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Abstract

This thesis concerns the growth and characterisation
of InP grown by MBE and MOMBE; and AlInAs grown by
MBE.

The growth of undoped InP epitaxial layers using
solid sources was examined. The quality of the layers
was assessed using the techniques of capacitance
voltage electrochemical (cv) profiling,
photoluminescence (PL) and Hall effect measurement. By
controlling systematically the three growth parameters
of substrate temperature, growth rate and flux ratio,
materials of improved quality were produced as shown
by narrower PL line-width, and higher Hall
mobilities.

A thorough study of n-type doping in InP using
sulphur generated from an electrochemical Knudsen
source has been performed. The experimental results
are explained in terms of a kinetic model of sulphur
incorporation and desorption in conjunction with a
thermodynamic analysis of the effect of substrate
temperature and flux ratios. The results show that
sulphur is a controllable dopant with well defined

behaviour in InP.

An attempt has been made to produce p-type InP using
magnesium doping. The electrical and optical
properties of these doped layers were comparable to
the undoped samples. However, the surface morphology
of the doped samples was found to deteriorate as the
magnesium flux was increased. However there was little
effect on the electrical or optical characteristics.



Epitaxial InP layers érown by MOMBE at BTRL were
also characterised. Magnesium, sulphur and silicon
were found to be the residual shallow impurities
present in these samples. Deep Level Transient
Spectroscopy (DLTS) measurements shows that all
electron traps observed in the MOMBE material have
already been observed in InP grown by solid sources.
Impurity band conduction exists in these samples which
dominates the Hall measurements at low temperatures.
The MOMBE samples have comparable electrical and
optical properties to the best InP layers grown by
solid source MBE.

The ternary compound of AlInAs grown lattice matched
to InP was characterised. During growth it was
observed that there is a region of substrate
temperature which produces a rough surface. This
region of rough surface growth was correlated with an
increase in the PL 1line-width as well as the
appearance of unique deep traps in the DLTS
measurements. Growth at elevated temperatures led to
an increase 1in the 1loss of indium 1leading to

mismatched layers.

The thesis concludes with a study of PL
recombination mechanisms associated with the observed
emission spectrum from AlInAs. Using a Diamond Anvil
Cell (DAC) the PL dependence on hydrostatic pressure
was determined.



CHAPTER 1

Fundamental Processes and Principles of Molecular Beam
Epitaxy (MBE)

1.1 Introduction

Since the original development of the three
temperature vacuum evaporation technique by Gunther et
al. [1.1] in the late fifties, molecular beam epitaxy
(MBE) has become an indispensable technology for the
preparation of both compound and alloy semiconductor
materials. MBE is essentially a thin film deposition
method performed in an ultra high vacuum environment
in which the substrate is normally held at a constant
temperature during growth. Compared with other
epitaxial growth techniques such as Liquid Phase
Epitaxy (LPE) and Metal-Organic Chemical Vapour Phase
Deposition (MOCVD), MBE offers more precise control
over layer thickness and alloy composition. Because of
the nature of MBE, namely a slow growth rate (~1
monolayer per second) and low growth temperature,
ultra thin layers with smooth and featureless surfaces
having very high uniformity can readily be produced.
Furthermore, through the precise control of the
individual fluxes, complicated structures with
atomically tailored compositions and pre-determined
doping profiles may be fabricated with a high degree
of reproducibility.

The growth of III-V materials by MBE was initially
thought to be problematic because of the 1large
differences in vapour pressures between the group III
and V elements. However, Arthur [1l.2] was able to show
that in the case of GaAs, the sticking coefficient of
As; (Sps2, defined as the fraction of the incident to



the incorporated flux) is dependent on the number of
available Ga atoms on the growth surface; S;=0 in the
absence of free Ga atoms and which increasing to unity
in the presence of free Ga atoms. In MBE growth, the
substrate is normally heated well above room
temperature, e.g. to 580°C for GaAs and 500°C for InP.
A critical point is reached, known as the congruent
sublimation temperature T, beyond which evaporation of
the group V atoms from the surface is far greater than
the group III atoms, which ultimately lead to a metal
rich surface. T, for a few of the common III-V
semiconductors are listed in Table 1.1
Stoichiometric single crystal films may be produced,
therefore, as long as there is a sufficient number of
group V atoms to offset the non-congruent effect and
to provide an over-potential for epitaxial growth; the
surplus of the group V flux simply evaporates off the
growth surface.

The interest in the III-V compounds and alloys stems
from their potential application to a variety of
microwave and opto-electronics components. Many
electronic devices have been fabricated using MBE
layers. These include field effect transistors (FETs)
[1.3,1.4], varactor diodes [1.5], IMPATT diodes [1.6],
double heterostructure (DH) lasers [1.7] and high
electron mobility transistors (HEMTs) [1.8]. In the
area of optical communication, sources and detectors
which operate in the 1.3-1.6pm wavelength region where
silica-based optic fibres have low absorption loss and
minimum dispersion [1.9-1.11], are required. This
optical regime can be realised in the III-V family as
shown in figure 1.1 where the wavelength (or energy
gap) versus the lattice constant for different binary,
ternary and quaternary systems 1is plotted. For
example, InGaAsP scans the wavelengths between
1.65-0.92um (0.75-1.35eV) when lattice matched to an
InP substrate and between 0.87-0.65um (1.42-1.91eV)



Table 1.1 The congruent sublimation (T.) and oxide
removal (T,) temperatures for a few of the common III-
V semiconductors.

Material system Tes (°C) Tox (°C)
GaAs 620 560
InP 365 500
GaP 670 580
Insb - 400
InAs ’ 370 -
AlAs >860 -

Table 1.2 The approximate growth 'temperature window'
for some of the III-V compounds and alloys.

Material system Temperature window for growth (°C)
GaAs 485-640
InP 430-590
InAs 390-490
AlAs 650-760
InGaAs 500-600

AlInAs . 520-660
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when lattice matched to a GaAs substrate.

The original purpose of the research described in
this thesis was to study the InGaAsP material system
with a view to fabricating opto-electronic devices
operating at 1.3-1.55um. In the first instance, it is
important to establish control over the purity of
epitaxial InP before commencing the growth of the
ternary (InGaAs) and eventually the quaternary
(InGaAsP) alloys. The former part of the work
described in this thesis is therefore a continuation
of earlier studies by Martin et al. [1.12] on the
growth of InP, but aiming to optimize the growth
parameters so as to achieve high quality epitaxial
layers.

In June 1986, a fire destroyed many of the research
laboratories in the Electrical and Electronics
Engineering Department at the University of Glasgow,
including the whole of the MBE facility. As a result,
the research was continued at British Telecom Research
Laboratory (BTRL) in Ipswich through the support of a
CASE studentship. But the research was redirected away
from MBE growth towards the characterisation of III-V
compounds and alloys (InP & AlInAs) produced by MBE.
The thesis is therefore divided into two parts; the
first covers the growth of epitaxial InP produced in
the Glasgow InP system (Chapters 2-4) and the second
is concerned with the characterisation of InP grown by
Metal-Organic Source MBE (Chapter 5) and AlInAs grown
by MBE (Chapters 6-7). The optical and pressure
measurements discussed in chapter 7 was undertaken in
collaboration with the University of St. Andrews (the
pressure measurements were taken by Dr. T. Beals at
STL, Harlow in Essex).

The present chapter provides a brief introduction of
the MBE processes. For a more complete and detailed
review on the subject, references [1.13, 1.14] are to
be recommended.



1.2 System Configuration

The concept of MBE is illustrated schematically in
figure 1.2. A number of Knudsen cells are normally
present which are located close to each other and are
directed towards the substrate. For the growth of the
AlGaAs/GaAs system, the cells required are Al, Ga and
As depicted in the figure. In addition two dopant
cells, usually Si and Be, are also present providing
n- and p-type doping respectively. Shutters are
situated in front of each cell to allow fast interrupt
of the fluxes thus offering the potential for well
controlled and sharp interfaces between 1layers of
different composition and/or doping type. Figure 1.3
shows a schematic diagram of a commercial MBE system
manufactured by VG Semicon. It has three UHV
chambers: the sample loading chamber commonly known as
the "load-lock", the preparation/analysis chamber and
the main growth chamber. The three chambers are
isolated from each other by gate-valves. The load-lock
is the only chamber routinely exposed to atmosphere
and is designed to have a small volume so that it may
be pumped down dquickly after substrate 1loading.
Commercial systems are normally designed to take
several wafers (e.g. 6 two inches wafers) at any one
time. After the fast entry load-lock has reached a
good vacuum (gloqmbar), the substrate is moved into
the preparation chamber where it is normally heated to
above 200°C on a heater stage to remove any residual
moisture on the surface of the substrate and its
holder. The pressure in this section is Xkept at
glowmbar by an ion pump. In-situ surface analysis such
as Auger electron spectroscopy (AES) may be performed
in this section of the system to determine the
chemical state of the surface before and/or after
growth. The growth chamber, being pumped by an ion
pump or a turbomolecular pump, is kept in an UHV
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condition continuously (with pressure <210 "’mbar)
except when the Knudsen cells are empty and source
reloading is necessary. After the growth chamber has
been to atmosphere (either for source recharging or
for repair) the system is baked at about 200°C for a
prolong period (e.g. a week) in order to restore good
UHV conditions. The Knudsen cells (Al,Ga,As etc.) in
the growth chamber are resistively heated to
temperatures which yield the elemental vapour
pressures desired for growth. Since the operating
temperatures of the cells are normally high, the
unwanted impurities that evolves from the construction
materials can be significant. To ensure a low level of
accidental doping of the epitaxial layers, it is
therefore imperative that the uncontrolled fluxes of
atoms reaching the substrate are as weak as possible.
Therefore, boron nitride (pBN) 1is the preferred
crucible material used in MBE growth since it combines
a low rate of outgassing with a weak chemical activity
up to temperatures of the order of 1500°C. Cryogenic
screening around the space of the substrate is
essential to minimize stray fluxes of atoms or
molecules from the wall of the chamber and from the
heated parts of the system. This is achieved by
continuously flowing liquid nitrogen (LN,) through a
cryopanel.

The group V and the group III cells used in MBE are
similar in construction except in some systems where
an additional section known as the 'cracker' is fitted
in front of the . group V cell. The cracker is basically
a high temperature zone operated at =900°C and its
function is to convert tetramers molecules (e.g. As,)
from the Knudsen cell into a flux of dimers (As;),
which has been shown to have a simpler incorporation
chemistry (see section 1.4 below).

The molecular beam fluxes are monitored by an ion
gauge situated at the back of the substrate holder.



The gauge may be rotated through 180° to intercept the
incident fluxes and provide a beam equivalent pressure
(BEP) measurement, which in the case of the group III
BEP relates directly to the growth rate. The substrate
is normally rotated continuously during growth to
achieve good lateral uniformity of the layer [1.15].
The substrate temperature can either be measured by an
infrared pyrometer or simply by a thermocouple located
at the back of the substrate. The composition of the
epitaxial 1layer is controlled by the presence of
shutters which can be used to interrupt the incident
molecular beams.

The equipment for various UHV-compatible analytical
techniques can be incorporated into the MBE systen.
Some of these provide an in-situ surface probe to
facilitate a good understanding of the growth
processes, consequently resulting in better control
over the quality of the epitaxial layers. Probably the
most important of these is reflection high energy
electron diffraction (RHEED) which provides
information on the changes in the surface structure of
the outermost atomic layers. For example, the RHEED
pattern at the heat cleaning stage of the substrate
prior to epitaxial growth appears diffuse and spotty.
However after the thermal treatment, the observed
pattern becomes sharp and streaky with either an As-
stabilised (2x4) or Ga-stabilised (4x2) RHEED pattern
depending on the magnitude of the incident arsenic
flux and the substrate temperature, indicating that
the native oxide on the substrate surface has been
removed and the existence of a flat surface. It is
particularly important to control precisely the
composition and the thickness of the layers in the
case of growing the III-V alloys, quantum wells and
superlattice structures. The oscillations in the
intensity of the specularly reflected spot in the
RHEED pattern may be used to determine accurately the

10



growth rate and hence the thickness (to within a
monolayer) and composition of the layers [1.16]. Auger
electron analyzer (AES) is another in-situ surface
probe which determines the chemical composition of the
outer-most atomic layers. It may be used to provide
information on the residual surface contaminants of a
chemically cleaned substrate prior to and after
epitaxial growth. Surface segregation effects can also
be studied using AES [1.17].

Prior to epitaxial growth, it is crucial to ensure
the MBE system has an acceptable low level of impurity
gas species such as CO, CO, and H,0 to minimise
contamination from the background. The pressures of
these gases may be detected by a quadrupole mass
spectrometer which allows the initial state of the
system to be assessed.

Auxiliary equipment, such as secondary ion mass
spectroscopy (SIMS) and surface profiling AES, can
also be found in some of the more sophisticated MBE
systems. As well as being a thin film growth systen,
the MBE provides an excellent tool for the study of
surface physics.

1.3 Flux Generation

The beam flux (F) from the group V or III sources
arriving at the substrate are determined by the
Knudsen equation as

1.118x10&x AxXPcos#§
F = molecules/cn@s ceseeeee(l.1)

where P is the equilibrium vapour pressure of

the element in Torr,
A is the area of aperture of the cell orifice
in cn®

11




1 is the distance between the substrate and the
tip of the crucible in cm,
M is the molecular weight of the element
in a.m.u's,
T is the absolute temperature in Kelvin, &
& is the angle between the beam and the
substrate surface normal.

The above equation holds if the cell aperture is
less than the mean free path of the vapour molecules
within the cell. Beams generated from the group III
source are atomic in nature while those from the group
V cell consist of molecules. Typical fluxes used in
MBE are : ~10" atoms/cmzs for group III elements, ~10"
molecules/cm?s for group V elements and 10°-10"
atoms/cmﬁs for the dopants.

Thus far, the sources used in MBE are in elemental
form although recently there have been much activity
in using gaseous sources. For instance the group III
flux, normally generated from a metallic element (such
as so0lid gallium or indium), may be obtained using
metal alkyls such as triethylindium (TEIn) or
trimethylindium (TMIn). The group V fluxes may be
generated via three different routes:

(a) from a compound source, e.g polycrystalline
GaAs or InP, which generates predominately a dimeric
beam (As, or P, respectively). However, it should be
noted that a group III flux (Ga or In) is also
produced which cannot be measured directly by the ion
gauge. This affects the overall growth rate of the
epitaxial layer. The additional flux is particularly
undesirable in the growth of ternary or quaternary
alloys since control over the material composition
becomes extremely difficult.

(b) from an elemental solid source, which can be
obtained with a higher purity than the compound
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source. The flux generated is primarily tetrameric
which can be converted into group V dimers by the
cracker. The generation of group V fluxes from
elemental solid sources has now become the most widely
method used in MBE.

(c) from a gas source (the group V hydrides). The
hydrides have the advantage of being an essentially
'‘infinite' supply source, i.e. replenishment can be
undertaken outside the MBE system. The flow of the
gases are controlled by a set of precision valves.
Epitaxial layers grown using gas sources exhibit very
good optical and electrical properties (see chapter
5) .

1.4 Growth Mechanisms of Dimers versus Tetramers

Growth using dimers has been shown to improve both
the optical and electrical properties of epitaxial
GaAs layers [1.18,1.19], through a decrease in the
deep level concentrations [1.20]. A simple kinetic
model has been proposed by Joyce et al. to explain the
observed behaviour [1.21]. Figure 1l.4(a) and 1l.4(b)
depict schematically the processes involved in the
growth of GaAs using As, and As; respectively. In the
case of As interacting with Ga on a Ga stabilised
surface, the As, molecule is adsorbed in a precursor
state and migrates freely with a finite surface
lifetime. There are three different reaction paths for
the molecule. Firstly, the As; molecule can
dissociatively chemisorbed when it encounters two
adjacent unbonded Ga atoms. The second reaction path
is the desorption of As, when two As, molecules
encounter and interact with one another. Thirdly, the
As; molecule can simply evaporate off the semiconductor
surface without any interaction. The sticking
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coefficient of As, on GaAs, therefore, is <1. 1In
contrast, the kinetics of As, on GaAs are more complex.
The arsenic atoms in this case are incorporated via a
pair-wise dissociative chemisorption process, i.e. for
any two As, molecules encountering two pairs of
neighbouring unbonded Ga atoms, four As atoms are
incorporated and the other four atoms just desorb as
a As, molecule. The sticking coefficient of As, on GaAs
is therefore <0.5. This is a second order reaction and
the arsenic coverage is much less compared to that for
As,. In these circumstances, it is much more likely for
native related defects to be incorporated into the
crystal lattice when using As, for growth.

The need to use dimers is more important in the case
of InP than GaAs because of the high vapour pressure

P4 molecules condensed to

of*white phosphorus, which cannot be pumped away
efficiently, leading to an undesirable high background
pressure in the system. It has also been shown that
the use of P, as the growth species produce inferior
epitaxial layers [1l.22]. Consequently, phosphorus
dimers (P,) produced by cracking the tetramers are the
preferred species for the growth of the phosphorus
compounds and alloys.

1.5 Growth of binary compounds, ternary and quaternary
alloys

The growth of binary compounds, e.g. GaAs and InP is
relatively simple compared to the growth of the
alloys. The growth rate is controlled only by the
magnitude of the incident group III flux since the
sticking coefficient of the group III element is unity
and that of the group V element is dependent on the
presence of excess of the group III elements [1.2].
Epitaxial growth of binary compounds may therefore be
produced by simply supplying an excess amount of group
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V flux onto the growth surface. The group V flux
should be sufficient to replace those group V atoms
lost by non-congruent evaporation and also to provide
an over potential for growth. Those group V species
that are not used will simply desorb from the surface.

The growth of the ternary alloys are much more
involved, in particular the type II alloys [i.e. those
contain two group V elements (As & P)]. For the type
I alloy [thoseconta“nngtwo group III elements (Ga &
In)], e.g In,Gaj.,As, the composition of the alloy is
normally a function of the relative arrival rates of

In and Ga. The alloy composition x is given by

The equation is valid as long as there is negligible
desorption of the group III element at the growth
temperature used. If the desorption is not negligible
then the indium flux must be increased to offset the
loss and hence maintain the required composition.

Type II ternary alloys such as GaAsyPq., and InAs,P;.,
are difficult to grow due to the inter-dependence of
the sticking coefficients of As and P . Using
modulated molecular beam techniques, Foxon et al.
measured the sticking coefficient of As, (P,) as a
function of P, (As,) at a fixed growth rate [1.23].
They found that the incorporation of As molecules is
much higher than that for P molecules and the group
IIT element does not affect the composition. It is
then possible to grow these type II alloys with
predetermined compositions by 1limiting the more
reactive species, in this case arsenic, relative to
the group III flux and supply an excess flux of the
other group V element. Since the sticking coefficients
of the group III elements are unity under normal MBE
growth conditions, the growth of quaternary alloys
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would therefore be similar to the growth of the
ternary alloys.

1.6 Substrate Temperature Effects

The quality of the epitaxial layer depends strongly
on the temperature at which it is grown. A limited
growth temperature window exists in which it is
possible to produce material with both good electrical
and optical properties. The temperature range of this
window is governed by a low (T,,) and a high (Ty;)
temperature. T, is associated with the temperature
below which oxygen related species are stable on the
growth front and consequently oxygen related defects
will be incorporated into the crystal lattice of the
epitaxial 1layer. As a result of the oxygen
incorporation, deep states within the forbidden energy
band gap will be formed which act as traps for
carriers thus degrading the electrical and optical
properties of the semiconductor. Similarly growth at
temperatures above T,; should be avoided since the
concentration of native defects (e.g. group V
vacancies) will become substantial. It should be noted
that T, and T,; are not unique but depend on factors
such as the level of CO, CO, and H,0 in the growth
system, the group III to V flux ratio and the material
system considered. Table 1.2 shows the approximate
growth temperature 'windows' for some of the compounds
and alloys in the III-V family. It can be seen that
InAs and AlAs are grown at the lowest and highest
temperatures respectively. Growth involving Al is
especially difficult because aluminium oxides are
stable and requires high temperatures for dissociation
and desorption. For instance, to avoid oxygen
incorporation in AlInAs, growth should be performed at
Ts>660°C. Unfortunately, above 600°C the desorption
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loss of indium becomes significant resulting in a
measurable change of the composition. This would lead
to a 1lattice mismatch between the 1layer and the
substrate and consequently the introduction of strain
and dislocations in the epitaxial layer.

1.7 Flux Ratio

The arrangement and population of atoms and
molecules on the surface of a semiconductor substrate
during growth may be varied by changing the ratio of
group III to V flux ratio. RHEED can be used to reveal
the surface stoichiometry through the difference in
surface reconstructions under varying growth
conditions. For example, a gallium stabilised surface
on (100)GaAs surface has a 4%X2 reconstructed pattern
while an arsenic stabilised surface on (100)GaAs shows
a 2x4 reconstructed pattern when monitored along the
[110] direction. The flux ratio of Ga to As has been
shown to have significant influence on the
concentration of certain deep traps [1.24].
Furthermore the dopant site occupancy may be affected;
for example, in the case of Ge in GaAs, p or n type
material may be produced by varying the Ga:As, flux
ratio forcing the Ge to occupy either the arsenic or
the gallium lattice sites respectively [1.25].

Careful control of the group V:III flux ratio can
also ensure negligible desorption of dopants when the
epitaxial growth 1is performed at high substrate
temperatures. For instance, Andrew et al. have shown
that the concentration of both sulphur and selenium
impurity atoms in GaAs can be decreased with an
increase of the As,:Ga flux ratio [1.26,1.27].
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1.8 Dopants

In order to fabricate useful devices, both n and p
type dopants are required. The most commonly used n-
type dopants in MBE are the group IV (Si, Ge and Sn)
and VI (S, Se and Te) elements. Theoretically, the
group IV elements are amphoteric, i.e. they can either
occupy a group III or a group V lattice site. 1In
practice, however, only Ge shows a marked amphoteric
behaviour in GaAs [1.25]. With its complicated
incorporation behaviour, Ge is therefore an
unattractive choice for doping. Si and Sn, on the

. preferentially
other hand. occupv only the group III lattice site*and
therefoégegggypggt]%-type dopants. Si has a unity
sticking coefficient and shows negligible diffusion,
but it requires a high operating temperature and
consequently increases the probability of
incorporating unwanted impurities [1.28]. Sn also has
a unity sticking coefficient on GaAs [1.29] but it
shows substantial surface segregation effects [1.30]
and therefore it is impossible to grow structures with
sharp carrier concentration profiles.

Doping with the group VI elements was first thought
to be problematic because of their high vapour
pressures. The group VI dopant in its elemental form
would deplete in a very short time during bakeout. To
overcome these problems, captive sources such as PbS,
PbSe [1.31] and SnTe [1.32,1.33] have been used.
Negligible lead was found in the grown layers. An
alternative doping method has been demonstrated by
Davies et al. [1.34] who used a sulphur electro-
chemical Knudsen cell which proved to be a very
promising n-type dopant source as evidenced in
subsequent studies in GaAs [1.26] and InP [1.35].

Comparelto n-type dopants, p-type elements with good
characteristics are limited and a near ideal dopant is

yet to be found. A number of workers have investigated
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the dopants such as Mn, Zn, Be and Mg. However, Mn
forms a deep level in GaAs [1.36], resulting in
incomplete ionisation at room temperature. Zn, on the
other hand, has a very low sticking coefficient at
growth temperatures normally used in MBE. Be is
probably the most widely used p-type dopant despite
its associated toxic nature. It forms a shallow level
in both GaAs [1.37] and InP [1.38] and layers can be
doped to 10"cm’?
unpredictable [1.39]. As an alternative dopant to Be,

or higher although it is sometimes

Mg was used in the growth of GaAs [1.40] but it was
found to have a relatively low sticking coefficient.
Consequently, in order to achieve a reasonable doping
level, a Mg flux comparable to the gallium flux is
required which changes the stoichiometry of the growth
front and thus affects the properties of the layer.

1.9 Thesis Outline

The work described in the first part of this thesis
is a continuation of research into the growth of InP
which extends back over several years [1.12]. The
investigations have identified the principal
contaminant in InP as sulphur which originates from
the red phosphorus charge, which accounts for the
universal n-type character of uninadvertently doped
InP grown by MBE. From secondary ion mass spectroscopy
(SIMS) studies Mn, Fe, Mg and Ca acceptors have also
been found in the undoped InP samples. However a
systematic study of the influence of the growth
conditions on the properties of InP has not been
previously performed. Since sulphur is the dominant
donor species in the epitaxial layers, it is intended
that by systematically varying the growth parameters
such as the substrate temperature, the growth rate and
the group V:III flux ratio, the net free carrier
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concentration (N;,-N,) may be minimised and thus
increasing the mobility of the layer.

In chapter 2, the optimum growth conditions for the
growth of inadvertently doped InP are identified. Many
characteristic features (electrical and optical) of
the epitaxial InP layers are discussed in relation to
the growth parameters.

The role of sulphur in InP is discussed in chapter
3. The sulphur used to dope the epitaxial layers was
generated by an electrochemical Knudsen cell first
described by Davies et al. [1.26]. The experimental
results are explained in terms of thermodynamics and
using the kinetic model proposed by Wood et al.
[1.40].

Chapter 4 discusses an attempt to use Mg as a p-type
dopant in InP grown under the optimum conditions as
described in chapter 2. It is shown that the
concentration of Mg in the doped samples is of
comparable level to the undoped samples. Consequently
it 1is «concluded that Mg is unsuitable as an
alternative dopant to Be.

The work carried at BTRL is presented in chapters 5
and 6. Chapter 5 is concerned with the
characterisation of InP grown by the MOMBE technique.
It is found that the material properties of the layer
grown by this technique are of higher quality than its
solid source grown InP counterpart. In chapter 6 the
growth and characterisation of the ternary alloy
AlInAs lattice matched to InP are described. It is
shown that good quality material can be obtained by
careful control of the growth parameter, in particular
the substrate temperature.

A detailed optical investigation on AlInAs is
described in chapter 7. This work was performed in
collaboration with the University of St.Andrews. In
addition, the dependence of the photoluminescence (PL)
of AlInAs on hydrostatic pressure is studied, which
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allows band structure to be examined.

Finally, the thesis concludes in chapter 8 with a
discussion on the future work for the growth and
characterisation of InP and AlInAs.
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CHAPTER 2

Growth of Unintentionally Doped InP by Solid Sources
MBE '

2.1 Introduction

Considerable interest has been shown towards the
InP/InGaAsP material system for microwave and
optoelectronic applications. As pointed out in the
previous chapter, the gquaternary alloy InGaAsP is
important in the area of optical communication in the
1.3 to 1l.6um wavelength region. Compared to GaAs, InP
has a larger ['-L valley energy separation (0.6eV), a
higher threshold field velocity and a larger peak to
valley velocity ratio in its field characteristics.
Superior transferred electron devices having a lower
noise and better frequency characteristics may
therefore be obtained [2.1]. Consequently, it is
important to study systematically the growth
parameters which govern the growth of epitaxial layers
containing phosphorus, so that layers with good
electrical and/or optical properties may be produced.

At present, InP grown using solid sourcebggghgghmuch
"inferior" in quality compared with materialaby other
techniques such as LPE and metal-organic chemical
vapour deposition (MOCVD). In contrast to GaAs, MBE
growth of the phosphorus compounds using solid sources
is problematical. For instance, the use of red
phosphorus results in a high system background
pressure which necessitates an effective pumping
configuration. This high background pressure is caused
primarily by the formation of white phosphorus species
by the condensation of P, molecules on the cryopanel
walls. Using a specially designed system to cope with
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the pumping of phosphorus, Tsang et al. reported the
growth of InP epitaxial layer at high substrate
temperatures (#580°C) with PL linewidths at 5K of less
than 1meV [2.2]. However, electrical data for these
layers were not given and the layer compensation
therefore cannot be deduced.

Although Tsang's report indicates the viability of
obtaining high optical quality InP by solid source
MBE, the problem associated with controlling the
composition of InGaAsP still remains. However, this
may be circumvented by using gas sources instead of
solid sources [2.3]. Indeed, InP grown by gas sources
has been shown to exhibit 77K mobilities of =200,000

! [2.4]; the properties of homoepitaxial InP

cm?vls
layers grown with gas sources will be described and
discussed in chapter 5.

In the present chapter, the ©properties of
unintentionally doped InP grown using solid sources
(indium and red phosphorus) as a function of the
substrate temperature (T¢), the P;:In flux ratio and
the growth rate (G.) are reported. It will be shown
that by systematically optimising the different growth
parameters, epitaxial layers with good electrical and
optical characteristics may be obtained. Many of the
typical features found in InP will be illustrated
through the assessment of the epitaxial layers by
various analytical techniques such as the Hall effect
measurement, low temperature photoluminescence (PL),
C-V carrier concentration profiling and deep 1level

transient spectroscopy (DLTS).
2.2 Experimental Procedure
The MBE system used for this work has briefly been

described by Martin et al. [2.5], and is shown
schematically in figure 2.1. The system was built at
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Figure 2.1 Schematic diagram of the MBE system used

for growing InP.



the University of Glasgow and consisted of two
chambers; a fast entry load-lock and a main UHV
chamber. The load-lock and the growth chamber were
pumped by an ion pump and a liquid nitrogen trapped
oil-diffusion pump respectively. Additional pumping
for the growth chamber was provided by a water cooled
titanium sublimation pump (TSP). The gas 1load
extracted from the chamber was collected into a
ballast tank situated next in line to the diffusion
pump. Once the pressure in the tank reached a pre-set
value of about 103mbar, the gas was expelled into the
backing line via a magnetically operated valve. This
prevents back-streaming of gases into the system and
ensures the growth chamber is oil-free.

Because of the extreme reactivity of the phosphorus
species with hydrocarbons, the inner parts of the
rotary pump became heavily coated with a tar like
substance which caused occasional seizure of the pump.
To overcome this problem, an activated carbon filter
was fitted in the backing line to reduce the amount of
volatile phosphorus compounds entering the rotary
pump. In addition, the rotary pump was ballasted with
the boil off nitrogen gas from a liquid nitrogen dewar
to minimise phosphorus reacting with oxygen species
and condensing in the pump oil. Also, the rotary pump
0il was continuously passed through an external oil
filter unit. All these precautions added considerably
to the servicing interval of the rotary pump.

The internal parts of the growth chamber were
surrounded by liquid nitrogen-cooled panels. All of
the Knudsen cells (In,P and S) were also cooled
individually by water jackets. The partial pressures
of all residual gases in the growth chamber, with the
exception of hydrogen and the phosphorus species P,
(n=1-4), were typically 5x10 ''mbar with the cryopanels
cooled and the indium cell at operating temperature.
Phosphorus dimers (P,) generated by thermal cracking of
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P, were used in all the growth runs which caused the
system background pressure to rise to around 10 "mbar.
The beam equivalent pressures (BEP's) of the beam
fluxes from the Knudsen cells containing indium (6N)
and red phosphorus (6N) were measured by a movable ion
gauge situated at the back of the substrate holder.
The substrate temperature was measured by a
thermocouple located in close proximity to the back of
the substrate. The temperature was calibrated using
the known eutectic points of Si-Al (577°C) and Ge-Al
(423°C). The ion gauge as well as the quadrupole mass
spectrometer were usually switched off before growth
to avoid unwanted contaminants such CO and CO,.

Both semi-insulating Fe- and n+ S-doped (100)InP
substrates, purchased from Mining and Chemical
Products (MCP) were used in
the growth runs. The substrates were first polished
in a solution of 0.5% bromine in methanol, degreased
in organic solvents (Trichloroethane, Acetone,
Methanol and Propanol), etched in a solution of
H,S0,:H,0,:H,0 (10:1:1) for 15-20 seconds, rinsed
thoroughly with 18Ma de-ionised water and blown dry
using filtered nitrogen. The temperature of the etch
was kept at or below 70°C before the etching was
performed. The substrate was subsequently mounted onto
a molybdenum holder using pure metallic indium and
immediately introduced into the system, where the
surface oxide was removed by heating for three minutes
at =530°C in an excess flux of P, [2.6].

2.3 Growth Rate Calibration

The growth rate, G., is an essential parameter which
requires to be established so the thicknesses of the
epitaxial layers can be controlled precisely. At

normal MBE growth temperatures (where desorption of
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the group III species is negligible), G, is directly
proportional to the incident group III flux. There are
two different methods for measuring G,; using a shadow
mask [2.7] or measuring the RHEED intensity
oscillations [2.8]. The period of RHEED oscillations
corresponds precisely to the growth of a mono-layer of
material. However, the former technique was used in
our system to determine G,. Here the shadow mask made
from a small piece of tantalum foil (welded on the
sample block) shields part of the substrate to the
incident indium flux to form a step whose height gives
a direct measure of G, corresponding to the particular
indium flux used. The height of this step is measured
using a Taly-step instrument. Figure 2.2 shows the
experimental data of the indium BEP as a function of
G.. It is clear from the graph that a linear
relationship exists between the indium BEP (measured
by the ion gauge) and the growth rate G,. For a typical
growth rate of 1.5um/hr the corresponding indium BEP
is 4x10 'mbar. This calibration graph is used to set
the indium flux for subsequent growth runs to obtain
the required growth rate. The experimental points in
the graph show some degree of scatter, which is
probably due to the non-uniformity of the samples, the
position and the state of the ion gauge.

2.4 Desorption of P, and In from InP

Langmuir (free) and Knudsen (equilibrium)
evaporation of InP have been investigated by Farrow
et al. [2.9]. InP is shown to have a congruent
sublimation temperature T =365°C. For temperatures up
to T, InP decomposes according to the equilibrium
reaction: InP = In + iP,. Above T,, i.e. in the non-
congruent regime, phosphorus desorbs at a much faster
rate leading ultimately to an indium rich surface.
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Figure 2.2 Calibration of the indium BEP as a
function of the growth rate G.. The indium BEP varies
linearly with G.. The scatter in the graph is
associated with the non-uniformity of the samples, the
position and the state of the ion gauge.



Since epitaxial InP is normally grown at ~150°C above
T.s, an excess of P, flux must be supplied to replace
the lost molecules to maintain a phosphorus stabilised
surface. The P, molecules that are not incorporated
will simply evaporate off the surface because of their
zero sticking coefficient in the absence of any free
indium atoms.

The quality of unintentionally doped InP grown by
MBE has been shown to be limited by residual sulphur
(donor concentration ~10“cm3) associated with the
phosphorus flux [2.5]. Therefore, it becomes necessary
to use a minimum P, flux in the growth of InP to ensure
the 1lowest 1level of sulphur incorporation. To
determine the magnitude of the P, flux required, the
stabilisation and evaporation of phosphorus on InP
were investigated. A number of InP epitaxial layers
were grown separately and with different P,
overpressures. For each layer, the substrate
temperature (T;) was increased in step of two degrees
and the growth at each T; was allowed to proceed for
two to five minutes while visual inspection of the
surface was made. This procedure was continued until
indium droplets were visible. Figure 2.3 shows the
experimental results for the growth rate of 1.4um/hr.
Included in the figure is the equilibrium of P, flux
over InP deduced by Farrow [2.9]; the experimental
data can be seen to lie close to it in the high
temperature region. The curve in the graph may be
explained by a simple flux conservation model which
states that the overall P, flux supplied to the growth
surface is equal to the flux taken up for growth plus
the flux desorbed from the surface, i.e

Ftotal (P2) = Fgrouth + Fdesorb(P2) ceeeeeeeeacnnn cessessa(2.1)

At the metal rich transition temperature T,, i.e.,
the point at which the surface becomes metal rich,
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Figure 2.3 The results for the indium rich transition
experiment. The dotted lines are the minimum P, flux
required for growth at l.4pm/hr and the equilibrium
vapour pressure of P, over InP obtained by Farrow
[2.9]. The solid line is the total P, flux for growth
and stabilisation, which gives good agreement with the

experimental data.



equation 2.1 reduces to

Fiotal (P2) ® Fuesorb(P2) «cevvereneeeeneeeeeeccannenn (2.2)

Therefore at T,.,, the BEP pressure of P, is simply
the equilibrium vapour pressure of phosphorus as found
by Farrow. Also shown in figure 2.3 is the minimum BEP
of P, for the growth rate of 1l.4pm/hr. The solid line
in the figure is the sum of the vapour pressure of P,
over InP plus the minimum P, required for growth. There
is excellent agreement between the experimental data
and the theory, considering the simplicity of the
model.

Gallium is known to desorb from the surface of GaAs
when the growth temperature is above 650°C [2.10],
resulting in a reduced growth rate. Similarly, one
would expect indium to desorb from InP surface at high
substrate temperatures. Our main concern is to
establish whether a substantial amount of indium
desorbs at 460°C< T,<560°C, the temperature region for
our growth. The desorption rate may be estimated using
a mass action analysis proposed by Heckingbottom
[2.11]. Using such analysis the normalised growth rate
as a function of the temperature is computed and the
results are shown in figure 2.4 for InP, InAs and
GaAs. It can be seen that there is negligible
desorption of indium at temperatures up to 560°C,
which has been confirmed experimentally [2.7].

2.5 Reduction of (N;-N,) in undoped InP
A low level of background free-carrier concentration
in InP is required for device structures, so that

control of intentional dopants may be obtained with
the required electrical and/or optical properties. It
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is possible to minimise (Np-N,) and thus increase the
mobility by carefully controlling the three basic
growth parameters: the substrate temperature Ty, the
group V/III flux ratio and the growth rate G,.

2.5.1 Effect of P,:In flux ratio

To obtain the lowest level of (Np~N,) in the growth
of undoped InP a minimum phosphorus flux, i.e. flux
required for growth plus that for stabilisation,
should be used as mentioned previously. The effect of
the P,:In flux ratio on the free-carrier concentration
was investigated. An undoped InP sample was grown by
using three different P, overpressure while the indium
flux was kept constant (growth rate of 1l.4pm/hr) and
T.,=480°C. As shown in figure 2.5, the BEP flux ratio
of P,:In used was in the range 3-30. (Np~N,) has a low

3 which increases to around 2x10'cm?

value ~5x10"cm’
for P,:In>15. This increase in (Np—-N,) 1is associated
with an increase of the sulphur flux in the P, bean,
whose magnitude can be measured indirectly as will be
shown in section 2.5.3. Free-carrier concentration in
the low 10vcm™
T,=480°C with a P;:In flux ratio of <10. Most of the

subsequent growth runs were performed under these

range can routinely be achieved at

growth conditions.

2.5.2 Effect of substrate temperature Tg

As will be discussed in the next chapter, sulphur
desorbs from the surface of InP in the form of a
compound of sulphide at temperatures beyond 500°C.
Therefore, by growing InP at T,>500°C it is possible
to increase the rate of the sulphur desorption,
leading to a reduction in (Np-N,). However, this
necessitates a high incident P, flux to offset the
increase of non-congruent evaporation rate of P,. This
in turn means an increase in the incident

unintentional sulphur flux, which is undesirable. To
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determine if the desorption of sulphur is more
significant than the increase of sulphur flux in the
P, beam, an undoped InP was dgrown with T, varying
between 480° to 540°C. The BEP of P, used was 6x10°°
mbar. About an order of magnitude decrease in the free
carrier concentration from 1.3x10'® to 3x10"cm”® was
obtained when T was increased to 540°C. The free
carrier concentration as a function of the inverse
temperature is plotted in figure 2.6. The data (#174)

obtained by Iliadis et al. [2.12] is also included in
the figure and can be seen to follow the approximately
the same behaviour.

The compensation ratio (Na/Np) at 77K for a number
of undoped InP were measured as a function of T, and
the results are shown in figure 2.7. The temperature
range investigated liesbetween 420° to 560°C. The data
point at 560°C in the graph is from reference [2.12].
From the figure, it can be seen that layers grown at
both high and low T, have a high compensation ratio
whilst layers grown at 460°C<T4<530°C have Nu/N, ~0.3
compensation. The high compensation at low Tg can be
associated with an increase in the concentration of
deep traps Ng. On the other hand, growth at T,>530°C
would result in an increase in the concentration of
intrinsic defects such as phosphorus vacancy complex

2.5.3 Effect of Growth Rate G,

Since the concentration of dopants N, is proportional
to 1/G,., N, can be controlled by varying G.. An undoped
InP structure consisting of four regions was grown
corresponding to four different growth rates (0.5,
0.7, 0.9 and 1.5um/hr). The experiment was performed
at a constant P, flux and T while the indium flux was
varied. (Np-N,) decreased significantly for the high
growth rate as found by CV measurements. For free-
carrier concentrations above 1Owcm3, the 1level of

sulphur (Np) in the sample has been found approximately
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Figure 2.6 The experimental results of (Np-N,) versus
the inverse of the substrate temperature T, for sample
#214. Included in the figure is the results obtained
by Iliadis et al. in reference [2.13] for comparison.
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equal to (Np-N,) [2.13]. Hence, it is possible to
calculate an associated dopant flux if a plot of
1/ (Np-N,) versus G, is made (see also chapter 3). Such
plot has been carried out as shown in figure 2.8 where
the slope of the graph gives the sulphur flux from the
red phosphorus. For the growth conditions used, i.e
BEP(PQ=8xloémbar and T,=480°C, the sulphur flux is
found to be 2x10%cm%s’.

It should be noted that the surface morphology of
the epitaxial InP deteriorates as G, increases. The
surface defects are primarily of the 'oval' type which
is probably associated with indium cell spitting
analogous to gallium spitting in GaAs [2.14]. A
compromise therefore should be made between the
electrical and morphological characteristics when
growing InP.

2.6 Hall Effect Measurements

The mobility and resistivity measurements were
performed on 6mmzspecimens. Ohmic contacts were formed
with tin dots and annealed at 430°C for about 30s in
an inert gas atmosphere (N,). Before carrying out the
contacting procedure the tin dots were etched in HC1
to remove surface oxide(s). Any residual indium
remaining on the back of the InP substrate was removed
in concentrated nitric acid to give a better thermal

contact for annealing.
2.6.1 Hall measurements at 300 and 77K

The electrical properties of InP epitaxial 1layers
grown were routinely measured by the Hall effect

technique at both 77 and 300K. The carrier
compensation ratio (@) is calculated using the tables
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given by Walukiewicz for InP [2.15]. It should be
noted that the measured Hall mobility and free carrier
concentration should be converted to their drift
values when using Walukiewicz's tables. The
relationship between the Hall and drift mobilities and

carrier concentrations are as follows [2.16]:

Uedrift) = L/TuX M(pall) soooovrossosccosssscsscscoses(2.3)
Nedrift) = Ly X Nejal) sccceesssssccccccsssssssscese(2.4)

where r, is the Hall scattering factor which takes a
value of 1.25 and 1.1 at 300 and 77K respectively
[2.17].

An estimate of the total concentration of acceptors
in the layer may be calculated from the compensation
ratio @. Table 2.1 shows the experimental results for
the undoped samples. @ is deduced using the data
measured at 77K to avoid errors introduced by deep
donor levels [2.16] and also the uncertainty of r, at

room temperature [2.17].

2.6.2 Variable temperature measurements of mobility
and ( Np—Nj )

Hall measurements as a function of temperature were
made on specimens #203 and #249. These undoped samples
were grown under different growth conditions to
give different electrical behaviour. The experimental
results are plotted in figure 2.9, 2.10. The samples
show the general trend in the p versus T curves in
which p increases from low T and reaches a maximum at
about 80K and finally decreases as T increases. The
behaviour of the u(T) curve may be explained by taking
into account the various scattering mechanisms: polar
phonon scattering (OP), ionised impurity scattering
(II), acoustic deformation potential scattering (DP)
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Table 2.1 Hall measurements at 300K and 77K for some
of the InP samples grown.

Sample 300K 77K Ts Np N,
No. n(cm’) n(cm’) (°c) (em3) (em™)

il (cmz/Vs) A (cmZ/Vs)

231 8.2x10"”  3.2x10" 500 4.9x10" 1.7x10"
2650 2.5x10%
236A 2.1x10"®  a.7x10" 520 8x10"”  3.3x10"
1920 1.8x10%
235 4.3x10"”  2.4x10% 510 3.3x10" 9.3x10™
2720 3.32x10%
15 15 15 15
234 8.2x10 3.9x%10 470 5.7x10" 1.8x10
2750 2.36x10"
15 15 15 15
233 6.8%10 3.4x%10 480 5.1x10" 1.7x10
2410 2.5x10*
232 7.4x10"”  3.4x10" 510 4.7x10" 1.3x10%
2780 2.9x10*
15 15 15 14
203 2.1x10 1.6x10 480 2.1x10" s5.1x10
4400 4.25x10°
237B1 1.6x10" s5.sx10% 460 1.1x10% 5.3x10"
2160 1.4x10%
237D1 1.7x10" 2x10% 440 1.9x10" 1.7x10"

2600 5200
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Figure 2.9 Carrier concentration and mobility for the
undoped InP #203 in the temperature range of 77-300K.



[ InP #249
i
)
E: 104 -
S ; o
E <
3] [
S o
= L
= I g
D J 1q15 =
S i 10 =
= £
fom)
i Q
Q
=
@]
O
3| o
108 | g
L <
[ O
2 ST |
10 . 23 3 3313321l 1 1 .3 1 1 212 1014
10° 101 102 10°3

Temperature (K)

Figure 2.10 Behaviour of the carrier concentration
and mobility as a function of temperature in the range
of 4-300K. The presence of a minimum in the carrier
concentration at ~10K clearly demonstrates the

existence of impurity band conduction.



and piezoelectric scattering (PE). Assuming each of
these four scattering process may be described by a
scattering time constant , the total mobility may be
calculated by the so called Mathiessen's rule [2.18]:

1/P(total) = 1/}1(0p)+1/}1(ii)+1/}1(pe)+l/}1(dp) ............. (2 . 5)

This theoretical approximation has been computed for
sample #203. If a deformation potential of 13eV is
used, a close fit to the experimental data is obtained
as shown 1in figure 2.11 (contributions of the
different scattering mechanisms are also included). At
high temperatures (T>200K), the mobility is dominated
by optical phonon scattering while at low temperatures
(T<100K) it is dominated by ionised impurities. At the
intermediate temperature region (100<T<200K), the
acoustic deformation potential scattering has some
effect on the total mobility. At the lowest
temperatures (T<10K), the conduction is dominated by
impurity band conduction, which is characterised by a
minimum in the (Np-N,) versus temperature graph as
shown in figure 2.10. Impurity band conduction at low
temperatures has also been observed for other
semiconductors, e.g. InSb [2.19] and InAs [2.20]. The
onset of impurity band conduction depends both on the
carrier concentration and the compensation ratio, and

which is discussed in more details in chapter 5.

2.6.3 Possible Source of Errors in the Hall Effect
Calculation

Despite the relative ease of provision of electrical
data from the Hall effect measurement, care should be
exercised when calculating the 'true' mobility and
carrier concentration from the raw experimental data.
In some cases, substantial errors may be introduced if
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the following factors are not considered:

(a) Surface and Interface Depletion Effects

Surface depletion arises from the Fermi level at the
semiconductor surface being pinned at a fixed position
by the presence of deep states. Similarly, at the
interface between an n-type epitaxial layer and a
semi-insulating substrate the carriers diffuse into
vacant states in the substrate. The extent to which
such diffusion occurs depends on the concentration of
deep traps available and therefore the width of
depletion. cCalculations of the depletion width as a
function of (N,-N,) have been performed on GaAs by
Chandra&te.[2.21]. Using the same method, the
corresponding relationships for InP have been
calculated, which are shown in figures 2.12(a) and
2.12(b) for the surface and interface depletion
respectively. Here a potential of 0.5 and 0.6eV is
assumed for the surface and interface regions. From
these figures, it 1is seen that depletion becomes
important for materials with low (Np-N,). Hence for
very low doped samples, the 'electrical' thickness of
the layer can significantly differ from the physical
one. If the correction is not made when calculating
(Np=N,) , then an overestimate of the compensation ratio
would result.

(b) Interfacial Spike

Often, an accumulation of impurities is found at the
interface when undoped epitaxial InP is grown on a
semi-insulating substrate. The buildup of impurities
at the interface has been attributed to an increase in
the sulphur concentration [2.5], and which manifests
itself as a spike in the free-carrier concentration
versus depth profile. Studies on the growth
interruption in InP under different conditions were
performed to investigate the effect of this impurity
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spike. An undoped InP epitaxial layer was grown in
which two growth interrupts were made during growth at
T,=480°C, p(P2r=2xloﬁmbar and p(In)=4xlOmear. The
first interruption was made by shutting off both the
indium and the phosphorus fluxes for a period of
15mins. In this case the phosphorus background
pressure was sufficient to stabilise the growth
surface. The second interruption was introduced by
closing off only the indium flux for the same
duration. Figure 2.13 shows the plot of carrier
concentration depth profile. At the first growth
interrupt, the (N,-N,) is at the same level as the
background concentration at 1x10"%cm®. At the second
growth interrupt, a spike is found to be present,
suggesting that the increase in (Np-N,) is associated
with the incident P, flux. Sulphur contamination at the
substrate of GaAs has been shown to originate from the
wet etching step prior to epitaxial growth [2.22].
This would also be expected to occur for InP
substrates. Consequently, the observed interfacial
spike in InP is believed due to two different
sources:- from the sulphur impurities in the P, flux
and from the sulphuric acid etch used prior to growth.

The existence of the sulphur accumulation at the
interface would mean the Hall technique measures an
average conductivity from two active layers, so that
a two-layer conductivity model is appropriate [2.23]:

(Np=Np) exp= (nqp1dq + napadz) 2/ [ (di+d,) (1'11d1}112 + nzdz}lzz)]

Pexp = (mdip? + mpdap’) / (nipydy + ngpady)
B - )

where subscripts 1 and 2 denote the two respective
layers, (i) the 'normal' epitaxial layers, and (ii)
the layer associated with the effectively dJ§-doped
interface.

38



. *suoTbex jusxeIFJTp
ut mOﬂumazenonm huﬂuzmﬁﬂ. sMOUYS YOTym IJuswrtaadxe
uot3dnaxsjut yjmoxb ayjz xoz oTTyoaxd A-D €T°¢ oaInbta

Car) yadeda

€ z 1
o107
- o o, R F 0107

o .

(X013 23 INOYITH)
jdnzaejuy 3satd .
eqrds eoBzIejul (Xn13 2d YITH) o
3dnaxejuy puodeg 20 0000r ageont* e NH
L 10T
< De08F = WL————X—D.0Z¥% = IHL

+ 8101

Ce1ms ) WOTIBIJLISOWOY) TSTIIED



Figure 2.14 shows a C-V plot of an undoped InP with
a high interfacial spike relative to the concentration
of the background level. The Hall effect measurement
at room temperature gave

3 and }¢1=2,2OOCm2V'1s'1

(Np=N,) = 1.3x10"%m
Assuming a compensation of 0.4 and 0.8 for the
epilayer and the interfacial layer respectively, and
with the following values:
n=4.5x10"cm™> n,=1.8x10""cm’
}11=4100cm2v'1s'1 }12=1000cm2V'1s'1
di=2.1pm dy=0.3um
The estimated (Np-N,)=1.9%10"%m™> and p=22000m%f1sq,
agree well with the measured values considering the

3

approximation made to the interfacial 1layer.

2.7 Deep Level Transient Spectroscopy (DLTS)

Measurement

Details such as the energy position, the
concentration and the capture cross-section of
impurities lying deep (>100meV) within the forbidden
energy gap can be obtained by the deep level transient
spectroscopy technique (DLTS). Deep levels act mostly
as non-radiative recombination centers thus quenching
the PL emission efficiency. The electrical behaviour
of the epitaxial layer is degraded because carriers
are trapped by these deep centers. The DLTS technique
provides a unique signature for each individual trap
and may in some cases identify the species involved by
comparing the detected DLTS signal to those already
measured for known impurities.

The deep levels in an unintentionally doped InP
layer grown on a n+ substrate were investigated. A
Schottky diode is required to study the majority
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carrier traps using DLTS. Since the sample was grown
on a conducting substrate, the substrate was used to
form the ohmic contact while the Schottky contact was
made to the surface of the epitaxial layer. The ohmic
contact was formed by using an alloy of Au/Ge/Ni and
annealed at 420°C for 20s. The Schottky contact was
achieved by simply depositing a layer of Au (about
25004) through a mechanical mask.

The I-V characteristic of the fabricated diode is
shown in figure 2.15(a). At a reverse bias of -2V the
dark current is about 0.1mA which is adequately low
for the DLTS measurement. The commercial DLTS system
manufactured by Polaron was used for the measurement,
which is capable of scanning the temperature range
between 77-400K. Figure 2.15(b) shows a typical DLTS
spectrum for sample 296A at rate windows of 1000/s and
400/s. The peaks in the DLTS spectrum depends on the
rate window used; the higher the rate window, the
higher the temperature position of the peak. Four
peaks, labelled EDT1, EDT2, EDT3 and EDT4, are clearly
resolved with corresponding activation energies of
432, 269, 281 and ~100meV as shown in figure 2.16.
Table 2.2 lists the observed electron traps together
with their estimated concentrations Ng and capture
cross-sections ¢. Traps EDT1, EDT2 and EDT3 correspond
to the three respective electron traps, E1 ,E2 and E3
observed by Asahi et al. [2.24] in MBE grown InP grown
using solid sources. The electron trap EDT1 may
correspond to the IEl trap observed in VPE materials
by Bremond et al., which they believed to be
associated with Fe impurities outdiffused into the
epitaxial layer from the substrate [2.25]. However,
SIMS measurements provide no evidence for Fe
outdiffussing from the substrate in our samples.
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Table 2.2 Observed electron traps in InP grown by
solid source MBE.

Trap E, (meV) Ns(cm%) o(cm’?)
EDT1 432 ax10" 2.7x10° "
EDT2 296 1.65x10" 2.4x10 "
EDT3 281 5x10" 2.3x10° ™
EDT4 1007? 3.5x10™ ?

Ng(total) = 2.9x10%cm™




2.8 Photoluminescence at low temperatures

When incident light of energy greater than the band
gap energy 1is directed onto a semiconductor, the
photons are absorbed creating free electrons and
holes. These then relax through many different
recombination processes resulting in emitted photons
of different energies [2.26]. The photoluminescence
(PL) then provides an identification of the 1likely
recombination paths involved.

The PL system used in this work consisted of a He-
Ne laser operating at 633.2nm, a 1lm monochromator and
Ge p-i-n photodetector. The samples were cooled in a
15K optical cryostat cooled by recirculating He. PL
signals were detected with the wusual 1lock-in
techniques to reduce the noise. Higher resolution PL
at 2K was also performed at the University of St.
Andrews using a system with a liquid helium cooled
immersion cryostat (more detailed of this system can
be found in reference 2.27).

A typical PL spectrum of an undoped epitaxiai InP
sample grown by MBE is shown in figure 2.17.
Principally, there are three different emission
regions; near band edge recombination (labelled A), a
donor-to-acceptor pair transition (labelled B) and the
1.36eV emission with its phonon replicas at the lower
energies (labelled C). These three regions are

discussed separately below.

2.8.1 Near band edge emission

The PL spectrum of the InP is dominated by the
recombination of bound excitons which vyield a
linewidth of ~4meV indicating high quality material.
Table 2.3 lists the observed emission peaks with their
appropriate assignments. The peak at 1l.417eV is
assigned to an exciton bound to a neutral shallow
donor (D°-X) and the lower energy shoulder at 1.415eV
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Table 2.3 PL emission peaks from an InP sample and
with the possible assignment to the individual peaks.

peak (eV) Assignment

1.4183 X, free exciton

1.4175 (D°~X), exciton bound to neutral
donor

1.4165 (D°~X)', 1lst state of exciton bound
to donor

1.4160 (D°-h), donor-valence band
transition

1.3835 (e-A°), free to bound transition

associated with magnesium

1.3785 (D°-A°), donor-acceptor transition
associated with magnesium

(1.3785) (e-A°), free to bound transition
associated with carbon

1.3758 (D°~A°), donor-acceptor transition
associated with carbon

1.3600 exciton bound to a deep donor

associated with a phosphorus vacancy




to an exciton bound to an ionised donor (D'-X). The
temperature dependence of the (D°-X) emission has been
measured. The experimental result is shown in figure
2.18. The normalised intensity of the peak decreases
as the temperature is increased. In the high
temperature region, the curve approximately follows an
exponential decay law with an thermal activation
energy of 10meV . This value agrees well with the
donor activation energy measured by Chamberlain et al.

using far infrared techniques [2.28].

2.8.2 Donor-Acceptor pair transition

The intensity of the D-A pair transition is 1low
compared with the (D°-X) emission for most of the
undoped samples. For undoped InP, the donor to
acceptor pair emission may be resolved into two
distinct peaks, see figure 2.19. The peak at 1.380eV
and 1.3786eV are the free to bound (e-A°) and the
donor to acceptor (D°=-A"°) pair transitions
respectively. Comparison with the emissions peaks for
different impurities in implanted InP samples given by
Skromme et al. [2.29] suggests that the observed (e-
A°) and (D°-A°) peaks are associated with magnesium

impurities (also see chapter 4).

2.8.3 Emission at 1.36eV and its phonon replica

The PL emission peak at 1.36eV was a consistent
feature of nominally undoped InP grown in the present
MBE system. The same transition has also been detected
in polycrystalline InP [2.30], heat treated LEC InP
[2.31] and MOCVD InP [2.32]. It has been assigned to
excitonic recombination at a deep neutral donor
associated with a phosphorus wvacancy [2.31,2.32]. In
this section, results obtained from measuring the
dependence of the emission peak on the sample
temperature and laser excitation intensity further
supports this assignment. In figure 2.20, the 1.36eV
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Figure 2.18 Normalised PL intensity of the (D°-X) and
the 1.36eV line as a function of inverse temperature.
Both emissions exhibit the same temperature dependence

and have an activation energy of 10meV.
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Figure 2.19 Low temperature PL in the ~1.38eV
emission region. The emission peaks - at 1.3830 and
1.3786ev are identified as the (e-A°) and (D°-A°)
transitions associated with magnesium respectively.
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Figure 2.20 ' PL emission at ~1.36eV region as a
function of the sample temperature.



emission spectra as a function of the sample
temperature is illustrated. It has a half-width of
l.1meV at 17K, increasing to 1.4meV at 25K due solely
to kT broadening. The position of the peak also shifts
to a lower energy as the temperature is increased, the
decrease follow closely the temperature dependence of
the fundamental energy gap [2.33] as shown in figure
2.21. The solid line in the figure is the temperature
dependence of the energy gap shifted downwards by
63meV to allow comparison with experimental data for
the 1.36eV line.

The dependence of the peak intensity of the 1.36eV
emission on the laser excitation intensity is shown
in figure 2.22 and may be described by

I(1.36eV) =KP  ..iiiuierrnnnnnnnnn ceeee.(2.8)

where I(1.36eV) is the emission intensity at 1.36ev,
P is the excitation intensity of the laser at 633nm,
K is a constant and n takes a value between 1 and 2
depending on the recombination mechanism involved
[2.34]. From figure 2.22, it is seen that n has a
value close to 1 at low excitation intensities (<1.5
Wem'®?) while at high intensities (>1.5 Wem'?)  the
emission begins to saturate, indicating that the
1.36eV is associated with the recombination of bound
excitons.

The integrated emission intensity of the 1.36eV line
as a function of temperature is shown in figure 2.18.
The normalised PL intensity as a function of
temperature for an exciton bound to a neutral donor
is given by the equation [2.35]

I(T) 1
= ceesss(2.9)
I(0) [ 1 + c exp(-E/kgT) ]

where E is the thermal activation energy, I(T) is the
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Figure 2.21 A plot of the energy peak of the 1.36eVv
line against the sample temperature. The energy shift
of the peak closely follows the temperature dependence
of the fundamental energy band gap (solid line) which
has been lowered by 63meV to allow comparison with the
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Figure 2.22 Dependence of the PL emission intensity
of the 1.36ev peak as a function of excitation
intensity. For low laser excitation (<l.5Wem™), the
slope of the graph is unity, while at higher
excitation (>1.5Wcm4) the emission intensity begins

to saturate, suggesting the recombination process

involves bound excitons.



intensity of the peak at temperature T and ¢ is a
constant. A best fit to the experimental results
yields c¢=20 and E=10+1 meV. In addition, it is seen
from figure 2.18 that the experimental data for the
(D°-X) transition at 1.417eV also shows the same
temperature dependence. An interesting point to note
is the difference between the energy gap and the
1.36eV emission peak is 60meV which is a factor of six
larger than the wvalue for the thermally activated
process. This could indicate significant lattice
relaxation, resulting in a large Frank-Condon shift
although no other experimental data is available to
support this conjecture.

The emission intensity of the 1.36eV transition as
a function of P,/In flux has also been studied. The
experiment was performed with a constant indium flux
whilst the P, flux was varied over an order of
magnitude. Figure 2.23 shows the ratio of the
intensity of the 1.36eV transition to the emission
intensity of the (D°-X) line as a function of the BEP
of P,:In. Included in the figure is the result obtained
by Ovadia et al. [2.36]. It can be seen that the
1.36eV line is almost guenched completely at high
BEP(P,:In). This again is in line with the assignment
of a phosphorus vacancy complex since at high
BEP(P,:In) the concentration of phosphorus would
greatly be reduced.

The emission intensity of the 1.36evV peak was
investigated as a function of the substrate
temperature. Contrary to that observed by Kerr [2.37]
and Wakefield et al. [2.32], the emission intensity of
the 1.36eV 1line was found to be substantially
decreased for InP layers grown at high substrate
temperature (>530°C). Figures 2.24 (a) and (b) show
the PL spectra around the 1.36eV emission at Ty=480°C
and T,=540°C respectively. The 1.36eV emission
intensity can be seen to decreased almost completely
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Figure 2.23 Dependence of (I; jw/Ipex) On the ratio of
BEP(P,/In). The solid line is the result found by
Ovadia et al. [2.36].
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Figure 2.24 PL emission spectra at around 1.36eV for
an InP sample grown at T,=480°C and T,=530°C.



for the layer grown at 540°C. The experimental results
lead to speculatioyr%f the complex involved might
be associated with the oxygen species. The sharp
emission of the 1.36eV is similar to the PL emission
lines of oxygen observed in GaP [2.38]. In addition,
Cheng et al. have found that oxygen on a (100) InP
substrate is removed at temperatures >500°C [2.39].
Hence, it is tentatively be concluded that the
complex associated with the 1.36eV emission consists
of oxygen and phosphorus vacancy even though its exact
composition is not known at present.

A small emission peak at slightly higher energy
(~1meV) than the 1.36eV has been detected. This higher
energy shoulder was found to be removable by changing
the adhesion substance to the cryostat sample holder
from Air Product grease to Bostick No.1l glue. Figure
2.25 shows the PL spectra obtained using Air Product
grease as the adhesion medium; the high energy peak
(~1.3613eV) is present for the excitation point where
the semiconductor was in contact with the cryostat
head. The insert in the figure shows the different
excitation points. The high energy peak is absent at
the free-standing excitation point. Figure 2.26 shows
the PL spectra obtained using Bostick No.l glue as the
adhesion medium; the high energy peak is absent at all
the excitation points shown in the insert. This
indicates that the higher energy emission peak is not
associated with impurity in the semiconductor but is
a consequénce of external stress effects induced by
the adhesion substance. Ovadia et al. [2.36] has also
observed this emission line which they believed to be
due to internal strain present in the crystal lattice.

The low energy side band (below 1.36eV) is
associated with the emission of phonons related to the
1.36eV peak. Table 2.4 1lists the energy of the
individual energy peak positions and their possible

assignment following from that given in reference
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Table 2.4 The energy peak positions of the individual
transitions in the observed phonon sideband. The
assignment of the peaks is in accordance with that

given in reference 2.32.

Energy (eV) Energy difference
Line [ A ] from A (meV) Assignment
1.3833 [8961] - D-A pair
A 1.3607 [9111] - ‘ D°X
B 1.3519 [9170] 8.8 D°X_TA
C 1.3418 [9239] 18.9 D°X_1A
D 1.3339 [9294] - D-A pair_jo
E 1.3229 [9371] 37.8 D°X_T0
F 1.3193 [9397] 41.4 D°X_1 0
G 1.3094 [9468] 51.3 D°X_TA-1local
H 1.3003 [9534] 60.4 D°X_1A-local
I 1.2915 [9599] - D-A pair-2L0
J 1.2813 [9676] 79.4 D°X_To-1ocal
K 1.2779 [9701] 82.8 D°X_s10
L 1.2686 [9773] 92.1 D°X_2TA-1local
M 1.2594 [9844] 101.3 D°X_21A-1ocal




2.32. The existence of the well structured phonon side
band would indicate that the impurity associated with
the 1.36eV 1line strongly coupled to the crystal
lattice.

2.9 Conclusion

A systematic study on the dependence of the growth
parameters on the quality of the epitaxial layers
grown by MBE has been performed. It is shown that by
varying the three growth parameters, namely the group
V to III flux ratio, the growth rate and the substrate
temperature, the free-carrier concentration in the
layer may be reduced with an increase in the carrier
mobility. The optimum growth conditions for growing
unintentionally doped InP having a 77K mobility
greater than 15000cm?V’ 's™! with a compensation of about
0.3 were found as P,:In<10, growth rate of 1.5um/hr and
T,~500°C. The highest gquality layer achieved to date
has the following electrical properties at 77K:

3 and }.1=42,£-‘>000m2\/"1s'1

(Np-Np)=2.5x10"cm’
These results are poor compared with InP dgrown by
other techniques such as MOCVD for which mobilities

' can be obtained. Even though

in excess of 1x10°cm®V’'s’
the mobility of InP may be increased by controlling
the different growth parameters (growth temperature,
growth rate and flux ratios), the ultimate limiting
factor must be the purity of the starting material
[2.5].

It is noted that although Hall effect measurement
provide a duantitative measure on the electrical
property of the epitaxial layer, care should be taken
when calculating the carrier concentration and

mobility since errors may be introduced from the
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surface depletion effect and the interface impurity
spike. Deep level measurement using the DLTS technique
has revealed four majority <carrier traps with
activation energy of 432, 290, 281 & ~100meV below the
conduction band. These electron traps are the same as
observed by Asahi et al. [2.24] in InP grown using P,
and solid indium, suggesting these traps are specific
to the growth using solid sources.

The PL spectra for the InP samples grown here
exhibit the commonly observed peaks. PL at low
temperature is dominated by the exciton bound to
donors recombination (D°-X) with FWHM<5meV. Assignment
of the various emissions have been made following that
published in the literature. The persistent emission
at 1.36eV has been investigated, whose excitonic
nature is further verified. The origin of this 1.36eV
emission isthought to be associated with & compleX involving

oxygen and phophorus vacancy.
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CHAPTER 3

Behaviour of Sulphur in Intentionally Doped InP Grown
by MBE

3.1 Introduction

As pointed out in the previous chapter, sulphur is
the dominant, electrically active donor species
present in undoped InP grown by MBE. It also appears
as a universal impurity in InP grown by other
epitaxial growth techniques such as VPE and LPE
[3.1,3.2]. Even though sulphur (a group VI element in
the periodic table) has a higher vapour pressure
compared to the group IV elements such as Si and Ge,
its interaction with the host 1lattice of a III-V
semiconductor is sufficiently strong to ensure
effective doping as shown theoretically by
Heckingbottom [3.3]. Unlike the intrinsic amphoteric
behaviour of the group IV elements, sulphur acts as
an n-type impurity regardless of its site occupancy,
which is generally believed to be in the group V site
because of the smaller size difference between sulphur
and the group V atom compared to sulphur and the group
IIT atom [3.4].

Andrew et al. have investigated the intentional
sulphur doping in both GaAs [3.5] and AlGaAs [3.6] as
a function of growth parameters. The sulphur flux was
generated by an electrochemical Knudsen cell which
circumvented the problems associated with the use of
elemental sulphur. They showed that the incorporation
of sulphur was greatly influenced by the growth
temperature, Ty, and the As,:Ga flux ratio. In the case
of sulphur in GaAs, the free-carrier concentration,
(N,-N,) decreased substantially when the epitaxial
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layers were grown at T,>590°C but was relatively
constant when grown below 590°C. The decrease of (Np-
Np) at high substrate temperatures was found to mirror
exactly the decrease in the sulphur concentration as
detected by SIMS. Subsequently, they used a
thermodynamic analysis to show that desorption of the
volatile species Ga,S was the cause of decrease of the
sulphur concentration. At T¢«<590°C, a kinetic barrier
was present which hindered the desorption of Ga,S
resulting in a relatively constant (Np-N,). The loss of
sulphur at high temperatures could also be partially
offset by increasing the As,:Ga overpressure, thus
decreasing the population of the gallium atoms
available to form Ga,S as a result of the increased
number of surface arsenic atoms. Similar incorporation
and desorption behaviour was also found for selenium
in GaAs [3.7]. The desorption of Ga,S and Ga,Se have a
comparable activation energies of =3eV. However,
desorption of Ga,Se only becomes significant above
=620°C, i.e. =30° higher than for Ga,S. Consequently,
selenium may be considered a more suitable dopant
species for GaAs in the technologically important
growth temperature region.

The properties of sulphur in InP have been partially
investigated by Iliadis et al. [3.8], who found that
(Np=Np) in the epitaxial layer could similarly be
reduced at high T,. Applying a similar thermodynamic
analysis to that used for sulphur in GaAs, they
concluded that either InS or In,S desorption was the
cause of the decrease of sulphur concentration in the
layer. In this chapter, a detailed and systematic
study of the influence of the growth conditions on the
intentional incorporation of sulphur into InP grown by
MBE is presented. This provides an understanding of
the role played by the unintentional doping of sulphur
in InP and the possibility of control over the quality

of the epitaxial layers.
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3.2 Experimental Method

The MBE system used in this work has been described
in the previous chapter. The doping of InP was
performed with an electrochemical Knudsen cell based
on the design of Davies et al. [3.9]. The
electrochemical cell is essentially a solid state cell
consisting of Ag/AgI/Ag,S sandwiched between two
platinum electrodes, and the whole is enclosed within
a conventional Knudsen cell structure as shown in
figure 3.1. The application of an external EMF to the
cell results in a change of the chemical potentials,
hence the activities of both silver and sulphur atoms
in the Ag,S and consequently the equilibrium vapour
pressure of sulphur over the solid state cell. This
type of cell may be heated to well above the typical
bake-out temperature (=100-200°C) encountered in MBE,
thus avoiding the problems associated with the high
vapour pressure of elemental sulphur. Another
advantage of the cell is its fast response time (=1s).
Complicated and sharp dopant profiles can be achieved
which would otherwise be impossible with a
conventional thermal Knudsen source. The operating
temperature of the electrochemical cell is kept
constant (e.g. at 200°C). The flux of sulphur species
S, (n=2, 3,..., 8) emerging from the cell is given by

Fsn=C(T)exp(2nEF/RT) ccvceveveenn. ceensee ee..(3.1)

where
1.118%x10%%AxXP°sx exp (-2nE F/RT)
C(T)= '
12 (MT) "
P°s, is the equilibrium partial pressure of

sulphur molecules S, over sulphur,
E is the external applied EMF,
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Figure 3.1 Schematic diagram from reference [3.9]
showing the basic construction of the sulphur

electrochemical cell.



E* is the EMF of the cell in equilibrium with
liquid sulphur (measured as 230mV at 473K
& 243mV at 573K)
F is Faraday's constant,
R is the gas constant, and
T is the operating temperature of the cell in
Kelvin.

The epitaxial layers discussed in this chapter were
grown with the electrochemical Knudsen cell kept at
200°C and the applied EMF varied up to 190mV. Under
these conditions, the incident sulphur species is
predominantly dimers with a flux at least three orders
of magnitude larger than the next most abundant
species Sz [3.9]. Thus, in the remaining discussion,
the sulphur flux from the cell is regarded to consist

of only S; molecules, i.e. Fg.

InP epitaxial layers were grown by varying any one
of the growth parameters, such as the substrate
temperature T, or the growth rate G., while keeping
all the others constant. The concentration of the
incorporated sulphur (Cz) in the sample was then
determined from the free-carrier concentration versus
depth profile measured using the electrochemical C-V
profiler, since it has been shown from extensive SIMS
analyses of S-doped MBE InP layers that Cz and (Np-N,)

are approximately equal for (N[,--N,\)zloxmcm'3 [3.8].

3.3 Results and Discussion

3.3.1 Dependence of the Concentration of Incorporated

Sulphur (C) on Incident Sulphur Flux (Fsp)

For the growth of device structures with fixed
levels of carrier concentrations, the dependence of
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Cg on Fg, 1is required. To achieve a desired
concentration of sulphur in the epitaxial layer, an
external EMF is applied to the electrochemical Knudsen
cell. A linear relationship has been found to exist
between the concentration of sulphur incorporated in
the layer and the incident sulphur flux for both GaAs
[3.9] and InP [3.8] at low T, where desorption of
dopant 1s negligible. This relationship is then used
as a calibration for the required doping 1level in
subsequent design of epitaxial layer structures.

InP epitaxial layers were grown at low T (desorption
is negligible), defined as temperatures below 500°C
(will be shown in the next section), and high T
(>500°C). The concentration of the incorporated
sulphur in the structures as a function of the
electrochemical cell EMF were measured by CV
profiling. The results are shown in figure 3.2.
Samples #201 and #207 were grown at Tg=480°C, while
sample #218 and #198 were grown at Ty;=540°C. Samples
#207 and #218 were S-doping 'staircases' obtained by
changing the EMF of the electrochemical cell in
discrete steps. The growth rate and the P;:In flux
ratio were kept constant at l.SPm/hr and 10:1
respectively during the growth runs. At low T (480°C),
a linear relationship is obtained which is comparable
to that reported in referencebe[3.9]. A similar
relationship can also be seen toApresent at high T,
(540°C). This observed behaviour will be shown in
section 5.4 to imply that both the incorporation and

desorption rates have equal kinetic orders.
3.3.2 Dependence of C; on T
When an epitaxial layer is grown at a high substrate

temperature, Cz will be reduced due to an increase in
the dopant desorption rate. The value of ¢ will
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Figure 3.2 Free-carrier concentration as a function
of the electrochemical cell EMF. Samples #201 and #207
were grown at T,=480°C and sample #218 and #198 at
T,=540°C, both showing a linear relationship.



therefore be different for growth at low and high T,.
This difference is required to be known for designed
structures grown at different temperatures with
predetermined carrier concentrations. The
concentration of sulphur (C;) in InP as a function of
Ty was investigated. Three samples (#191, #196 & #198)
were grown, all at a constant doping flux with the
electrochemical cell set at 190mV. The same growth
rate of 1.5Pm/hr was used for all the samples, while
phosphorus BEPs of 4.7x10°® mbar (#191) and 6.5x10 ®mbar
(#196 & #198) were used. A typical CV plot is shown in
figure 3.3(a). C; is seen to decrease as a function of
Ts. The dependence of Cz on Ty of a number of samples
are plotted in a graph of In(Cy) against 1/T;, which is
shown in figure 3.3(b). Two distinct temperature
regions can clearly be seen to exist at below and
above 500°C, analogous to that for sulphur in GaAs
[3.5]. An activation energy for the desorption species
may be estimated from the high temperature region of
the curve in figure 3.3(b), and is found to be 4.5eV.
This is ~1.5eV higher than that measured for S and Se
in MBE grown GaAs.

3.3.3 Dependence of Cg on G,

The study of the relationship between C; and G, can
provide information about the kinetics of dopant incorporation
and desorption. This will give an understanding of the
role of sulphur in InP. The incorporation and
desorption of sulphur as a function of G, were
investigated. Three layers were drown at substrate
temperatures T,=480°C, 520°C and 540°C, i.e. they were
grown at a low, intermediate and high temperatures
respectively. The incident sulphur flux and the
phosphorus overpressure were kept constant for each of
the growth runs. Figure 3.4 shows schematically the
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Figure 3.3 (a) A typical C-V depth profile of a
sulphur doped sample as a function of T, (500-560°C).
(b) Dependence of C; on the inverse of T,. The growth
conditions used are: EMF=190mV, G=1.5um/hr,
p(P,)={4.7x10°mbar (#191), 6.5x10-6mbar (#196 & #198)}.
An activation energy of 4.5eV for desorption is

deduced from the high T, portion of the graph.
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Figure 3.4 Schematic diagrams of the growth sequence
for the sample #188 (T,=480°C), #224 (T,=520°C) and
#217 (T,=540°C) as a function of G.



growth sequence of the three layers. Regions I to IV
correspond to different indium BEP used. Figure 3.5(a)
shows the C-V profiles recorded for the layers grown
at Ty=480°C (sample #188) and 520°C (sample #224). In
figure 3.5(b), the experimental data for #188 and #224
have been converted to a plot of F,/(Np,-N,) against G,
where Fg; has been calculated using equation (3.1). For
the low temperature grown sample (#188), the graph is
a straight line passing through the origin, while for
the intermediate temperature grown sample (#224) the
graph is again a straight line but intercepts the y-
axis at a point =~lum/hr above the origin. For the high
temperature grown sample T;=540°C, however, the dopants
incorporated in the layer does not appear to vary as
G, changes which is shown in figure 3.6 (sample #217).
The experimental results at the three different growth
temperatures used are explained using the kinetic
model proposed by Wood et al. [3.10] and is discussed

in section 3.4.

3.3.4 Dependence of Cz on P,:In Flux Ratio

At high substrate temperatures, the carrier
concentration in InP epitaxial layers has been found
to be substantially reduced (section 3.3.2) caused by
an increase in the dopant desorption rate. One may
lower this desorption rate and thus increase the
carrier concentration in the layer by increasing the
group V to III flux ratio, which hasb?%hown
experimentally in GaAs [3.5]. For S in InP, the effect
of the flux ratio of P, :In on Cg was investigated in
the high substrate temperature regime. The proposed
structure of the epitaxial layers is illustrated in
figure 3.7(a) in which the uncorrected BEP flux ratio
p(P,:In) is to be varied between 10 and 30; the
incident indium flux is to be kept constant throughout
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Figure 3.5 (a) C-V plot for samples #188 and #224. (b)
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concentration of incorporated sulphur plotted against
the growth rate for the corresponding two samples.



S~
£ |-t
£ -—-i- .% S
90 2+
—
A
<
<
a 1k
= 1
0 0.5 10 1'5

G, (um/hr)
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the growth while the phosphorus flux was changed. The
sample was grown on a semi-insulating Fe-doped
substrate and at a growth temperature T¢=540°C with an
indium BEP of 4.5x10 ‘mbar (growth rate of 1.5um/hr).

Figure 3.7(b) shows the recorded C-V profile plot
of the sample grown, where regions I, II and III
correspond to p(P,:In)=10, 20 and 30 respectively; the
thickness of each region is approximately O0.6un.
Increasing the P, overpressure did not appear to have
a significant effect on the carrier concentration in
the sample, thus indicating that the desorption of
sulphur is changed only slightly and the effect is
very much weaker than that observed for sulphur in
GaAs [3.5]. The overpressure behaviour of S in InP, S
& Se in GaAs and S in AlGaAs are shown in figure 3.8
for comparison. The experimental data for GaAs and
AlGaAs are taken from reference [3.5,3.7] and [3.6]
respectively. For GaAs and AlGaAs, the carrier
concentration is seen to be directly proportional to
p(As,:Ga) in direct contrast to the insensitivity of

sulphur in InP.

3.4 Growth Model

The kinetic model proposed by Wood et al. [3.10]
forms the basis of the growth model described below
which accounts for the observed behaviour discussed
in the earlier sections. In this model, the dopants
are considered to be incorporated into the bulk of the
crystal from a surface layer. The rate equation from
reference [3.10] for the concentration of sulphur

atoms is given by
dcs/dt=Fsz-Fdes-Finco ooooo ouooooo.ovooo-oo(3-2)

where C, is the concentration of sulphur atoms in the
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surface layer,
F; is the incident flux of sulphur species,
Finc is the incorporated sulphur flux,
Fyes is the desorbed sulphur flux.

Strictly, there should be another flux term on the
right hand side of this equation, which is associated
with the flux coming out from the bulk of the crystal.
However, it is normally very small and therefore has
been neglected.

If the respective kinetic orders of incorporation
and desorption are assumed to be m and n, at steady
state, equation (3.2) becomes

Fso = Fipc + Fyes

where K and D are the rate constants of incorporation
and desorption respectively.

At high T,, Fi,«Fgs, and equation (3.3) can be
simplified to

FSZ~Fdes ---c.ooooo'o-ooo.o.-o-o-oc-oonooq-o(3.4)

Assuming the measured dopant concentration Cz is
proportional to some power k of the incident flux in

this high temperature region, i.e.,

CBGCFSZk
=NFszk.o.o.--ooooo..ooo-oo-ooooooooooo-(3.5)

where N is a function which depends on Ts, the growth
rate G, and the group V flux.
Now Cz and G, are related through the expression:

e e 00000000000 06
CB=Finc/Gr.o!oocooo'-ouooooooo (3 )
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Substituting equations (3.5) and (3.6) into (3.4)
gives

Fdes=(Finc/NGr)1/k-ooooa ...... o--.ooooooo-on.-(3o7)

i.e. the kinetic order of the desorption reaction is
1/k times the kinetic order of the incorporation
reaction at high temperature. As shown in figure 3.2,
Cg is found to be directly proportional to the incident
sulphur flux in both the high and the low desorption
regime:

Therefore k=1 and the incorporation and desorption
of sulphur are of equal kinetic orders relative to Cs.
The simplest assumption to explain this is that both
rates of reaction are of first order i.e., m=n=1,
similar to Sn in GaAs [3.11]. This implies that the
desorbing species at high T, contains only one sulphur
atom. Therefore one would expect the desorbing
compound to be In,S (x=1,2,..). The likely desorbing
species will be discussed below.

When both the kinetic orders of incorporation and
desorption are of first order, equation (3.3) becomes:

FSZ=(K+D)CS.'.'.". ooooo c.o;oooooooonoo(3.9)
Now, from equation (3.6)

Cg = Finc/Gr
= KCq/Gp

ine- CS=CBGP/K a-n.-...l...!‘..l‘...t.l't.(3.10)
Substitute equation (3.10) into (3.9) yields
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Fs2= (1 + D/K)CgGp v vvvrveunn. et c..(3.11)

Assuming the incorporation rate constant is directly
proportional to the growth rate [3.10], i.e., K=K'G,.
Equation (3.11) is then given by

Fs2/C8= (Gr + D/K') tiveeernnennnnnnnnnanes(3.12)

At low growth temperatures, D«K' and equation (3.12)
reduces to

FSZ/CB=Gr ---------- ‘uooooonoootoo.ooao..o(3013)

At intermediate growth temperatures, D=K' and
equation (3.12) becomes

FSZ/CB=GF+1 oooooo ® e e 00 00 000000000000.00(3014)

At high growth temperatures, D»K', equation (3.12)

can be written as
Fep/Ce = D/K' vevvueenennnns e ceeeea.(3.15)

The experimental evidence broadly confirms the main
features of the model for sulphur in InP. Namely, the
results shown in figure 3.5(b) are found to confirm
equations (3.13) and (3.14) at low (T¢=480°C) and
intermediate (T,=520°C) temperatures respectively.
Comparison of equation (3.15) with the experimental
results obtained at high T (540°C) as shown in figure
3.6 agrees well with equation (3.15). This implies
that the desorption rate constant D is also not a
function of the growth rate G,.. Consequently, the
desorption rate of sulphur from InP is independent of
the incident indium flux F;,, while the incorporation

rate is directly proportional to Fi,.
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The concentration of incorporated sulphur in InP as
a function of T; can be obtained by considering that
the desorption rate constant (D) and the incorporation
rate constant (K) to be exponentially dependent on Tg:

D & eXp{~Eges/KgTs} o e v ceeeveccens cesesess(3.16)
and

Ko eXpP{=Einc/KgTs} cevoeeveennnan cecsenss cees(3.17)

where Eg is the activation energy for desorption,
Ejnc is the activation energy for
incorporation, and

kg is Boltzmann's constant.

For high growth temperatures where desorption is
important, the concentration of incorporated sulphur
is given by equation (3.15). Substituting equations
(3.16) and (3.17) into (3.15) gives

Cgoc {expP[(Ea/KgTel)} ecveveennns ceesecensan «e+(3.18)
where E, = (Ejnc—Edes)

Hence, plotting 1n(Cg) against the reciprocal growth
temperature, should yield a straight line whose slope
equals is proportional to (Ejn.—Eges) - The net activation
energy has experimentally been found to be 4.5eV as

shown in figure 3.3.

The results from the growth rate dependence indicate
that kinetic effects are relatively unimportant at
high substrate temperatures where dopant desorption is
significant. In this regime, a description of the
reaction rates based on thermodynamics is appropriate,
which has also been applied successfully to S in GaAs
[3.5]. In reference [3.5], it was concluded that Ga,S
is the likely desorbing molecules at high substrate
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temperature (>590°C). At lower substrate temperatures,
a kinetic barrier is assumed to be present which
prevents the desorption. For S in InP, Iliadis et al.
have considered the reactions which give rise to the
formation of the volatile sulphide InS and In,S [3.8].
These reactions were

4InP(s) + Sp(g) = 2InS(g) + 2P2(g) eeeeen.. (3.19)
and

2InP(s) + S3(g) = 2INS(g) + Po(g) teeceoaens (3.20)

Under typical MBE growth conditions, the pressure
of In,S estimated from equation (3.19) is large (10'2
to 10”® Torr) for T,=450-550°C and a kinetic barrier is
again assumed to be operative. The desorption of InS
via equation (3.20) only becomes important when the
loss via equation (3.19) is constrained by the large
kinetic barrier.

According to Heckingbottom, the incident species for
MBE growth acquire the substrate temperature very
quickly [3.14]. Consequently the surface concentration
of dopant species may be considered to be in
equilibrium with the bulk of the crystal rather than
the vapour phase. The possible reactions for sulphur

desorption are then given by

Injn, + Sp = INS(F) cvcveecccsccrcnccnccnes (3.21)
and
2Ing, + 2P, + S, = InpS(g) + Pa(9) --vvvenes (3.22)

It should be noted that InS and In,S are only two of
the many compounds of In,S (x=1,2,...) considered for
the desorption process. At first sight, equation
(3.21) appears to be the required reaction since a
change in the phosphorus overpressure would not affect
the rate of sulphur desorption. If Heckingbottom's
approach is used to estimate the level of
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incorporation of sulphur in MBE materials from VPE
data, then the desorbing flux of InS in equation
(3.21) can be calculated for a given Cz. For typical
MBE growth conditions : T¢=560°C, G.=1.7um/hr, p(P;)
=10"°mbar, P (S;)=8x10 "mbar, Cg=10wcm3, the partial
pressure of the volatile compounds InS would be 10°
"mbar which is about 8 orders of magnitude smaller
than the value required to account for the observed
desorption rate. Conversely, if VPE data are again
used for the reaction of equation (3.22), the 1In,S
pressure estimated would be 4x10 "“mbar. Considering
the approximate nature of the thermodynamic data used
in the calculations, the pressure of In,S can be
regarded as realistic. At low substrate temperatures
(<500°C), the desorption of In,S is assumed to be
hindered by the presence of a kinetic barrier.

The enthalpy for the desorption of sulphur can
further be obtained from equation (3.22). The
concentration of the incorporated chalcogen [S,] is
given in terms of the corresponding enthalpy and

entropy H and S as
[Sp] = P(INyS) [P(P2)] exp[ (H/XgT)=(S/kg)] «vvvvnnn (3.23)

The pressure of the desorbing sulphide p(In;S) is
nearly constant in the high desorption regime so that
if the pressure of the group V element p(P;) is also
constant, the slope of the 1n([S,] versus 1/kT plot is
the enthalpy H (found to be 4.5eV from the
experimental result since [S,]=Cg) which can be
calculated from the enthalpies given in table 3.1 in
which the H,, Hp,, .., He are the enthalpies for the
different reactions shown. The values in table 3.1 are
from experimental results except for H, which is
estimated from the substitution energy of S in InP
calculated by Kraut and Harrison [3.15]. The result
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Table 3.1 Experimental values of enthalpy for the
reactions in InP and in GaAs.

ENTHALPY (eV)

Reaction InP GaAs Reference
Sp+P(g)=S(g)+Pp H,=0.37 - [3.15]
S(g)=S(s) H=-3.0 - [3.16]
1P,(9)=P(g) Hs=2.6 - [3.17]
In,+Pp=In(s)+:iP,(g) Hg=1.63 - [3.18]
2In(s)+S(s)=InyS(9g) H.=1.6 - [3.16]
Sp+As (g)=S (g) +As - H,=-0.44 [3.19)]
S(g)=Ss(s) - H=-3.0 [3.16]
1As,(g)=As(9) - H=2.0 [3.20]
Gag,tAsp=Ga(s)+iAs;(g) - Hg=1.9 [3.21]
2Ga(s)+S(s)=Ga,S(9g) - H.=0.2 [3.16]




is H=H,+Hy+H +H4+H.=4.8eV, compares well with the
experimentally measured value.

Similarly, the desorption reaction for sulphur in
GaAs would be analogous to equation (3.22):

2Gagy *+ 2Asps + Spg ™ GaxS(g) + ASy(g) eeee.. ces(3.24)

The substitution energy of S in GaAs is not available,
but it is expected to be comparable to the
substitution energy of Te [3.19], i.e. H,=-0.44eV. The
other enthalpies are also given in table 3.1. The
enthalpy for the overall reaction described by
equation (3.24) then becomes H=2.6eV, which is again
in good agreement with the experimental result [3.5].
The same calculation for Se and Te can be expected to
produce similar results, i.e. ~3eV.

Thus far, the experimental results are explained
satisfactorily by the theory for both GaAs and InP.
In the case of InP, the mostly 1likely desorbing
reaction is equation 3.22 which is dependent on the
phosphorus pressure. However the experimental data
indicate that the concentration of incorporated
sulphur in InP is practically independent of the
phophorus overpressure. It is possible to explain this
anomaly as follows: If dopant desorption is
significant, a change in the flux of the group V
element usually affects the incorporation and
desorption rates due to a change in the surface
stoichiometry of the growing crystal. Consider the
desorption and incorporation rate constants be

proportional to some powers t and u respectively of

the group V pressure p(V), i.e.,

l)=D°p(\7)‘t .-oooooooocooo.oooc.onooo.o.o(3.25)
K=K°Grp(V)u...............-..-...-.--..(3.26)

65



Cs can then be solved by using equations (3.15), (3.25)
and (3.26) to give

Cg = KFeup (V)" /Dy v v ettt (3.27)

From this equation, it can be seen that the group V
pressure affects both the incorporation and desorption
reactions, hence the observed behaviour of C;. For
instance, increasing the group V flux would result in
a decrease in the number of available group V lattice
sites to accommodate the surface dopant atoms and
therefore lead to a reduction of the rate of dopant
incorporation. However, increasing the group V flux
would at the same time decrease the number of group
IIT atoms available to form the volatile dopant
compound such as Ga,S in the case of GaAs. Consequently
the desorption rate of dopant is again reduced. From
the experimental results shown in figure 3.7 for S-
doped InP, it may then be concluded that these two
processes must almost balance each other out, hence
giving a constant sulphur concentration as found by
C-V measurement. In another word, u=t for S in InP.
For S and Se-doped GaAs, however, one or both of the
effects must be kinetically different as can be
inferred from figure 3.8, i.e. u# t.

For S in GaAs, the appropriate desorption reaction

for the surface adatoms (*) is given by

262" + S = GasS(Q) cevrecrnneaotinaaaanns . (3.28)

where (g) denotes the vapour phase. The effect of the
group V overpressure on the desorption rate may be
determined by considering the kinetic model proposed
by Foxon and Joyce as described in chapter 1.
According to the model, the reaction may be described

as
2Ga* + As,* = 2GaAs + 3AS,(g) cceceseeeaee..(3.29)
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If a mass action relationship is assumed to exist,
then the following relationship is obtained

[Ga )12 ~ [P(AS) T e, ceeeee..(3.30)

Therefore t=-} and so u=-1}! since (u-t) is measured
to be unity. This indicates that both the dopant
incorporation and desorption are inversely related to
the arsenic overpressure but with different power
dependences.

The situation for S in InP is quite different since
the concentration of incorporated dopants is found to
be insensitive to the change in the P, overpressure.
Again using Foxon and Joyce's model, one may deduce
that t=-1. Thus u=1l since (u-t)=0. Consequently, the
incorporation rate of sulphur is directly proportional
to the phosphorus overpressure, while its desorption
rate is inversely proportional to the phosphorus
overpressure, i.e. the incorporation rate dependence
is in direct contrast to that for sulphur in GaAs.

3.5 Conclusion

The incorporation and desorption behaviour of
sulphur in InP has been investigated as a function of
the adjustable growth parameters, namely the substrate
temperature, the growth rate and the group V pressure.
It is shown that sulphur desorbs from the surface of
InP at substrate temperatures >500°C while for Ts<500°C
the desorption is assumed to be prevented by the
presence of a kinetic barrier. The dependence of the
sulphur concentration Cg incorporated in the epitaxial
layer was found to be directly proportional to the
incident sulphur flux even at the high substrate
temperature regime. Both the incorporation and
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desorption rates are shown to have first order
kinetics similar to Sn in GaAs [3.11].

The dependence of Cz on the growth rate G, was found
to have a linear relationship at T¢<520°C. At high
growth temperature, i.e. T¢=540°C, C; was found to be
independent of G.. These results are explained using
the kinetic model of Wood et al. [3.10]. The
desorption rate is shown to be independent of the
incident indium flux F;, and that the incorporation
rate is directly proportional to F;,. This indicates
that kinetic effects are relatively unimportant at
high substrate temperatures and that the situation is
more inclined towards the thermodynamic equilibrium
phase.

At the high desorption regime, Cz; was found to be a
very weak function of the group V pressure, p(P,),
unlike sulphur in GaAs where it was found that C; was
directly proportional to the arsenic pressure [3.5].
It is shown that either one or both of the processes
(incorporation and desorption) of sulphur in InP must
be different from that of sulphur in GaAs.
Thermodynamic analysis has shown that the desorbing
species of sulphur in InP is the compound indium
sulphide In,S rather than InS. It is pointed out that
sulphur is probably much nearer thermodynamic
equilibrium with the bulk of the crystal rather than
the vapour phase as assumed by Iliadis et al. [3.8].
The desorption reaction is then given by equation
(3.22), with an enthalpy estimated to be 4.8eV, in
good agreement with the experimental result of 4.5eV.
Similarly, the desorption reaction for Ga,S in GaAs
should be as given in equation (3.24). The enthalpy
for equation (3.24) is found to be 2.6eV, again in
close agreement with the experimental result of 3eV

reported by Andrews et al. [3.5].
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CHAPTER 4

An Investigation of Magnesium in Indium Phosphide
grown by Molecular Beam Epitaxy

4.1 Introduction

Both n- and p-type dopants having well behaved
characteristics are essential for the fabrication of
devices. 1In comparison to the available n-type
dopants, there does not appear to be an impurity with
well defined p-type doping characteristics in MBE
grown InP. Kawamura et al. [4.1] have studied the
possibility of using manganese (Mn) but the position
of the Mn acceptor energy 1level was found to be
influenced by the phosphorus overpressure. Under high
(#2.4x10° Torr) and low (=7x10’ Torr) phosphorus
fluxes, the Mn acceptors formed levels at 280meV and
40meV respectively above the valence band. In a later
report, Asahi et al. [4.2] discussed the use of
beryllium (Be) as an alternative p-type dopant. They
found that Be acceptors form a shallow level (®14meV
above the valence band) and that InP could be doped up
to =6x10"® cm® without the morphology deteriorating.
However, other authors have reported that the
behaviour of Be in InP is sometimes unpredictable
[4.3]. Another route to produce p-type material is to
post-diffuse with dopants such as Zn and Cd [4.4].
However, complicated structures cannot be formed by
this method and a more reliable and possibly less
toxic impurity having good characteristics is
therefore required for doping during growth.

In a follow-up study to their work on residual
donors in nominally undoped InP, Iliadis et al. [4.5]
identified four principal acceptor impurities by
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secondary ion mass spectrometry (SIMS), namely Mg, Ca,
Mn and Fe. The former two impurities are shallow
acceptors whereas the latter are deep acceptors. Mg
and Ca are two potential candidates as p-type dopants,
although Ca doping of GaAs from CayAs; has proved
unsatisfactory [4.6]. On the other hand, there are two
factors which may favour the use of Mg as a p-type

.3 Mg
atoms in nominally undoped MBE-grown InP, as reported

dopant in InP. Firstly, the presence of glowcm

by Iliadis et al., indicates the ease with which Mg
can be incorporated in the crystal 1lattice from
unidentified background sources. Secondly, both Mg-
doped GaAs and AlGaAs grown by metal-organic chemical
vapour deposition (MOCVD) and MBE have been reported
[4.7,4.8]. Although the authors in reference [4.8]
have shown that Mg has a very low sticking coefficient
(10ﬁ) on GaAs grown at 560°C, InP is generally grown
at a much lower temperature. Consequently Mg can be
expected to have a higher sticking coefficient on InP
and hencé a better incorporation behaviour. Indeed,
magnesium has been successfully doped in InP up to a
concentration of 10'%cm™ by MBE using sources of P, and
solid indium [4.9]. In this chapter, the properties of
InP grown with an incident Mg flux under conditions
which produce inadvertently doped layers with good
electrical and optical characteristics are presented

[4.107.

4.2 Experimental Procedure

The MBE system was the same as used for growing
undoped InP and has been described in chapter 2.
Phosphorus dimers (P;) generated by thermal cracking of
P, were used in all the growth runs. Semi-insulating
Fe-doped (100)InP substrates were used, which were
cleaned and degreased in organic solvents and etched
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for 15s in a solution of H,SO,:H,0,:H,0 (10:1:1). The
substrate mounted onto a Mo block with metallic indium
was then immediately transferred into the vacuum
system in which the surface oxide was removed by
heating to 530°C for 3mins in a phosphorus stabilising
flux.

The growth conditions used were nominally identical
for all the samples, with BEPs of 2-3x10 ®mbar for P,
and 4x10 ‘mbar for In, equivalent to a growth rate of
1.5pm/hr. The substrate temperature used was =500°C
which was the temperature required to obtain high
quality undoped material with 77K residual electron

> and mobilities up to

concentrations of =2x10"cm’
42,500cm?v’ s, corresponding to a compensation ratio
h, defined as N,/N,, of =0.25 (see Chapter 2). These
results are comparable to the wvalues reported by
Roberts et al. for unintentionally doped InP grown in
a commercial MBE system [4.11].

The measurement techniques used to characterise the
grown layers included the Hall effect measurement, C-
V profiling, low temperature PL and secondary electron

microscopy (SEM).

4.3 Magnesium Doping

The magnesium cell was equipped with a p-BN crucible
and was operated at temperatures between 130 to 300°C.
It was found that the Mg flux could be detected by the
ion gauge for the highest cell temperature used; at
Tyg=300°C, the BEP of Mg was ~1x10 °mbar. Following the
analysis of Wood et al. [4.6], the doping
concentration of Mg may be written in terms of BEPs of

the fluxes as
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%
BEPw, X N X (Twg X Mpp)-

N = 1.11x10%%x Sem> L. (4.1)
BEP]n X N"g X (Tln X M]\g)t

where M is the atomic mass of the element under
consideration,
T is the temperature of the cell in degrees
Kelvin,
A is the ionization coefficient of the BEP
gauge for a particular species and is given

by

R 0.4%
= + 006 teuennnnnnnaneas(4.2)

f (N>) 14

where f (N;) is the ionization coefficient for
nitrogen and Z is the atomic number of

the species.

Hence, if Mg is assumed to be incorporated into InP
with a unity sticking coefficient, the expected range
of doping concentrations would be between =1x10" and
1x10%%cm™® for the cell temperatures used in this work.

4.4 Results and Discussion

4.4.1 Electrical Properties

Samples grown in a Mg-flux were found to be n-type
in character instead of the expected p-type behaviour
from both Hall effect and C-V measurements. Table 4.1
summaries the free-carrier concentration (Np-N,) and
mobility at 300K and 77K for a number of samples grown
in a Mg flux, together with two nominally undoped
samples. A carrier compensation ratio 6=Np/N, between
0.2-0.4 is obtained for the "Mg-doped" material based
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Table 4.1 Electrical data for both Mg-doped and
undoped InP grown by MBE. Samples #252, #253 and #255
were grown in a Mg flux while layers #203 and #232
were not intentionally doped.

N3g0k N77g 6 (Np/Np)
Sample x10" M300k x10" P77k
No. (em®) (em®v's™)y  (em®) (em®ils™)
252 3.9 3160 2.4 28000 ~0.4
253 4.6 2600 - - -
255 3.0 3700 1.9 32000 ~0.35
232 7.4 2800 3.4 29000 ~0.30

203 2.1 4400 1.6 42500 ~0.25




on the theoretical data given by Walukiewicz [4.12],
comparable to the compensation ratio for the
unintentionally doped material. No allowance has been
made for possible two layers conductivity effects
associated with the presence of accumulated impurities
at the substrate-epilayer interface often observed in
InP as described in chapter two. This can result in an
under estimate of p and over estimate of (Np-N,) for
the epitaxial layer. Therefore, the values of & quoted
in table 4.1 represent upper limits. The total
concentration of shallow acceptors N, is estimated to
be <1x10”cm”, correlating well with the low emission
levels related to shallow acceptors observed in the PL
spectra discussed in section (4.4.3).

The lack of evidence from the electrical data for a
reduction in mobility at 77K caused by additional
ionised impurity scattering with the corresponding
increase in @ due to the presence of Mg in the lattice
suggests that the sticking coefficient of Mg on InP
at T=500°C is very low in marked contrast to the

result for GaAs [4.6].

4.4.2 Surface Morphology

The surface morphology of samples #2522, #258 and
#261 was examined by secondary electron microscopy
(SEM). The specimens were tilted during recording to
produce better imaging of the defects. The relative
defect densities of these three samples are as
follows; #252 (5x10°cm’®) < #258 (6.5x10°cm’®) < #261
(lxloﬂnwz). The highest surface defect concentration
occurred in the presence of the highest magnesium
flux. The flux originating from the magnesium cell
therefore aided the formation of the defects which
were of different sizes and shapes, indicating that
they were being created continuously as the growth
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proceeded. Figure 4.1(a) and 4.1(b) are SEM
micrographs for an undoped and a "Mg-doped" sample.
The majority of the surface defects are the
'classical' oval defects which can be clearly seen in
figure 4.1(a) to align themselves in the [011]
orientation. Terraced dislocation defects were also
present in some of the samples (not shown in the
micrographs). Furthermore, pair defects were also
observed which might have nucleated as a result of
sulphur contamination associated with the substrate
preparation in the H,S0,:H,0,:H,0 etch [4.13].

4.4.3 Photoluminescence at the Near Band Edge and in

the 1.38eV region

An indication of the quality of epitaxial layers may
be conveniently obtained by photoluminescence
spectroscopy. Figure 4.2 shows PL spectra for an
unintentionally doped and a "Mg-doped" sample. Both
spectra have similar features, being dominated by
neutral donor-bound exciton transitions (D°-X) at
1.417eV. The experimental results obtained for the
half-width of the (D°-X) transitions and the ratio
between the peak heights of the band-acceptor (e-A°)
pair and (D°-X) transitions for the samples
investigated are given in Table 4.2. Less than 5% of
the total integrated emission intensity is associated
with the shallow acceptor impurities. The average
half-width for the (D°-X) line is 4.0meV, confirming
good sample quality.

A detailed study of the PL emission around 1.38eV
was performed in order to compare the various emission
peaks with those produced by known chemical impurity
species in InP. The observed emission peaks are listed
in table 4.3 and their appropriate designations given.
Three distinct peaks were observed in the "Mg-doped"
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(a)

(b)

Figure 4.1 Scanning electron micrographs to
illustrate typical defects observed on (100)InP grown
by MBE; (a) undoped sample and (b) Mg-doped sample.
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Figure 4.2 17K PL spectra of MBE-grown undoped InP (#203)
and Mg-doped InP (#255) for an excitation intensity at

633nm of ~10Wcm®>.



Table 4.2 17K PL data for the Mg-doped InP samples.
The full widths at half maximum for the (D°-X)
transitions lie within 3-5meV and the ratio of the (B-
A°) emission at 1.38eV to the (D°-X) excitonic line at
1.417ev, I(B-A°)/I(D°-X), is <5% for all samples.

Sample Ty FWHM (D°-X) I(B-A°)/I(D°-X)
No. (°C) (meV) %

252 130 3.6 5.0

253 140 4.2

254 150 3.8 2.9

255 160

258 200 4.1 4.6

259 260

261 300 3.6 3.5




Table 4.3 Energies of the (D-A°) and (B-A°)
transitions assigned to the shallow acceptor
impurities C, Mg, Be, and Zn in InP (reference 4.12).
The principal emission peaks determined here for MBE-
grown InP are a (D°-A°) transition at 1.3800eV and a
(B-A°) line at 1.3835eV identified with magnesium, and
a (D°-A°) transition at 1.3758eV associated with
carbon.

C Mg Be Zn
(B-A°) 1.3796 1.3832 1.3829 1.3781 Ref.4.12
(1.3800) 1.3835 - - Our data
(D°-A") 1.3755 1.3785 1.3782 1.3732 Ref.4.12

1.3758 1.3800 - - Our data




InP but only two peaks were discernible in the undoped
samples at 2K (see figure 4.3). Comparing their
energies with published data, the peaks at 1.3835 and
1.3800eV may be assigned to conduction band to
acceptor (e-A"°) and donor-acceptor (D°=A")
transitions respectively involving shallow Mg states
[4.14]. This agrees with the observation of T. Martin
who found that the level of magnesium vary directly
with the intensities of these transitions [4.15]. The
third distinct peak at 1.3758eV found here in Mg-InP
is caused by (D°-A°) transitions involving carbon
acceptors [4.14]). The (e-A°) transitions associated
with carbon overlap the (D°-A°) peak of Mg and are not
fully resolved since the enerqgy difference between a
(e-A°) and a (D°-A°) transition is =4-5meV.

The activation energies of Mg and C may be
calculated using the expression derived by Eagles
[4.16]:

EA = Eg(T) - E(e—A°) + %kBTe ...................... (4.3)

where E4(T) is the band gap energy for a sample
temperature T,
E(e-A°) is the peak energy of the free to bound
transition,
kg is Boltzmann's constant, and
T, is the temperature of carriers in degrees

Kelvin.

Taking Eg=1.4233eV at T=2K and an electron
temperature of 25K [4.17], the activation energies for
Mg and C are calculated to be 40.9 and 44.410.3meV
respectively, in good agreement with the published
data given in reference 4.12 for low-dose ion-
implanted InP. In addition, from the energy
difference between the (e-A°) and (D°-A°) emissions,
an estimate of the donor binding energy may be
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obtained from [4.17]
Ey = E(e-A°) - E(D°-A°) + €%/ (4n€&R) - 3keTe ..... (4.4)

where €r is the dielectric constant of the
semiconductor and R is the average distance between
the donors and the acceptors. Taking a value of E(e-
A°)-E(D°-A°) = 3.5meV from the experimental results,
R = 300A [4.18] and T, = 25K, the calculated value for
Ep is 6.29meV which is in reasonable agreement with
7.65meV found by Chamberlain et al. [4.19].

The experimental data has been compared with a model
based on Eagle's theory for the (e-A°) transition and
a Lorentzian lineshape for the (D°-A°) transition; the
result is shown in figure 4.4 (a) and (b). Figure 4.4
(a) is a fit using a carrier temperature T, of 10K; it
is clear that the fit does not match the experimental
spectrum at the high energy side. However, 1if a
carrier temperature of 25K was used, a close fit is
obtained as seen in figure 4.4 (b), which was the
value used by Fischbach et al. [4.17]. An alternative
interpretation for the 1.3835eV line has been offered
by Burkhard et al. [4.18] who argued that the
transition is associated with an excited state of the
(D°-A°) line rather than a (e-A°) transition. Both the
(D°-A°) and the (D°*-A°) peaks then have a Lorentzian
lineshape. However, it is not possible to fit two
Lorentzians to the experimental data discussed here.
Figure 4.5 shows the best attempt in fit the
experimental spectrum with two Lorentzian curves; fair
agreement is present except at the high energy side of
the spectrum. The experimental spectrum has been
investigated both as a function of the sample
temperature and the incident laser power. Figure 4.6
shows the former dependence. When the temperature is
increased from 2K to 24K, the spectrum is dominated by
the emission at 1.3835eV (e-A°). This is associated
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Figure 4.4 A theoretical fit to the emission lines at
1.3835 and 1.3800eV using Eagle’s model and a ILorentzian
curve respectively with (a) a carrier temperature of 10K

and (b) with a carrier temperature of 25K.
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Figqure 4.5 The emission lines at 1.3835 and 1.3800eV
fitted using two Lorentzian curves. The resultant curve
is in fair agreement with the experimental result except
at the high energy side.
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E;igure 4.6 The behaviour‘of (e-A°) and (D°-A°) as a
function of the sample temperature between 2 and 23K.
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Figqure 4.7 The behaviour of (e-A°) and (D°-A°) as a
function of the incident laser power.



with the donors being thermally ionized. As a result,
the population of free electrons is increased relative
to the bound electrons and therefore giving a much
stronger (e-A°) emission than the (D°-A°). In figure
4.7 the behaviour of the (e-A°) and (D°-A°) as a
function of the laser power is shown. At low laser
power (0.05mW), the overall spectrum is dominated by
the (D°-A°) emission at 1.3800eV and at high laser
power (7mW) the spectrum is dominated by the (e-A°)
transition at 1.3835eV. The concentration of photo-
excited carriers are increased as the laser excitation
was 1increased. This gives increased screening and
therefore reduces the effective donor binding energy,
thus leading to a gradual transition from the (D°-A°)
to (e-A°) as the excitation intensity is increased.

The excitonic emission centred at 1.36eV observed in
undoped InP layers is also a consistent feature in the
"Mg" doped InP discussed here. The magnitude of the
intensity of this peak is comparable between the
samples grown with and without a Mg flux, indicating
that the presence of Mg atoms has little influence on
the formation of the deep donor complex associated
with the 1.36eV transition.

4.4 Conclusion

An investigation of Mg in InP grown by molecular
beam epitaxy from solid sources has revealed two
apparently different incorporation mechanisms
depending on whether the incoming Mg is from a
"background" source or as an elemental flux from a
Knudsen cell. On the one hand, magnesium appears to be
incorporated from what is assumed to be a low level
background source in a relatively facile manner. Of
the two impurities detected by SIMS in unintentionally

79



doped InP [4.5] which potentially can act as shallow
acceptors, Mg rather than Ca is the principal
electrically-active species at a concentration <10™cm™
. No detectable incorporation of carbon is found in
the inadvertently doped layers. In contrast, there is
no evidence from both electrical data and 1low
temperature PL spectra for measurable incorporation of
Mg over and above the concentration derived from the
background source when InP is grown at a substrate
temperature of 500°C in a flux of Mg atoms generated
by a Knudsen source. However, a small trace of carbon
has been detected in the PL spectra from the "Mg-
doped" samples. The optical activation energies for Mg
and C are 40.9 and 44.4 * 0.3meV respectively in
excellent agreement with previously published data for
low dose ion-implanted InP samples [4.14]. A donor
binding energy of 6.29meV has been estimated from the
results discussed above, compared with the value of
7.65eV obtained by Chamberlain et al. [4.19] using far
infrared techniques. Although the intentional
introduction of Mg into InP from an elemental flux has
not been systematically investigated at growth
temperatures «500°C, no evidence has been found from
extensive studies of inadvertently doped InP for a
significant dependence of Mg incorporation on
substrate temperature between 350°C to >500°C. The
origin of the background magnesium is unknown at
present. However, it 1is anticipated that it is
unlikely to come from the group III source considering
the high vapour pressure of magnesium at the operating
temperature of the group III cell. The magnesium would
deplete completely in a very short time if it was from
the indium source. In GaAs, magnesium has been shown
successfully to incorporate in epitaxial layers using
the compound MgpAs; [4.6]. Therefore, in the case of
InP, a probable source for the background magnesium
could be the compound Mg,P; originated from the
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phosphorus source. However, there is no concrete
evidence for this speculation and further experiments
are required to elucidate this. An obvious experiment
would be grow an epitaxial 1layer at different
phophorus cell temperatures and performing SIMS
measurement on the grown structure. One would expect
the level of magnesium in the sample to vary as a
function of the phophorus cell temperature if Mg,P; is
the culprit.

The surface morphology of the grown InP samples was
found to depend strongly on the intentional Mg flux;
the total density of surface defects increasing from
1x10°cm™2 2

grown in the highest Mg flux. Surprisingly, the high

for undoped layers to ilxloﬁnw for samples
concentration of surface defects has little effect on
the electrical and optical properties of the "Mg-
doped" material. SEM observations of the morphology
indicate that Mg somehow assists the nucleation of
defects, in particular oval defects, but is not itself
incorporated into the epitaxial layer. However, the
exact mechanisms involved are at present not
understood.

Finally, it is concluded that the negligible
concentrations of Mg incorporated from an elemental
flux into InP makes it unsuitable as a p-type dopant
in MBE growth under the conditions discussed here.
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CHAPTER 5

Electrical and Optical Characterisation of InP Grown
by Metal-organic Source MBE (MOMBE)

5.1 Introduction

Molecular Beam Epitaxy (MBE) and metal-organic
chemical vapour deposition (MOCVD) are two well
established methods for preparing high quality single
crystals, especially III-V compounds and alloys. Each
of these techniques has advantages over the other but
often they are complementary. By combining them, a new
form of thin film preparation method known as metal-
organic molecular beam epitaxy (MOMBE) has emerged
which has advantages over both MOCVD and MBE. MOMBE is
essentially a thin film growth process performed in a
conventional MBE system with the solid sources
replaced by gases [e.g. phosphine (PHz), triethylindium
(TEIn)]. The main advantages of MOMBE are (a)
convenient source replenishment without disturbing the
integrity of the UHV environment in the growth system
and (b) constant control of fluxes giving rise to
accurate compositions in the growth of type II alloys
[5.1]. However, an obvious drawback in MOMBE is the
toxicity of the hydrides (AsHz, PH;z) used as the group
V sources. This requires stringent safety measures to
be enacted. Alternatively, the group V alkyls [e.d.
trimethylarsine (TMAs) and triethylphosphine (TEP) ]
may be used to reduce the hazards [5.2]. In MOMBE, an
efficient pumping arrangement is necessary to cope
with the removal of large gquantity of hydrogen
generated through cracking of the group V hydrides in
the UHV chamber during growth. The high level of
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hydrogen molecules has been shown to have a beneficial
effect on the quality of the material [5.3]. Epitaxial
GaAs [5.4] and InP [5.5] layers of exceptional quality
have been achieved by MOMBE. Kawaguchi et al. in
reference 5.5 reported undoped InP with a 77K mobility
of 105,000 cm%f1s4, comparable to the ultra-pure
materials grown by MOCVD [5.6] and VPE [5.7]. This
should be contrasted with the highest 77K mobility of
50,000 em?v s reported for undoped InP grown by solid
sources [5.8]. The superior quality of material
obtainable by MOMBE has stimulated interest amongst
research workers and as a result the existing
conventiocnal MBE systems in many laboratories have
been converted to cope with gaseous sources.

In this chapter, the optical and electrical
properties of InP grown by MOMBE will be discussed.
The layers were grown by D.A. Andrews at BTRL using
phosphine and three different three different indium
sources; solid indium, triethylindium (TEIn) and
trimethylindium (TMIn). The quality of the samples
will be shown to depend on the indium source used. To
assess the samples, low temperature PL, Hall effect

measurement, DLTS and SIMS were used.

5.2 Growth Details

The system used for growth was a commercial V80OH
unit manufactured by VG Semicon and has been described
elsewhere by Andrews et al. [5.9]. The system
comprised of three chambers; a fast entry loadlock, a
preparation and a main growth chamber. Phosphine fed
into the system was thermally decomposed into hydrogen
and phosphorus molecules in a low pressure («l1 Torr)
tantalum filled pBN cracker which was heated to
1000°C. Under the conditions wused, the phosphine
cracking efficiency was found to be greater than 95%
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and the phosphorus molecules were predominantly P,
relative to P,. The high background pressure
(~105torr) in the system during growth, containing
mostly H; molecules generated through cracking of
phosphine, was pumped continuously by an oil diffusion
pump. The group III alkyls were introduced into the
system via leak valves and effusion tubes directed
towards the substrate. The elemental indium flux was
generated by a Knudsen effusion cell.

A total of nine epitaxial layers of InP (MG59, MG70,
MG76, MG78, MG80, MG84, MG86, MG229 and MG230) have
been grown using phosphine with different indium
sources (solid In, TEIn, TMIn) under nominally similar
growth conditions. The growth rate for all the layers
was approximately 1um/hr except MG78 which was grown
at 4um/hr. MG59 was grown using elemental indium
before the metal=-alkyls were introduced into the
system for the very first time. MG70 was also grown
using elemental indium except that it was produced
after a few MOMBE growth runs. MG76, MG229 and MG230
were grown using TMIn while MG78, MG84 and MG86 were
grown using TEIn. Table 5.1 summaries the detail of
the sample growth, their thicknesses and the
electrical data obtained from C-V and Hall

measurements.

5.3 Photoluminesecence Measurement at 4K

The PL spectra described in this section were
recorded by S.T. Davey at BTRL using an argon ion
laser operating at 514.5nm and a 0.5m monochromator
together with a conventional lock-in amplifier for
signal detection. Measurements were performed at 4K on
four of the samples: MG59, MG70, MG76 and MG78. Figure
5.1 shows their PL spectra recorded with an incident
power density of approximately 0.1 Wem'®2. Each of the
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Table 5.1 InP samples grown using different indium
sources, together with their C-V and Hall data.

Sample Indium Source Thickness Carrier Concentration Mobility Compensation

(um) (x1016 cm‘3) (cmzv-ls—l) ratio 8
c-v Hall

MG59 solid 2.8 2.0 3.2 (B) 3,800
3.2 (RT) 3,700
2.2 (77) 9,400
3.0 (CL,RT) 4,050

2.0 (CL,77) 10,000 0.30
MG70 solid 1.0 2.0 4.5 (B) 2,550
4.5 (RT) 2,300

2.7 (77) 4,550 0.56
MG76 TMI 3.8 0.2 0.27 (B) 4,400
0.31 (RT) 4,000

0.27 (77) 36,900 0.16
MG78 ‘TEI 12.0 © 0.2 0.28 (B) 4,500
0.24 (RT) 4,800

0.18 (77) 44,500 0.11
MG80 TEI 5.0 0.8-4.0 2.2 (B) 3,800
2.2 (RT) 3,800

1.2 {77) . 13,800 0.26
MG84 TEI 1.5 0.7 0.45 (RT) 4,100

0.30 (77) 21,250 0.45
MG86 TEI 3.5, 1.0 3.3 (B) 3,600
’ 3.2 (RT) 3,750

1.7 (77) 12,500 0.23
MG229 TMI 4.0 0.6 1.7 (B) 3,660
2.1 (RT) 3,080

1.0 (77) 15,040 0.27
MG230 TMI 2.0 0.4 0.59 (B) 4,020
0.73 (RT) 3,330

0.49 (77) 19,990 0.34

(B) : Blast contacts.
(RT) : Au/Sn contacts, squared sample at room temperature.

(77) : Au/Sn contacts, squared sample at 77K.
(CL,RT) : Au/Sn contacts, clover leaf patterned sample at room temperature.

(CL,77) : Au/Sn contacts, clover leaf patterned sample at 77K.
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spectra consists of two principal emission regions,
characteristic of InP grown by other techniques; the
near band edge bound exciton emission and the acceptor
related transition at around 875 and 9200nm
respectively. Emission at longer wavelengths was not
detected, suggesting a low « of radiative deep
level in the material. concentration

The good quality of the MOMBE samples is
demonstrated by the narrow linewidth of the (D°-X)
emission =3meV for MG78. Comparison of the spectra
shown in figure 5.1 indicates that the two layers
grown with TEIn and TMIn have better optical
properties compared with the samples grown using
elemental indium. This is evidenced by the appearance
of well resolved structure at the near band edge
region for MG78 and MG76 as shown in figure 5.2. Much
less structures are present for the other samples
(MG70 and MG59) under the same excitation conditions.
Designations of the various peaks around 875nm shown
in the figure are in accordance with that used in
chapter two. The presence of the FE shoulder at
1.4180eV is a strong indication of the high quality of
the MOMBE material since it is associated with a low
level of impurity defects. Substantial impurity
defects present in the crystal tend to produce random
electric fields which dissociate the excitons and
hence FE emission would not be observed in the PL.
Free excitons are therefore a very sensitive probe of
the crystal quality.

The PL of the acceptor emission at ~1.38eV has been
investigated as a function of both temperature and
excitation intensity in an attempt to identify the
shallow acceptors involved. Figure 5.3 shows the PL
spectrum for sample MG78 at around 1.38eV, which
clearly shows the existence of three separate peaks,
namely P,, P, and P; at energies of 1.3834, 1.3787 and
1.3757eV respectively. With an excitation intensity of
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emission region as a function of the sample temperature
and excitation intensity. Three peaks are resolved: p,,
P, and P,, which are identified as the (e-A°), (D°-A°)
emissions related to magnesium and the (D°-A°) emission

associated with carbon respectively.



0.1Wem® and a temperature of 4.2K, the observed
spectrum consists of emission peaks P,, P, and P;. When
the temperature is increased from 4.2K to 30K but with
the excitation intensity constant, peaks P, and P
quench relative to P; and eventually the overall
spectrum becomes dominated by Py, which is
characteristic of a free to bound transition (e-A°).
On the other hand, if the temperature is held at 4.2K
and the excitation intensity reduced to 0.01Wem'?, then
the spectrum is dominated by peak P, which is related
to donor to acceptor recombinations (D°=-A°). The
temperature and intensity dependence of the (e-A°) and
(D°-A°) transitions have also been discussed in
Chapter 4. Comparison of the energies of the peaks
with those given by Skromme et al. [5.10] allow the
identification of the impurity involved (see Chapter
4). The emission peaks are identified as follows:

Emission P; at 1.3834eV: free to bound transition
associated with magnesium (e-A°)mg

Emission P, at 1.3787eV: donor to acceptor
recombination related to magnesium (D°=-A°)mq

Emission P; at 1.3757eV: donor to acceptor

recombination involving carbon (D°-A°).

From the energetic position of the (e-A°) peak, an
activation energy for the acceptor impurity involved
has been calculated using equation (4.3) given in the
previous chapter and is found to be 41lmeV, which
compares favourably with Skromme's result for
magnesium [5.11]. The designation of peak P; is to the
donor to acceptor emission involving carbon (D°-A°)c,
again by comparison with Skromme's result. Emission
associated with the (e-A°). transition overlaps the
(D°-A°)yg; line. Again using equation (4.3), the
activation energy of carbon is found to be 45meV. It
is interesting to note that the level of carbon
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detected in the MOMBE samples is surprisingly low
considering the large quantity of carbon related
molecular species present in the growth chamber. This
confirms the result of the thermodynamic analysis
performed by Prior et al. [5.12] who show that carbon
incorporation from species such as CO, is unlikely.
The 1.36eV emission line observed in the solid
source dgrown InP discussed in Chapter two was not
detected in any of the MOMBE samples. This suggests
that one or more of the impurities/defects responsible

for the formation of the complex is missing.

5.4 Hall Effect Measurements

The temperature variation of the Hall coefficient
and resistivity in the range 4-350K has been measured
for a number of samples. All the measurements were
performed on sdguare samples rather than the
conventional clover-leaf pattern, except for specimen
MG59 which was measured for both square and clover-
leaf shapes. The mobility data presented here are
therefore approximately 10-15% lower than the actual
values. The clover-leaf pattern was formed by
photolithography techniques and chemical etching. The
etch solution used was HyO0:HNO3z:HCl1 (1:1:1) with an
etch rate of 0.7pm/min. This particular etch was
adequate for thin samples having thicknesses less than
2um. For thicker samples, however, the etch was found
to be detrimental to the integrity of the epilayer as
evident from the undercutting of the sample. A good
wet etch having reasonable etch rate which does not
undercut has still to be found for InP. The sand
blasting techniques for forming the Hall pattern is

therefore preferred in InP.
The mobility, carrier concentration and compensation

ratio at room temperature and 77K are shown in table
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5.1. The mobility value at 300K it ranges from 3,000
to ~5,000 en’®v's™" while at 77K ranges from 10,000 to

~47,000 cm®v s, The compensation is calculated at
liquid nitrogen temperature according to reference
[(5.13]. The mobility as a function of carrier

concentration at 300K and 77K have been plotted and
shown in figure 5.4(a) and 5.4(b) respectively. A
value for the hall scattering factor ry of 1.25 has
been used for the data at 300K while =1 was used at
77K [5.14]. The solid lines shown in figure 5.4 (a)
and (b) are the theoretical values as given in
reference [5.13]. An average compensation ratio of 0.6
and 0.4 are deduced for 300K and 77K respectively,
which are comparable to that found for InP grown by

solid sources.

5.4.1 Mobility versus temperature

The temperature behaviour of the Hall mobility has
been measured for samples MG59, MG70, MG76, MG78 and
MG84. The results are shown in figure 5.5. Sample MG78
exhibits a maximum mobility peak of 46,0000 em?vls!
at 60K. The peak position shifts to a higher
temperature as the compensation of the material
increases, as can be seen for MG70, the most heavily
compensated sample. The temperature behaviour of the
mobility can be explained by considering the various
scattering processes mentioned in chapter 2. In the
high temperature regime, polar optical phonon
scattering is the dominant mechanism, while at low
temperatures, ionised impurity scattering becomes
important. It is seen that the mobility curves follows
approximately a T? power law in high temperatures
(150-400K), typical of lattice phonon scattering as
has been shown by Glicksman and Weiser [5.15].
Conversely, the mobility at low temperatures is
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controlled predominantly by ionised impurity
scattering and is proportional to T”2. The more
compensated materials follow such power law closely
except at temperatures below ~10K. On the other hand,
the mobility behaviour for the purer samples appears

to have a T2

variation, consistent with a lower
compensation. At temperatures below 10K, the mobility
for samples MG59 and MG70 becomes essentially
temperature independent, signifying the dominant role
played by conduction via impurity bands which will be

discussed in more details in section 5.4.3.

5.4.2 Carrier concentration versus temperature

The carrier concentration as a function of
reciprocal temperature for samples MG78 and MG84 is
shown in figure 5.6. The most prominent feature in
these curves is a minimum at ~10K for MG84, and at
about 50K for MG59 & MG70 (not shown in the figure).
At first sight, it 1is tempting to explain such
behaviour with a change in the Hall scattering factor
r, as a function of temperature since n=ry/(gRy).
However, r, has been calculated to be very close to
unity at temperatures below 100K [5.14]. The
characteristic dip in the carrier concentration is
believed to be associated with impurity band
conduction which will be discussed in the next
section. For the present, it is sufficient to note
that samples grown with solid indium show strong
impurity band conduction while layers which were grown
with only gaseous sources do not.

Substantial carrier freeze out occurs as the
temperature is lowered. It is very pronounced for the
samples grown with gaseous sources (MG84, MG76 and
MG78). The activation energy of the shallow donors
involved may be deduced from the low temperature
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region of the graph by assuming that the concentration
of the carriers is proportional to exp{-Ey/ksT}. Table
5.2 lists the results obtained together with the
values calculated using the expression
Ed=7.2{1-3x10f(Nb-NA)) as given by Leloup [5.16]. Good
agreement is seen between our results and that deduced
using Leloup's expression, in particular for sample
MG78. The values of Ey for samples MG84 and MG76 are
approximately 1.2meV lower than predicted by Leloup,
which is most 1likely caused by the presence of
impurity band conduction. The impurity band conduction
is so dominant (indicated by the dip in the carrier
concentration at about 50K) that E4 could not be
estimated for MG70 and MG59.

Another method of estimating E4y is to curve fit the

experimental results of n(T) using the expression

n(T) [n(T) +Na]
= gN. eXxp(-Eyg/KgT) .eeeeenn eesesss(5.1)

ND-NA-n (T)

where N, is the effective density of states in the
conduction band and is given by b%=2[(2nm*kgrbﬂf]y2
and g is the degeneracy factor.

Using g=1/2 and m*=0.077, the experimental results
for MG78 has been fitted by varying the three input
parameters Ny, N, and E4 (see figure 5.7). It is found
that the best fit 1is obtained for Np=2x10"cm’3,
NA==2x10“‘cm'3 and E4g=4.5meV, which agrees well with the
values previously deduced.

However the accuracy of the calculated value of Eq is
such that it is not possible to discriminate between
the different shallow donors e.g. S, Si, Se and Te. In
spite of this, S and/or Si are expected to be present
in the MOMBE samples since these two impurities are
constantly seen in fairly high concentrations in InP
grown by other techniques. SIMS and CV measurements
which were undertaken to establish whether these
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Table 5.2 The activation energy E4 of the shallow
impurities deduced from the low temperature portion of
the (Np-N,) versus temperature graph. Theoretical
results of E4 calculated from reference 5.15 are
included for comparison.

sample E4(meV) Eq(meV) calculated from reference
No. [5.15]

MG84 3.4

MG76 3.2

MG78 4.5

MG70 -

MG59 -
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impurities were incorporated into the samples are
discussed in section 5.5.

5.4.3 Impurity band conduction

The electrical properties of InP at low temperatures
are dominated by impurity band conduction. A typical
temperature at which impurity band conduction becomes
important is below ~20K for (N,-N,)=5x10"cm>. However,
this critical temperature depends strongly on both the
impurity concentration and compensation ratio [5.17].
The characteristic feature of the presence of impurity
band conduction is a distinct maximum in 1ln(R,) versus
T graph, see figure 5.8. A similar behaviour was first
observed in Ge by Hung in 1950 who associated it with
conduction involving two bands, namely the conduction
band and the impurity band [5.18]. The problem
associated with the presence of impurity band
conduction is the introduction of uncertainties in the
estimation of Ey using the n(T) versus T graph. The
critical temperature T. at which the maximum occurs in
the Hall coefficient plot varies 1linearly as a
function of ND1/302/3 [5.17], where ¢ is defined as Np/Np.
The experimental data have been plotted and found to
confirm such a relationship as shown in figure 5.9.
Included in the figure are the experimental data given
in references [5.19,5.20] for comparison. This
indicates that conduction occurs through a hopping
process between impurity centers. From figure 5.9, it
is possible to deduce T, as a function of the free
carrier concentration (N,-N,) for a given 6. The result
is shown in figure 5.10 in which the compensation
ratios of 0.3, 0.6 and 0.9 have been considered. For
an (Np-N,) of 5x107”cm™ and # of 0.3, T, occurs at ~10K.
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5.5 Secondary Ton Mass Spectroscopy (SIMS)
Measurements

In section 5.4.2, although the activation energy of
the shallow impurities was estimated, the identity of
the impurities in the samples could not be determined.
It is known that sulphur and/or silicon are the two
shallow donors dominant in InP grown by VPE [5.21],
LPE [5.22] and MBE [5.23]. To determine whether these
impurities are present in epitaxial InP grown by gas
sources, two structures were designed. The first
sample was grown by varying the flow rate of phosphine
in steps of 1lcc/min while keeping all other growth
parameters constant (T at 600°C indicated, growth rate
at 0.8um/hr and the temperature of the cracker T at
1000° C). The measured SIMS spectrum for this sample
is shown in figure 5.11. It is seen that the
concentration of Si (mass 28/30) is constant
throughout the epilayer. On the other hand, the
concentration of S (mass 34) decreases as the flow
rate of phosphine decreases. This suggests that
sulphur originates from the phosphine, either as a
molecule or a compound.

The second sample was grown by varying the substrate
temperature and the temperature of the cracker while
the other growth parameters were Kkept constant
(phosphine flow rate=3cc/mim, growth rate=0.85pm/hr).
The substrate temperature was varied from 550 to 625°C
and the temperature of the cracker was kept at 950°C
except for the outermost layer which was grown with
Tex @t 1000°C. The SIMS spectrum of Si and S levels
found in the sample is shown in figure 5.12. The
concentration of sulphur is seen to decrease from
~1%10"7cm™ to ~5x10'"%cm® as T, was changed from 550° to
625°C, while the level of silicon remained essentially
the same at ~8x10"cm™. It should be noted that the

substrate temperature is indicated values only and the
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Table 5.3 The deep traps observed in the MOMBE samples
with their corresponding activation energies and
concentrations. These traps are comparable to those
observed in InP grown by other techniqgues, indicating
there is no unique trap associated with the MOMBE growth
process. Note that the total concentration of traps are
significantly lower in the samples grown with only gas

sources.

E,(meV) MG59 MG70 MG76 MG78 Trap Comparison

ET1 670 - = 3.9x1073 1x10'3 E22, MBE2?

ET2 530 8x1073 1.9x1014 - - MBE3b, ve

ET3 460 - - 3.9x1073 1x10'3  E42, MBEsD

ET4 320 1x1074 1.3x10'4 - - E6%, MBE72

ETS 290 8x1013 1.5x10'4 - 1x10'3 E72, MBE8D, p2d
1E4E

ET6 210 - - - 1.5x10'2 E82, MBESP, p1d

ET7 160 - - - 9.9x10'2 MBE10D

ET8 130 - - - 6x1072  E92, MBE11l2, yc

Total 2 6x1014 6x107% 7.8x1072 6.1x10'3

c-v 2x1018  2x101% 2x10'S  2x10'S
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be very promising for producing device materials.

5.7 Conclusion

Good optical and electrical characteristics have
been measured for InP epitaxial layers grown by
gaseous source MBE. The best sample (MG78) has a 4.2K
(D°-X) PL linewidth of 3meV and a peak mobility of
46,000cn’V's”! with a compensation ratio of 0.11. The
mobility of this layer is much lower (~ factor of 2)
than that reported by Kawaguchi et al. [5.5]. A
possible reason for this is because the layer was
amongst the first produced in the MOMBE system. DLTS
measurements of the samples reveal the total
concentration of electron traps to be low (in the mid
10%em?
lower than the specimens grown with solid sources. The
detected electron traps have all been observed by
other workers in InP grown by other techniques and
there are no unique traps that can be associated with
the MOMBE growth process.

Low temperature PL (4.2K) as a function of both the
excitation intensity and the sample temperature

performed on the specimens has identified the presence

range), which is about an order of magnitude

of the shallow acceptor impurities Mg and C, their
activation energies being 41 and 45meV respectively.
However, the concentration of carbon is relatively low
compared to the concentration of magnesium. Based on
the results in this chapter, it may be concluded that
Mg is a universal inadvertent shallow acceptors in
InP. The origin of Mg is still not known although it

may come from the group V source.

Hall effect versus temperature measurements on a
number of the MOMBE samples reveal the existence of
impurity band conduction at low temperatures, which
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appears as a maximum in the Hall coefficient R, versus
temperature graph. The temperature at which R, is a
maximum, T., has been found to be proportional to
ND“39”3. The presence of impurity band conduction
results in an under-estimate of the shallow donor
activation energy E; deduced from the temperature
dependence of free-carrier concentration graph. For a
sample in which impurity band conduction was absent
(MG78), Ey was found to be 4.5mevV for a room
temperature (Np-N,)=2.4x10"cm>>.

The dominant shallow donor impurities in the MOMBE
InP are sulphur and silicon as is the case with solid
source InP. These two inadvertent contaminants are
electrically active in the epitaxial layers. The
origin of sulphur is believed to be associated with
the phosphine gas source. On the other hand, the
likely origin of silicon is from the cracker (since Si
has a high vapour pressure) or from the phosphine in
the form of a silicon compound which could either be
dissociated at the cracker or at the growth surface.

5.8 References

[5.1] M.B. Panish, J. Electrochem. Soc.: Solid State
Science & Technology, 127, 2729 (1980).

[5.2] W.T. Tsang, Appl. Phy. Lett., 45, 1234 (1984).
[5.3] A.R. C8l8W8  appl. Phys. Lett., 33, 1020 (1978).

[6.4] A.R. Calawa, Appl. Phys. Lett., 38, 701 (1981).

98



[5.5] Y. Kawaguchi, H. Asahi and H. Nagai, Inst. Phys.
Conf. Ser. No. 79: Chapter 2. GaAs and Related
Compounds, page 79 (1985).

[5.6] M.A. Di Forte-Poisson, C. Brylinski and J.P.
Duchemin, Appl. Phys. Lett., 46, 476 (1985).

[5.7] L.L. Taylor and D.A. Anderson, J. Cryst. Growth,
64, 55 (1983).

[5.8] J.S. Roberts, P.A. Claxton, J.P.R. David and
J.H. Marsh, Electron. Lett., 22, 506 (1986).

[5.9] D.A. Andrews, S.T. Davey, C.G. Tuppen, B.
Wakefield and G.J. Davies, Appl. Phys. Lett., 52, 816
(1988).

[5.10] B.J. Skromme, G.E. Stillman, J.D. Oberstar and
S.S. Chan, J. Electron. Mater., 13, 463 (1984).

[5.11] B.J. Skromme, G.E. Stillman, J.D. Oberstar and
S.S. Chan, Appl. Phys. Lett., 44, 319 (1984).

[5.12] K.A. Prior, G.J.Davies and R. Heckingbottom, J.
Crystal Growth, 66, 55 (1984).

[5.13] W. Walukiewicz, J. Appl. Phys., 51, 2659
(1980).

[5.14] D.L. Rode, Phys. Stat. Sol. (b), 55, 687
(1973).

[5.15] M. Glicksman and K. Weiser, J. Electrochem
Soc., 105, 728 (1958).

[5.16] J. Leloup, H. Djerassi, J.H. Albany and J.B.
Mullin, J. Appl. Phys., 49, 3359 (1978).

99



[5.17] B.I. Shklovsky and A.L. Efros, "Electronic
properties of doped semiconductors", Springer Series
in Solid State Sciences, Vol.45, (1984).

(5.18] C.S. Hung, Phys. Rev., 79, 727 (1950).

[5.19] A.N. Dakhno, 0.V. Emalyanenko, T.S. Lagunova
and S.P. Staroseltseva, Sov. Phys. Semicond. 13, 1039
(1979).

[5.20] P. Blood and J.W. Orton, J. Phys. C: solid
State Phys., 7, 893 (1974).

[5.21] P.J. Dean, M.S. Skolnick and L.L. Taylor, J.
Appl. Phys., 55, 957 (1984).

[5.22] M.S. Skolnick, P.J. Dean, S.H. Groves and K.

Kuphal, Appl. Phys. Lett., 45, 962 (1984).
C.R. Stanley and D.E. Sykes

[6.23] T. Martin, C.R. Stanley and A. Iliadis,*Appl.
Phys. Lett., 46, 994 (1985).

[5.24] S. Misawa, H. Okumura and S. Yoshida, J. J.
Appl. Phys., 26, 1088 (1987).

[5.25] N. Putz, H. Heinecke, M. Heyen and P. Balk, J.
Cryst. Growth, 74, 292 (1986).

100



CHAPTER 6
Electrical and Optical Properties of Alg_43Ing 5,As grown
by MBE

6.1 Introduction

The ternary alloy Al;,InAs 1is technologically
important in the area of optoelectronic devices. It
can be grown lattice matched onto InP and Ing ,;Gag.ssAs
with x=0.52, the room temperature energy band gap of
Aly .8Ing s, being 1.46eV [6.1]. The conduction band
discontinuity for a InGaAs/AlInAs heterojunction is
~0.5eV [6.2] compared with only 0.23eV for the
InGaAs/InP heterojunction. The former systenm,
therefore, provides a better confinement of carriers
and 1s more suited for dquantum well structures. To
date, many structures have been fabricated using
InGaAs/AlInAs, e.g. double heterostructure lasers
emitting at 1.55um [6.3], modulation doped structures
(HEMTs) with 77K mobilities >170,000 cm®v's™ [6.4] and
rib optical waveguides [6.5]. Furthermore, AlInAs can
also be used as a buffer layer and Schottky-assist for
FETs in InGaAs [6.6-6.7].

So far, AlInAs has been grown mainly by MBE. Growth
using LPE is difficult because of the large difference
in the distribution coefficients between aluminium and
indium [6.8], leading to difficulties in controlling
the composition of the alloy. Growth of AlInAs is
particularly suitable by MBE since it involves only
one group V source (type I alloy) and therefore the
composition of the alloy is simply controlled by the
relative proportions of the incident Al and In fluxes.
Nevertheless, many problems still remains which have
rendered AlInAs a less well understood material system
than InGaAs or AlGaAs. For instance, the existence of
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a large difference in the thermal stability between
InAs and AlAs means that the upper limit to the growth
temperature is governed by the least stable binary
component (InAs in this case). The temperature used
for growing AlInAs is normally below 600°C in order to
avoid significant loss of indium from the growth
surface. At these temperatures, however, involatile
aluminium oxide(s) is formed on the growth front via
interaction with oxygenated species in the growth
chamber such as CO and CO, [6.9], resulting in a large
quantity of unwanted deep level impurities being
incorporated into the epitaxial layer. On the other
hand, it is known that the mobility of aluminium
increases with temperature which in turn would be
expected to reduce the concentration of traps related
to native defects such as vacancies/complex. A
compromise must therefore be made in choosing the
appropriate conditions when growing AlInAs to achieve
the desired layer quality.

In a series of papers, Cheng et al. [6.10-6.12] have
demonstrated successfully the doping of AlInAs using
Si and Sn for n-type and Be for p-type layers. Free-

3 were achieved for

carrier concentrations of zlowcm
both n-type and p-type dopants. Thus, doping does not
appear to be a problem in AlInAs grown by MBE. So far,
the growth and properties of undoped AlInAs have not
been addressed 1in a systematic fashion. In this
chapter, the results of a series of study of AlInAs
epitaxial layers grown by MBE at BTRL under different
conditions are presented. Various characterisation
techniques have been employed to explored the
relationship between the properties of the grown
layers and their growth conditions. Although this
chapter is concerned with undoped AlInAs, some of the
samples were lightly doped with Si to avoid the layer

becoming semi-insulating.
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6.2 Growth Details

Both Fe- and S-doped InP substrates were used in the
growth. They were purchased from different
manufacturers including MCP, Sumitomo, ICI and Nippon.
The specifications for the substrates from each
manufacturer were identical. The substrates, two
inches in diameter, were firstly subjected to a chemo-
mechanical polish using a bromine-methanol solution,
to produce a damage-free surface. These polished
wafers were then place in a storage unit for
subsequent growth. Before the substrate was introduced
into the MBE system, it was degreased, cleaned and
etched. The procedure used was as follows;

a) degrease in organic solvent; acetone followed by
trichloroethylene and finally propanocl,

b) leave in conc. H,S0, for 3 to 5 minutes, and wash
with DI water,

c) leave in conc. HNO; for about 10 minutes at room
temperature to form a thin oxide layer, and wash with
DI water,

d) place in 40% HF for 30 seconds to remove the
oxide, and finally

e) rinse with DI water and spin dry.

Directly after the 'wet' chemical etching process,
the substrate was introduced into the fast entry
loadlock in which the pressure was then reduced by a
rotary pump. The substrate was next transferred into
the preparation chamber where it was heated to about
100°C for 30 minutes to remove any residual moisture
and volatile species remaining on the surface.
Finally, the substrate was transported into the main
UHV growth chamber. The background pressure in the
growth chamber, being dominated by As, molecules, was
usually about 10°° mbar with the arsenic cell hot and
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shutter closed. At this stage, the suistrate has a
very thin surface oxide (~ a few momolayers) and a
weak arsenic stabilised (Z=z4d) FEEED  surface
reconstruction was quickly ohserved om heating when
the substrate was mounted using an indium-less sample
holder. However, if the substrate was mounted onto the
holder with metallic indium thenm the As—(2%4) REEED
pattern required a Ilonger time to be ocbserved,

indicating the presence of 2 thicker layer of oxide.
The arsenic background flux was found to be sufficient
to stabilise the substrate im the thernal cleaning
process during which the substrate was heated to
500°C; the time taken for the oxids to desork was
typically 1-2 minutes (complete removal of the oxide
was indicated by the REEED pattesrn changing from
spotty to a sharp 2s-(2x%x4) pattern). The epitaxial
layers described in this chapter were grown with
indium mounted substrates.

The MBE system used hars has an arsenic Knudsen cell
with a source capacity of 1kg. This would last for
approximately six months of normal, continuous usage.
Operating temperatures of 300-350°C were used to
produce significant As, flux which was dissociated to
an As, flux in the cracking zone (T.4800-200°C)
situated in front of the EKnudsen cell. The arsenic
charge from various manufacturer was found not to
affect the overall gquality of the grown layers, but
marked variations between batches from the same
manufacturer were observed. This is in direct contrast
to the results found by Martin et al. for phosphorus
[5.13]. The group III fluxes (Al,In and Ga) are
generated by standard Knudsen cells, each with a
volume of 16cc. The Knudsen cell for aluminium was
normally kept at an idling temperature of ~800°C to
prevent solidification of the aluminium and subsegquent

fracturing of the pBN crucible.
The epitaxial layers described in this chapter were
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grown at substrate temperatures in the range of
500-600°C. At temperatures above 600°C, Davies et al.
[6.14] found that a significant amount of indium
starts to desorb from the growth surface, causing
difficulties in controlling the precise composition
and leading to lattice mismatched layers. The loss of
indium at high substrate temperatures can be
suppressed by an increase in the arsenic overpressure,
but this is accompanied by an increase in the free
carrier density associated with impurities originated
from the arsenic charge [6.15]. However, this is a
very weak effect ~P(Asu% and therefore is not a
practical route to the growth of AlInAs at high
substrate temperatures. An alternative method to
offset the indium loss is to supply an excess of
indium flux during growth [6.16]. Scott et al. have
used this approach for the ternary alloy InGaAs and
produced epitaxial layers with very good electrical
and optical characteristics [6.5]. The 1loss of a
substantial amount of indium is undesirable because it
would affect the lattice matching between the hetero-
junctions. Another factor which affects 1lattice
matching is the use of an incorrect combination of the
group III fluxes during growth. The degree of lattice
mismatch can be easily detected by X-ray techniques,
as will be shown later.

The various AlInAs layers grown in the series with
their corresponding substrate temperature, arsenic
cell temperature, silicon cell temperature, layer
thickness and the morphology are tabulated in table
6.1. The layer thickness is estimated from the growth
rate used. All of the epitaxial layers were grown with
a thin capping layer of GaAs (~10-504) to avoid
surface oxidation. The samples were characterised by
different techniques including double crystal X-ray
diffractometry, low temperature PL, phase contrast
microscopy, SEM, Hall effect measurement and DLTS.
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Tabel 6.1 The growth parameters used for the growth of
AlInAs with their surface morphology and layer
thicknesses.

Sample Growth Arsenic Cell Silicon Cell Layer

No. Temp(°C) Temp.(°C) Temp. (°C) Thicknesé(pm) Morphology
MV398 520 443 960 2.3 smooth
MV403 530 453 960 2.0 smooth
MV400 540 443 960 2.2 rough
MV402 550 453 960 2.2 rough
MV401 560 443 960 2.3 rough
MV411 580 448 - 1.4 shiny
(rough edges)
MV407 ’580 448 . 920 . 1.4 shiny
MV409 580 453 - 1.1 shiny
MV408 ‘580 453 860 i.4 shiny
MV406 580 453 920 1.4 shiny
MV404 580 453 960 2.0 shiny

MV405 600 453 960 1.4 shiny




6.3 Thermodynamic Prediction of Indium Desorption at
High Substrate Temperatures

In the MBE growth of AlInAs, the indium atoms
evaporate from the growth surface at a faster rate
than their aluminium counterparts. This behaviour may
be understood by the relative bond strengths of the
binaries; 1In-As (36.0kcal/mol) and Al-As (62.0
kcal/mol), i.e. almost a factor of two difference.
When the substrate temperature is sufficiently high,
the amount of indium loss from the epitaxial layer can
be detected by techniques such as Auger depth profiles
[6.17,6.18] and X-ray diffraction (as will be shown in
section 6.4.2.1). The temperature at which the onset
of indium loss occurs can be estimated
thermodynamically using the method described by
Heckingbottom for the AlGaAs system [6.19]. Consider
the equilibrium reaction path for the growth of InAs:

InAs(s) =In(g) + 3AS3(g) ceeeeeeeccens ceeee..(6.1)

where the subscripts (s) and (g) correspond to the
solid and gas phases respectively.
The equilibrium constant for this equation is then

given by
K= P(In) P(AS;)"/ @(INAS) vevervueenrosnansas(6.2)

where P represents pressure, a denotes activity which
is unity for pure substance.

One may regard the ternary alloy as a mixture of the
two binaries, i.e. Al,In;.,As = xAlAs + (1-X)InAs. The
activity of AlAs is considered to be unity since all
the Al condenses for temperatures below 700°C. Thus
only the InAs activity is required. It is assumed that
a(InAs) is given by its concentration, similar to that

for GaAs [6.19], i.e. a(InAs) = (1-x)
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Thus for x=0.48, and equation (6.2) reduces to
K=2.1P(In) P(As)) vvririrnnnnnn. Ceteeeeenes(6.3)

The value of K is calculated from the experimental
data given in reference [6.19], which is found to be
given by

K=exp(24.76 = 4.71X10%/T) vuurreenrnnennnns (6.4)

Using equations 6.3 and 6.4, the equilibrium
pressure of indium can therefore be calculated for a
particular arsenic pressure. Comparing the computed
indium pressure with the actual indium flux supplied
yields the amount of indium desorbing from the
surface. Figure 6.1 shows the calculated result for
two different As, overpressures (3x10° & 1x10™ torr).
It is apparent that significant indium loss occurs at
temperatures >540°C. A change in the As, pressure from
3x¥10°%orr to 1x107°torr can be seen to increase the
normalised growth rate (corresponding to decrease in
the indium desorption rate).

One poirt needs to be stressed concerning the exact
growth temperature at which indium 1loss becomes
substantial. Using sputter Auger profiling on AlInAs,
Wood observed a decrease in the indium signal at
T=560°C [6.18]. On the other hand, Davies et al.
reported that indium loss only become significant for
T,>600°C [6.14]. Although the result of Wood et al. is
in line with the above thermodynamic prediction, the
growth temperatures gquoted in existing literature
should be regarded cautiously since they vary
substantially lfrom one MBE system to another and
depend on how the temperature itself is measured.
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6.4 Measurement of Lattice Mismatch by X-Ray

Techniques

To produce electronic grade material for devices, it
is essential to minimise the mismatch of the hetero-
junction ©between the epitaxial layer and its
substrate. If the mismatch exceeds a critical value,
the lattice distortion will no longer be elastically
accommodated and plastic slip will occur producing
dislocations that ultimately degrade the electronic
and the optical properties of the resultant structure.
As mentioned earlier, this mismatch can be caused by
either an incorrect combination of group III fluxes
and/or by using too high a temperature for growth. X-
ray techniques provide a way of measuring the lattice
mismatch down to few ten parts per million (ppm). Two
different X-ray measurement techniques were used for
measuring the mismatch between the grown layer and its
substrate: divergent beam (DB) and double crystal
diffractometry (DCX). The former has the advantages of
being simple and provides a quick feed-back to the
growers. The latter method is more accurate, and may
provide a quantitative measure (from the spectrum
FWHM) of the crystallinity of the material.

6.4.1 Mismatch Determined by Divergent Beam Method
The degree of mismatch for a number of the
AlInAs/InP samples was obtained by the divergent beam
camera technique. The (004) reflection of the CuKx
lines was used throughout and the Bragg reflected beam
recorded using typical dental X-ray plates. After
developing the exposed plate, two pairs of arcs should
be visible, each pair correspond to the K« and Ke,
lines. The two respective pairs of arcs are related to
the substrate and the epitaxial layer. It is normally
easy to establish which pair belongs to the substrate
since it usually appears sharper than the epitaxial
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layer pair. Figure 6.2 shows two typical recorded
images on diffraction plates. The lattice mismatch is
calculated by measuring the distance bétween the
substrate and the layer arc. However when the layer is
of poor structural quality, its associated Bragg arc
will appear indistinct (see figure 6.2b); the
separation is then measured from the centre of the
layer arc to that of the substrate. The measured
mismatch is translated into a deviation from the
"exact" composition in terms of percentage of indium
(1% change of indium content is equivalent to ~700ppm
of mismatch). The results for samples MV402, MV407,
MV408 and MV411l are shown in table 6.2. Comparison of
these results with that deduced from DCX (discussed
below) indicate that the DB technique is in very good

agreement.

6.4.2 Mismatch Determined by Double Crystal
Diffractometry (DCX)

The results of the double crystal X-Ray diffraction
measurement on the whole set of AlInAs/InP samples
studied are tabulated in table 6.2. On average, the
FWHM of the rocking curves for the AlInAs layers is
~35 arc sec., slightly greater than for the InP
substrate which suggests it is of fairly good
crystalline quality. The raw data of the rocking
curves for three of the samples (grown at different T,)
are shown in figure 6.3. These layers, MV400, MV406 &
MV405 were grown at 540°C, 580°C & 600°C respectively.
The sharp diffraction peak in each of the spectra is
from the InP substrate and with a FWHM of ~15 arc
secs. On the right of the InP diffraction peak in each
of the spectra is the AlInAs diffraction peak with a
larger FWHM. This indicates a negative mismatch
between the AlInAs and the InP, i.e. the indium
" content is less than 52%. From figure 6.3, it can be
seen that the degree of mismatch becomes larger as T;
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(a)

(c)

Figure 6.2 Typical diffraction images obtained using

the Divergent Beam technique.



Table 6.2 X-ray measurements of the mismatch of AlInAs
from the InP substrate.

N TN

Sample FWHM (secs) Mismatch I(layer)/I(sub) Indium % In
No. layer substrate (ppm) (%) by DB
MV398 32 20 -640 1.00 51.4 T
MV403 57 20 -1000 0.92 50.8

MV400 64 12 -280 1.11 51.9

MV402 102 29 -1100 0.80 50.7 50.8
MV411 40 26 -630 0.73 51.4 51.4
MV407 46 23 -1500 0.74 50.2 50.5
MV409 45 18 ~629 0.66 51.4

MV408 27 29 - =1400 0.79 50.3 50.5
MV406 44 12 -1000 0.83 50.8

MV404 41 28 -1300 1.25 50.4

MV405 24 33 -1590 0.82 50.0
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increases from 540°C to 600°C, the corresponding
indium content decreasing from ~52% to 50%. The trend
exhibited here indicates a definite loss of indium at
Ts=580°C which 1is in 1line with the thermodynamic
prediction described in section 6.3. However, it
should be remembered that the layers were grown
separately and therefore some variation in the
incident fluxes can be expected.

6.4.3 Onset of Indium Loss measured by DCX

To avoid the variation of fluxes, a structure may be
designed such that only the growth temperature is
varied. Although this investigation on AlInAs was not
performed, the principle would be the same even though
the experiments were carried out on the InGaAs system.
Two structures (shown in figure 6.4) were grown
separately in the MBE system described in chapter 5,
each under a different arsine overpressure. For each
structure, the InGaAs was dgrown at four different
temperatures. The first structure MG136 was grown with
a arsine flow of 8cc/min and the substrate temperature
was varied between 660-720°C (indicated temperature by
the substrate thermocouple). The second structure
MG138 was grown with a lower arsine flow (3cc/min) and
the substrate temperature was changed between
650-690°C (temperature indicated by the substrate
thermocouple). The rocking curves for the two
structures are shown in figures 6.5(a) and 6.6(a).
Distinct diffraction peaks corresponding to the
different growth temperatures wused are clearly
resolved. However, these peaks are much closer
together for MG138 (figure 6.6(a)), leading to
difficulties in assigning the peak to its
corresponding substrate temperature. A theoretical
model as described by Halliwell et al. [6.20] can be
used to produce a theoretical fit to an experimental
rocking curve data, thus alleviating the above
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problem. The rocking curves for MG136 and MG138 have
been computed theoretically and are shown in figures
6.5(b) and 6.6(b) respectively. The insert in these
figures are the thickness and mismatch values used in
the calculations. Excellent agreement is seen between
the experimental and the theoretical rocking curves.

Using the data deduced above, an activation energy
for the desorbing indium species may be obtained by
plotting the mismatch values against their
corresponding substrate temperatures as shown in
figure 6.7. The slopes of the graph for MG136 and
MG138 are both identical and give an activation energy
of -4.4%0.2eV. The shift of the two graphs with
respect to temperature indicates that the indium
desorbing species 1is a function of the arsine
overpressure, i.e indium desorption may be suppressed
by increasing the arsine flow in the case of InGaAs.
The activation energy obtained here is the same as
that found by Scott et al. (-4.4eV) using sputter
Auger depth profiling [6.5], thereby providing further
support for the wvalidity of the X-ray theoretical
simulation procedures.

The growth temperature at which a significant amount
of indium begins to desorb may also be located during
growth using RHEED. In the case of InGaAs, the onset
temperature corresponds to the surface reconstruction
pattern changing from (1x2) to (4x2). Thus, it is
possible to control the growth parameters in-situ to
prevent substantial loss of indium. In figure 6.8, the
phase boundary of InGaAs grown at a growth rate of 1.7
pm/hr is shown. The experimental points in the figure
were obtained from many growth runs. Note also the
substrate temperatures are indicated values only and
not the true growth temperatures. This phase diagram
provides a quick reference for growers to keep within
the no indium loss regime for a given growth rate

(group III fluxes). The principle would again be
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expected to be the same for the loss of indium in
AlTInAs.

6.5 Surface Morphology

Scott et al. reported the first observation of a so
called 'forbidden' temperature window for the growth
of AlInAs which results in 'rough' morphology [6.5].
Below and above this temperature region, the surface
of the epitaxial layer tends to be smooth and shiny.
This 'rough' temperature window occurs between 540°
and 580°C as indicated in table 6.1. Phase contrast
microscopy and secondary electron microscopy were used
to examine the surface features of the samples grown
within and outside this forbidden temperature region.
The phase contrast micrographs for three AlInAs
samples, with the same magnification of 1000x, grown
at different temperatures (MV403 at T=530°C, MV401 at
Ts=560°C, & MV405 at T,=600°C) are shown in figure 6.9.
As the substrate temperature increases, the morphology
of the epitaxial layer becomes rough once a critical
temperature is reached (540°C in our case). However
when the temperature is increased beyond the rough
regime, the surface of the epitaxial layer becomes
smooth once again (see figure 6.9c).

This surface roughness window (lying within 40°C
temperature range) is similar to that observed in the
growth of AlGaAs [6.21-6.23] where rough morphology
occurs for layers grown between 630° and 690°C, i.e.
it occurs 100° higher than AlInAs. The exact mechanism
giving rise to this rough morphology feature is still
not well understood although several proposals have
been put forward. Amongst these are: ‘a much reduced
surface mobility of Al compared with Ga in the
forbidden T, range [6.22,6.24], a deficiency of the
population of arsenic [6.25], the existence of growth
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Figure 6.9 Phase contrast micrographs for the AlInAs

samples grown at temperatures of 530°C/ 560°C and
600°C.



inhibiting impurities (e.g. carbon) [6.26,6.27], and
surface segregation of Ga [6.23,6.28,6.29]. Although
there is no conclusive evidence at present, the
experimental results discussed in the next section
favour the surface segregation model.

The morphology of the AlInAs appears to be
relatively free of defects. Indeed oval defects
associated with MBE growth were not observed on any of
the AlInAs layers. The only kind of defect observed is
shown in figure 6.10 (a) & (b). The former figure
shows the phase contrast micrograph of the defect for
sample MV401 with a magnification of 1000x, while the
latter is a SEM micrograph of defect for MV406. This
kind of defect has also been reported by Kerr [6.30]
who attributed it to spitting from the group III cell.

6.6 Low Temperature Photoluminescence

The influence of the morphological feature of AlInAs
on its PL properties was studied to determine whether
a correlation exists between the rough surface region
of growth and the AlInAs PL output. The PL spectra
described here were recorded at BTRL by S. Davey, but
more detailed optical studies will be described in the
next chapter.

The PL spectra for three AlInAs samples,
corresponding to three different growth temperatures,
are shown in figure 6.11: the samples were grown at a
low temperature (530°C), an immediate temperature
(540°C) which produced a rough morphology and a high
temperature (600°C). The spectra are essentially
similar, each has a sharp peak at ~800nm associated
with AlInAs and a fairly broad, low intensity shoulder
at 830-900nm which was found to be associated with the
substrate of InP. The possible recombination
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Figure 6.10 (a) Phase contrast micrograph of a
typical defect observed on an AlInAs surface, (b) SEM

micrograph of a similar defect.
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Figure 6.11 4K PL spectra of the AlInAs samples grown

at temperatures of 530°C, 540°C and 600°C.



mechanisms giving rise to the AlInAs peak will be
discussed in chapter 7. The FWHM of the AlInAs
emission peak varied from 14 to 25meV for the series
of samples considered, which are amongst the narrowest
linewidths observed in this material system. A graph
of the FWHM versus the growth temperature have been
plotted and is shown in figure 6.12. The PL linewidth
is seen to increase within the rough surface window;
it increases to a maximum of ~25meV from about 16meV
at low and high temperatures. Hence, it is evident
that growth of AlInAs in the 'forbidden' temperature
window is undesirable if high optical quality material
is required.

In addition, a weak intensity emission peak at a
higher energy than that of the AlInAs emission was
observed in the PL spectrum for the samples grown in
the 'forbidden' temperature region. This high energy
peak, shown in figure 6.11 (MV402), occurs at 1.5868eV
and is ~55 meV above the AlInAs peak. Such emission
peak was absent for samples grown outside the
'forbidden' growth window. This suggests its origin is
somehow related to the surface of the epitaxial layer.
A possible explanation of this emission is due to the
diffusion and segregation of the indium atoms forming
a different composition of surface layer of AlInAs.
This model is similar to the segregation of Ga in
AlGaAs proposed by Massies et al. [6.29]. If one
considers the PL emission peak of AlInAs corresponds
to a measure of its band gap as given by Davies et al.
[6.14], then the higher energy peak in figure 6.11
would arise from a layer with a smaller indium molar
fraction, in fact it has a 3.5% indium deficient

composition from a perfectly matched layer.
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6.7 Deep Level Measurements

The deep level impurities in AlInAs have not been
investigated as extensively as in other III-V ternary
alloys such as InGaAs and AlGaAs although a small
number of reports exist in the literature [6.31-6.33].
The deep traps reported in the literature, however,
are not in very good agreement, the only consensus
being that the trap concentrations are relatively high
Ne>10"%cm™® which is probably due to the low growth
temperatures used in the MBE growth [6.34].

It has been seen previously that there is a parallel
between AlInAs and AlGaAs in that there exists a
'forbidden' growth window in each case. Hong et al.
pursued this further by investigating whether a (D-X)
like state is present in AlInAs [6.32]. They have
measured a deep electronic level at 350meV below the
conduction band edge with a capture cross-section of
10 %cm?. The concentration of this trap was shown to
depend strongly on the level of Si dopants and AlInAs
with this impurity 1level exhibited persistent
photoconductivity. Hong et al. concluded that this is
a (D-X) like centre similar to the EL2 trap commonly
found in AlGaAs.

The main objectives in the deep levels measurements
described here were to establish whether or not a
correlation existed between the traps and the surface
roughness window, and to study the deep levels as a
function of the growth parameters. Both electron and
hole traps were considered. The former were measured
on Schottky diodes by the standard DLTS technique and
the latter were assessed using transparent Schottky
diodes by the method known as minority carrier
transient spectroscopy (MCTS) [6.35]. The measurements
were performed using the Polaron S4600 unit together
with a Boonton capacitance meter 72B. The system was
controlled by a HP9816 micro-computer and was capable
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of scanning from 90 to 450K with the Polaron S4900
cryostat. An AlGaAs solid state laser operating at

850nm was used for the MCTS measurements.

6.7.1 DLTS Measurements

For these measurements, a diode is necessary. To
fabricate a Schottky diode, the three stages below
were followed:

(I) Before any evaporation onto the semiconductor
materials the following degreasing procedure is
carried out:

(a) degrease in boiling trichloroethylene for
10mins.,

(b) leave in boiling propanol for 5-10mins,

(c) wash with de-ionised water and blow dry.

The next two stages are deposition of ohmic and
Schottky contact and are performed using the following
recipes:

(II) Ohmic:-

Evaporate ~2000A of Au/Sn(2%) and anneal at
~420°C for 60s in forming gas (90%N,:10%H,).

(IIT) Schottky:-

Removal of surface oxide by the chemical etch-

Conc. H,S0, for 45s, followed by
HC1:H,0 (1:1) for 20s.
Deposit ~500A of Ti and lastly evaporate ~2000A4
of Au.

The I-V characteristics of the resultant diodes were
close to ideal, with an ideality factor estimated to
be 1.1-1.3. The reverse dark current was approximately
2x10 7Acm™? at -5V and the reverse breakdown occurred at
=25V, The DLTS measurements were performed with

the diode at a reverse bias lying within -2 to =10V
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and with a fill pulse chosen to completely fill the
traps. Spectral scans were usually taken between
90-400K. Up scans (i.e. going from 90 to 400K) as well
as down scans (i.e. going from 400 to 90K) were taken
to minimise the error introduced by the temperature
lag which was found to be 5° between the up and down
scans. The average peak position of up and down scans
was taken for a particular emission trap.

Two p-n junction diode structures were also used for

the DLTS measurements. These are shown schematically
below:

MV526 MV530

P" GaAs cap P’ -GaAs cap

lum AlInAs (Be=5x10"cm™>) 0.3pm AlInAs (Be=5x10"cm3)
1pm AlInAs(Si=5x10"°cm) 1.2pm AlInAs(Si=1x10""cm’)
n' InP Substrate n' InP Substrate

MV526 was grown at T=580°C with As, while MV530 was
grown at T¢=500°C using As,. Ohmic contacts on the n+
substrates were formed by Au/Sn and the ohmic contact
to the p+ AlInAs was achieved by deposition of 500A Ti
followed by 2000A Au/Zn. Individual devices were then
defined by 1lithographic pattefning. Wet etching was
required to remove the Au, Ti and AlInAs in the
exposed area in order to form the diodes. The recipes
were:

Au - KI:I:H,0 (89:0.2g:10ml) for 2-3mins.,

Ti - HF:H,0 (1:3) for 60secs.,

AlInAs - H,S0,:H,0,:H,0 (1:5:60) which has an average
etch rate of 1.6 }.unhr'1 .

A typical DLTS spectrum for a Schottky diode is

shown in figure 6.13. It has a broad emission peak at

~210K for a 200/s emission rate window. The spectra

117



1 T T 13 T 1§ L 1 i i T ¥ T T T T 1 T T i 1 V 1 T T i i T [ I T T 1 i T T H 3
1888/s, 48875 mv4p? 1B/11,86 E
~ 28a/s, 80.’s fF "é 388
S@ss, 28/s 3
- soe
3 7ga
-3 sam
3
= 508
\ -3 408
-3 3g9
= zoa
i E
i/ il
B AT SO WA WU U TN TN TUNE SN NN TN U NN NN SR SN TOUN AR SO SO SR BN SN T SN N T S ! L:B
10a 158 288 258 389

Figure 6.13 A typical DLTS spectrum for AlIIiAs.



observed for all the samples are similar except that
some emission peaks associated with traps at
relatively low concentrations (at least an order of
magnitude lower) occurred only for samples grown in
the surface roughness window. Table 6.3 lists the
detected electron and hole traps together with their
peak position at 200/s emission rate window, their
activation energies, their capture cross-section and
their concentrations. The following summarises the
observations drawn from the results of the DLTS

measurements on the electron traps:

(a) MBE3 and MBE4 are the dominant electron traps in
the samples with activation energies of 0.48 and
0.44eV respectively.

(b) MBEO, MBEl and MBE2 (with their respective
activation energies of 0.1eV, 0.13eV and 0.16eV) occur
only for layers grown in the rough surface region.

(c) MBE5 (activation energy of 0.61eVv) is only
detected in the two p-n junction samples (MV526 &
MV530). It is the dominant trap in both these samples
although MBE3 and MBE4 are also present but at much
lower concentrations. The only obvious difference
between these samples and the Schottky samples is the
presence of Be. Hence MBE5 is tentatively assigned to
traps' associated with the Be dopant.

(d) the arsenic flux has little influence on the deep
levels since it is seen that the DLTS signatures for
MV407 & MV406 (grown under nominally same conditions
except for different arsenic flux) are much the same
in both trap concentration as well as the type of

traps.

(e) As shown in table 6.4 the concentration of deep
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Table 6.3 The measured electron and hole tréps in AlInAs
with their activation energies, capture cross-sections
and concentrations.

Peak Position Activation Capture Concentration

Trap at e=200s"? energy xX-section (cm™2)
(X) (meV) O, (cm™2) %1015
Electron
MBEO 100 190 - ~0.3
MBE1 130 - - ~0.3 |
MBE2 160 260 2.2x10"17 0.2-0.6
MBE3 210 480 1.5x10-'¢  0.3-1.0
MBE4 250 440 | 4x10-18 0.3-1.0
MBES 345 610 3.0x10-18 2.0
MBH1 <95 - - 0.02-0.3
MBH2 170 220 5.0x10"18 0.02-1.0
MBH3 290 540 4,8x10"18 0.02-0.5




Table 6.4 Results of the AlInAs samples obtained by C-
V profiling and PL.

Sample Ng-N, % Indium FWHM (meV) n(300)-n(100)
No CV (cm™3) PL PL (cm™3)
x1015 x1015
MV398 >1.0 51.0 18.6 depleted at
' 300K
MV403 2.5 50.5 17.0 depleted at
' 300K
MV400 1.5 51.3 19.7 5.0
MV402 8.0 51.0 24.5 5.0
MV401 4.0 51.0 22.7 2.0
MV411 2.0-3.0 50.9 15.4 depleted at
100K
MV407 1.5 = 50.2 . 18.3 4.5
MV409 8.0-10.0 50.4 14.6 depleted at
300K
MV408 10.0 49.9 16.9 5.0
MV406 15.0 50.0 16.4 5.0
MV404 22.0 49.8 18.0 3.0

MV405 45.0 49.3 18.2 5.0




levels which freeze out between 300 and 77K is
~5x10"%cm™3. This would suggest the total trap
concentration is ~5x10"cm™® which is in line with the

deep level concentrations indicated in table 6.3.

(£) at Ts<540°C deep levels are dominant over the role
played by Si and the layers deplete out, indicating

the trap concentration must be very high.

(9) at T¢>540°C deep levels are dominant only when no
Si is introduced, implying the trap concentration in
the layers is lower than those grown at T¢<540°C.

(h) at Ty>580°C the influence of Si doping is greater
than deep levels and the layers become more n-type as
the Si flux is increased.

(1) the capture cross-section of MBE3 (e.=1.5x10 "cm’?)
is greater than MBE4 (q;=4x104gcmq). This can also be
seen by using a short filling pulse. Figure 6.14 (a)
& (b) show the effect of changing the fill pulse from
l0ms to 10ps. The capacitance change for MBE4 is
faster than for MBE3, implying MBE3 has a larger
capture cross-section. Changing the fill pulse time is
often used to separate traps that have a significant

difference in their capture cross-sections.

6.7.2 Minority Carrier Transient Spectroscopy (MCTS)

The procedure for the fabrication of a transparent
Schottky diode was similar to that for the Schottky
diode describe above. Ohmic contact onto the n+ InP
substrate was the same as above. For the Schottky, a
sheet of fitanium of thickness less than 200-300& was
deposited onto the semiconductor layer to provide a
transparent contact. Approximately 2000A of gold was
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then evaporated onto the titanium sheet. Lithography
techniques were then used to define the effective area
of the diodes. After exposure and development, the
diode area was defined by etching the titanium away in
a solution of HF:H,0 (1:3) for 5-10s.

A typical MCTS spectrum is shown in figure 6.15
revealing the three dominant traps (MBH1, MBH2 & MBH3)
found in the samples. The lower section of table 6.3
summaries the hole traps observed in AlInAs Schottky
samples. MBH2 and MBH3 are at 0.22 and 0.54eV above
the valence band edge respectively. The position of
the energy level for MBH1 however could not be
determined since the emission peaks occurred at or
below 95K which suggests it would be <0.2eV above the
valence band.

A correlation between the three hole traps and the
roughness window was not observed in the samples. It
should be noted that these traps are approximately an
order of magnitude lower in concentration than the
electron traps, which has been observed previously
[6.32]. In addition, it was found that sample MV409,
which was not deliberately doped with 8Si, showed
substantially reduced hole trap concentrations (in the

3 range) compared with the other samples in

low 10%em’
the series. This would suggest that these hole traps
might be associated with defects involving the si
dopant. The three hole traps observed in this study do
not however appear to correspond to the reported traps

in reference [6.32].

6.8 The use of As, versus As,

According to Tsang et al [6.36] there is an
improvement in the optical and electrical
characteristics for epitaxial layers grown by MBE
using As, instead of As, . Indeed, the series of AlInAs
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layers in this study, which were grown using As,, does
appear to have very good optical properties; the
linewidth of 15meV is the narrowest observed in this
material system. However Scott et al. [6.5] found that
AlInAs grown using As, instead of As, did not affect
the surface roughness region and also did not
influence the temperature at which indium loss becomes
significant.

To determine whether As, is more advantageous than
As, , two AlInAs epitaxial layers were dgrown. The
layers were each of 2um thick and were grown under
identical conditions except that one was with As,
(MVé662) and the other with As, (MV663). Table 6.5 shows
the results of the mobility and the 18K PL
measurements. It is seen that the layers have similar
mobility values both at 300K and 77K, although the
values for the layer grown with tetramers are higher
by 10%. This is also supported by the 18K PL linewidth
values which were found to be 35meV for MV622 and
28meV for MV663. Hence contrary to the general
expectation, the use of As; did not improve the
quality of the layer to any measurable extent. One
possible explanation is the total concentration of
defects associated with the use of high Al in AlInAs
is much more dominant than that induced by the arsenic
species. ‘

' The mobility values measured in this study compare
well with others reported in the literature [6.8,
6.11, 6.27]. Figures 6.16 (a) & (b) show the mobility
versus the free carrier concentration plots at 300 and
77K. The 300K mobility of the samples grown by LPE
(ref. 6.8) is about a factor of four higher than those
grown by MBE. The 77K mobility values of the data
presented here do not appear to change from the 300K
values, suggesting the importance of alloy
contribution to scattering at the temperatures

considered [6.32].
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Table 6.5 The carrier concentrations, mobilities and
the 18K PL FWHM for two AlInAs grown with different
arsenic species; MV662 (As,) and MV663 (As,).

Sample Carrier Concentration Mobility 18K PL
x10'8(cm™3) (cm2V~1s~1) FWHM
300K 77K 300K 77K (meV)
MV662 2.9 2.1 990 945 35

MV663 3.0 2.3 1034 1072 28
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6.9 Conclusion

A series of epitaxial AlInAs layers lattice matched
to (100)InP grown under different conditions by MBE
has been systematically characterised. They were grown
in the temperature range of 500-600°C which was below
the onset of indium loss according to Davies et al.
[6.14]. The 1loss of indium may conveniently be
detected using the X-ray double crystal diffraction
technique and was demonstrated for InGaAs, the
activation energy of which was found to be -4.0t0.2eV
in excellent agreement with previous value reported by
Scott et al. from Auger depth profiling data [6.5].

AlInAs epitaxial layers were found to exhibit a
similar 'forbidden' growth temperature window to the
growth of AlGaAs. AlInAs grown at temperatures between
530°C<T¢<570°C was found to be 'rough' in appearance
but 'shiny' outside this temperature window. In the
'rough' témperature regime, deep level measurements
revealed the existence of three unique electron traps
(MBEO, MBEl1l & MBE2). However, these traps were not
dominant compared to the two common electron traps
(MBE3 & MBE4) found in all AlInAs samples. The total
concentration of the electron traps was found to be
~5%x10"em™ . Unique hole traps associated with the
'rough' temperature window were not detected. The
concentrations of the three common hole traps (MBH1,
MBH2 & MBH3) observed were found to be influenced by
the Si flux. The total concentration of the hole traps
was an order of magnitude lower than the electron
traps. However, the precise nature of the measured
electron and hole traps was not determined.

The epitaxial layers grown in the 'rough'
temperature region also showed an increase in the PL
linewidths. The FWHM of the emission at 800nm
increased by approximately 50% (from ~lémeV to 25meV).
In addition, a very low intensity emission peak at
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~60meV above the normal AlInAs peak was observed only
in the 'rough' surface samples. This was attributed to
a thin surface layer of AlInAs having a different
composition from its bulk caused by the segregation of
indium atoms.

Finally, the effect of wusing different arsenic
species (As,, As,) for the growth was considered. The
experiments revealed little evidence for an
improvement in either the optical or electrical
characteristics for layers grown with As, compared to
the layers grown using As,, contrary to the general
expectation.
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CHAPTER 7

Photoluminescence (PL) of Alg ,sIng.sp,As and its Pressure
Dependence

7.1 Introduction

The many reports on AlInAs published up till now
have placed emphasis primarily on its growth and/or
the electrical properties. Detailed studies of the
optical behaviour of this material system have been
largely avoided, probably because of the 1lack of
material with good photoluminescence efficiency.
Compared with other ternary alloys such as AlGaAs and
InGaAs, epitaxial layers of AlInAs grown by MBE are of
relatively poor gquality as indicated by their PL
linewidths and Hall carrier mobility. For instance, PL
line-widths of 5meV are readily obtained for AlGaAs
and InGaAs grown by MBE [7.0] compared to the one of
the best value of 15meV for AlInAs reported in
existing literature [7.1]. The inferior quality of
AlInAs is associated primarily with the low substrate
temperature used for growth, which is governed by the
least stable of the two binary end members, namely
InAs in this case. A low growth temperature also leads
to clustering and deep level formation due to the low
surface mobility of aluminium, and an increase in the
probability of oxygen incorporation which also
introduces deep traps into the forbidden band gap of
the semiconductor. These effects contribute directly
to the homogeneous broadening in the linewidth of the
PL emission. Welch et al. have reported the optical
characteristics of Alg,IngsAs as a function of both
T, and III/V flux ratio [7.1]; a FWHM of 15meV was
obtained, comparable to those epitaxial layers
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discussed in the previous chapter. However, no
assignment was made to their observed PL emission
peak. Reports by both Wakefield et al. [7.2] and
Davies et al. [7.3], on the other hand, assumed the
observed emission peak in their cathodoluminescence
spectra to be a direct measure of the energy band gap,
i.e., band to band transitions.

This chapter is concerned with the detailed nature
and behaviour of the PL emission from MBE grown
AlInAs. The specimens used were those described in the
last chapter. Measurements on the samples were
performed as a function of sample temperature and
laser excitation intensity. Photoluminescence
excitation (PLE) spectra were also taken to provide
further evidence on the identity of the recombination
processes. Additionally, the dependence of the PL
emission on hydrostatic pressure, provided by a
diamond anvil cell (DAC), was measured to vyield
information on the band structure of this ternary

system.

7.2 PL Emission Behaviour

The PL spectrum of AlInAs has been briefly described
in the previous chapter. Up to now, the associated
recombination mechanisms giving rise to the emission
lines were not clearly identified. This necessitates
a detailed PL investigation. The PL spectra described
here were obtained on two different PL setups;. the
first being the same as used in the InP work discussed
in chapters 2-4 (the system is capable of acquiring a
lowest temperature of 15K) and the second system was
based on a liquid helium immersion cryostat capable of
achieving temperatures down to 1.2K (more details of

this PL apparatus can be found in reference 7.4).
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7.2.1 Dependence on Sample Temperature

Varying the sample temperature can provide much
information to assist with the identification of the
PL emission peaks as described in chapter 2 and 4. The
emission spectrum of Aly ,Ings;As has been recorded as
a function of sample temperature in the range of 1.7K
to 90K. A typical set of the PL spectra as a function
of temperature for sample MV409 is illustrated in
figure 7.1. At low temperatures (T<50K) the spectrum
is dominated by an emission peak (labelled A) which is
centred at 1.547eV for a temperature of T=1.7K with a
FWHM=~16meV. This peak shifts to a lower energy as the
temperature increases up to ~50K, and is accompanied
by a decrease in its emission intensity. At a
temperature of 50K, the intensity of peak A is almost
completely quenched and can be barely resolved. Above
50K, a new enmission peak (labelled B) centred at
1.550eV appears whose energy 1is approximately
temperature independent. However, the magnitude of
this emission peak is relatively weak compared to that
of peak A, being approximately x200 smaller at 90K,
indicating that its associated recombination process
is much less efficient than for peak A.

The energy shift of peak A was examined to see if it
follows that of the band gap. The temperature
variation of the band gap for AlInAs is assumed to
have the form [7.5]

Eg(T) = Eo = T/ (B + T7) vuvvvannnns R 2 D

similar to the binary compounds, where E, is the energy
gap at OK, o« is a constant and 8 1is the Debye
temperature. The value of B for AlInAs is estimated
from a 1linear interpolation between the Debye
temperatures for the binary end members, namely InAs
and AlAs. Figure 7.2 shows the experimental data and
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the graph deduced from the above equation (solid
line). The theoretical graph 1is obtained using
#=2.5%10°eV/K and B=335K, and shifted so that it falls
onto the experimental points for comparison. The shift
of peak A therefore appears to follow the variation of
the band gap, suggesting an excitonic like transition
[7.6]. However, this interpretation must be regarded
cautiously since the value of « used in the
calculation is about an order of magnitude larger than
those for the binary compounds [7.5].

The FWHM of the AlInAs emission peak has been
plotted as a function of the sample temperature in the
range of 17-43K as shown in figure 7.3. In this
temperature region emission peak A is dominant and
therefore the linewidth variation can be considered
due solely to peak A. The FWHM can be seen to increase
with temperature at a faster rate than kgT (from 17meV
at 20K to 30meV at 40K), which might suggest the
recombination process involved 1is non-excitonic.
Another possibility which would result in the observed
fast rate of increase in the 1linewidth with
temperature is the existence of multiple emission
peaks which are not resolved individually. This will
be pursued further in section 7.3.

Information concerning the thermal processes in
AlInAs can be obtained by measuring the integrated
emission intensity as a function of temperature.
Figure 7.4 shows the experimental data with the PL
spectra of peak A shown in the insert for sample
MV408. A theoretical fit of the form which applies to

neutral donors [7.7],
I(T)“l/[l"'Cexp(-Ed/kBT)]oc--o-oo.lo.oca--ooocu(7.2)
where C is a constant and Eq is the binding energy of

the donors, is made to the experimental data. The best
fit is found for E4=15%1 meV which is about a factor of
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two greater than the binding energy of the impurity
bound exciton in AlInAs (=7meV assuming a simple
hydrogenic model). This further points to the non-
excitonic behaviour of the emission peak A.

7.2.2 Dependence on Laser Excitation

To clarify further the nature of the emission peaks
A and B, measurements were performed as a function of
the laser excitation intensity at temperatures of 2
and 80K respectively. Figure 7.5 shows the
experimental results obtained plotted in log-log form.
The incident laser excitation intensity used varied
over two orders of magnitude. A linear relationship is
found for peak A and peak B with slopes of 0.9 and
1.6%0.2 respectively. According to reference [7.8],
the integrated PL emission intensity (I,.) is related
to the incident laser excitation intensity (P.°) by
the expression:

IoutxPexsooooooo.ovoo.-.o"oo- ..... 0.....00..(7.3)

where s=1 for exciton related transitions and s=2 for
free-carrier recombinations. From figure 7.5, emission
peak A appears to be excitonic like. Peak B, on the
other hand, is more free-~carrier like and may be

ascribed to a free-to-bound (e-A°) transition.

7.3 Deconvolution of the 15K PL Emission Spectra

The low temperatures spectra of Alg,sIngs:As under
study all exhibit linewidths of about 15meV. Values of
this magnitude compare favourably with those reported
by other authors. For instance, Hong et al. [7.9]
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observed a FWHM of 19meV at 10K, which was believed to
be associated with alloy clustering in the crystal.
For a perfectly lattice matched and ordered alloy of
AlInAs crystal, the excitonic linewidth was calculated
to be 4meV. The large linewidth of AlInAs has also
been shown to be associated with the poor
crystallinity of the 1lattice [7.1]. Besides the
broadening caused by poor crystallinity, any other
emissions adjacent to the transition (peak A) would
also increase the 1linewidth to the experimental
observed value. In view of this, a curve fitting
procedure has been performed on the low temperature
AlInAs emission spectra.

Assuming the emission of peak A is given by a
Gaussian distribution, the spectrum can effectively be
reproduced by two curves as illustrated in figure 7.6
for specimen MV408 at 17K. In this figure, the
experimental data are indicated by the crosses while
the deconvoluted curves (A and C) and their resultant
are shown by the dotted and solid lines respectively.
The net sum of the two curves A' and C is seen to be
in excellent agreement with the experimental spectrum.
Hence, it is proposed that the observed asymmetric
lineshape of the low temperature PL emission is caused
by the existence of a relatively weak unknown
transition (peak C) 1lying 16meV below the dominant

emission peak A.

7.4 Photoluminescence Excitation (PLE) Measurement

Photoluminescence excitation (PLE) measurements were
performed on the AlInAs samples to provide additional
experimental information on the nature of the emission
peaks. The PLE spectra were all taken at 2K with a
Styryl 9 dye laser which could be tuned in the range
of 800-900nm. Emission peak heights were corrected for
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the wavelength response of the detector. This may be
accomplished in two ways

(a) wusing neutral density filters to Kkeep the
incident laser intensity constant, or

(b) normalising the observed spectrum with respect to

the output power of the laser at the respective
wavelengths.

Figure 7.7 shows a typical PLE spectrum for sample
MV402 with its PL signature. The appearance of a
slight shoulder shifted by 36meV from the sensing
wavelength of 1.5176eV is observed. This large energy
shift strongly indicates that the emission (peak Aa)
centred at 1.5252eV is not due to exciton bound to
shallow impurities. The rising edge in the PILE
spectrum at about 1.57eV could be the onset of the
transition observed by Praseuth et al. [7.10] at
1.62eV  which 1is ascribed here to band-to-band
emission.

From the experimental evidence, emission peak A may
tentatively be assigned to donor~to-acceptor
recombinations (D°-A°), which are the normal

transitions paths at low temperatures.

7.5 PL Dependence on Hydrostatic Pressure

When a semiconductor is subjected to the influence of
an external applied pressure the lattice of the
crystal is compressed, thus resulting in a change in
its overall band structure. The PL emission as a
function of pressure will therefore provide an
indirect access to the band structure. In order to
study the effects of pressure on AlInAs and to deduce
information about its band structure, experiments were
performed with a é!amond anvil pressure cell (DAC)
which is capable Aworking pressures of tens of

kilobars. This work was performed at the SERC high
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Figure 7.7 A typical PLE spectrum of AlInAs. Included
in the figure is the PL spectrum at 2K. The PLE data
reveals the presence of emission shoulder shifted by
~35meV from the sensing position at 1.5176eV.



pressure facility at STL Technology, Harlow in Essex.
The optical spectra at different pressures were taken
by Dr. T.P. Beales at STL.

The basic construction of the DAC used for the
experiments is shown in figure 7.8. Essentially, the
sample is suspended in a pressure transmitting liquid
confined by a steel gasket between the two diamond
faces. The liquid used in this study is a mixture of
ethanol and methanol (4:1). External mechanical
pressure 1is applied to the diamond supports which
induce a large hydrostatic pressure in the fluid.
Details of the experimental procedure are given in
reference [7.4].

The luminescence experiments as a function of
hydrostatic pressure were performed at 80K. Figure 7.9
shows the spectra of a typical AlInAs sample for
different pressures below 50 kbar. The sharp emission
peak in each of the spectra is due to the fluorescence
of ruby chips loaded together with the AlInAs specimen
into the DAC. Its energetic position is used as a
pressure gauge since the pressure dependence of the
ruby emission is well known. Minimal broadening of the
ruby line observed in the spectra indicates the
presence of 'true' hydrostaticity in the diamond cell.
As the pressure is increased, the AlInAs peak moves to
a higher energy and its intensity gradually diminishes
as it approaches the =X cross-over point at which the
semiconductor becomes indirect, resulting 1in a
substantial decrease of PL emission intensity. GaAs
[7.11] and InP [7.12] become an indirect gap
semiconductor at pressures greater than 35 kbar and
100 kbar respectively. The corresponding pressure at
the M-X point for AlInAs is expected therefore to lie
somewhere between 35-100 Kkbar since its M-X energy
separation is 0.6eV (estimated from an interlopation
between the binary members), i.e., between the value
for GaAs (0.48eV) and InP (0.70 eV). Indeed, from
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figure 7.9 it is seen that the point at which the
AlInAs changes from a direct to an indirect gap
semiconductor, as evidenced by a quenching of the
luminescence, requires a pressure around 50kbar. The
low energy part of the emission spectra shown in
figure 7.9 is associated with the InP substrate which
shifts at a different rate compared to AlTnAs. Now,
the (e-A°) transition closely follows the bahd edge
variation with pressure since the change in acceptor
effective mass is negligible [7.13]. The position of
the (e-A°) peak can therefore be used as a measure of
the change of the band gap as function of pressure.
The shift of the AlInAs energy position has been
plotted as a function of the pressure as shown in
figure 7.10. A least squares fit has been applied to
the experimental data yielding a sublinear
relationship:

Eq=1.546 + 8.7%107°P = 2.76X107°P% ...uvveerennns(7.4)

The quadratic term in this equation arises from the
pressure dependence of the nonlinearity in the bulk
modulus. This may be seen by considering Murnaghan's
equation [7.14] relating the lattice constant a, the
pressure P and the bulk modulus B;:

~(daja,) =1 = [(By'/Be)P + 117V (L. (7.5)
where da is the change in lattice constant relative to
the pressure and B,' is derivative of the bulk modulus
with respect to the pressure. The bulk modulus can be
obtained directly from reference data or alternatively

calculate& from the stiffness constants as

B°= (C11+2C12)/3 ocuoooooo.oo.o-tco-o.o--(7-6)
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B, for Alg 4sIngs;As is not known experimentally but it
is reasonable to use the value obtained by
interpolation between the end members of the binary
compounds. In the present case, B, (AlInAs)= 672 kbar
and B,'= 4.5 are used in the calculation. Now the
energy band gap is related to the lattice constant by
the following equation [7.147]:

Eg=E°+3g(éa/ao) ............. R 2 D

where f is the deformation potential. By plotting the
measured energy of the band edge luminescence against
-(da/a,), a straight line graph should be obtained the
slope of which can be used to estimate deformation
potential. In figure 7.11, ﬁ is found to be
~(5.7+0.3)eV for AlInAs. This compares favourably with
the values obtained for other members in the III-V
family; for example People et al. [7.15] measured =
~(7.7910.4)eV for Gaps3Ing47As and Muller et al. [7.12]
measured =-(6.35% 0.05)eV for InP.

Finally, it should be noted that the FWHM of the
AlInAs enission shown in figure 7.9 remains
approximately constant at 50 meV in the range of
pressures considered, suggesting an insignificant

effect of pressure on the alloy clusters.

7.6 Conclusion

The use of low temperature PL and PLE measurements
has revealed the existence of three different
recombination processes 1in the Alg4sIngs;As alloy
system. At low temperatures (<50K), the PL spectrum is
dominated by donor-to-acceptor transition (D°-A°),
centred at 1.52-1.54eV. Deconvolution of the
experimental spectra has unmasked a separate emission
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at about 16meV below the (D°-A°), transition whose
origin is not known at present. At high temperatures
(>50K), the two low temperature emission peaks are
quenched and a third transition peak at ~3meV above
the (D°-A°), emission appears which is ascribed to
free-to-bound transitions (e-aA°).

The behaviour of the AlInAs emission as a function
of applied hydrostatic pressure provided by a diamond
anvil cell has been investigated. The AlInAs emission
shifts to higher energy as the pressure is increased
and the emission intensity quenches near the =X
cross-over at ~50 kbar. The pressure coefficient for
the lowest conduction band has been estimated to be
8.7+0.1meV/kbar at 80K, similar to the values for
other III-V compounds. The deformation potential for
AlInAs has also been estimated and found to be 5.8%
0.3eV which compares favourably with the values for
other ITWmaterial systems.
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CHAPTER 8

Conclusions and Future Work

High quality undoped InP grown by solid source MBE
was achieved by optimising the three basic growth
parameters: growth rate, substrate temperature and
flux ratio. The epitaxial layers were normally n-type
due to contamination in the red phosphorus starting
material. The best layer obtained to date had a 77K
Hall mobility of 42,500cm®v's”' with a free-carrier
concentration (Np-N,)=2.5%x10"cm3.
this sample recorded at 17K has a (D°X) half-width of

<4meV and is dominated by excitonic recombinations

The PL spectrum of

near the band edge. Futher improvement of layer
quality 1lies in the purification of the starting
sources, in particular the red phophorus, or the use
of alternate sources with 1less contamination by

impurities.

The role of sulphur in InP was studied using an
electrochemical Knudsen source. The experimental
results are explained by a kinetic model proposed by
Wood et al. [3.10] in conjunction with a thermodynamic
analysis to explain the effects at high substrate
temperatures. It was found that sulphur is an ideal
dopant in InP at growth temperatures below 500°C, and
above which the desorption of In,S becomes significant.
Future work will involve an investigation of the
doping behaviour of selenium in InP since in the case
of GaAs, the onset of desorption of selenium is about

30° above that of sulphur.

An initial attempt was made at producing p-type
material using magnesium whilst growing InP under the

optimised conditions previously determined. However,
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the properties of the doped samples were found to be
comparable to the undoped InP, indicating that either
the sticking coefficient of magnesium is very low or
it is electrically inactive in the sample. Further
work would be to perform SIMS measurements on these
samples to verify if magnesium has indeed been
incorporated.

The electrical and optical properties of the MOMBE
InP grown at BTRL were measured. The samples were
found to be comparable to the best InP grown by solid
source MBE. This 1is encouraging since they were the
first samples produced when the system started to
handle gas sources. Future works in this area include
characterising samples grown at a much later date when
the system environment has improved, and developing an
understanding of the growth processes using the

modulated beam techniques.

The optical and electrical properties of Al ,3Ing s.As
were also characterised. The first observed region of
rough surface for this ternary material system when
grown at substrate temperatures between 530° and 570°C
was correlated with an increase in the PL linewidths
and the presence of unique electron traps measured by
DLTS. Future work in this material system is to grow
at temperatures >600°C and offset the loss of indium
by increasing the incident indium or decreasing the
gallium flux, thus ensuring layers lattice-matched to

the inP substrate.
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