth
revealed in Figure 3.1. The InN content of M485 decreases with depth. In
consequence the peak energy shifts to smaller energies in PL, which addresses the
whole sample thickness. We should expect the same behaviour appearing in the
other sample that presents a variation of InN with depth, M481. But no change in the
position of the peak or in the width is observed in this case.

We also have to take into account that these comparisons between CL and PL
results are made at different temperatures: 16K in the case of PL and 300K for CL. A
comparison between the widths obtained at room temperature by PL and CL has
been done. The result is shown in Figure 4.1. While the linewidths for samples
belonging to the 5-series are almost the same, in the case of 4-series samples they
increase for PL. This result is another quality factor for 5-series samples and another
factor against sample M485 whose width increases drastically from CL to PL. Since
PL mappings on individual samples showed no large lateral inhomogeneities, it is not
possible to attribute the increase of linewidth of PL over CL at room temperatures of
4-samples to such inhomogeneities.

We could partly explain the differences between CL and PL measurements if
we take into account the different excitation power per unit of area applied in each
case. The electron beam used to perform the CL measurements has a diameter of the
order of 100nm; for a voltage of 1kV and an intensity of 10nA the power incident on

the samples is of order 10kW/cm?. On the other hand, the diameter of the spot for the
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laser used in the PL set up is of order 10um. With a laser of power 1mW, the
incident power density is of the order of 100W/cm?. Two orders of magnitude

separate the power density used in PL and CL measurements.
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Figure 4.1. PL and CL FWHM at 300K

High powers lead to high carrier densities. When samples are efficient
enough, as 5-series samples, the linewidth of the peak obtained does not depend too
much on the power. It does if the efficiency is low: a lack of power excitation
decreases the filling of levels for efficient radiative decays and the line broadens.

In summary, a comparison between the quality of the samples has been
performed, showing that the 5-series has, in general, a better performance than the 4-
series, while an increase of InN content generally decreases luminescence quality in

the range 0.13 < x <0.35. The brightest sample is found to be M550, with 17.9% InN

55



fraction. M485, in spite of its lower InN content, which should have made it a better
sample according to the literature, turned out to be the one with the worst

performance due to a vertical inhomogeneity of InN fraction.

4.2 INFLUENCE OF TEMPERATURE ON THE EMISSION OF MBE-

GROWN InGaN

Both sets of InGaN samples show Fabry-Perot fringes, caused by interference
between reflections or emissions that originate at the surface and interfaces of the
samples. Depending on the series, different layers are found to be responsible: it is
possible to deduce this because the fringe spacing depends on the series.

In order to calculate the thickness of the layer causing the interference fringes

we use the following equation [38]:

t=—— (4.3)

where d is the spacing between fringes observed in the spectra (energy units), n is the
refractive index of the material and t is the thickness of the layer (length units),
which is causing the interference patterns.

The refractive index for GaN is calculated using the following equation [39]:
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where h is Planck’s constant, v the light frequency, Egthe direct energy bandgap and
a, b fit parameters, obtained from measured refractive index spectra of the
compounds. The GaN values of a =9.31 and b = 3.03 were used in all calculations.

For the 5-series the value of fringe spacing is around 100meV, in every
sample. That gives us, with a value for the refractive index of InGaN close to 2.3, a
thickness for the layer causing the interference of 2.7um.

In 4-series the fringe spacing is bigger. In the PL system they can be difficult
to see. It is easier to calculate the thickness from the absorption data. In this case the
distance varies between 300meV (measured in the spectra of samples M479 and
M480) and 400 meV (for samples M481 and M485). That means that the layer
causing the interference should have a thickness of around 0.89um in the first case
and 0.67um in the second case.

According to the scheme shown in Figure 1.7, the fringes could be caused in
5-series samples by interference between the surface and the bottom substrate/nitride
interface: layers of MBE InGaN layer (0.3um), MBE GaN buffer layer (0.4 um) and
MOVPE GaN template (2um) together give a total thickness of 2.7um. In 4-series it
would be only the MBE InGaN layer (0.3um) and the MBE GaN buffer layer
(0.4um) which, acting together, would cause the interference.

In the case of the PL, these fringes appear only up to energies of 2.4eV to
2.6eV. For energies bigger than these values the curves of all spectra are smooth, and
a “blue” background appears centred on 2.7eV, approximately. This band appears
both in 4 and 5 series being M548, M480 and M481 the samples in which it is easiest

to see. The disappearance of the fringes may be due to the absorption of blue light by
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the active InGaN layer, taking into account the fact the energies at which the fringes

disappear are close to the absorption edges of InGaN samples.

4.2.1 Activation Energy

It was shown in paragraph 3.4.1 that the number of radiative recombinations
decreases when the temperature increases. The fitting of experimental data to
equation (1.9) shows the activation energy increases with InN content. This indicates
deeper localisation of carriers if we assume that the non-radiative level represents
delocalised states. The data can be fitted to a disorder/localisation model as is shown

in Figure 4.2.
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Figure 4.2. Fit of the activation energy dependent on InN fraction
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In this model the activation energy would be proportional to the product of
InN and GaN fractions on the sample. It would increase until x=0.5 and show a
further decrease for 0.5 < x < 1. With the data available we only can validate this
model up to x = 0.35. Earlier measurements of activation energy by Crawford and
co-workers [40] showed an approximately linear trend. The figure shows that
Crawford’s results are also compatible with our model since x (1-x) ~ x at low values

of x.

4.2.2. Peak emission energy and width dependence on temperature

In Figures 3.14 (a)-(d) the variation of both the emission peak energy and the
FWHM of four samples are plotted.

All of the samples present an anomalous behaviour with temperature: an
emission redshift followed by a blueshift appear when increasing the temperature,
results that are in agreement with the literature [14,21]; the minima found in the
FWHM are, generally, deeper in 5-series samples.

The phenomenon of red-blue-red shift in the peak emission with temperature,
accompanied by a decrease and an increase in the linewidth, is known as “S-shape
behaviour” and has been explained in terms of localisation of carriers and their
lifetimes by Cho et al [41].

We could explain this behaviour by extending the three level model presented
in Figure 1.9, to let B represent a band of different allowed states which are
identified with the different minima existing in the conduction band. In the model we

have to make some assumptions about the lifetime of the carriers in order to explain
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completely this behaviour. We will have ground in previous work [41]. In the time-
resolved measurements taken in [41] it is shown that the lifetime increases during the
emission redshift, reaching a maximum at the same temperature as the minimum in
emission energy and decreases quickly during the following emission blueshift.

Assuming this lifetime behaviour and a constant filling of carriers we can say
that at low temperatures the carriers are frozen in the different degenerate levels in B.
In consequence the radiative decays are produced from different states. The PL
emission peak is a weighted average of these decays. When temperature increases the
thermal energy of the carriers allows them to interchange among radiative levels
while the energy difference between A and B decreases with the bandgap [42]. The
carriers thermalise among these levels and, taking into account the lifetime reaches
its maximum value, they have time for recombining radiatively from the most
favourable states, those closest to the ground level A; that would explain the redshift
and the minimum in the FWHM. A further increase of the temperature would give
the carriers enough thermal energy to travel to the non-radiative band (C); the
thermal energy would also affect the internal decays in the radiative levels. Due to
the temperature and the fast decrease of the lifetime, the carriers would not have time
to travel to the most favourable state; in consequence the decays would not be
produced from the same level in B. Thus, the peak emission energy increases and
FWHM broadens.

Both minima, FWHM and emission energy, usually occur at different
temperatures for our samples. That could be due to different localisation centres. The
temperatures at which the minima appear and also their “energy depth” (AE), that is,

the energy difference for the emission between 16K and the temperature at which the
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minimum is reached, are shown in Table 4.1. Although a dependence of the
appearance of these minima with InN fraction has not been found, we could say,
regarding 5-series samples, that AE increases when the InN fraction decreases. The
values are always bigger than kT at room temperature (~25meV).

Perhaps it would be necessary to think about the growth conditions of the
samples as an important factor in order to find an explanation for the different

temperatures at which the minima in emission peak energy and FWHM appear.

Sample InN Emission energy FWHM AE (meV) | AFWHM Ea
content minimum (K) minimum (K) (meV) (meV)
M548 0.268 ~150 | - ~3% | - 60
M549 0.233 ~ 250 ~ 140 ~ 105 ~15 59
M550 0.179 ~210 ~ 150 ~ 115 ~34 45
M479 | 0205 | = --- | e e e 50
M480 0.273 ~175 ~175 ~52 ~18 63
M481 | 0.349 ~200 | e ~60 | - 70
M485 | 0.135 ~200 ~70 ~ 260 ~16 40
Table 4.1

4.3 INFLUENCE OF InN CONTENT ON THE EMISSION PROPERTIES

As pointed out in the previous chapter, a measurement of the InN content of

the samples was performed in the EPMA with different beam voltages, which

explore different depths. At a fixed depth (Z), the InN fraction is found to be fairly
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constant in the other two dimensions (X and Y) for all samples. For most of the
samples this content is invariable with depth but samples M481 and M485 are
exceptional.

The increase of InN content in the epilayers has two general consequences:
an increase of the linewidth and a shift of the emission peak energies to lower values.
Regarding the broadening of the linewidth, it would be generated by two factors:
fluctuation in composition and (random) electric fields created by piezoelectric effect
in the alloy [43]. The first factor would have a weak contribution according to
theoretical calculations [44]. The piezolelectric field, high enough due to the polar
nature of I1I-N, together with localisation would be the main determinant of the
broadening. The electric field tends to separate the carriers and they get trapped in
the different local minima, when they recombine. FWHM broadens because the
recombinations take place at different minima.

On the other hand the fits of the activation energy presented in Figure 3.13
show a deeper localisation of carriers with larger InN content: i.e. the activation

energy increases with InN fraction.

4.3.1 Comparison between MOCVD and MBE epilayers

In Figures 4.2 and 4.3 the PL and CL emission energies of MOCVD- and
MBE-grown samples are compared, where MOCVD results are taken from previous
research done in the Semiconductor Spectroscopy and Devices group at the

University of Strathclyde [27,45]
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Systematic differences between MOCVD and MBE samples are observed,
both for PL at low temperature and CL at room temperature. The relevant data are
presented in Figures 4.3 and 4.4. In both cases the best lines fitting MOCVD and
MBE data have a very similar slope but different intercepts for zero InN content as
shown in the table of Table 4.2. Thus, epilayers in the same range of InN content
present quite different emission peak energies. MBE data are shifted to smaller

emission energies compared to MOCVD layers with the same InN content.
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Figure 4.3. PL Emission Peak Energies at low temperature of MOCVD- [45]

and MBE-grown InGaN epilayers

w
o
)

w
~
|

= MOCVD Samples
A MBE Samples from this work

od
N
1

w
o

INg
™

N
o
L

~
=
L

N
[N}

N
=}

@
1

CL Peak Energy at room temperature(eV)

v T L) T v T 23 T T T L2 T T T 1
000 005 010 015 020 025 030 035 040
InN content

Figure 4.4. CL Emission Peak Energies at room temperature of MOCVD- [27]

and MBE-grown InGaN epilayers

63



PL (<25K) CL (300K) Absorption bandgap (300K)

MOCVD 3.37 (5) 3.40 (1)

MBE 3.18 (8) 3.24 (7) 3.26 (7)

Table 4.2. Intercepts of best-fit lines for x=0. Energies shown are in eV and the

numbers in parentheses are the errors related to the linear fits

As it was pointed out in paragraph 1.2.2 the bandgap energy is not expected
to vary linearly with InN fraction. It should obey equation (1.5) in the case of an
alloy. Two different fits of this equation to the room temperature data presented in
Figure 3.12 were compared. The expected value for the InN bandgap was fixed at
1.9eV and 0.67eV, respectively, and the GaN bandgap and the bowing b were
considered to be free parameters. The results of data fitting to Eqn 1.5 are plotted in
Figure 4.5. The bandgap value (at room temperature) for hexagonal GaN is reached
when 1.9eV is chosen as the InN bandgap. The bowing parameter in this case is 3.06
+0.33eV which, within the error margin, is in agreement with literature [30,31].

For 0.67eV the value reached for x = 0 is 3.32eV, closer to our experimental
results for a linear fit, presented in Table 4.2, and to the value of bandgap for cubic
GaN [46]. The bowing parameter in this case is 0.93eV. Since all of the fits are
nearly overlapping in our data range it would be risky to select any fit as the best
one. It would be necessary to have more data points related to InN fractions bigger

than x=0.4, in the region where the different fits split up.
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®  Experimental bandgap energies
364 —— Linear fit
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Figure 4.5 Bandgap energy fit assuming an InN bandgap values of 1.9eV and

0.67eV.
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5. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

5.1 CONCLUSIONS

The study of emission properties of MBE-grown InGaN epilayers was the
main aim of this report. Optical absorption, photoluminescence (PL) and
cathodoluminescence (CL) spectroscopies were carried out in order to determine the
optical energies of a range of samples: emission peak energy, in the case of PL and
CL, and bandgap energy for optical absorption spectroscopy. Both absorption and
CL data were taken only at room temperature (300K) while PL measurements could
be performed at different temperatures from 16K to 300K.

It was found that samples grown over a MOVPE GaN template (the 5-series)
are of higher quality: they are more luminous at low temperature by a factor of 10,
they present a lower loss of luminescence when the temperature is increased and the
broadening of the absorption edge is consistently smaller than in 4-series samples by
~50% for a given InN content. The emission linewidth is also constant for CL and
PL measurements, contrary to 4-series samples whose linewidth increases in the case
of PL. Although all the samples presented luminescence even at room temperature,
M550 was the sample with the best performance. On the other hand sample M485,
which was expected to be one of the brightest samples due to its low InN content
(~13%), presented poor luminescence properties, its intensity being comparable to
samples with an InN content of ~27%. This lack of luminescence could be caused
by a poor growth; in fact, the InN content measured in M485 by WDX was found to

vary with depth.
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Regarding emission energies: a comparison with MOCVD samples in the
range 0<x<0.4 was accomplished. Two different tendencies could be discriminated
both for PL and CL data. The best lines fitting MOCVD and MBE samples have
comparable slope but different intercepts for zero InN content. In consequence we
have a shift in the emission peak energy between MOCVD- and MBE-grown
epilayers with similar InN fractions. In the case of MBE-grown InGaN epilayers the
intercept x=0 is closer to the value of cubic GaN [46] but the presence of hexagonal
GaN in the samples is irrefutable since we obtain a clear peak ~ 3.4eV in the room
temperature absorption measurements.

On the other hand, as InN fraction increases redshift and broadening of both
emission and absorption linewidths are observed. They could be explained by two
mechanisms: localisation on spontaneously grown InN-rich QDs [47-49] and
piezoelectric effects caused by the large lattice and thermal expansion coefficient
mismatches between substrate and active layers [43].

Thus, both effects, localisation and polarisation, would affect the emission of
InGaN devices and would be reflected on optical properties such as the shift on
emission energy, the broadening of the emission linewidth and the broadening of the
absorption edge.

A study of the dependence of luminescence with temperature has also been
performed, studying the behaviour of integrated intensity, emission peak energy and
emission FWHM. On one hand, regarding the dependence of the integrated intensity
with temperature, we found that the activation energies, calculated by fitting data to
Eqgn. (1.9), increase with the InN fraction fitting according to the predictions of a

disorder/localisation model for alloys. On the other hand, we also detected ’S-shape

67



behaviour” of the PL emission peak energy accompanied by the appearance, in some
samples, of a minimum in the FWHM at lower temperatures than the emission
minimum. They may be explained in terms of different localisation centres. A
dependence of these minima on InN content has not been found. This behaviour can
be partially explained by the three level model presented in the introduction chapter
but still some experiments have to be carried out in order to complete the

explanation.

5.2 FUTURE WORK

As written in paragraph 5.1, some experiments should be carried out in order
to clarify the “S-shape behaviour”. Time-resolved measurements would be necessary
in order to know how the lifetime of the carriers depends on temperature.
Measurements of the dependence with temperature of the bandgap and also
experiments to determine the filling of radiative levels would help to explain the
redshift-blueshift of the emission energy and FWHM with temperature.

On the other hand the data range of the results presented in this report could
be extended to higher InN contents. Having more data better fits to the different
optical energies such as activation, bandgap, PL and CL emission energies could be
done. It would be ideal to work with InGaN samples grown on MOVPE GaN

templates due to the better luminous quality they present.
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