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Abstract

InGaAs and InAlAs epilayers and superlattices were grown on rounded edge InP(111)A
and InP(111)B substrates as well as on 0.45°, 1° and 2° misoriented InP(111)B substrates
by Molecular Beam Epitaxy (MBE). Rounded edge wafers exposed a broad spectrum of
vicinal surfaces with varying misorientation angles. The structures grown were charac-
terized in-situ using Reflection High Energy Electron Diffraction (RHEED) and ex-situ
using Nomarski differential interference contrast (DIC) microscopy, Atomic Force Mi-
croscopy (AFM), High Resolution X-Ray Diffraction (HRXRD) and scanning transmission
electron microscopy (STEM). Optimum misorientation angle for growth on InP(111)B
substrate was found. Conventional MBE growth at many different growth conditions
did not result in a smooth surface morphology at the center of the rounded edge wafers,
i.e. when growth was done on singular InP(111)A and InP(111)B substrates. However, a
smooth surface morphology was observed at the rounded edge for both InP(111)B and
InP(111)A substrates, which was more evident for InP(111) B substrate.

It was shown that the optimum misorientation angle for the growth of InGaAs and
InAlAs on InP(111)B substrate is different; it is larger for the growth of InAlAs. This is
indicative of different migration length of Ga and Al adatoms on the surface. Density
Functional Theory (DFT) calculations showed that the adsorption energy of Al atom is
larger than that of Ga and In atoms leading to a stronger bond of Al to the surface and
consequently a slower diffusion rate on the surface. Therefore, a slower growth rate is
needed for the growth of InAlAs layer compared to InGaAs layer. This entails separate
optimization of growth condition for the two different layers to eliminate morphological
(hillocks) and microstructural (twining and stacking faults) defects.

Morphological defects originate from a low migration length of the adatoms on the
surface. Growth on vicinal surfaces with narrowed terrace width to promote the step-
flow growth mode is an effective way to avoid hillocks. Scanning Transmission Electron
Microscopy (STEM) results revealed the presence of V-type twinning and stacking faults
just under the hillocks when growth is performed on singular (111) substrates. At a mod-
erate growth temperature of 460°C, growth of atomically smooth defect free nominally
lattice-matched InGaAs/InAlAs superlattice on InP(111)B was achieved for the first time
through a systematic optimization of the substrate misorientation angle as well as growth
conditions. STEM analysis revealed that in fact the supperlattice is free of any defect.

The presence of strain in the structure introduces defects to account for the mismatch
or relieve the strain. It was seen that i) misfit dislocations that are dissociated into
stacking faults bounded by partial dislocations at both ends, i) phase separation that is
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the formation of regions of rich in In and poor in Ga or Al and vice versa, and iii) rotation
of the crystal lattice at some regions within the microstructure are the main mechanisms
for strain relief.

The effect of substrate annealing temperature on the surface reconstructions of
InP(111)A and InP(111)B was studied using Low energy electron diffraction (LEED). It
was seen that InP(111) substrate preserves a (1 x 1) unreconstructed surface at all the
annealing temperatures studied from 250°C to 500°C, therefore, it is thermally stable.
On the other hand, InP(111)A changes its reconstruction from (2 x 2) at low annealing
temperatures to a mixture of (2 x 2) and (3 x 3) at medium annealing temperatures and
eventually to a (3 x 3) reconstruction at high annealing temperatures, therefore, it is
not thermally stable. Since the surface reconstruction plays an important role in the
growth quality as was evidenced by the very different growth morphologies achieved
on InP(111)A and InP(111)B substrates, different growth temperatures for growth on
InP(111)A could result in a very different growth quality, while growth on InP(111)B is
less affected by the growth temperature.
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Chapter 1

Introduction

1.1 Motivation

One of the goals of cutting-edge technology in electronic devices is growth of smooth,
defect-free layers of one semiconductor (ternary or quaternary compound) on top of
a different substrate. This technologically driven desire stumbles on a fundamental
limitation: the potential lattice mismatch even at attempted lattice-match growth that
introduces strain into the film. The strain results in a number of defects from stacking
faults and twins to misfit dislocations, which could eventually develop into 3D islands
on the surface. This transforms the growth mode from 2D layer-by-layer or step flow
to 3D Volmer-Weber mode. Overcoming this limitation is of crucial importance, and
represents a unique challenge to our understanding of the fundamental growth process.
This situation is more pronounced for the growth on (111) substrate as opposed to (001)
substrate. Because of the number of dangling bonds and the surface reconstruction
of (111) surface, a finer control on the growth kinetics such as adsorption, migration
and desorption is required to minimize the tendency towards the surface step or hillock
formation and surface morphology degradation. It is even harder to avoid hillocks on
(111)A compared to (111)B substrate and many growth conditions result in the formation
of surface steps. The formation of hillocks on (111)A surface was attributed to the low
sticking coefficient of As on the (111)A compared to (111)B surface that is caused by its
surface reconstruction [1].

Growth on (111) substrates was mainly studied in 1970s, 1980s and 1990s with the focus
on GaAs [1-9]. However, since most of the growth conditions resulted in a defective and
rough surface due to the formation of surface steps, McFee et al. [10] in 1977 concluded
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that growth on (111) substrates is too difficult, therefore, efforts should focus on (001)
surfaces for reproducible device quality epitaxial layers. Hence, there has not been a
continuous research in this field. In recent years, growth on (111) substrates has regained
attention due to the emergence of new technologies and applications that demand growth
on (111) substrates. For example, spin transport [11, 12], growth of novel tensily strained
quantum dots [13-15], synthesis of high quality transition metal dichalcogenides (TMDs)
[16] and topological insulators (TIs) [17, 18] could benefit from the advancement of
research on (111) substrates. Therefore, achieving high quality epitaxial heterostructures
on (111) substrates can pave the way towards understanding other related fields.

InGaAs/InAlAs/InP material system, which is the focus of this research, has received
much interest due to its application in optoelectronics. For example, InGaAs/InAlAs
SuperLattice (SL) are used as Terahertz (THz) emitters and receivers in Photo-Conductive
Antenna (PCA) for Time Domain Spectroscopy (TDS) systems [19]. GaAs grown at Low
Temperature (LT) that allows incorporation of excess arsenic in the structure is mostly
used for such application. However, LT-GaAs needs bulky and expensive Ta:Sapphire
lasers for excitation. On the other hand, InGaAs/InAlAs material system can be excited
at a wavelength of 1.55 um using relatively inexpensive and portable telecom lasers. A SL
of InGaAs/InAlAs could serve both as transmitter and receiver. Further enhancements
in the performance of such systems can be realized if the structures are deposited on
the polar (111)-oriented InP substrates due to the possibility of embedding strong piezo-
electric fields through tailoring strain in InGaAs and InAlAs layers. The piezoelectric
fields are going to sweep the photo-generated carriers towards the interfaces with InAlAs,
shortening their lifetime. This may improve the performance of PCA for THz TDS further,
even without embedding excess arsenic. The surface density of such two-dimensional
stationary charges generated by piezoelectric effect can be regulated from insignificantly
small to electron charges in excess of 10*'cm?. Depending on whether the InGaAs is
engineered with tensile or compressive strain by choice of the In compositions in the
wells and barriers, the polarity can be reversed.

In order to exploit the advantages of growth on polar (111) substrates, the first step is
to achieve high quality expitaxial structures. The main strategy reported to reduce the
number of surface steps or to avoid them is the use of misoriented substrates. Growth
on off-cut GaAs and InP substrates was reported to promote step-flow growth mode
and avoid hillock formation due to the addition of more steps and kink sites [20-22].
Previous studies on optimizing the growth on (111)B surfaces were mainly focused on
GaAs substrates [6, 7, 9, 20-30]. The benefits of using misoriented substrates for growth
on InP(111) were also reported [2, 4, 10, 31-35]. However, all these reports were focused
on specific off-cut angles rather than a systematic study to find the optimum off-cut angle



for growth. Besides growth on vicinal surfaces to avoid hillocks, other techniques such
as the use of mobility enhanced epitaxy (Migration Enhanced Epitaxy (MEE) [36-40] and
Metal Modulation Epitaxy (MME)) [41] as well as surfactant mediated epitaxy [42, 43] are
other paths to improve the surface morphology of growth on singular (111) substrates.

1.2 Thesis outline

Growth of high quality epitaxial InGaAs/InAlAs/InP heterostructures using Molecular
Beam Epitaxy (MBE) was the main objective of this research. The epitaxial growth
challenges for (111)-oriented substrates include the formation of surface steps and con-
sequent surface roughness (morphological defects), as well as formation of twins and
stacking faults, and phase separation (microstructural defects). Elimination of such
morphological and microstructural defects was the main objective of the present work.

We first present the influence of substrate misorientation on the surface morphology
of InGaAs/InAlAs epilayers grown on InP(111)B and InP(111)A substrates. We did a
systematic study to find the optimum off-cut angle for growth on InP(111)B substrate
using substrates that were mechanically polished to have bowed edges. The bowed edge
provides access to a broad range of off-cut angles and misorientation directions enabling
us to find the minimum off-cut angle which ensures atomically smooth morphology. We
also show that the azimuth of such off-cut angle is not a critical parameter in eliminating
the hillock formation.

We then performed a systematic study to compare the surface reconstruction of
InP(111)A and InP(111)B surfaces since the surface reconstruction is an important pa-
rameter affecting the growth quality dramatically. We found that InP(111)B surface is
a thermally stable surface that has a (1 x 1) unreconstructed surface regardless of an-
nealing temperature and procedure. On the other hand, InP(111)A surface is thermally
unstable. It changes its reconstruction from a (2 x 2) to a mixture of (2 x 2) and (3 x 3)
and to a (3 x 3) reconstruction with increasing the annealing temperature from 250° C to
500° C after the sputtering process.

We achieved the first defect free InGaAs/InAlAs SL on InP(111) substrate through
the optimization of the substrate misorientation angle and growth conditions as well
as extensive ex-situ characterizations and calculations. We found that the realization of
step flow growth mode that is obtained by increasing the migration (diffusion) length of
the atomic species is the key factor to obtain atomically smooth defect free structures on
(111) substrates that was sought after for decades.



Finally, we studied the nature of defects in thick strained SL unintentionally lattice
mismatched to the substrate. The results of our study showed that misfit dislocation
formation, phase separation and crystal rotation are the mechanisms that relieve strain in
mismatched epilayers to the substrate. In addition, we did studied the growth behaviour
on singular (111)A and (111)B substrates using MME and MEE techniques. We showed
that hillock-free InGaAs/InAlAs SL on InP(111)B substrate can be achieved at low growth
temperatures using MEE. Furthermore, we showed that MME improves the surface
morphology of InGaAs/InAlAs SL on (111)A substrates.

Our work sets the stage for developing InGaAs/InAlAs/InP(111) PCA for THz-TDS
system with properties that can be tuned with doping, excess arsenic incorporation,
strain and composition in high-quality epitaxial thin films and for device demonstrations
and application as has been long-established for growth on (001) substrates.



Chapter 2

Photo-Conductive Antenna (PCA) for
Terahertz (THz)-Time Domain
Spectroscopy (TDS)

2.1 THzTDS

THz radiation with frequencies from 100 GHz to 30 THz which lies between the infrared
and microwaves has long been studied in fields such as astronomy and analytical science.
THz has application in sensing and communication. TDS is one of the most important
techniques within the rapidly developing and prosperous field of terahertz technology
[44]. THz-TDS is a spectroscopic technique in which the properties of matter are probed
with short pulses of broadband THz radiation. THz-TDS has been applied in different
fields such as:

« Biological and medical science: on materials such as medicine, cancer tissue,
bacteria, DNA and proteins

+ Semiconductor technology: to measure properties such as mobility, conductivity
and carrier density

« Security: to identify explosive and narcotic materials [45]

THz-TDS method is based on the generation and detection of short broadband THz
pulses by semiconductor based PCAs. In the latter case it is crucial to employ a material
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that exhibits very short carrier lifetimes in order to obtain broadband THz spectra. A
short carrier lifetime is realized by introducing defect states into the semiconductor
material. On the other hand, large density of defect is detrimental for the mobility since
defects are carrier scattering centres. Low Temperature (LT)-GaAs that has been the state
of the art material for generation of THz radiation from PCAs uses bulky and expensive
titanium sapphire femto-second lasers at around 800 nm for excitation of THz pulses.
LT-GaAs is not sensitive to be optically excited at the telecommunication wavelength of
1550 nm because its optical bandgap is 1.43 eV at room temperature corresponding to
867 nm [19].

There have been attempts to decrease the cost and increase the performance of
PCAs. LT-InGaAs sensors that can be excited with the cost effective fibre laser at telecom-
munication wavelength were proposed to replace LT-GaAs material system. Materials
properties such as resistivity, photo-excited carrier mobility and carrier life time need to
be tailored to make these sensors useful for THz wave generation and detection. The
ideal material should:

+ 1) Have very high dark resistivity, so high voltage could be applied to it without
inducing excessive dark current,

* 2) Be sensitive to 1550 nm wavelength radiation, i.e. short pulse of this radiation
would generate large number of electrons and holes which contribute to the cur-
rent,

+ 3) The photo-generated carriers should have very high mobility, i.e. the resistance
of the device should be very small after generating the free carriers with 1.55 um
laser pulse,

* 4) The recombination rate of the photo-generated carriers should be very fast so
the current transient would be very short.

All the above-mentioned criteria are met by LT-GaAs except property number 2.
Therefore, the key challenge is to develop a material system that meets this property
without sacrificing the others.



2.2 Requirements for TDS system

2.2.1 Material system

InGaAs/InAlAs superlattices are proposed for THz emitters and detectors. For a material
to be able to be excited with 1.55 um laser, the band gap should be less than 0.8 eV.
Hence, InGaAs material is appropriate for this purpose. However, InGaAs is highly
conductive at the low temperature growth mode unlike LT-GaAs. This is because As
semi-metallic precipitates induced by low-temperature growth of GaAs and subsequent
annealing have Fermi energy within the GaAs bandgap, while the As precipitates in LT
grown InGaAs have Fermi energy within InGaAs conduction band. This makes LT-grown
InGaAs highly conductive after annealing. With decrease of the growth temperature,
the carrier concentration increases by orders of magnitude as shown in Fig. 2.1.a [46].
The resulting high dark conductivity of InGaAs is not acceptable for THz PCA.

The challenge is to increase the dark resistivity. The first approach to compensate
for the naturally n-doped InGaAs is the addition of Be atoms as acceptors. However,
although the free carrier concentration is significantly reduced with Be doping (Fig.
2.1.b), a perfect balancing of the Be doping and the background carrier concentration
is extremely hard to achieve. In addition, although Be doping can reduce the residual
carrier density and the photocarrier lifetime, the resultant resistivity is still not very high.
Moreover, carrier mobility and light absorption are reduced in high defect materials
doped with Be.

The second approach is the addition of InAlAs barrier between InGaAs layers to
separate the photocondutive regions that exhibit high carrier mobility from the highly
defective regions that have high dark resistivity. InAlAs has a higher bandgap (1.46 eV),
therefore, it is transparent at 1.55 um and does not contribute to the photoconductivity.
When InAlAs layer is grown between 300-500° C, phase separation may occur, which
results in the formation of regions alternaticely rich and poor in In. These defects
creates trap states significantly below the conduction band of InGaAs. If InAlAs layers
are sufficiently thin (10-15 nm), the electron wave function of optically excited electrons
in the conduction band of InGaAs overlaps with the defect states in the adjacent InAlAs
layer. Therefore, electrons from the InGaAs layer tunnel to the trap states in the InAlAs
layer and are trapped (Fig. 2.1.c). This process can increase the dark resistivity. Since
such a thin layer has very low light absorption and PCA made from this material are very
inefficient, multilayer structures of alternating photoconductive (InGaAs) and trapping
(InAlAs) layers is the way for improving the amount of absorbed light [19, 46].



Another way to increase the resistivity of the well layer is the reduction of In content
in Be doped LT In,Ga,_,As. It was shown that decreasing the In content in InGaAs from
x = 0.53 to x = 0.45 results in a very low dark current with a higher resistance in the PCA
(Fig. 2.1.d), which comes mostly from the reduced carrier concentration. Therefore, LT
Ing 45Ga, ssAs is much superior than Ing 53Ga, 4-As as a material for PCA with excitation
at 1.55 um [47].

2.2.2 Low temperature growth

One advantage of growth at low temperature is that the out-diffusion of the impurities
from the substrate into the active region [48] or segregation at the interfaces could
be reduced. The minimum growth temperature is determined by the onset of non-
dissociative adsorption of As,, while the maximum growth temperature is set by the
thermal dissociation of compound semiconductor [49]. Growth at low temperatures such
as 200°C (up to 300°C) leads to the off-stoichiometry composition due to the incorporation
of excess arsenic. At low temperatures (up to 300° C), low mobility and high sticking
coefficient allow the incorporation of a high arsenic concentration. The amount of
excess arsenic incorporated is dependant on the growth temperature. The lower the
growth temperature, the greater is the amount of excess arsenic that is incorporated [50,
51]. Incorporation of excess arsenic into the lattice leads to an expansion of the lattice
constant (Fig. 2.2.a), and hence the epilayer is strained [52, 53]. Excess arsenic up to
1.5% was reported to incorporate into the lattice at a growth temperature of 190°C [54]
leading to an increase of 0.15% in the lattice constant in the growth direction (the in-plane
lattice constant remains the same as the substrate lattice constant when the layer is fully
strained). The layers grown at low temperature have high density of arsenic antisite
defects, Asg, [55]. Excess arsenic leads to a mandatory ultrafast carrier recombination
rate. Upon annealing, the excess As form semi-metallic As precipitates which act as
Schottky junctions effectively depleting GaAs of carriers. This leads to high mobility
and ultra-short lifetime of photo-excited carriers, making LT-grown GaAs an excellent
material for THz PCAs. [46].

Due to the incorporation of excess arsenic and change in the lattice constant, growth
at low temperature proceeds in an epitaxial way only below a certain thickness. Above
the critical thickness, an amorphous phase forms, which is in the cone-like form with
high density of stacking faults. The breakdown of epitaxy was related to a high density
of excess arsenic. The critical layer thickness before defects start to nucleate is highly
dependant on the arsenic overpressure or Beam Equivalent Pressure (BEP) and growth
temperature [53, 56]. It decreases with increasing BEP (Fig. 2.2.b) or decreasing the
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Figure 2.1: a) Carrier concentration of LT InGaAs. b) Be doping and carrier concentra-
tion [46] ©OSA Publishing. Used with permission. c) Schematic of the InGaAs/InAlAs
band-diagram with deep cluster-induced defect states [19] ©OSA Publishing. Used with
permission. d) Current vs voltage characteristics of the PCA made from LT In,Ga,_,As
under various excitations at 1.56 um. The open and filled symbols correspond to x = 0.53
and 0.45, respectively [47] ©AIP Publishing. Used with permission.
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growth temperature in an Arrhenius relationship (Fig. 2.2.c) [57]. Increasing sample
thickness, decreasing the growth temperature or increasing the overpressure leads to
the formation of pyramidal defects. Microtwins are believed to be their origin. At high
BEPs, the epilayer has three sublayers: the monocrystalline sublayer, the layer with
dislocation, stacking faults and microtwins, and the poly crystalline overlayer. In fact,
there is an optimum BEP to obtain the maximum monocrystalline layer thickness [58].
Growth at low temperature is greatly improved by using the lowest possible arsenic flux
[59]. Very low growth rates such as 0.05 A/s was shown to lead to a defect free GaAs
surface at a growth temperature of 380°C [60]. The volume fraction of the excess arsenic
(V2x) is proportional to the crystal lattice expansion (Aa/a) as in Eq. 2.1 [55]. As the
arsenic overpressure increases, the volume fraction of excess arsenic increases causing
an increase in the lattice expansion which saturates at higher arsenic overpressures.
This leads to a shift of epilayer peak from the substrate peak in High Resolution X-Ray
Diffraction (HRXRD).

Vs = 20Aa/a (2.1)

Another fact about the low temperature growth is that the increased arsenic sticking
coefficient at low growth temperatures results in a Ga-deficient surface and hence Ga
vacancy leading to another type of deep level trap in the LT grown GaAs. In contrast,
at higher growth temperatures, arsenic sticks only if it binds to a surface Ga atom [59].
The LT grown material has a high concentration of arsenic antisite defects and arsenic
interstitials [51, 56]. Fig. 2.3 shows a schematic representation of the excess arsenic
incorporated into the lattice. If the terrace width is such that the crystal sites for arsenic
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Figure 2.3: A schematic showing arsenic antisite, As;,, and Ga vacancy, V;, presentin a
LT grown GaAs layer [55] ©AIP Publishing. Used with permission.

absorption are fewer than the number of atoms produced by the dissociation of As,
molecules, the excess arsenic atoms are incorporated as interstitials [55].

When growth is done at normal growth temperatures, the strain due to exceeding
the critical layer thickness is relieved by the formation of misfit dislocation loops at the
surface, which glide to the interface. However, when growth is done at low temperatures,
the strain due to the excess arsenic cannot be relieved by the formation of misfit disloca-
tions because of the kinetic limitations. Hence, misoriented nuclei form that leads to a
polycrystalline growth. Dislocations and stacking faults that are unable to glide down
to the interface from the surface evolve into pyramidal defects [61]. Arsenic agglomer-
ation was also found as another reason for the pyramidal defect formation. There is a
maximum amount of excess arsenic that can be incorporated into the lattice; the rest of
excess arsenic agglomerates on the surface [52, 53]. At low growth temperatures, adatom
diffusion to nearby steps is slow relative to adatom arrival from the vapor phase; i.e. the
adatom diffusion length is short. This results in the interaction and accumulation of
adatoms on the terraces between the steps and hence the formation of two-dimensional
clusters. On the other hand, adatom diffusion to nearby steps is relatively fast at high
temperatures, which results in step flow growth mode [62].
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2.2.3 Engineering of the excess arsenic location

At low growth temperatures, as-grown materials have poor electrical and optical prop-
erties. However, mobility and photoluminescence are comparable to those grown at
high temperatures after annealing the LT grown material [63]. Annealing the LT grown
structure above 400°C [64] reduces the arsenic antisite defects and leads to the formation
of arsenic precipitates, which brings the lattice constant of the epitaxial layer back to
the substrate value and relieves the strain. Annealing also reduces the point defect
concentration [56]. Transmission Electron Microscopy (TEM) studies have shown the
coarsening of arsenic precipitates when annealing is done at higher temperatures. This
coarsening occurs because the two-phase system of the arsenic clusters in the GaAs
matrix is minimizing its free energy with annealing by reducing the interfacial area
between the arsenic precipitates and the GaAs matrix [65]. Arsenic precipitates are
coherent until a critical size is reached.

Arsenic precipitates are semi metal, therefore, they could form a depleted region
around them. In fact, arsenic precipitates with the depletion region around them act as
embedded Shottky barriers that increase the resistivity [66]. If the background doping
is low enough, compared with the spacing of the precipitates, the material will be
completely depleted (Fig. 2.4.a), and will exhibit a high resistivity. The resistivity is
seen to decrease as the annealing temperature is raised above 700°C because of arsenic
precipitate coarsening, which causes the depletion regions around them to no longer
overlap (Fig. 2.4.b).

The stress relaxation by the formation of arsenic precipitates can be seen in plan-
view High Resolution Transmission Electron Microscopy (HRTEM) by Moiré fringes.
Fig. 2.5.a shows arsenic precipitates after annealing a 190°C grown GaAs [67]. These
precipitates relax the strain in different crystallographic directions [53]. Formation of
As-precipitates in the LT grown InGaAs layer depends on the annealing temperature. No
arsenic precipitates were at lower annealing temperatures such as 500°C [68, 69], but
arsenic precipitates were seen when the annealing temperature was increased to 600°C
[69]. Grandidier et al. [70] showed that formation of the arsenic precipitates in Al ;Ga, ,As
happens at annealing temperatures of above 550°C. For the growth of In, 5,Ga, 4sAs on
InP(001) at 150° C, high density of pyramidal defects with inclusion of hexagonal As grains
were formed (Fig. 2.5.b). Growth at 200° only led to the incorporation of small amount
of excess As in the form of CuPt ordered layers which did not lead to the formation of
arsenic precipitates upon subsequent annealing [58, 71].

When growing GaAs/AlGaAs Quantum Well (QW), there is a tendency towards the
arsenic precipitates accumulation and coarsening in the wells and depletion of the bar-
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rier from the precipitates upon annealing [72, 73]. Arsenic precipitate coarsening at
heterojunctions and superlattices can be explained, for example in the case of GaAs/Al-
GaAs, based on the difference in interfacial energies between an arsenic precipitate in
GaAs and an arsenic precipitate in AlGaAs. Because the Al-As bond is stronger than the
Ga-As bond, the interfacial energy will be lower between an arsenic precipitate and GaAs
than between an arsenic precipitate and AlGaAs. Therefore, the arsenic precipitates
will preferentially coarsen from AlGaAs regions to GaAs regions [65]. Changing the
width of the well and barrier affects the incorporation of arsenic precipitate in them.
Fig. 2.6.a shows a 10-periods Al ;Ga, ,As/GaAs SuperLattice (SL) with progressively wider
Al,5Ga, ,As barriers or wells. For the wide GaAs wells, the arsenic clusters are completely
contained within the GaAs well regions. As the well regions become narrower, the ar-
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Figure 2.5: a) Arsenic precipitate with Moire pattern [67] ©Springer Nature. Used with
permission. b) small region of hexagonal arsenic between two InAlAs grains of different
orientations before annealing. Fourier transform in the inset shows the 6-fold symmetry
of these defects [58] ©FElsevier. Used with permission.

senic clusters are centered in the GaAs well regions but extend into the AlGaAs barrier
regions. Finally, the 10-period SL with the narrowest well is almost devoid of arsenic
clusters, but the regions surrounding it contain arsenic clusters [65].

The above-mentioned fact is important when growing heterojunctions. It is desirable
to be able to engineer the position of excess arsenic within the SL such as InGaAs/InAlAs
system during the growth of heterojunctions. This is facilitated when growing on (111)
oriented substrates due to the presence of piezoelectric field along the growth direction
[111]. This will selectively minimize the excess arsenic in the current-carrying InGaAs well
and maximize the arsenic precipitate content in the InAlAs barrier, which is desirable for
fast carrier trapping. Melloch et al. [65] demonstrated some techniques for engineering
control of the placement of the excess arsenic and consequently the arsenic precipitates
within the structure. These strategies are discussed below:

1) When growing at low substrate temperatures, MEE technique (that will be discussed
in Chapter 3) can be used to grow highly stoichiometric epilayers. Since MEE consists of
separately supplying one Mono-Layer (ML) of the group III and group V fluxes, it allows
the excess arsenic to desorb from the surface. Therefore, by switching between MBE
and MEE growth modes , one can change from stoichiometric to non-stoichiometric
epitaxy.

Similar approach for GaAs/AlGaAs done by Melloch et al. [65], is speculated for the
InGaAs/InAlAs material system of our interest. It is expected that this technique could
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Figure 2.6: TEM image of a) A series of 10-period superlattices of progressively wider
Al,5Ga, ,As barriers or GaAs wells grown at low temperatures and then annealed at 700°C
for 30 s [65] ©Annual Reviews. Used with permission. b) A structure grown at 260°C.
The AlAs layers and the GaAs regions between them were grown by MEE, while the
Al ,Ga, ¢As layers were grown by MBE with large excess arsenic [74] ©Elsevier. Used
with permission.

allow the growth of InGaAs wells that are stoichiometric and InAlAs barriers that contain
excess As. However, with annealing, the excess arsenic may still coarsen at the InGaAs
well regions. To prevent this in GaAs/AlGaAs system, Melloch et al. [75] used a thin AlAs
layers as arsenic diffusion barriers between the stoichiometric GaAs wells and the non
stoichiometric AlGaAs barriers to retain the excess arsenic and the arsenic precipitates
in the AlGaAs barrier regions, as illustrated in Fig. 2.6.b.

2) When dopants are incorporated into LT-GaAs, the arsenic cluster coarsening
process can be significantly affected. In MBE, the typical n-type dopant is Si and the
typical p-type dopant is Be. With increased annealing, there is a preferential coarsening
of the arsenic from the p-LT-GaAs regions to the n-LT-GaAs regions as seen in Fig. 2.7
[76]. Similar observations have been reported by Ibbetson et al. [69]. The behavior of the
arsenic cluster-coarsening with doping is believed to be caused by the Schottky nature
of the arsenic clusters [76]. In n-GaAs:As, the arsenic clusters are negatively charged,
whereas in p-GaAs:As they are positively charged. Therefore, if an arsenic antisite or
interstitial is thermally emitted from an arsenic cluster and is ionized, it will be positively
charged and attracted to the arsenic cluster in n-GaAs:As but repelled from an arsenic
cluster in p-GaAs:As. Thus the arsenic clusters will be more stable in n-GaAs:As than in
p-GaAs:As and account for the preferential coarsening in n-doped regions [74].

In addition, location of a precipitate in a strong electric field will not be stable. If a
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precipitate thermally emits a charged arsenic interstitial, the arsenic interstitial will be
swept away by the electric field. In the InGaAs/InAlAs material system grown lattice-
mismatched on (111) substrate, a peizoelectric field exists due to the presence of strain
and polar nature of the (111) crystallographic direction. Electric polarization is produced
on (111) substrates since the displacement of atoms from their equilibrium positions
due to the stress results in an unequal motion of charges and separation of positive and
negative charges [30]. Through appropriate strain engineering, taking full advantage
of the piezoelectric properties which are strong in this crystalline direction, electric
polarization can be precisely tailored giving rise to the field strength in the well in excess
of 200,000 V/cm. This happens through the accumulation of positive charge on one
interface and an equal amount of negative charges on the other interface. The surface
density of such 2D stationary charges can be regulated from insignificantly small to
electron charges in excess of 10*'cm?, more than two orders of magnitude larger than
what can be achieved with the so-called 6-doping. Moreover, depending on whether the
InGaAs is engineered with tensile or compressive strain (by choice of the In compositions
in the wells and barriers), the polarity can be reversed. Presence of such strong electric
field has a marked effect on the wave functions of electrons and holes in InGaAs quantum
wells. Such strong electric field is expected to facilitate the sweeping of the positively
charged arsenic to the negatively charged interfaces.

Figure 2.7: TEM image of a series of GaAs regions uniformly doped with Si followed by
a GaAs region uniformly doped with Be and subsequently annealed at a) 700°C for 30 s
and b) 900°C for 30 s. Attraction to and coarsening of arsenic clusters on the negatively
charged Si doped regions in GaAs and repulsion of the arsenic clusters from the positively
charged Be doped regions is seen [74] ©Elsevier. Used with permission.

Fig. 2.8 shows the results of band edge modeling for a system of In, ,Ga, (As well
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and In, ,Al, ;As barriers grown on (001) InP and on (111) InP substrates using nextnano3
software. The tilt of the band edges for both conduction (c.b.) and valance (v.b.) bands
is seen for the (111) orientation. The wave functions and related probability densities
|p|* are markedly modified with both electrons and holes showing increased presence
in the energetically forbidden region of the energy barrier. Such effect, the degree of
which can be regulated, may serve as a tool to enhance the fast carriers’ recombination
in the barriers. In the structures grown on (001) substrates the only way to enhance this
overlap with barrier is to decrease the well thickness. For the case presented in Fig. 2.8,
the electrons would be pushed away from the interface where the guttering of excess
arsenic is expected, further boosting their mobility.
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Figure 2.8: Comparison of band edge profiles, spatial probabilities |1|* of finding e,
lh, and hh, and expected distribution of excess As for In, ,Ga, (As well and In, ;Al, ;As
barriers grown on InP(001) and InP(111) substrates. Band structures were calculated
using nextnano3 software.
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Chapter 3

A review of growth on (111) substrates

3.1 (111) surface characteristics

3.1.1 Migration length

Migration (or diffusion) length is the distance that the adatoms migrate on the surface
before they attaches to a lattice site. Migration length, L, can be found using Einstein
relation as in Eq. 3.1:

L =+2Dt (3.1)

in which tis the surface lifetime, i.e. the time that the adatom migrates on the surface
before it incorporates into a lattice site, and D is the diffusion constant of an adatom
given by Eq. 3.2:

D = va*exp(E,/kT) (3.2)

where v is adatom vibrational frequency and a is the nearest-neighbour hopping
distance and E; is the activation energy for surface diffusion [77].

When the migration length is larger than or equal half the terrace width, growth
proceeds in the step flow mode meaning that the growth proceeds through the adatoms
attachments to the steps. As the migration length falls below half the terrace width,
adatoms tend to form two-dimensional islands on the terraces rather than attaching to
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Figure 3.1: A schematic illustration showing the change in RHEED information as the
growth mode changes from step-flow to two-dimensional [79] ©AIP Publishing. Used
with permission.

the step edges. At migration lengths of less that the mean island radius, further islands
form on top of existing islands. At even smaller migration lengths, growth becomes
fully three dimensional [78]. No Reflection High Energy Electron Diffraction (RHEED)
oscillation is seen when growth is in the step-flow mode, while oscillations start to appear
when there is two-dimensional nucleation (Fig. 3.1) [79-81]. Realization of step flow mode
is effective in reducing the hillock density [82]. When the growth mode is step-flow, the
steps act as a uniform sink for the diffusion of adatoms with no other sinks present on
the surface. Step flow growth and smooth surface was reported to establish at lower
growth temperatures on GaAs(111)B surface compared to (001) surface [83].

For growth on (111) substrates, it was shown in a study that the migration length is
slightly affected by the misorientation angle [4]. However, migration length was shown to
be independent of the misorientation directions of [211], [211] and [110] compared in
another study. Therefore, it is suggested that the surface migration of adatoms is isotropic
and independent of azimuth. However, the azimuth affects the terrace shape; it is straight
when the azimuth is [211] or zigzag (kinked) when other azimuths are used [6]. Ledges
descending towards [211] direction were reported to be more stable than those along
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[211] [84]. Terrace width was also shown to be more uniform along some misorientation
directions, while more disperse along others [77]. The step straightening mechanism
was related to the preferential attachment of adatoms to the kink sites on the steps [85].
The formation of zigzag steps was also shown to be an effect of the growth temperature.
For growth on nominal surface, the steps are zigzagged at low growth temperatures
when the main mechanism is the coalesce of the two-dimensional nuclei. The steps are
more straight at higher temperatures when the step-flow mode is dominant. This is due
to the longer migration length of the adsorbed species and noticeable desorption rate,
which both likely help suppress step roughness [24]. The misorientation direction was
also shown to affect the temperature window that smooth growth could be achieved. It
was shown to be larger for misorientation direction of [211] compared to [211] [86].

It was shown in one study that the migration length of Al is larger than that of Ga
because Al atoms are more difficult to reevaporate. This was attributed to a larger bond
energy in AlAs compared to GaAs making it harder to desorb [87]. However, this is only
valid at very high growth temperatures when desorption rate is high, otherwise both
species have a sticking coefficient of unity. In another study Ga was reported to have a
longer migration length compared to Al. The smaller diffusion length of Al atoms was
attributed to the adherence of Al atoms to the growth front [88]. The energy barrier
for the migration of Al is larger compared to Ga [89]. The migration length of the Ga
atoms was shown to be a strong inverse function of As overpressure. This dependence
is stronger on (111)B surface compared to (001) [90]. Growth interruption improves the
migration of Ga atoms and smoothens the surface, however, noticeable effect on the
migration length of Al atoms is seen at higher growth temperatures, i.e. above 660°C [91].
Binding energy also affects the migration length of the adatoms. For example, diffusion
of Ga on AlAs(111) surface is slower than on GaAs(111). This was attributed to a higher
bonding energy in AlGaAs [92].

Surface morphological features of the grown layers are a consequence of the combi-
nation of the competition between the different surface kinetic processes such as surface
migration, adsorption and desorption occurring on the growing surface. For example,
surface desorption, particularly for As, as well as surface migration are enhanced at
higher growth temperature. The nature of the GaAs(111)B surface structure demands a
fine control over these kinetic processes. This leads to a very narrow suitable growth
region in the phase diagram. This competition manifests itself in the variation of the
RHEED intensity [93]. Chen et al. [22] reported on a specular surface morphology free
of twins and pyramid on a non-misoriented GaAs(111)B surface using in-situ real time
monitoring of specular beam intensity of RHEED. They used a combination of correct
static surface phase regime and close monitoring of the dynamic specular beam intensity
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to obtain such surface. However, they relied only on Nomarski microscopy images, and
no Atomic Force Microscopy (AFM) images was taken to show the surface morphology
at the atomic scale.

3.1.2 Surface reconstruction

Surface atoms differ from the bulk atoms in that the number of neighbouring atoms and
hence the bond coordination is different. The directional covalent bonds in elemental
semiconductors or partially covalent-partially ionic bonds in compound semiconductors
are broken at the surface leading to associated surface charge densities which contain
only one unpaired electron. Such dangling bonds are unstable, therefore, the surface
region relaxes from the bulk position to reduce the number of dangling bonds and
consequently the surface free energy by forming new bonds. Reaching a structure which
exhibits a local minimum in the surface free energy implies that the chemical valencies of
the surface species are satisfied in the reconstructed geometry [94]. Rode [95] treated the
surface as a distinct membrane lying over the substrate which is attached to it elastically
by Peierls-Nabarro stresses. The surface reconstructs due to the misfit of the uppermost
layer to the rest of the substrate. The reconstruction pattern is a manifestation of the
surface atomic vacancies. The surface reconstructs in order to satisfy dangling bonds,
charge neutrality and steepening relaxation (surface roughening on the atomic scale)
[94, 96]. Surface reconstructs in a way to satisfy the electron counting rule; i.e. all the
dangling bonds on the electropositive element are empty and the dangling bonds on
the electronegative element are full so that there is no net charge on the surface. This
will result in the lowest-energy surface structure. For example in the case of GaAs, the
dangling bond energy of the As atoms is in the valence band and that of the Ga atoms is
in the conduction band (Fig. 3.2). Hence, electron transfer from the electropositive Ga
atoms to the electronegative As atoms filling all the dangling bonds in the valence band
and emptying all in the conduction band lowers the surface energy [97].

Surface reconstruction of GaAs(111)A [98-100] and GaAs(111)B [99-101] as well as that
of InP(111)A [102-106] and InP(111)B [107, 108] were previously studied. Two surface
reconstructions were reported for InP(111)A; the (2 x 2) with phosphorous coverage of
0.25 which adopts an indium vacancy structure and (/3 x +/3)R30° with phosphorous
coverage of 1 ML which is a complete layer of phosphorous trimer [103]. Only the (2 x 2)
was shown to obey the electron counting rule. (v/3 x +/3)R30° was shown to not obey the
electron counting rule, however, it was observed by Li et al. [103]. The group V trimer is
very stable on the (111)A surface. The formation of the (v/3 x +/3)R30° P-trimer over the
(2 x 2) was reported to occur in order to accommodate 33% more P-P bonds [103]. The
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Figure 3.2: The energy levels, €, of the sp® dangling bond states of GaAs. The energies
are derived from the energies of the s, ¢;, and p orbitals, €, [97] ©American Physical
Society. Used with permission.

(2x2) reconstruction is stable at indium rich condition and at higher temperatures, while
the (v/3 x v/3)R30° at phosphorous rich condition and lower temperatures [102]. Two
stable reconstructions exists for a (2 x 2) unit cell of (111)A surface that are In vacancy
and P trimer [109]. An unreconstructed (1 x 1) surface for InP(111)B [108] and a (2 x 2) as
well as a (V3 x v/3) reconstructions for hydrogenated InP(111)B [107] were reported. For
GaAs(111)A, only a (2 x 2) [100] and for GaAs(111)B, (2 x2) [93], (1 x 1), (low temperature)
which is a mixture of (2 x 2) and (v/19 x +/19) phases [100, 101], (+19 x +¥/19)R23.4° and
(1 x 1)y (high-temperature) containing small domains of (+/7 x +/7)R19.1°. There is no
apparent similarity between the (1 x 1), and (1 x 1), reconstructions [93, 100, 110-112]
were reported depending on the preparation process. (2 x 2), (v/3 x +/3), (3 x 3) and
(/19 x 4/19) reconstructions were reported for GaAs(111)B by Ruda [96] depending on
the surface preparation process.

Different surface reconstructions are a result of different temperature, surface compo-
sition and surface treatment [96]. Stability of different surface reconstructions at different
As overpressures and annealing temperatures is shown in (Fig. 3.3). (v/3 x +/3)R30° was
also reported for Se-treated GaAs(111)B [101]. (2 x 2) is an As-rich since it is stable at
low temperatures, while (/19 x +/19) is a Ga-rich reconstructed surface [27, 113]. Figure
3.4 depicts the two aforementioned reconstructions schematically. Scanning Tunneling
Microscopy (STM) observations revealed that the GaAs(111)A-(2 x 2) surface exhibits large
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Figure 3.3: Surface reconstructions of GaAs(111)B as a function of As flux and temperature
during MBE growth [111] ©AIP Publishing. Used with permission.

ordered regions having the Ga-vacancy buckling structure, while the GaAs(111)B-(2 x 2)
surface consists of small domains, where the As trimers are adsorbed on the outermost
As layer [100]. The lack of other surface reconstructions on (111)A surface was related to
the low sticking coefficient of As [7].

Surface reconstruction was shown to affect the surface morphology. For example
Chen et al. [22] reported specular surface for the growth of GaAs on non-misoriented
GaAs(111)B when growth is done in the (/19 x +/19) region. It was shown that the
unreconstructed surface of InP(111)B is more stable compared to a reconstructed surface.
This is in contrast to GaAs(111)B. The stability of the unreconstructed surface requires
that the surface charge transfers from the surface to the bulk to reduce the surface dipole
as in the case for InP(111)B (Fig. 3.5.a). If a charge transfer cannot be achieved, the
surface reconstructs so that the charge transfers from the surface to the bulk through
the atoms repositioning. The stability is related to the bulk potential which is symmetric
for GaAs(111)B, while highly asymmetric for InP(111)B (Fig. 3.5.b) that facilitates the
charge transfer. This difference in potential is due to the similar covalent atomic radii of
Ga and As, while the metal radii is larger compared to group V element in InP [114].

3.1.3 Dangling bonds

The number of surface dangling bonds affects the mobility of the adatoms on the surface.
For P-terminated InP substrates, the number of dangling bonds per phosphorous atom
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Figure 3.4: a) Top view of the single gallium vacancy model of a GaAs(111)A-(2 x 2)
reconstruction [98] ©American Physical Society. Used with permission. b) detailed
model of GaAs(111)B-(+/19 x +/19) large open circles denote top As atoms, medium
closed circles denote second-layer Ga atoms, and small open circles denote third-layer
three fold coordinated As atoms [113] ©American Physical Society. Used with permission.
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(111)8

Figure 3.6: Schematic representation of a) dangling bonds of phosphorous atoms chemi-
cally absorbed on (111)A, (001) and (111)B surfaces [115] ©Elsevier. Used with permission.
b) step disorder in A and B (111) surfaces [116] ©Elsevier. Used with permission.

is three for (111)A surface, one for (111)B and two for (001) surface (Fig. 3.6.a) [115].
Therefore, it is believed that the surface mobility is higher on (111)B compared to (111)A
surface. The steps on (111)A surface meander less than those on (111)B (Fig. 3.6.b). Steps
on (111)A surface are straight, while those on (111)B have high density of kinks making
them more reactive in adatom attachment [116]. These facts make (111)A a less mobile
surface. It is energetically more stable for group III atoms to bond with double dangling
sites. When the adatoms on the edge of the steps share two dangling bonds, the steps
are stable sinks for the incoming atoms. Therefore, (001) facet growth will lead to the
formation of hillocks when growth is done on (111) surfaces [4].

Growth on (111) substrates is different than that on (001) substrates because growth
rate on (001) surface is primarily dependent on the group III flux, while that on (111)
surface is a complex function of growth temperature and V/III ratio. This is a result of
the low sticking coefficient of As on (111)A substrate. Although the GaAs(111)A surface
is Ga terminated, the accepted surface reconstruction for (111)A surface is a (2x2) with
a Ga vacancy in every four Ga surface atomic positions meaning that one Ga atom per
unit cell is missing. Therefore, the number of Ga and As dangling bonds per unit cell are
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equal, which requires direct interaction between incident Ga and As atoms for growth to
occur [3].

3.2 Growth challenges

3.2.1 Surface steps (hillocks)

Pyramidal hillocks are the major challenge for the growth on singular (111) surface.
When growing on singular (111)B, vicinal (111)B facets that are pyramid-like immediately
form on the surface (Fig. 3.7.a,b). The facets are approximately 2.5° towards the three
equivalent < 211 > azimuthal directions that are energetically favorable. This suggests
that there is a thermodynamic driving force leading to a phase separation that divides
the surface into 2.5° facets and singular surface. The surface energy of the singular
surface is higher than that of the 2.5° facets. As a result, the singular surface exists
until its width becomes large enough to let the nucleation of 2.5° facets [6, 9]. Hence, a
misorientation from the exact (111) could avoid the formation of hillocks. That is a vicinal
surface tilted towards [211] orientation has a lower surface energy compared to singular
(111)B surface. However, the direction of misorientation angle plays an important role
as well. According to Schowalter et al. [6], misorientations towards azimuths other
than [211] results in a zigzag step edges (Fig. 3.7.c). The most stable steps are those
that run along <110> directions [9]. Higher free surface energy of singular surface and
the Schwoebel barrier [6] were reported as possible mechanisms for the formation of
hillocks. Schwoebel effect is the presence of a potential barrier between the upper and
lower steps that leads to the preferred occupation of upper steps compared to lower one.
Adatoms must pass through a region with lower coordination number at the step edge to
make the jump from upper to lower steps, therefore, they need to overcome a potential
barrier [117]. Schwoebel barrier was shown to lead to the formation of large mounds on
singular surfaces in the case of GaAs(001) homoepitaxy [118].

Hillocks were shown to form during the MOCVD growth of InGaAs on InP(111)A
surface. Formation of hillocks was attributed to the surface reconstruction of InP(111)A
surface. The (2 x 2) In-rich surface reconstruction is stable at higher temperatures,
which results in the formation of pyramidal hillocks (Fig. 3.8.a). A circular island
growth was reported to occur in the P-rich (v/3 x +/3)R30° reconstruction region (Fig.
3.8.b) [119]. In another study, specular homoepitaxial MOCVD growth on InP(111)A was
obtained, however, growth defects persisted to exist on InP(111)B for a wide range of
growth conditions. This was attributed to the preferential migration of atoms to (001)
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lilted toward [T10]

Figure 3.7: a) Optical microscope image of the GaAs singular substrate after 0.5 um
homoepitaxial growth, b) an AFM image of the top of the one of the pyramids in a [6]
©American Vacuum Society. Used with permission. c) terrace-step structure of films
grown on substrates with different misorientations [9] ©American Vacuum Society. Used
with permission.

facets (i.e. facet growth) when growth is done on (111)B and the lack of such preferential
migration on (111)A [84]. The (001) facet growth was explained based on the fact that the
phosphorous atoms on (111)B surface have only one dangling bond while they have three
and two dangling bonds on (111)A and (001) surface, respectively [115].

Chen et al. [22] used RHEED intensity analysis of the homoepitaxial growth on non-
misoriented GaAs(111)B and showed that the specular surface morphology is achievable
if the growth is done in the (+/19 x 4+/19) phase region which results in a constant RHEED
intensity versus time (Fig. 3.9). Decreasing the As overpressure improves the surface
morphology since it increases the migration lengths of cations. Decrease in the RHEED
intensity during the growth shows the formation of macroscopic defects such as pyramids
and twins, therefore, surface roughening.
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Figure 3.8: a) triangular (pyramidal) and b) circular islands formed on singular InP(111)A
surface during the MOCVD growth of InGaAs [119] ©John Wiley and Sons. Used with
permission.
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Figure 3.9: RHEED beam intensity change with substrate temperature on GaAs(111)B at
a constant arsenic pressure. The open circle shows the starting point that results in a

specular surface [22] ©AIP Publishing. Used with permission.
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Figure 3.10: Schematic distribution of surface adatoms on a) a wide terrace with step-flow
growth mode and b) a narrow terrace with step bunching [122] ©AIP Publishing. Used
with permission.

3.2.2 Step bunching

Besides the hillocks for growth on singular surface, step bunching is another cause for
the surface roughening on vicinal substrates. There is an elastic interaction between the
steps. In the absence of strain, this interaction is the repulsion arising from the intrinsic
stress of the steps, which is an inverse function of the terrace width (i.e. the distance
between the steps). In the presence of strain/stress in the layers, elastic relaxation at
the steps leads to a long-range attractive interaction between the steps. The interaction
is attractive since the force at successive steps is in the same direction. The attractive
interaction comes from the surface discontinuity at each step. The forces at steps are
not balanced resulting in a force monopole. This leads to step bunching instability.
Stress and strain determines the magnitude of the diffusion barrier for step bunching.
Step bunching reduces at higher growth rates or higher fluxes and at lower growth
temperatures [120]. Step bunching occur at a critical film thickness. It is also affected
by the terrace width size. Increasing the terrace width keeping the growth condition
constant, the critical thickness below which the growth continues via step-flow mode
increases [121].
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Xie et al. [123] used Monte Carlo simulation to investigate the effect of a negative
Ehrlich-Schwoebel barrier when the adatom incorporates into the descending steps
versus a positive incorporation barrier when adatoms attaches to the ascending steps.
They showed that a positive incorporation barrier results in step bunching, while a
negative Ehrlich-Shwoebel barrier usually does not. An incorporation barrier can be
introduced by e.g. a surfactant layer during growth. In this case, an atom exchange
between the surfactant and the depositing atom at the steps is required for the film
growth. This costs extra energy than for adatoms merely diffusing on top of the surfactant
layer.

Transition from step-flow growth mode to step bunching occurs at a critical step
density (misorientation angle) that depends on the growth temperature. The principle
idea is to assume that this transition happens when the concentration of adatoms at
the step edge is less than the equilibrium value, i.e. the steps are undersaturated. The
adatom concentration is maximum at the terrace centre and minimum at the step edges
(Fig. 3.10). The adatom concentration is smaller at the steps at larger misorientation
angles due to an increased number of steps leading to step bunching to increase the
adatom concentration at the steps towards the equilibrium value. The critical step density
decreases at higher growth temperatures. The bunched terrace width increases with
increasing growth temperature, but does not depend on the misorientation angle [122].

A thermodynamic model developed by Pond et al. [124] showed that the steps can
move freely with the constraint that it costs energy to form kink. Therefore, step bunch-
ing is probable when the kink formation energy is high. They showed that homoepitaxy
on GaAs(001) misoriented by 1° or 2° towards (111)A direction leads to smooth steps that
have bunching tendency, while step edges tend to be rough with less bunching tendency
when the misorientation is towards (111)B due to the kink formation energy being lower.

Becourt et al. [2] observed the change of misorientation steps at the InAlAs/InP
interface into giant multisteps at the surface top due to step bunching. Step bunching
modifies the vicinal surface and decomposes them into terraces and high index facets.
The local high stress at the giant steps leads to the formation of threading dislocations,
which cross vertically form the InAlAs layer and end below the giant steps (Fig. 3.11).

3.2.3 Twinning and phase instability
ITI-V compound semiconductors can exist in Zinc Blende (ZB) or Wurtzite (W) crystal

phases. ZB is thermodynamically favorable in III-As/Sb/P epitaxy, while W is a meta-
stable phase [125]. Ostwald’s step rule states that often thermodynamically stable phases
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Figure 3.11: a) Bright field cross-sectional image of InAlAs grown on InP(111)B. Threading
dislocation originated approximately 40nm from the InAlAs/InP interface go to the step
edges. Steps run along the misorientation direction. The fringe contrast appearing
through the entire film is due to the structural inhomogeneities from compositional
modulation (alternative In and Al rich domains). b) Plane view TEM image of the surface.
Bunched steps are indicated with black arrows. Dislocations running from the bunched
steps along [321] (circle) [2] ©AIP Publishing. Used with permission.

occur through metastable phases. This rule was suggested to minimize entropy produc-
tion [126]. If the surface energy of the metastable nucleus is small enough and it is less
anisotropic in shape, homogeneous nucleation of the metastable phase prevails [127].
Phase instability that is the presence of ZB and W crystal phase mixtures (polytypism) has
been observed during the growth of III-V semiconductor nanowires (NWs). Polytypism
functions as trap for carriers, reduces carrier mobility and conductivity. It also results in
electron scattering at stacking faults or twin planes which is detrimental to the optical
properties and device application [128]. Phase instability was associated to the small
energy difference between W and ZB phases and lower surface energy and nucleation
barrier of the W phase in comparison with that of the ZB. W is stable at structures with
high surface to volume ratios [129, 130]. In general, ZB phase is favored at higher atomic
number of anions, i.e. as the anion becomes heavier, (anion rule). The exception to this
rule is when the cation in the compound is from the second row such as Be or B [131].
There have been a lot of studies focusing on the phase instability during the growth of
nanowires, while whether or not such phase instability happens in Quantum Well (QW)
and (SuperLattice (SL)) is questionable.

Growth twins are easy to form when growth is done in <111> direction since {111} is
the primary twin plane. Twins are formed by an insertion of a stacking fault between
two ZB structures. A stacking fault in the ZB structure is the insertion of one monolayer
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Figure 3.12: Building blocks of a) ZB and b) W, ¢) W(0001) and d) ZB(111), and e) Structure
of twin ZB formed by a stacking fault [132] ©American Vacuum Society. Used with
permission. f) Schematic representation of V-type twin complex. (111) and (111) are
the twin planes (the two variant of 111 planes), which belong to the [110] zone. Twining
of twin I along a non-growth direction created twin III [5] ©AIP Publishing. Used with
permission.

of W structure between two ZB structures (Fig. 3.12.a-e) [132]. The ease of the formation
of growth twins on {111} substrate in the case of GaAs was attributed to the attachment of
Ga adatoms to the terrace with single bond leaving the other three bonds free to rotate
about the growth direction. However, if the Ga adatoms are bonded to the surface steps
with more bonds, the chance of twining is substantially reduced. Hence, twinning can be
reduced by the use of misoriented substrates with increased number of steps, or the use
of growth conditions such as a slow growth rate or growth techniques such as migration
enhanced epitaxy that allow for the longer adatom migration to reach the surface steps.
The twinning has V-type characteristic (Fig. 3.12.f) [5].

Stacking sequence of ZB is ABCABC, while that of W is ABABAB. When a misplacement
of bilayer takes place in a W structure, it gives a sequence of ABABCBCB leading to a
single unit of ZB structure. However, a misplacement of a single bilayer in ZB structure
only gives rise to a twin but not a stacking fault; ABCACB. In fact two twins are needed
to create a stacking fault, i.e., four bilayers; ABCACA. This means that the smallest W
segment in ZB phase is larger than the smallest ZB segment in W phase [133]. Stacking
faults which originate from the heterocrystalline W-ZB interface were shown to introduce
electronic levels within the band gap close to the valence band [134].
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3.24 Short-range ordering

The thermodynamic of the alloy system in ternary or quaternary alloy often produces
some degree of microscopic and macroscopic ordering. Short-range ordering occurs
when atoms adopt correlated neighboring positions over distances of the order of few
lattice spacing. This is seen in the preferential association of like atoms such as in
clustering or chemical ordering (for example, CuPt type ordering). Long-range ordering
occurs over many tens of lattice spacing such as in phase separation [135]. Long range
ordering or superstructure is atomic scale deviation from the random distribution of
group IIT atoms on the column III sublattice, which results in band gap change and
observation of {1/2,1/2,1/2} superlattices [25, 136, 137]. CuAu-I type ordering was shown
to be the most stable ordered structure thus far to occur in III-V ternary alloys. The
superstructure which have reflection from {hkl} indices that are (odd, odd, even) or
(even, even, odd) are of CuAu-I type superstructures. These reflections are allowed only
if a long range order exists. In the case of InGaAs, Ga atoms preferentially occupy the {0,
0, 0} and {1/2, 1/2, 0} sites and In atoms preferentially occupy the {1/2, 0, 1/2} and {0, 1/2,
1/2} sites in each unit cell [138, 139].

The most important factor controlling the degree of ordering is the surface mobility
of the depositing species during the growth. The higher the surface mobility in the
growth direction, the stronger is the ordering [138]. The smoother is the growth, the
lower is the degree of ordering. The stability of an ordered phase stems from its ability
to reduce the strain energy by accommodating two dissimilar bond lengths. Hence,
an ordered phase is more favored and thermodynamically stable in alloy systems with
dissimilar bond lengths [140]. This shows the dependence of the ordering on the alloy
system and its composition. The growth technique was shown to affect the degree and
type of ordering [138]. Growth temperature also affects the ordering process. At low
temperatures, ordering is not seen due to the insufficient surface mobility [139].

Misorientation from the exact orientation [137] as well as the surface reconstruction
are other factors that affects the formation and degree of ordering. It was shown that
GaAsSb grown on (001)InP has a CuPt-type ordering, while growth on misoriented
InP(111)B for 3° towards [112] does not develop ordering. This was attributed to the
(2x) surface reconstruction for the growth on (001) substrate [141]. Gomyo et al. [25]
also reported on non-existence of such ordering for the MOCVD growth of In, sGa, sP
on GaAs(111)B substrate 0.5° misoriented towards [011]. However, such superstructure
exists for growth on GaAs(001) (Fig. 3.13a,b).Cho et al. [142] reported on the temperature
dependent presence of ordering for growth of InAlAs on InP(001). Kuan et al. [138]
reported on the existence of a CuAu-I type superstructure in MBE grown In, ;Ga, sAs
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on InP(110) substrates misoriented by 4° towards (111)A and (111)B poles. A perfectly
ordered structure consists of alternating InAs and GaAs monolayers along the [110]
growth direction or the [001] direction normal to the growth axis. The occurrence of
ordering in In, s3Ga, 4-As on InP(001) was observed along one of the four <111> directions.
Appearance of half-way spots in the diffraction pattern shows twice the ZB periodicity in
the [111] direction [143].

Suziki and Gomyo [144] reported on the ordering mechanism of the naturally formed
{1/2,1/2,1/2} SL on the column III sublattice that was observed in In, ;Ga, ;P grown on
GaAs(001) 2° off towards (011); they explained the ordering mechanism as i) the intra-
planar ordering, i.e. ordering within each plane (alternative rows of rich in Ga and In),
and ii) inter-plane ordering, i.e. ordering of the successive planes. Mechanism (i) is
related to the fact that the bond lengths and angles in ternary alloys differ from their
constituent binaries. Due to a large bond length difference and a dangling bond direction
asymmetry on the (001) planes, there is an anisotropic site occupation affinity for group
IIT adatoms. This anisotropy minimizes the stress and acts as a driving force for the
long range order of group III atoms (Fig. 3.13.c). Mechanism (ii) is related to the phase
locking behaviour of the [110] atomic steps that aligns the atomic lines belonging to
adjacent planes in-phase and prohibits random walk (Fig. 3.13.d). They proposed that
this mechanism can apply to any kinds of alloy semiconductors such as InGaAs, InGaP
or InGaAsP.

3.2.5 Compositional Modulation (CM)

CM or phase separation or spinodal decomposition refers to a spontaneous formation
of a phase-separated, self-organized periodic structure that leads to a surface corruga-
tion/undulation as seen in Fig. 3.14.a [135]. CM leads to strain inhomogeneity and lowers
the electron mobility. The reason behind phase separation can be explained based on
the Gibbs free energy. The Gibbs free energy has two terms of enthalpy and entropy.
At low temperatures, the enthalpy term prevails, therefore, the free energy decreases
as the number of bonds increases. This leads to the formation of patchy surfaces with
regions having zero coverage and near-unity coverage. This results in a concave down
Gibbs free energy curve, meaning that phase separation reduces the Gibbs free energy.
Once the spinodal decomposition of the ternary alloy into its binary constituent starts,
the preferential segregation of the adatoms towards the compressive or tensile regions is
responsible for the continuation of the decomposition during the growth. On the other
hand, at high temperatures, the entropy term dominates. This leads to a random distribu-
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Figure 3.13: Transmission electron diffraction pattern of InGaP grown at 700° C on
a) (111)B and b) (001)GaAs substrate [25] ©IOP Publishing. Used with permission. c)
Ordering mechanism i: Column V element (P or As)-stabilized (001) plane with an In
atom at position s,,. The In atom stretches the lattice spacing producing an anisotropic
site occupation affinity for Ga and In, which generates a long-range order on a (001)
plane. Note the two dangling bond directions on element V. a,, indicates the column V
atom spacing before the In atom sticking. s;; indicates the site positions for column III
atoms. Lattice constants for some binaries are reported. In parentheses, lattice constants
normalized to that for GaAs are given. d) Ordering mechanism ii: In and Ga rich planes
locked in alternative layers [144] ©Elsevier. Used with permission.

tion of adatoms on the surface in order to maximize the entropy term and consequently
minimize the Gibbs free energy [62, 145].

Different mechanisms were proposed to explain CM. Glas [148, 149] showed that the
elastic energy is minimized for a critical modulation wavelength of a given film thickness.
However, the CM itself does not strain-stabilize the epitaxial film and a further strain
relaxation mechanism which is surface elastic relaxation is accountable. Therefore, a
lattice-matched alloy with a finite lateral CM is always unstable against undulations of
its free surface. CM is said to exist in immiscible alloys where changes in composition
results in a change in lattice parameter and induces strain.

Another mechanism for initiation of CM was explained in terms of misfit stresses
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Figure 3.14: a) cross-sectional TEM showing slight corrugation in the nominally lattice-
matched AlAs/InAs short period SL [135] ©Springer Nature. Used with permission. b) a
schematic representation of the consequence of a lateral composition modulation on
the TEM contrast via a surface elastic relaxation of the strained InAlAs surface [146]
©Elsevier. Used with permission. c) Phase diagram of epitaxial InGaAs alloy grown
at a growth rate of 0.1 ML/s showing two modulated regions (in which the alloy will
present a kinetically stabilized composition modulation) with a homogeneous region in
between. Two regions of modulated alloys are separated by a homogenous region due to
the limitation of growth rate [147] ©AIP Publishing. Used with permission.

in strained dislocation-free films. Misfit stresses produce morphological instabilities
in lattice-mismatched films. Hence, the film may become corrugated. When there is
compression, the lattice parameter of the flat film is smaller than its stress-free value.
Therefore, the lattice parameter is larger at the protuberances and smaller at the de-
pressions compared to the coherent flat film. This leads to the preferential migration of
larger atoms to the protuberances and smaller atoms to the depressions. The situation is
reverse for when there is tensile strain. The larger atoms diffuse to the depressions and
the smaller atoms to the protuberances resulting in the depletion of smaller and larger
atoms at the depressions and protuberances, respectively (Fig. 3.15). Thus, surface
corrugation and preferential migration of atoms induced by misfit strain can initiate CM
[150, 151].

In fact, phase separation happens as a result of equilibrium between: (i) an intrinsic
alloy strain energy that decreases if phase separation occurs; (ii) an extrinsic alloy strain
energy induced by the lattice mismatch between the epilayers and the substrate (CM
leads to mismatch-induced strain relaxation); and (iii) a roughening which increases the
surface energy but allows both intrinsic and extrinsic strain energies to relax [146].

Phase separation is strongly dependant on growth parameters such as growth tem-
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Figure 3.15: Schematic diagram illustrating how a strain-induced surface corrugation
can initiate composition modulation for both compressive and tensile strains. Smaller
atoms preferentially attach where the lattice is compressed, and larger atoms attach
where it is dilated, thus initiating lateral composition modulation [135] ©Springer Nature.
Used with permission.

perature, V/III Beam Equivalent Pressure (BEP) ratio, growth rate, and the presence of
misorientation steps. It diminishes when the growth kinetic is limited by an increase of
the V/III ratio and/or of the growth rate. Fig. 3.14.b shows a schematic representation
of lateral CM on the TEM contrast via a surface elastic relaxation of strained clusters
[146]. Gonzalez et al. [147] calculated a phase separation diagram for In, ;Ga, ;As (Fig.
3.14.c). They showed that CM disappears above a critical temperature. There is also a
temperature window at lower growth temperature that a homogeneous alloy can again
be grown. These temperatures are affected by the growth rate. An increase in the growth
rate enlarges the window at which the composition is homogeneous. At higher growth
rates, the atomic diffusion does not allow the system to reach the kinetic equilibrium.
Phase separation was seen at low temperature growth of InAlAs on InP (001) [142]. Energy
per deposited atom calculations showed that phase separation does not happen if the
growth front is perfectly flat, however, a 3 ML roughness is enough to allow a partial
elastic relaxation and stabilize phase separation in InAlAs grown on InP(001) [146].

Woo et al. [152] showed suppression of phase separation in InGaN films grown on
Si(111) substrate by the use of Metal Modulation Epitaxy (MME). They showed that phase
separation is strongly dependent on the In flux supply and at the optimized In pulse time,
spinodal decomposition is suppressed due to improved surface migration of In atoms.
Spinodal decomposition could also be avoided using growth techniques such as Atomic
Layer Molecular Beam Epitaxy (ALMBE) at low growth temperatures (200-300° C) [147].

Follstaedt et al. [153] studied the effect of strain on CM in InGaAs/InAlAs short period
SL grown on InP(001). They showed that at global strain, €, (global strain is defined as
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€ = (ay—a,y)/a.,, where a,,; and q; are the in plane and perpendicular lattice constants)
of higher than +/ —0.7%, CM disappears. The degree of CM is maximum at strain level
of zero. CM depends also on the film thickness; it happens above a critical thickness
during low temperature growth [154]. In another study, Herrera et al. [155] investigated
the degree of plastic deformation caused by CM in InGaAs/GaAs layers grown by ALMBE
at low temperature (200° C) on on-axis GaAs(001). They showed that CM causes internal
stress/strain, which is responsible for the plastic relaxation of the low temperature grown
InGaAs layers. CM also impedes the glide of dislocations causing strain hardening of
the alloy. The wavelength of the CM was shown to be different along different azimuths.
The anisotropy of the CM was related to different diffusion lengths related to the surface
reconstruction [135]. Diffusion is impeded in the misorientation direction due to the
existence of the step-fronts perpendicular to the misorientation direction (Shwoebel
barrier) [156]. Since the surface reconstruction determines the fast and slow diffusion
directions, substrate misorientation could alter the diffusion kinetics. CM is suppressed
at high misorientation angle of 15° due to the small step width [154].

Vertical CM was also reported for the growth of (In,Ga)(N,As) on vicinal GaAs(111)B
versus lateral CM on (001) substrates. This was related to the spinodal decomposition
of the step-flow grown (In,Ga)(N,As) alloy. Steps with different atom configuration
termination propagate with different velocity creating step bunches with In-rich and
N-rich layers (Fig. 3.16). The formation of step bunches of alternating composition
causes vertical CM. A smaller misorientation angle reduces the step density, which could
suppress the decomposition trend [157].

Phase separation and ordering are important as they limit the band gap engineering
due to reducing the band gap. However, unlike phase separation, ordering can be
eliminated by annealing. The degree of phase separation and ordering reduces at higher
growth temperatures. The degree of phase separation and ordering are maximum at
low and medium growth temperatures, respectively [142].

3.2.6 Mismatch-induced strain

Growing lattice mismatched layers, misfit strain is induced in the epilayers, which is ac-
commodated by the competing process of dislocation formation and elastic deformation.
When the epilayer is too thin, formation of a large number of misfit dislocations costs
more energy than the energy stored due to the elastic deformation, therefore, strain
results in the elastic deformation leading to the tetragonal distortion in the lattice in the
plane of the growth [30, 158]. This means that there is a critical layer thickness before
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Figure 3.16: A schematic showing a) possible atom termination of the steps in GaAs(111)B
surface misoriented by 1° towards [211] and b) step bunching of In-rich and N-rich layers
[157] ©Elsevier. Used with permission.

misfit dislocations formation becomes energetically favorable, and they start to appear.
The mechanical equilibrium theory by Mathews and Blakeslee was used to compute
the critical layer thickness of InGaAs/GaAs heteroepitaxy on GaAs(111)B compared to
(001). It was shown that the critical layer thickness is larger when growth is in the [111]
direction (Fig. 3.17.a). This was attributed to a larger driving force for the formation of
misfit dislocation in the [001] direction. Growth temperature also affects the critical layer
thickness since dislocation formation is a thermally activated process. Therefore, the
critical layer thickness is larger at lower growth temperatures, but it reaches a plateau
eventually (Fig. 3.17.b). Mismatched In,Ga,_,As and In Al,_,As to InP can be grown
with high quality up to 3-9 times the Matthews-Blakeslee [159] critical layer thickness
if the mismatch does not exceed £%1. Larger mismatch was shown to be tolerated by
InAlAs in tension than compression, while no obvious difference was seen for InGaAs
layers [160]. When growing lattice-mismatched, layer-by-layer growth persists at higher
strains when growth is done by Migration Enhanced Epitaxy (MEE) [161].

Dislocations in diamond crystals were shown to glide on (111) planes and their Burgers
vectors is along the [110] direction since the slip system in FCC crystal is (111)[110]. The
shortest lattice vectors that are allowed as Burgers vectors are 1/2<110>, i.e. half the
diagonal of a cube face or one of the short edge of the tetragonal cell. a/2<110> is the
Burgers vector of the lowest energy perfect dislocations, where a is the lattice constant
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along the [110] direction. When the stacking fault energy is low, a perfect dislocation
dissociate into two partials. The separation distance depends on the stacking fault energy.
Any stacking fault is bounded by two partials: one at the left side and one at the right side.
Since the stacking faults are two-dimensional imperfections they have to be bounded by
one dimensional imperfections: dislocations. The split of a perfect dislocation that is
not parallel to the glide plane to an extended dislocation with a stacking fault parallel to
the glide plane is energetically more favorable. This follows Frank’s rule which says that
the dislocation reaction is favorable if b + b2 < b2, where b,, b, and b, are the Burgers
vectors of the perfect dislocation and the two partials, respectively [162].

Stacking faults could be intrinsic or extrinsic. Considering a diamond crystal lattice
with AaBbCc stacking in which Aa, Bb and Cc are the bilayers, an intrinsic stacking fault
is formed by missing a bilayer. An extrinsic stacking fault is formed by insertion of
a bilayer. Such insertion or removal of atomic planes changes the direction of bonds
between the atomic planes and creates twin planes. Since twins are easily formed, they
presumably have a low surface energy, and the surface energy of the stacking faults will
also be low. Therefore, energetically there will be no serious difficulty in the formation
of partial dislocations with the stacking faults [162].

3.3 Growth improvement methods

3.3.1 Growth on vicinal surfaces

Vicinal surface is a miscut surface in a specific direction from a low index plane. The
surface of a vicinal surface consists of a low index plane with monoatomic steps. Surface
steps due to the misorientation from the singular (111) surface are the principle reason
for the surface morphology improvement when growth is done on vicinal surfaces. This
prevents (001) facet growth [163]. As, molecules preferentially decomposes at surface
steps when growing on misoriented substrate due to the higher valence electron density
of Ga dangling bond sites at the steps than the terraces. This leads to a lateral growth at
the steps [164].

Growth on vicinal surfaces is explained by Burton, Cabrera and Frank (BCF) theory
[163], which states that growth proceeds in a step-flow growth mode provided that the
adatoms are mobile enough. This is achieved when the growth temperature is high
or the atomic flux is low or in other word when the encountering probability of the
adatoms is sufficiently low. The adatom interaction becomes significant at low growth
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Figure 3.17: a) Strain dependence of surface lattice relaxation for InGaAs obtained from
RHEED measurement grown at 510° C. b) Growth temperature dependence of surface
lattice relaxation for the growth of In,Ga,_,As with x = 0.58 grown on GaAs-(111)B
substrates [28] ©AIP Publishing. Used with permission.

temperatures or high atomic flux, which leads to island nucleation and coalescence to be
the dominant growth mode. Fig. 3.18.a shows a schematic representation of the singular
and vicinal surfaces. In general, vicinal surfaces do not have uniform terrace lengths.
To overcome this situation, a buffer layer can be grown assuming that the buffer layer
grows by step flow mode and the atoms attach predominantly at the up-step of each
terrace. This makes the larger terraces to shrink and the smaller ones to expand [165].
Atomically smooth surface morphology is achieved on vicinal surfaces when the cation
migration length matches the terrace width and growth proceeds by step flow mode
[22]. At larger mis-cut angles when the steps become closer together, step bunching
which is coalescence of two or more steps is probable. This results in the formation
of macrosteps which are several nanometer tall (Fig. 3.18.a) [6]. The steps on vicinal
surfaces provide a lattice stress source that interacts with overlapping stress fields of
nearby steps. These step interactions are found to be energetically attractive. The long
range coherent interactions leads to a significant reduction of surface energy [95].

Crystal surfaces exactly parallel to a low-index Miller plane were believed to have
a lower surface energy compared to vicinal surfaces [6]. However, there have been
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studies reporting on the lower surface energy of vicinal surfaces compared to singular
surfaces. They attributed the lower energy of a misoriented surface to the presence of
double-layer steps compared to single-layer steps on singular surfaces in the case of
Si(001) (Fig. 3.18.b) [166, 167]. Single-layer steps are present at smaller misorientation
angle and there is a transition to double-layer steps at a higher critical angle [166, 168].
Double-layer steps were found energetically favorable compared to single-layer steps.
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Figure 3.18: Schematic representation of a) a singular and a vicinal surface, and step
bunching [169] ©Royal Society of Chemistry. Used with permission. b) Schematic repre-
sentation of the single-layer and double-layer step structures of a vicinal Si(100) surface.
The surface misorientation 6 is related to the terrace width L by tan(6) =z, /L, where
zg;, 1s the height of a single layer step [166] ©American Physical Society. Used with
permission.

Use of misoriented substrates to eliminate hillocks were reported. Different misori-
entation angles have been reported for the growth mainly on GaAs(111) [6, 8, 26, 86],
but there are several reports for growth on InP(111) as well [2, 10, 13, 31, 33, 35, 84]. For
example, Schowalter et al. [6] showed that a very smooth homoepitaxial growth on GaAs
(111) is obtained with the steps running along the [011] direction at a misorientation
angle of 3° toward [211]. Growth at misorientation angle of less than 2° results in the
appearance of hillocks on the surface. The smaller the misorientation angle, the higher
the growth temperature required to achieve a smooth surface morphology [20]. Yeo et al.
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Figure 3.19: Nomarski images of the surface morphology of InGaAs grown on a) (100), b)
misoriented 1° towards <211> and c) singular InP(111)B. d) High resolution 6/26 scan at
<333> reflection of a-c [33] ©AIP Publishing. Used with permission.

[33] reported the growth of InGaAs on InP(001), InP(111)B and InP(111)B misoriented by
1° towards <211> (Fig. 3.19). They observed some elliptical shaped features for growth on
misoriented InP(111)B but overall smooth surface morphology. The high resolution x-ray
diffraction measurements showed a narrower Full Width at Half Max (FWHM) for the
growth on misoriented substrate compared to exact (111)B suggesting higher density of
defects such as stacking faults and twins on singular substrate due to the lack of steps (Fig.
3.19.c). There are also few reports on the use of rounded edge substrates to investigate
the effect of off-cut substrate on the growth morphology and to find the optimum off-cut
angle [10, 23, 26, 170-172]. For example, Tsutsui et al. [23] showed that a misorientation
of 1.5° is needed for hillock-free growth of GaAs on GaAs(111)B substrates (Fig. 3.20).
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Figure 3.20: Morphology change of a GaAs layer grown on a curved surface towards [100]
near the edge region of an exactly (111)B substrate [23]. ©IOP Publishing. Used with
permission.

Sadeghi et al. [173] showed that a misorientation angle of 0.4° can avoid hillocks for the
growth of InGaAs on InP(111)B at the optimized growth condition. Studies also have
reported substantial improvement on the surface morphology of (111)B when growth
is performed on vicinal or misoriented surfaces. However, the effect of misorientation
was reported to be less for (111)A substrates [21].

Dependence of the morphology on the azimuth was studied by McFee et al. [10]. They
showed that for the homoepitaxy of InP (111) on lens-shaped substrates, a wider smooth
region is found along [211] direction compared to [011]. The misorientation angle that
the smooth region occurs was shown to be different at different azimuths. It was also
shown that the presence of a smooth region depends on growth temperature; the smooth
region disappears and surface becomes completely granular at growth temperatures
lower than 315° C. Below 350° C, the epitaxial layer become polycrystalline with an
increased number of defects such as stacking faults. However, Hayakawa et al. [26]
reported that the specular surface is achieved with slight misorientation of 0.5° from
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exact GaAs(111)B irrespective of the misorientation direction.

3.3.2 Surfactant-mediated growth

The use of a surfactant was shown to improve the surface morphology. Surfactant is
a species that controls the growth by manipulating the free energy of the surface it
adheres to. It alters the growth kinetics and modifies the relative energies of different
crystallographic faces for growth so that an islanded surface becomes unstable [174]. The
primary requirements for the surfactants are that it lowers the surface free energy of both
the surface and the overlayer, and that it is sufficiently mobile to avoid incorporation. In
other words, the surfactant must not preferentially adsorb to either substrate or overlayer,
and it must surface segregate with high efficiency [175]. The ability of a surfactant to
segregate on the surface does not necessarily guarantee it is effective in promoting two-
dimensional growth mode. This fact leads to classification of surfactants into two groups;
i) those which increase the migration length of adatoms and improve the crystal quality
during the growth and ii) those which decrease the migration length and delay the two-
dimensional to three-dimensional growth transition during heteroepitaxy and increase
the critical thickness. The latter and former types are called non-reactive and reactive
surfactant, respectively. Type (i) surfactants incorporate interstitially. They reduce the
bond strength and energy barrier for hopping leading to an increased migration length.
In contrast, type (ii) surfactants incorporate substitutionally and can no longer diffuse
once incorporated into the growing film. Therefore, in order for the semiconductor
adatom to migrate, it has to break the bond between surfactant, which leads to a high
energy barrier for hopping and a reduced migration length [176, 177].

Pb [177], Sb [178-180], As [120] and Bi [43, 181-183] were reported to act as non-reactive
surfactants and improve the surface morphology. Sato et al. [178] reported on the sup-
pression of three-dimensional islands in MOCVD grown strained InGaAs multi QW using
Sb as surfactant (Fig. 3.21). Bi is a difficult atom to incorporate into III-V semiconduc-
tor during MBE growth since it segregates on the surface and evaporates at the typical
400-700° C III-V growth temperature or it forms droplets at temperatures below 400°
C. Optimum amount of As on the growing surface functions as an effective reactive
surfactant assisting Bi incorporation [183]. At sufficiently high flux, Bi leads to a step
flow growth mode even at low substrate temperatures (Fig. 3.22). It increases surface
migration length relative to As-terminated surface [181]. Bi changes the reconstruction
of InGaAs surface grown on GaAs(001) from As-stabilized (2 x 4) to Bi-stabilized (1 x 3).
Bi was also shown to reduce the interface roughness and width during the InGaAs/GaAs
SL growth on GaAs(001), which was attributed to a reduction in In segregation [43]. Te
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Figure 3.21: Cross-sectional TEM image of strained InGaAs multi QWs grown on (100)InP
a) with and b) without Sb surfactant. The thickness undulation of the wells that shows
a three-dimensional growth is the origin of the structural defects. Suppression of the
defects and undulation when Sb surfactant is used is seen [178] ©AIP Publishing. Used
with permission.

[177] was shown to act as a reactive surfactant for highly strained material systems such
as InGaAs on GaAs. Ilg et al. [42] reported enhancement in the surface morphology
of homoepitaxy on 0.5° misoriented GaAs(111)B using In surfactant segregant on the
surface. They showed that MBE growth without In surfactant results in either metal-rich
(1 x 1) or metal-stable (/19 x +/19) structure depending on the substrate temperature
and V/III ratio. However, growth proceeds in a well defined unreconstructed (1 x 1)
surface at all growth conditions when using In surfactant.

Growth in metal-rich condition was explained as virtual surfactant MBE. During
virtual surfactant MBE, the group V species As, is growth-limiting species. The sticking
coefficient and dissociation rate of the As, molecules are maximal on a cation-stable (i.e.
metal-rich) surface. Thus, a metal-rich surface acts as a catalyst for the dissociation and
incorporation of As,. Consequently, kinetic limitations are relaxed and island information
is suppressed [176].

Kandel and Kaxiras [184] reported on the physical mechanism by which the surfactant
changes the mode of growth from three-dimensional Volmer-Weber to layer-by-layer
growth. They attributed this to the chemical passivation of the step edges as well as
the flat surfaces due to the saturation of surface dangling bonds by surfactant atoms.
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Figure 3.22: effect of Bi surfactant on the surface morphology of GaNAs; a) no Bi, b) Bi
BEP ~ 1077 Torr and c) Bi BEP ~ 1.4 x 10° Torr. In the absence of Bi, surface morphology
is anisotropic with surface features elongated in [011] direction shown by arrow. The
surface roughness is 1.2 nm. The growth morphology changes dramatically at high Bi
flux and an rms roughness of 0.1 nm is achieved as in c). At medium Bi pressure, the
surface is fairly isotropic with an rms roughness of 0.4 nm. Bi reduces the adatom bond
strength at the step edges by forming GaNAs-Bi complex on the surface [181] ©Elsevier.
Used with permission.

Therefore, the system energy is lowered when the surfactant is on top rather than buried
under the newly deposited atoms. The surfactant thus tends to float on the top of the
film surface. The authors considered a kinetic exchange process between surfactant and
the deposited atoms. The energy barrier for exchange E,, and the barrier for diffusion
E; of atoms on top of the surfactant control the process. Their theoretical calculation on
Si(111) substrate suggested that the probability of an exchange is much smaller than the
probability of a diffusion hop (i.e. E; < E,, ). This means that the adatom diffuses a long
distance before it exchanges. This is because the exchange process involves interlayer
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atomic motion and breaking of chemical bonds, while the diffusion barrier is presumably
small due to the chemical passivation of the surface by the surfactant.

3.3.3 Migration Enhanced Epitaxy MEE

Migration enhanced epitaxy (MEE) is a growth method in which group III and V atomic
species are alternatively supplied. This leads to an increased migration lengths of group
III species in the absence of group V. MEE can produce smooth surface morphology
on non-misoriented substrates [36-40, 185]. In MEE, layer-by-layer growth takes place.
Group IIT atoms migrate actively on the surface in the absence of group V atoms and form
a complete monolayer coverage. The sticking probability of impinging group V atoms
highly depends on the group III coverage on the surface. For a monolayer coverage of
group III, the initial sticking coefficient is unity [186]. Atomically flat surface is achieved
when the number of group III atoms deposited per cycle equals the number of surface
sites N,. The surface roughness is IML even with an incommensurate deposition. Since
the migration distance is quite large, new islands do not form until the growth of the base
layer is complete. Annealing further improves the surface smoothness when it is done
after the group III deposition since annealing further enhances the migration length.
Annealing after the group V deposition leads to an interruption of the MBE growth, hence,
modulated RHEED oscillations survive [39, 185]. This is due to the fact that MEE leads to
a condition such as step-flow growth mode that could result in a specular morphology at
an optimized growth condition when cation migration length is in the order of terrace
width at that misorientation angle [22]. Using MEE growth of atomically flat structures
and interfaces have been achieved even at low growth temperatures. Examples are
GaAs/AlGaAs QW on GaAs(001) [36-39] and AlGaAs on exactly GaAs(111)B [40].

MEE was shown to be effective for growth on GaAs(111)B surface with an As-stabilized
(/19x+/19) reconstruction since deposited Ga atoms first fill the Ga vacancy sites resulted
from the (v/19 x +/19) reconstruction and then form droplets after the full monolayer
coverage which are consumed when As is supplied. However, MEE growth mode is not
suitable for (111)A surface since it is a metal-rich (2 x 2) reconstruction even during the
As supply, hence, it is hard to form As-stabilized surface. Deposited Ga atoms only form
droplets on the surface without occupying the missing Ga sites on the surface (one Ga
atom in each (2 x 2) unit cell is missing). This makes MEE growth mode a not suitable
technique for growth on (111)A substrate since As-stabilized surface is hard to form [187].

Selective area epitaxy (Selective Area Epitaxy (SAE)) as an application of MEE has
been reported to produce a smooth and uniform growth of GaAs on GaAs(111)B when
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annealing is done after Ga deposition. With annealing after As deposition polycrystalline
deposition occurred. Group III atoms were reported to easily evaporate from the SiO,
mask during the annealing process provided that a high growth temperature is used
[188]. However, SAE on GaAs(111)A substrate resulted in hillocks formation [189].

3.34 Metal modulation epitaxy (MME)

Metal modulation epitaxy was proposed by Burnham et al. [190] to improve the surface
morphology of AIN during the MBE growth and widen the window of growth conditions
that can be used for more reproducible results. As opposed to MEE which modulates
both cations and anions fluxes, MME modulates only the cations fluxes. The cation
flux is much higher than the anion in MME ensuring a metal-rich growth condition.
When growth is done in group III rich condition, the mobility of group III atomic species
increases and they diffuse across many steps leading to an increased diffusion length.
This is due to the i) ease of migration when there is metallic bond and ii) absence of
enough of group V with unsaturated chemical bonds to fix group III atoms at the step
edges [165].

There are only a few reports on the exploit of MME. For example, Wistey et al. [41] used
MBE, MEE and MME for the growth of InGaAs/InAlAs on SiO,/Si;N, masked InP(001)
substrates. They showed that growth using MME technique produced the best surface
morphology due to the uniform surface mobility and homogeneous growth across the
whole wafer, including the areas near the masks. Woo et al. [191] used MME to obtain high
quality low temperature GaN with a low defect density. MME was also used to enhance
the doping efficiency in GaN films by modulating Ga and dopant atoms [192]. Modulation
of P beam supply with the continuous supply of In for homoepitaxial growth of InP on
InP(111)B substrate was shown to produce a featureless homoepitaxial InP(111)B growth.
Termination of P improves In surface migration [4].

3.3.5 Effect of substrate cleaning

There are fewer reports for growth on InP substrates compared to GaAs, which may be
due to the fact that it is challenging to clean InP surface. The phosphorous and indium
surface oxides desorb by heating at 458° C for 5-10 min, while lower heating temperatures
such as 453° C will lead to the desorption of indium oxide only [193]. Longer heating times
will lead to preferential P depletion. It was shown in another study that oxide desorption
at 460° C can be done safely without noticeable P depletion, however, the time needed for
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complete desorption is about two hours [194]. Annealing at higher temperature which is
needed to clean the surface may also lead to P desorption as well as In droplet formation.
Cleaning the InP surface under As, imposes even more difficulties due to the formation
of InAs layer on top of the oxide layer, which slows down the oxide desorption rate and
requires higher temperatures such as 520° C or higher for complete desorption of the
oxide [195]. Cleaning InP(111)A by Ar ion sputtering and annealing at low temperature
of 200° C was reported to produce (1 x 1) surface reconstruction [196]. Formation of a
sacrificial surface oxide using UV/ozone followed by thermal annealing was reported to
produce atomically clean InP surface [197].
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Chapter 4

Experiment

4.1 Fundamentals of Molecular Beam Epitaxy (MBE)

Epitaxial depositions were done using MBE technique, which is a well-developed method
for high quality epitaxial thin film growth of III-V semiconductors. In MBE, thin films
crystalize via reactions between molecular or atomic beams of the constituent elements
and a substrate surface which is maintained at an elevated temperature in Ultra-High
Vacuum (UHV). The composition of the grown epilayers depends on the relative arrival
rates of the constituent elements, which in turn depends on the temperatures of the
appropriate sources. For group III elements thermal evaporation cells and for group V
elements valved cracker cells are used.

What distinguishes MBE from other vacuum deposition techniques is its significantly
more precise control of the beam fluxes and growth conditions. Because of vacuum
deposition, MBE growth is carried out under conditions far from equilibrium and it is
governed mainly by the kinetics of the surface processes occurring when the impinging
beams react with the outermost atomic layers of the substrate crystal. In addition, since
MBE is realized in an UHV environment, it can be controlled in-situ by surface diagnostic
tools such as Reflection High Energy Electron Diffraction (RHEED) to avoid much of the
guesswork [165].

Our MBE system consists of 4 modules: growth, preparation, load lock and cluster
tool modules. Substrates are loaded through the load lock where they experience the
first outgassing process at a pressure of about 1072 Torr. The second outgassing process
is done inside the preparation module which is maintained at a pressure of 10~°. Cluster
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tool acts as a storage for keeping the wafers. The last outgassing process is done on
the substrate just before the growth inside the main chamber which is maintained at
107! Torr. MBE system is maintained at UHV by the use of ion and cryo vacuum pumps
that remove the gas impurities from the system. The pumps are separated from the
system by the use of high conductance valve during the venting process to keep their
cleanliness and effectiveness in pumping. Turbo pumps on preparation module and load
lock compress the vacuum gas to a vented outlet held at 1072 Torr or below, where it is
removed by a "backing" pump. Liquid nitrogen cryopanels provide very large pumping
speeds for condensable gases, particularly H,0 and heavier hydrocarbons. Therefore,
cryopanelling surrounding the deposition region is an essential secondary pump for
achieving high quality growth for water sensitive materials, e.g., Al-bearing compounds.

Besides vacuum pumps, our Veeco Gen 10 MBE system (Fig. 4.1) is equipped with two
of each indium, gallium and aluminum thermal and one of each beryllium and silicon
evaporation cells, and one cracker valved cell for each arsenic and antimony elements.
It is not equipped with phosphorous cell since phosphorous is pyrophoric. Phosphorous
necessitates safe pumping via backing line trap. It is also equipped with ion gauges to
measure the Beam Equivalent Pressure (BEP) of the cells. Beam Flux Monitoring (BFM)
in extended position that reaches the substrate measures the BEP of group III cells. An
ion gauge located at the elbow to cryopump is used to measure the group V overpressure.
The system is also equipped with in-situ monitoring tools such as RHEED to monitor the
surface reconstruction, Band Edge Thermometry (BET) to measure the temperature and
reflectance monitoring to monitor the growth surface quality. The MBE system is run by
Molly 2000 software to run the deposition recipes.

4.2 Flux calibration of group III and V cells

The cells used for group III elements are Knudsen cells or thermal evaporation cells that
generate beams by thermal evaporation or sublimation of materials. Cells temperatures
are accurately set by closed-loop controllers which assure stability in the order of tenths
of ° C as well as fast temperature variations. In order to calculate fluxes of beams
impinging on the substrate, the effusion cells are approximated by Knudsen cell, where
equilibrium exist between the vapor and the solid (or liquid) phase. According to the
Knudsen and Langmuir’s theories of evaporation of liquids and solids, respectively, the
flux ®, of species effusing in UHV from an orifice per unit area per unit time is given by
Eq. 4.1: [198].
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Figure 4.1: Gen 10 MBE system consisting of growth chamber for growth, preparation
chamber for oxide desorption prior to growth, cluster tool for storage and load lock for
loading the wafers. Gen 10 MBE system is equipped with ion pump, cryopump, RGA to
monitor the impurity gas species, RHEED to monitor the surface morphology, BFM and
ion gauges to monitor the fluxes.
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where k;z, M and T are the Boltzmann’s constants, the molecular weight of the evapo-
rating species and its absolute temperature, while P(T) is the equilibrium pressure of
the evaporant at a temperature T.

The flux that reaches a point P on a substrate situated at a distance r, from the orifice
and following a path at an angle (6 + ¢ ) with the substrate axis (¢ and 6 being the angles
between cell and substrate axes and between cell axis and path, respectively (Fig. 4.2)),
is given by Eq. 4.2:

¢ 1
$p = ——cosOcos(0 + ¢) (4.2)
Tl
substrate
I'P L ¢i‘\- ‘

effusion
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Figure 4.2: Mutual position of effusion cells and substrates in an MBE growth chamber.
The dashed and dotted lines represent the axes of cells and substrates, respectively [198]
©Elsevier. Used with permission.

However, since Knudsen cells have orifices too small to give a reasonable flux, open-
ended crucibles with relatively large apertures are generally used. Therefore, fluxes from
such crucibles cannot be predicted by the above equations based on the equilibrium
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between the vapor and solid (or liquid). The fluxes depend largely on the crucible
shape (conical or cylindrical), height-to-diameter ratios and their relative position to the
substrate. Therefore, real fluxes are deduced from BEPs on beams by using ion gauges
or growth rate. The angled position of cells with respect to the substrate necessitates the
continuous azimuthal rotation of the substrate during growths if high layer thickness
uniformity is desirable.

The atomic flux can be calculated based on its relationship with the BEP (¥) measured
by BFM and the cell temperature (Eq. 4.4). Not all the atoms entering the ion gauge will
ionize and contribute to the BEP. The ionization probability is proportional to the time
that the atoms stay inside the gauge (P o<t). Considering the atoms enter a gauge with
an area of A and length of L and stay inside the gauge for t seconds and that t = L/v:

DV Dy
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where D is a constant. Since velocity of gas molecules v is proportional to v T:
& =CUVT (4.4)

where C is a coefficient correlated with the ion gauge geometry and ionization proba-
bility. Combining Eq. 4.1 and 4.4, we find the relationship between the flux and the BEP
as expressed in Eq. 4.5.
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Considering that P(T) follows an Arrhenius relationship with T, BEP can be expressed
as a function of Cell temperature (Eq. 4.6):
A
T

e
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where Ais correlated with C and the equilibrium pressure and B is correlated with
the activation energy of the element inside the crucible. Therefore, ¢ can be expressed
as in Eq. 4.7

e T (4.7)



® can be readily correlated with the growth rate, G using ® = N,.G. N, is the number
of atom k per unit volume and is expressed according to N, = 4/ [(a}(')za,f] since there are
4 cation atoms per unit cell. Therefore, ® is expressed as in Eq. 4.8:

4Gy

= — (4.8)
[(a)%a;]
aL' and a; are the lattice parameters parallel and perpendicular to the interface,
respectively. It is important to note that N, depends not only on the alloy composition
but also on the strain situation of the layer that grows. If the layer is unstrained, (a}(')za,f
is equal to (ay)?, where q, is the lattice parameter of free-standing layer. However, if
the layer is pseudomorphic due to the tetragonal distortion of the lattice, it follows that

a,'{| = a, and [199]:

n 1+ v, 2v;

a,=a —a

S S1—
Vi Vi

(4.9)

where v, and a, are the Poisson ratio of the layer and the lattice parameter of the
unstrained substrate, respectively. Combining Eqs. 4.4 and Eq. 4.8, coefficient C can be
calculated as in Eq. 4.10:

4Gy

C=— "k (4.10)
(aﬂ)za,f\llﬁ

Coefficient A and B are determined by a BFM calibration measurement test. BEP of
each cell is measured at an increasing temperature steps. A and B are found by fitting
the data point in a linear plot of log(¥T) vs T. Coefficient C is determined by growing a
calibration structure. a; can be found from High Resolution X-Ray Diffraction (HRXRD)

measurements and aL' is assumed the lattice parameter of the substrate. Knowing T, ¥,
a,'(| and ai", one can find C coefficient using Eq. 4.10.

After finding A, B and C coefficient, growth rate, G, can be found as in Eq. 4.11:

o ACe_%(aL')Zalf
T 4T

Eq. 4.11 assumes that the sticking coefficient of the elements is unity. It should be
mentioned that the cell’s flux is only stable for a limited period of time owing to the (i)

(4.11)
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consumption of material, (ii) material degassing, (iii) redistribution of the material inside
the cell and iv) change of the cell environment, therefore, re-calibration is required.
Coefficient A is re-determined after each growth using Eq. 4.6, but the re-determination
of coefficients B and C requires additional BFM and cell calibration growths. These
coefficients could change for each campaign depending on the cell reconfiguration,
for example by re-positioning the crucible within the cell or changing the cell port or
replacing the cell.

For the case of ternary compounds, the unstrained lattice constant and Poisson ratio
are found linearly according to Vegard’s law as expressed in Eq. 4.12 and Eq. 4.13:

a;; = xa; + (1 —x)a; (4.12)

vii =xv;+(1—x)v; (4.13)

Since each monolayer (ML) is half a lattice constant and hence contains 2 atoms, the
flux becomes ® = 2M/ (aL')Z, where M stands for growth rate in ML/s. Therefore, M can
be written as in Eq. 4.14:

Y2

®(a
M= (a,) (4.14)

2

Combining Eq. 4.8 with Eq. 4.14, M can be related to G:
2

m=2¢ (4.15)

aj

For growth of ternary compounds, the total flux of cations is readily the sum of them:

Similarly, the total growth rate in ML/s is the sum of the growth rates of the two

binary compounds provided that there is no relaxation, i.e. al{' = a,:

Converting to G, we have:
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For group V elements, two-zone thermal dissociation cells or cracker cells were
used. The main purpose of the cracker is to provide a single effusion component which
combines the two functions of group V evaporation and tetramer to dimer dissociation.
Cracker cells were developed due to the advantageous usage of dimer (As,) compared to
tetramer (As,). Dimers have an inherent advantage over tetramers arising from the need
for one half of the flux to maintain the stoichiometric composition, which doubles the
source lifetime. In the case of phosphorous, the safety concerns are also satisfied since
P, that gets deposited on the cryopanel is non-pyrophoric as opposed to P,.

Determination of group V overpressures cannot be done using the aforementioned
equations since unlike group III elements, the sticking coefficient of group V elements is
not unity due to their high vapor pressure. Therefore, any excess arsenic that does not
bond to the group III atoms readily desorbs from the surface. Calibration of group V is
done by growing a calibration layer and monitoring the surface reconstruction using
RHEED, while the arsenic valve is reduced step-wise. The moment the growth switches
from group V rich to group III rich condition, the RHEED reconstruction pattern changes.
The As flux at this valve opening that is read by the ion gauge (¥,,;) corresponds to the
minimum As flux, P,;, needed to maintain a 1:1 V to III flux. To adjust for a particular
overpressure during the growth, one should adjust the valve opening in order for the
ion gauge to read the target BEP, which is related to the ratio of the target growth rate
(Grarger) to the growth rate of the calibration growth, G, as expressed in Eq. 4.19:

1% \Ijtarget Gref

(m)target =

(4.19)
\Ijref Gtarget

4.3 In-situ growth characterization techniques

4.3.1 Reflection high energy electron diffraction RHEED

RHEED is one of the most common and useful in-situ metrology tools used in MBE. It is
used to characterize the surface reconstruction and surface morphology of the growing
epilayer. When growth is proceeding in a layer-by-layer or step-flow mode, RHEED
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pattern is streaky showing a smooth surface morphology. On the other hand, when
there are islands growing on the surface, RHEED pattern becomes spotty indicative
of surface roughness. The atomically flat surface of a crystal is a two-dimensional
lattice and consequently, the reciprocal lattice consists of rods extending out of the
two-dimensional plane of the crystal surface infinitely in the out-of-plane direction. For
any practical case the electron beam is not perfectly monochromatic and the variation
in the electron energy broadens the Ewald’s sphere shell, and the intersections with
the lattice rods can be elongated vertically resulting in streaky RHEED pattern. In the
case of an island growth mode, however, the electron beam penetrates the islands and
RHEED works in the so-called transmission mode, resulting in a spotty pattern that is
the typical diffraction pattern of a three-dimensional crystal when electrons penetrate a
bulk crystal. This is the same diffraction pattern as would be observed in Transmission
Electron Microscopy (TEM) [200].

Also, RHEED is a powerful method to deduce the growth rate. RHEED specular beam
intensity oscillation can be recorded to monitor the deposition rate as one oscillation
period corresponds to one ML. Nonetheless, this growth rate fitting method was not
implemented in this study since for such intensity oscillation measurements substrate
should be stationary. However, for all the growths done in this study substrates were set
to rotation to minimize the thickness gradient across the substrate. Additionally, with
stationary wafer there is a steep gradient of growth rate across the substrate, so what is
measured depend strongly on the location of the RHEED beam on the wafer. Therefore,
the RHEED camera is no longer looking at the same spot and same wafer orientation over
time, and the rotation artifact added to the oscillation makes it complicated to analyze
and extract growth rate information.

4.3.2 Reflectance monitoring

The wafers were illuminated by a pair of Light Emitting Diode (LED)s at 470 and 950 nm
and the reflected light beams were collected by the SVT camera as a function of time.
Since the refractive indices of InGaAs and InAlAs are different, reflected 470 and 950 nm
beams exhibited a sinusoidal-like pattern versus time due to interference. Reflectance at
470 nm reveals epitaxial quality. A steady reflectance at 470 nm shows that the surface is
smooth, while a gradual decrease in the reflectance is a sign of surface becoming rough
during the growth.

The reflectance fitting could be used to find the growth rate, however, the method has
some limitations. The epilayer has to be sufficiently thick, preferably several thousand A
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or more, in order to acquire enough oscillation periods for growth rate fitting. Therefore,
it is usually not applicable to structures with multiple heterogeneous and thin epilayers,
e.g. SuperLattice (SL). In addition, the refractive index, n, and extinction coefficient, k,
that are parameters needed for such calculations, are only very well known for binary
compounds. The growth rate fittings of ternary compounds such as InGaAs and InAlAs
that were the focus of this study are more complicated as their n and k vary with group
III compositions.

4.3.3 In-situ temperature monitoring using BET

Since both rotating and radiatively heated substrates are preferred during epitaxial
growth, physical contact between the substrate and the temperature sensor is not practi-
cal. Therefore, thermocouples are radiatively coupled to the substrate and consequently
have a large temperature offset compared to the substrate. Furthermore, this offset de-
pends on substrate and heater temperature, doping level and type, and on the changing
absorptance and emittance of the epilayer during growth [201].

BET or band-edge absorption spectroscopy (BAS) which is a non-contact, real-time,
absolute wafer and thin-film temperature monitoring tool was used to measure the
temperature during thin-film deposition. BET provides semiconductor temperature
monitoring in ranges that pyrometry does not work; for instance, substrates that are
transparent in the infrared as well as growth at low temperatures could benefit from
BET temperature measurements. At room temperature, many semiconductors are es-
sentially transparent in the infra-red (IR) range of the spectrum ( 900-1700nm). However,
semiconductors experience a reduction of their bandgap energy E, as the temperature
increases. This shift can be described by the empirical Varshni formula as expressed in
Eq. 4.20:

aT?

Ey(T) = Ey(0)~ 5~

(4.20)

where a and 3 are material dependant parameters. Semiconductors start absorbing
incident light in part of this wavelength range and the absorption edge shifts with tem-
perature. For high bandgap material (e.g., sapphire) the visible range is favored, while
for lower-bandgap semiconductors like GaAs, the near-infrared spectral range from 800
to 1400 nm is appropriate for detection of the absorption edge. Light with higher energy
than the bandgap energy is strongly absorbed when passing the semiconductor, while
lower-energy photons are transmitted nearly without losses. This leads to an optical

60



AED

a A75 b b
470 F
e
u 465 F
g .
2 & ae0 |
4 g
E 455 |
z
450
445
'0'2-! i [} i 0 [ ] 1 [} 1 [
500 900 1000 1100 1200 1300 1400 1500 1600 1700 180 440 . - S - .
Wavelength 0.1 11 21 a1 4.1 5.1

Time (hr)

Figure 4.3: A typical BET a) band-edge spectrum showing the absorption edge and
b) real-time temperature monitoring during the growth of sample G showing some
oscillation.

spectrum as shown in Fig. 4.3.a. BET works by measuring the IR radiation from an
incident source (substrate heater or an external halogen lamp if heater power is not
sufficient, i.e, during low temperature growth) that is transmitted by the substrate. The
substrate temperature can be calculated by measuring the position of the transmitted
light absorption edge. For our setup, the light transmitted through the wafer is measured
using an InGaAs spectrometer.

The sample holder is rotating during preparation and growth to ensure good homo-
geneity or at least radially symmetric growth conditions. During rotation, the wafer
can tilt in the holder slightly, which influences the obtained spectrum. This results in a
spurious oscillations and variation of the calculated substrate temperature (Fig. 4.3.b).
The time period of the oscillations in the recorded temperature can clearly be correlated
to the rotation period of the sample holder.

Compared with reflectance corrected pyrometry, BET has the advantages of working
well with very small substrates and not being affected by coating of viewports or scattered
radiation from the cells. However, BET measurements can cause local heating of the
substrate and are not reliable for doped substrates. Therefore, these two methods
complement each other and the two measurements are often cross-calibrated. Our MBE
tool is equipped with NIR spectrometer that acquires the transmission spectrum which
then is analyzed by in-house made software (LabView) and converted to temperature,
providing real-time temperature measurements.
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44 Ex-situ growth characterization techniques

44.1 Atomic Force Microscopy (AFM)

AFM technique allows to visualise with a sub-nanometer resolution the true three-
dimensional morphology of the surface unlike electron microscope that provides a
two-dimensional projection or a two-dimensional image of a sample . The AFM principle
is based on the interaction between the sample surface to analyze and a tip of nanometer
scale sharpness, fixed under a cantilever. The tip sweeps the surface and follows the
sample topography. This movement is measured by focusing a laser beam on the back
of the cantilever with a photodiode giving a three-dimensional image of the surface.

AFM can be performed in three modes: contact, non-contact or tapping mode. We
used tapping mode in this study since it gives the highest resolution. AFM offers unique
advantages for surface measurement in terms of simplicity and high resolution, but it
also has its unique problems of image artifacts originating from the tip, the scanner or
image processing. The tip sharpness and its side angle could alter the lateral dimension
of the surface features. For a feature smaller than the tip apex, the imaged object size
could be larger than the real size. The non-linear relationship between the scanner
extension and the voltage applied causes distortion in lateral dimension of the image,
which is more pronounced in larger scale scans. Therefore, it is necessary to optimize
the image quality before analyzing them using commercial software [202]. Gwyddion
software was used in this study to process the images, find the Root Mean Square (RMS)
roughness and do line profile measurements. The most common method for image
leveling is the so called line by line flattening to eliminate the surface bowing due to
the scanner non-linearity or sample tilt. Flattening command in the software uses all
unmasked portions of scan lines to calculate individual least-square fit polynomials for
each line.

44.2 Nomarski Differential Interference Contrast (DIC) microscopy

Nomarski microscopy that is also known as Nomarski interference contrast (NIC) or
DIC microscopy is one of the most convenient ex-situ tools for the characterization
of epilayers. The surface morphology of the grown structures were analyzed using
a Nikon Optiphot-66 Nomarski DIC microscope that is equipped with a SPOT digital
camera. Surface defects or contamination existing on top of the samples, are better
resolved under Nomarski compared with conventional optical microscopy. Using the
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concept of polarization, the specimen’s surface is imaged with a shadowed-like deceptive
three dimensional appearance. The light generated by a lamp and passed through a
polarizer is separated into two slightly displaced orthogonally polarized beams using a
Wollaston prism. These two coherent beams travel into the sample surface. Changes in
the sample such as thickness or refractive index, will result in an optical path difference
between the two beams reflected from the surface causing destructive or constructive
interference, dependent on the surface step height. These beams are recombined by
another Wollaston prism. In order to bring the beams into the same plane, an adjustable
offset phase is designed by adding a polarizer to modulate the position at zero optical
path difference, and the contrast is recorded as the shear distance, which is marked in
corresponding intensity or colour. The surface information is observed with a pseudo
3-dimensional appearance. However, the images does not necessarily represent real
topographic features of the surface because the shadows that result from the phase
difference may not correspond to low and high relief on the surface but from difference
in either the optical path or refractive index [202].

For the grown wafers presented in this work, Nomarski images were acquired using a
5x and 40x magnification with an exposure time of ~ 50 —200 ms. Each acquired image
has 2592 x 1944 pixels. For 40x magnification, this gives lateral resolution better than
~ 0.5um, but allows registering defects which are even smaller. The vertical resolution
is much higher, approaching 1 nm with careful tuning.

44.3 Scanning transmission electron microscopy (Scanning Transmis-
sion Electron Microscopy (STEM))

TEM is used to obtain morphological, compositional, and crystalline information. Crys-
tallographic information includes lattice structures and defects. Examples of defects are
twins, stacking faults, dislocations, and grain boundaries. In addition, material chemical
composition can be obtained using Electron Energy Loss Spectroscopy (EELS) in TEM.

Annular dark-field imaging is a method of mapping samples in an STEM in which
images are formed by collecting scattered electrons with an annular dark-field detector.
An annular dark field detector collects electrons from an annulus around the beam,
sampling far more scattered electrons than can pass through an objective aperture.
This gives an advantage in terms of signal collection efficiency and allows the main
beam to pass to an EELS detector, allowing both types of measurement to be performed
simultaneously.
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High-Angle Annular Dark- Field (HAADF) is an STEM technique which produces
an annular dark field image formed by very high angle (an angle of >5°), incoherently
scattered electrons (Rutherford scattered from the nucleus of the atoms) — as opposed to
Bragg scattered electrons. This technique is highly sensitive to variations in the atomic
number of atoms in the sample (Z-contrast images). For elements with a higher Z, more
electrons are scattered at higher angles due to greater electrostatic interactions between
the nucleus and electron beam. Because of this, the HAADF detector senses a greater
signal from atoms with a higher Z, causing them to appear brighter in the resulting
image. This high dependence on Z (with contrast approximately proportional to Z2)
makes HAADF a useful way to easily identify small areas of an element with a high Z in a
matrix of material with a lower Z .

444 STEM Moiré GPA (SMG)

Atomically resolved electron microscopy has enabled obtaining the atomic arrangement
within a crystalline structure as well as the local strain field by measuring the relative
positions of the atoms. The development of stable aberration correctors on the probe-
forming lens has enabled the use of STEM to image atoms with picometer precision
and has become a widely used high resolution imaging technique. Geometrical Phase
Analysis (GPA) is another method mapping the strain field [203] from high resolution
micrographs and is designed to work with lower sampling conditions by virtue of Fourier-
based data processing. The technique allows the user to obtain strain maps with a slightly
larger Field of View (FOV) compared to the real-space methods. Nevertheless, these
techniques are relatively limited to FOVs of around 100 nm (dependent on the crystal
structure and the number of pixels of the electron micrograph). Interferometry is a
method allowing the visualization of physical phenomena at a desired length scale by
superposing multiple waves. The principle of interferometry is generating an interfer-
ence pattern between two selected diffracted beams of the same lattice periodicity from
two different regions of the sample. This leads to the formation of a set of Moiré fringes
(hologram) on a large length scale where the fringe spacing and orientation amplify
the difference between the underlying local lattice periodicity in the two regions. It is
then possible to experimentally modulate the hologram FOV and map the local lattice
periodicity differences onto a large area (up to a few micrometers in size).

Today’s stability of scanning coils and electronics, has enabled the exploitation of
such concept in STEM imaging. STEM Moiré GPA (SMG), is a recent strain characteri-
zation method capable of mapping the two-dimensional strain field on single crystal
materials over a large FOV [204, 205]. In this method, the two similar periodic elements
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interfering coherently with each other to generate a hologram are the crystal lattice and
the scanning grid of the beam raster. The scanning grid corresponds to the localized and
periodic positions of the STEM probe when acquiring the electron micrograph. When
considering only a Rutherford scattering type interaction that gives rise to the Z-contrast
in HAADF images, a STEM Moiré hologram is generated when the probe is smaller than
the interatomic spacing and the scanning grid periodicity is set to be close to an integer
multiple of the crystal lattice spacing.

The STEM probe scans the specimen at discrete locations, sampling the crystal
periodicity at a fixed interval defined as the pixel size. The STEM Moiré hologram
embeds the variations of the crystalline lattice periodicity and can be translated into a
deformation field using the GPA algorithm. A STEM Moiré hologram is generated when
the probe is smaller than the interatomic spacing and the scanning grid periodicity is
set to be close to an integer multiple of the crystal lattice spacing. In order to acquire
the proper sampled signal at the precise location of the probe, the probe size has to
be smaller than the sampling interval (pixel size). Since the experimental conditions
are known, the crystal periodicity can be found by analyzing the frequency and the
orientation of the Moiré fringes. Please refer to Appendix A for further details about
GPA and SMG and recovering lattice strain information from the Moiré holograms.

The Scanning Moiré Fringe (SMF) is formed due to an artifact that originates in the
middle range of magnification in HAADF STEM. In HAADF STEM imaging, SMFs appear
when the pixel size of scanning grating (d,) is close to the lattice plane spacing d; or
its multiple. Figure 4.4 shows a schematic of translational SMFs (Fig. 4.4.c) formed by
the harmonic interference between the lattice spacing d, (Fig. 4.4.a) and the scanning
grating spacing d; (Fig. 4.4.b). In Fig. 4.4.c, the SMFs appear curved due to variation
in the lattice spacing. The SMF spacing d,,,» increases as the lattice spacing increases
when d,; < d;, while it decreases as the lattice spacing increases when d; > d,. By using a
formulation for translational moiré fringes, d; can be calculated as expressed in Eq. 4.21
[206].

dsyrd dsyrd
d =" q<d ; d=-"24>d, (4.21)
dSMF + ds dSMF _ds

44.5 X-ray Photoelectron Spectroscopy (XPS)

XPS is a technique commonly used to explore surface chemistry. The data obtained
from XPS provides the quantified composition of the outer few nanometers of a material.
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Figure 4.4: Schematic of translational SMFs formed by the harmonic interference be-
tween lattice spacing d; and the scanning grating with a spacing of d,. a) The lattice
spacing d, represents a strain field that linearly increases along the horizontal direction,
b) scanning grating spacing as acquired via STEM imaging, and c) SMFs formed by over-
lapping of the lattice spacing d; and scanning grating spacing d, [206] ©AIP Publishing.
Used with permission.

In other words, it details both the elements present and the chemical states of those
elements. Typical analysis area and depth are in the range of um?* and 10 nm, respectively.
XPS is based on the photoelectric effect in which electron population spectra are obtained
by irradiating a material with a beam of X-rays. Material properties are inferred from the
measurement of the kinetic energy and the number of the ejected electrons. XPS requires
high vacuum (107° Torr) or ultra-high vacuum (1077 Torr) condition. The binding energy,
El, of the photoelectrons is found according to the modified Einstein relation as in Eq.
4.22.

F __ SpP
E, =hv—E

kin

— ®5p (4.22)

where E;” and &, are the kinetic energy of the photoelectrons measured at the
detector and the detector work function. An important implication of Eq. 4.22 is that
any change in the sample work function does not affect the position of core-level XPS
peaks with respect to the Fermi level, E}. They will be, however, shifted with respect to
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the vacuum level. It is thus important for these limitations of the XPS technique to be
understood if there are any modifications of the surface dipoles, which are masked by
the nature of the method.

XPS analysis can be extended into a material through a process known as depth profil-
ing, which slowly removes material using an ion beam, collecting data after each etching
cycle. Depth profiling enables a composition profile with high depth resolution to be
measured. Depth profiles can be used to see how the composition changes from surface
to bulk; for example, due to oxidation of the surface or annealing, or to understand the
chemistry at interfaces where different materials are joined together.

44.6 Low energy electron diffraction (LEED)

LEED complemented with dynamical intensity calculation and first principle Density
Functional Theory (DFT) calculation has been used to study surface structures, surface
relaxation, and surface reconstruction. LEED, RHEED and TEM are categorized based
on the primary incident electron energy, E,: LEED with 10 eV < E < 300eV, RHEED
with 1 keV < E < 30keV, and TEM with 120 keV < E < 300keV. LEED requires the
most stringent vacuum conditions of around 107'° Torr. Any intrinsic contamination of
the sample or extrinsic gas adsorption on the surface under a poor vacuum condition
can degrade the quality of the LEED pattern. Higher energy electrons can penetrate
deeper into solids, and surface contamination has less effect on pattern observation as
compared to that of LEED. LEED patterns are usually collected under the normal or near
normal incident angle while RHEED patterns are collected at a glancing incident angle.
For TEM, the incident electron beam relative to the sample can be adjusted from normal
incidence to a tilt angle up to 45° by a sample tilt mechanism with two tilt axes (x and y)
in the plane of the sample [200].

When performing an experiment using electrons as an excitation source, one needs
to know the electron Inelastic Mean Free Path (IMFP) in solids. IMFP is the distance that
the lectron travels into the solid before its energy drops to less than 1/e of its initial value
according to I; = I,e"%/*, where I, and I, are the intensity before and after travelling
a distance of d into the solid, and A is the IMFP. Fig. 4.5 shows a summary plot of the
calculated IMFPs for 41 elemental solids as a function of energy from 50 eV to 30 keV.
The minimum values of a few angstrom (~ 0.5nm) IMFPs occur between 10 and 100 eV.
LEED uses this minimum IMFP, which is the most surface sensitive.
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Figure 4.5: Calculated inelastic electron mean free path from experimental optical data
as a function of primary electron energy from 41 elemental solids [207] ©John Wiley and
Sons. Used with permission.

44.7 High Resolution X-Ray Diffraction HRXRD

HRXRD technique is used to determine a number of parameters such as thickness and
composition. In a HRXRD scan, the position of a peak follows Bragg equation as in Eq.
4.23:

a

where A is the x-ray wavelength, (hkl) are the Miller indices of a particular plane and
n is the diffraction order. In this study, a Jordan Valley QC3 Bruker HRXRD diffractometer
was used that employs a Cu Ka, x-ray with a wavelength of 1.54 A. Triple-axis couple
w — 26 scans were done on the samples at diffraction plane of (222). The composition of
the layer is found based on Eq. 4.9 and Eq. 4.12 and Eq. 4.23. The HRXRD data were fitted
using the Jordan Valley-HRXRD analysis software (Rocking-Curve Analysis by Dynamical
Simulation (RADS)) which is the leading simulation, analysis and fit software for HRXRD
of epitaxial thin-film structures on single crystal substrates. The actual thickness of the

nA=2 sin6 (4.23)
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individual epi-layers for a strained structure is found by fitting Pendelldsung fringes with
aRADS model. The measured HRXRD of a SL exhibits satellite peaks (order n = +1,+2,...)
centered around the average composition peak (order n = 0). The angular separation
between the satellite peaks is given by Eq. 4.24 [208]:

+nA

A= 4.24
2(sinf,, —sin6b,) (4-24)

where A is the period of the SL (equals the sum of the epi-layers), 0, is the diffraction
angle for order n and 6, is the diffraction angle for the zero-order peak (n = 0).

Crystal defects lead to local variations in the lattice parameters and cause broadening
of the peaks in w — 26 geometry.

4.5 Collaborative works

It should be mentioned that the SMG was done in collaboration with Dr. Alexander
Pofelski from Prof. Jianluigi Botton research group at the Canadian Centre for Electron
Microscopy at McMaster University. Alex developed the SMG technique, and has over 10
years of experience in the field.

In addition, the surface reconstruction analysis by LEED and XPS as well as DFT
calculations were done in collaboration with Dr. Hanieh Farkhondeh from Prof. Kam
Tong Leung research group at WatLab at the University of Waterloo. Hanieh is an expert
in the area of surface chemistry.

The great motivation and knowledge of Alex and Hanieh in the aforementioned
fields, facilitated understanding the behavior of growth on InP(111) substrates, which
led to unraveling the mysteries of growth on (111) substrates. The outcome of this
collaborative work was the growth of morphologically smooth and microstructurally
defect free InGaAs/InAlAs SL that sets the stage advancing the field of Terahertz (THz)-
Time Domain Spectroscopy (TDS).
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Chapter 5

Optimum off-cut angle for growth

5.1 Experiment

InP(111)A and InP(111)B semi-insulating substrates were used in this study. The substrates
had bowed edges which resulted from the standard process of polishing and epi-ready
surface preparation. In,s3Ga,4-As and Ing 5,Al, 44As can be grown lattice-matched to InP
(Fig. 5.1). Structures were grown using a Veeco GEN10 Molecular Beam Epitaxy (MBE)
system. The growths were done with As, using Veeco Mark V As cracker cell with a
cracking zone temperature of 650°C. The growth chamber pressure was around 1078
Torr during the growths, which was maintained using a cryogenic and an ion pump.
Substrates were heated radiatively using a Mo block heater. Substrates were rotated
using a manipulator for better compositional uniformity. All the growths were done
with 20 rpm substrate rotation.

Substrates were outgassed in the load lock at 200° C for 4 hours, maintained at 1078
and then outgassed inside preparation chamber at 300° C for 2 hours maintained, at
an Ultra-High Vacuum (UHV) of 10~ before being transferred to the growth chamber.
Inside the growth chamber, substrates were oxide desorbed just prior to the onset of
the growths. Oxide desorption was done at 458°C for about 7 min with arsenic (As)
overpressure to substitute for any phosphorous (P) loss during annealing period. This
is because P desorbs at temperatures lower than the oxide desorption temperatures.
Using lower temperatures will only yield to partial desorption of oxide layer since only
indium (In) oxide desorbs. It should be mentioned that oxide desorption was done in
the pressure of As and not P since our system is not equipped with a P cell.
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Figure 5.1: Lattice constants and bandgaps of common III-V semiconductors.

Beam Flux Monitoring (BFM) ion gauge was used to measure the group III atomic
fluxes, while the group V pressure was monitored using an ion gauge located outside of
the cryopanel in the main pumping port. The V/III flux ratio was calibrated in a separate
experiment. The 1:1 ratio was found at the transition point from As stable to Ga stable
reconstruction during GaAs homoepitaxy at 580°C. The substrate temperature during the
growth was monitored using Band Edge Thermometry (BET). Staib 15 keV electron gun
and kSA400 Reflection High Energy Electron Diffraction (RHEED) monitoring system
triggered at selected azimuths were used to monitor surface reconstruction during
deposition. The wafer was illuminated by a pair of Light Emitting Diode (LED)s at 470
and 950 nm, and the reflected light beams were collected by the SVT camera as a function
of time.

Quarter 2-inch InP(111)B and InP(111)A substrates were used in this study. Two meth-
ods of substrate mounting were employed. Both of them ensured proper epitaxial growth
not only on the center portion of the wafer but also on the wafer edge. The first method
involved mounting the InP substrates on mechanical grade semi-insulating GaAs wafers
using In-Ga eutectic. In the second method, each wafer was suspended on six small tabs
of a Mo spring-plate and secured from the back with a sapphire plate (Fig. 5.2). The
latter was spaced out from the wafer with three small pieces of thin Tantalum (Ta) wire.
Generally, the substrate heater temperature is higher than what BET measures since the
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Figure 5.2: a) InP mounted on GaAs using In-Ga eutectic and b) free floating InP on
sapphire plate ©American Vacuum Society. Used with permission.

Sample Structure Substrate Growth rate
(A/s)

Al 200nm InGaAs/ | rounded edge | 0.5

200nm InAlAs InP(111)A
A2 200nm InGaAs/ | rounded edge |1

200nm InAlAs InP(111)B
A3 200nm InGaAs | rounded edge |1

InP(111)B

Table 5.1: Summary of the growths.

heater is not touching the substrate. The temperature difference between the heater
thermocouple and BET depends on the mounting technique. It was higher by 50° C when
InP wafers were mounted using In-Ga eutectic, but it was about 100°-150° C higher when
smaller size InP wafers were mounted against a sapphire plate.

Individual 200 nm thick InGaAs and InAlAs epilayers as well as InGaAs/InAlAs het-
erostructures were grown to investigate the effect of growth conditions on the surface
morphology at the center and on the edge of the wafer edge. Multiple growths were done
at different As overpressures and growth rates. Different growth temperatures of 300°C,
460°C and 490°C were employed. The surface morphologies of the grown structures were
analyzed using Nikon Nomarski Differential Interference Contrast (DIC) microscope and
Bruker Icon Atomic Force Microscopy (AFM) in tapping mode.

The first principle total energy Density Functional Theory (DFT) calculations were
carried out for InP(111)B surface to compare the migration length of different atomic
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species. Calculations were done using the Vienna Ab-initio Simulation Package (VASP,
version 5.4) with the Materials Exploration and Design Analysis platform (MedeA, version
2.19, Materials Design, Inc.). The projector augmented wave (PAW) method [209, 210]
was used to describe the electron-ion interactions. The generalized gradient approxima-
tion (GGA) with the exchange-correlation functional of Perdew-Burke-Ernzerhof (PBE)
was incorporated [211]. The Brillouin zone was sampled at the I' point with a k-point
spacing of 0.5 A~1. A cutoff energy of 400 eV was used for the convergence of the plane
wave expansion. The conjugate-gradient algorithm was used to optimize the electronic
structure and ionic geometry. All In and P atom positions were relaxed until the forces
on all atoms were less than 0.01 eV/ A and the convergence of the self-consistent field
was set to 107 eV with the Methfessel-Paxton smearing of 0.2 €V. The unreconstructed
P-terminated InP(111)B-(1 x 1) surface was modeled by a slab geometry consisting of
four InP double layers, and the bottom-most layer was terminated by H atoms with a
vacuum gap of 10 A perpendicular to the slab surface. A periodic supercell composed of
2 x 2 surface unit cells were used to calculate adatom adsorption energies.

5.2 Results and Discussion

The main challenge for growth on on-axis (singular) (111)B oriented substrates by conven-
tional MBE is surface roughness and/or formation of unwanted three-faceted pyramidal
hillocks (surface steps). The use of misoriented substrates has been the main strategy to
avoid the hillocks and improve the surface morphology. Hillock-free surface morphology
was also demonstrated on on-axis (111)B GaAs substrates using Migration Enhanced Epi-
taxy (MEE) [22, 82]. However, there has not been a systematic study to find the optimum
off-cut angle for growth on InP(111) substrates. Most of the works done were on GaAs(111)
substrate. This could be due to the fact that it is harder to desorb the oxide layer from
InP substrates. At higher oxide desoprion temperatures that is needed for removal of
both P and In oxides, P desorbs from the surface leading to In droplet formations. At
lower oxide desorption temperatures, only In oxide desorbs. Oxide desorption in the
presence of As overpressure instead of P leads to the formation of an unavoidable highly
strained thin InAs layer between the substrate and the film due to the substitution of As
for any desorbed P atom.

A separate study was done to investigate the effect of the oxide desorption procedure
on the surface morphology. Although an Inficon Transpector® MPH RGA facing towards
the substrate did now show signs of P desorption from the surface during the oxide
desorption, ex-situ measurements using Nomarski DIC microscopy after the growth
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showed evidence of P desorption and In droplet formation when the growth was done in
the absence of As overpressure.

In this study we did a systematic study to find the optimum off-cut angle for growth
on InP(111) substrates. For this purpose we used substrates that were flat in the centre
(on-axis (111)) but rounded at the edge (vicinal (111)) to encompass a range of off-cut
angles and azimuths. Oxide desorption was done in the presence of As overpressure.
Clear signature of the oxide desorption was seen from a decrease in the diffused RHEED
background,which is the characteristic of the amorphous native oxide layer as well as
appearance of sharper streaks. The monoatomic steps were observed ex-situ on the
surface after oxide desorption performed with and without the As overpressure. Figure
5.3 depicts AFM images of the bare substrate showing the decrease in the terrace size by
moving from the center of the substrate towards its edge as was expected. The substrate
surface steps were observed before the oxide desorption as well, which shows that the
substrates had excellent epi-ready quality.

The effect of growth temperature was also studied. It was shown that the growth at
460°C provided the smoothest surface morphology both at the center and at the edge.
To study in-situ the effect of the As overpressure, the RHEED pattern and the intensity
of selected features were monitored at the wafer central area during the growth. The
optimum As overpressure was found to be approximately 3 x P,,,. Here P,,, stands
for the minimum As overpressure ensuring As stable surface reconstruction during
GaAs growth on GaAs(001) substrate at 580°C and using an equivalent group III flux. At
overpressures below the optimum, elongated defects were observed on the bowed wafer
edge. On the other hand, increasing the As overpressure beyond its optimum value
resulted in the surface degradation on the entire wafer surface. Several deposition rates
were tested and the best results were obtained at the slowest growth rate used, which
was 1 A/s for growth on InP(111)B. At this growth rate, growth temperature of 460°C and
As overpressure of 3 x P,;., a smooth region at the edge of the wafer was obtained for
InP(111)B substrate, however, a smooth region at the edge of InP(111)A was non-existent
at the growth conditions studied as shown in Fig. 5.4. For growth on InP(111)B, the
presence of such a smooth region was dependent on the growth conditions; it was almost
non-existent at the growth rate of 2.5 A/s, or at the growth temperatures of 300°C or
490°C.

Continuous evolution of hillock density and shape, and their elimination with in-
creasing the off-cut angle by moving towards the edge of the wafer was observed at the
transition to smooth region (Fig. 5.5.a). Although a smooth morphology was seen at
the edge, the surface morphology was poor in the center, which is on-axis (111)B. Fig.
5.6.a shows a map of smooth, transition and rough growth regions versus position on
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Figure 5.3: AFM height images of the bare InP(111)B singular substrate with rounded
edge at a) centre and b-f) increasing distance from the flat centre towards the edge.
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Figure 5.4: Nomarski images taken at the edge of a) sample Al showing no apparent
smooth region and b) sample A2 showing a smooth edge where there is mis-cut. Corre-
sponding AFM height images of c) sample Al at the edge showing an RMS roughness of
22.01+3.58 nm and d) sample A2 at the transition from smooth to rough region ©American
Vacuum Society. Used with permission.

the wafer.

The optimum off-cut angle was found from the facet angle of the pyramids at the
boundary of the smooth and pyramid-like regions. We conclude that (111)B substrate
with off-cut angle of 0.4° or larger should be used for conventional MBE growth in order
to avoid growth associated problems related to on-axis (111)B substrates. The obtained
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Figure 5.5: AFM height images of sample A3 showing a) evolution of the hillocks at
the edge, b) monolayer step-flow growth mode adjacent to the pyramidal hillocks at an
off-cut angle of 0.4° (RMS roughness = 0.52+ 0.04 A), step bunching at an off-cut angle of
¢) 1.7° with an average step height of 3.5 monolayers (RMS roughness = 0.74= 0.06 A) and
d) 3° with an average step height of 5.5 monolayers (RMS roughness = 4.3+ 0.4 A).

results do not allow to positively establish the upper value for such optimal off-cut angle,
however, as discussed later, too large of an off-cut angle leads to step bunching. At
smaller misorientation angles, complete pyramidal hillocks were seen. A step-flow
growth mode was observed adjacent to the pyramids. The hillock formation is expected
to be suppressed when the adatom migration length is larger than half the terrace width.
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Figure 5.6: A contour map illustrating (not in scale) the rough center region (1), transition
region where the hillocks are forming (2), smooth region (3) and rough region at the
very edge of sample A3 (4). The rough edge region, the smooth region and the transition
region are about 75, 150 and 50 u m wide, and b) the change of RMS roughness versus
off-cut angle ©American Vacuum Society. Used with permission.

Smaller off-cut angles than the optimum measured produce terraces that are wider than
the migration length of the adatoms, therefore, two-dimensional nuclei form on the
terrace before adatoms can migrate long enough to attach to the upper or lower step
edge.

It was seen that the step ledges are not perfectly straight. Wavy steps on vicinal
surfaces were also observed by Kasu and Kobayashi [85] on Metal Organic Chemical
Vapor Deposition (MOCVD) grown GaAs. The authors postulated that the waviness is
correlated with the attachment of the atomic species to not only the kink sites but also
other sites of the monoatomic steps. From our observations, the surface was very smooth
with one Mono-Layer (ML) step leading to an effective RMS roughness of 0.52+ 0.04 A
(Fig. 5.5.b). To the best of our knowledge this is the best morphology for the growth of
InGaAs on InP(111)B substrate reported so far. In our experiments, the smooth region at
the bowed edge was also observed for the growth of 200 nm InGaAs followed by a 200
nm InAlAs epilayer. We did not observe such a smooth region at the substrate edge for
the growth of InAlAs epilayer at the growth conditions studied.

Although growth on misoriented substrates may avoid the formation of hillocks,
it is susceptible to step bunching which can lead to the formation of surface pits and
morphology degradation. Step bunching, which is the result of the coalesce of the terrace
steps at the growth front to relieve strain [121], leads to a reduction in the surface energy
by the formation of low energy facets. It was predicted by a thermodynamic model that
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Figure 5.7: Step leveling to find the off-cut angle for a) Fig. 5.5.c and b) Fig. 5.5.d
©American Vacuum Society. Used with permission.

the steps move freely with the constraint that the formation of kinks cost energy [124].
Step bunching often occurs at higher off-cut angles since the steps are under-saturated.
Bunching of the steps together increases the adatom density at the steps closer to its
equilibrium value. Step bunching is more pronounced at higher growth temperatures
when the diffusion lengths of the adsorbed species are large. Another condition which
leads to pronounced step bunching is when the As desorption rate is high. Therefore,
higher As overpressures were proposed to help alleviate step bunching [23].

In our experiments, the growths were prone to step bunching closer to the wafer
edge away from where the pyramids evolved into smooth surface, i.e. for larger surface
misorientations (Fig. 5.5.c-d). These steps are several nanometers tall. At misorientation
angle of 1.7° from (111)B, the steps are 3.5 ML tall on average with the tallest being 7 ML
high. At misorientation angle of 3°, they are on average 5.5 ML tall with the tallest step
being 11 ML high.

It should be mentioned that the off-cut angles were obtained by numerical leveling of
the widest terraces simultaneously at the high and low elevation ends of the scan using a
linear transformation of the numerical data, one for each AFM scan (Fig. 5.7). However,
for the 1 ML tall steps (Fig. 5.5.b), the signal to noise ratio was not sufficient to use such
leveling. Hence, we derived the 0.4° off-cut angle from the known atomic step height
(3.4 A) and an average terrace width. Occurrence of pronounced step bunching taking
place on 2° off-cut InP(111)B substrates under a wide range of growth conditions was
also reported by Yerino et al. [212].

We further investigated the surface morphology at different azimuths of the effective
off-cut angle. Our investigation showed that the optimum off-cut angle is not azimuth
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Figure 5.8: The Nomarski DIC images at the edge of sample A3 at different azimuths; a)
[121] and b) [011] showing different hillocks’ geometry. The width of the smooth region
is 181 um

dependent. This finding implies that it is the presence of the monolayer surface steps, not
their exact orientation, which play the key role in the growth kinetic. Indeed, specular
surface is achieved in a very broad range of azimuths examined. Fig. 5.8 shows the
result of our examination of the smooth region and the shape of the pyramidal hillocks
around the wafer edge using Nomarski DIC microscopy. The cleaved wafer we examined
contained the two mostly studied [110] and [121] azimuths as well as other azimuths.
We observed that different azimuths only led to a change in the hillocks’ geometry at the
transition region from slabs to symmetrical pyramids, while the width of the smooth
region remained approximately the same. This pyramid shape evolution with varying
azimuth on the wafer can be readily explained by the evolution in the relative orientation
of the exposed vicinal surface and the fixed orientation of the hillock’s facets.

It should be mentioned that the hillocks may form due to the growth twinning when
growth is done on (111) substrates since {111} are the primary twin planes. In the case of
GaAs, twinning was attributed to the Ga atoms forming single bonds on the surface, which
gives freedom to the other bonds to rotate 60°. However, if the Ga atoms are attached
to the surface steps with more bonds, twinning is suppressed. Hence, misoriented
substrates with higher density of steps compared to the singular substrates are effective
in avoiding hillock formation [5]. Based on this observation and the reported here lack
of clear azimuthal dependence of the transition region, we conclude that the density of
hillocks is primarily determined by the step density, i.e. off-cut angle, not by the exact
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off-cut azimuth. Notwithstanding the lack of dependence of the width of the smooth
region on the off-cut azimuth, it should be pointed out that the shape of the terraces
could be affected by different off-cut azimuths. For instance, Schowalter et al. [6] showed
that zigzag terraces are formed when the misorientation direction is towards [211] or
[211], while straight-edge terraces dominate when misorientation is towards [211] for
growth on GaAs(111)B substrates.

To investigate the effect of different adatom species on the optimum misorientation
angle needed for a smooth growth DFT calculation was carried out. The aim of this
calculation was solely to compare the adsorption energies of the Al, Ga, In, and As
adatoms. For that purpose, the single adatoms were placed on a few select adsorption
sites including atop, bridge, Face Centred Cubic (FCC), and Hexagonal Close Packed
(HCP) sites where their lateral positions and the positions of the slab atoms were fixed
allowing the adsorbate height to relax. The resulting adsorption energies for Al, Ga,
In, and As adatoms are shown in Fig. 5.9. Our calculations revealed a closely related
diffusion pattern for all four adatoms with minor differences on the equilibrium InP(111)B
surface. While the FCC site is the most favorable adsorption site for all four adatoms,
adsorption on atop sites is the least favorable except for the As adatoms. To hop from one
FCC site to another, the Al adatom must diffuse over the bridge and then HCP sites. This
process entails the partial bond breaking between the Al adatom and three As atoms
of the FCC site and the formation of new bonds between Al and As atoms at the bridge
site. Since the potential energy difference between the FCC and bridge sites are larger
for Al adatoms than that for Ga adatoms, the Al adatom diffusion process is kinetically
less favorable to occur. This implies that the migration length for Al is smaller than that
for Ga, therefore, smaller surface terrace sizes are required for the epitaxial growth of
Al containing layer to occur. Also, this could affect the formation of ordered phase or
phase separation during the InAlAs film growth because in the migration competition
among the three adatoms, Al would be the kinetically limiting factor. This result was
also confirmed by Scanning Transmission Electron Microscopy (STEM). It was seen that
for the growth of InAlAs on rounded edge InP(111)B substrate (not shown here) a larger
misorientation angle is needed at the optimized growth condition to avoid hillocks.

5.3 Summary

+ The use of rounded edge substrates consolidated most of the so far inconclusive
reports where studies were conducted on substrates with one particular off-cut
angle and azimuth, with large scatter of these values from report to report.
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Figure 5.9: a) Calculated adsorption energies (in eV) for Al (red circles), Ga (blue squares),
In (black triangles), and As (grey inverted triangles) adatoms on the P-terminated
InP(111)B-1x1 surface as a function of adsorption site. b) Schematic atomic structure
(top and side views) for the InP(111)B-1x1 surface. The surface unit cell and the potential
adsorption sites are shown.

Growth of InGaAs epilayer and InAlAs/InGaAs layers on rounded edge InP(111)B
resulted in a atomically smooth region at the edge of the substrate where there
is a range of misorientation angles. A well-defined transition from a morphology
dominated by pyramids to an atomically smooth surface was observed at the edge.
Such a transition was observed at a small off-cut angle of approximately 0.4° for the
growth of InGaAs epilayers, where the surface was dominated by terraces and 1
ML height steps.

Step bunching was observed at larger misorientation angles. Increasing the off-
cut angle was found to lead to progressively increasing effect of step bunching
and related morphology deterioration. At off-cut of ~ 1.7°, step bunching formed
surface steps as high as 7ML, while up to 11ML high steps were detected at 3.0°
off-cut.

Importantly, the off-cut angle where the transition to specular morphology was
observed did not show detectable dependence on the off-cut azimuth in the entire
range of azimuths investigated.

The optimum off-cut angle found for the growth is subject to change for the growth
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of other compound such as InAlAs or more complex structures; something which
needs further investigation. We did not achieve a smooth region at the edge of the
substrate when we grew InAlAs on InP(111)B.

DFT calculations showed the presence of a larger energy barrier for the migration
of Al atoms compared to Ga on the InP(111)B surface. This is due to the fact that Al
forms stronger bond, which leads to a larger potential energy difference between
the different adsorption sites. Hence, Al has slower mobility and smaller migration
length on the surface and kinetically limits the growth. This implies that a larger
misorientation angle is required for the growth of InAlAs on InP(111) compared to
InGaAs.

Growth on InP(111)A did not lead to any smooth region at the edge of the wafer at
a variety of growth conditions studied, therefore, we decided not to pursue with
conventional MBE on (111)A surface.
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Chapter 6

The origin of the surface steps

6.1 Experiment

The microstructure of InAlAs(200 nm)/InGaAs (200 nm) layers grown on rounded edge
InP(111)B substrate (sample A) was analyzed using Scanning Transmission Electron
Microscopy (STEM) to find the underpinning of the surface steps. For the STEM analysis,
the samples were cut in cross-section along the [011] direction with the [111] direction
pointing up, using a Zeiss NVision 40 dual-beam instrument and a 30 keV gallium focused
ion beam (FIB). A final 5 keV clean-up process was performed to remove most of the
amorphized parts on each side of the lamellae. High Resolution Scanning Transmission
Electron Microscopy (HRSTEM) was done using an FEI Titan Cubed 80-300 equipped
with CEOS correctors on both the probe and image forming lens systems operating at 200
keV. The STEM acquisition conditions were set to obtain Z-contrast type imaging using a
High-Angle Annular Dark- Field (HAADF) detector. Electron Energy Loss Spectroscopy
(EELS) was used to map the presence of compositional modulation. An EELS spectrum
image was acquired along the growth to identify different layers. The spectrum was
taken using phosphorus K edge at 2146 eV, gallium L2 and L3 edges at 1142 eV and 1115
eV, respectively, aluminum K edge at 1560 €V, arsenic L2 and L3 edges at 1359 and 1323
eV, respectively, and indium M4,5 edge at 443 eV. Strain characterization was performed
based on Moiré interferometry in STEM and Geometrical Phase Analysis (GPA) method
called STEM Moiré GPA (SMG) technique and processed using the STEM-Moire-GPA
Python script.
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6.2 Results and Discussion

Growth of one layer of InGaAs/InAlAs on singular InP(111)B substrate (sample A) was
done to investigate the underpinning of the hillock formation on (111) surface. Fig. 6.1
shows cross-sectional HAADF STEM images from the center (singular (111)) and edge
(misoriented (111)) of sample A. The specimen was oriented along the [011] zone axis
with the [111] direction pointing upwards. Figure 6.1.a-c show the STEM images from the
center of the wafer corresponding to the exact (111)B surface. Hillocks were seen on the
surface, which resulted in surface roughening. V-type twinning (Fig. 6.1.b) as well as a
high density of stacking faults (Fig. 6.1.c) were observed below the hillocks. This showed
that the twins are the underpinning of the hillocks when growth is done on exact (111)B
surface. Therefore, microstructural defects lead to morphological instability. Stacking
faults originate from the substrate/film interface and persist as the film grows. A stacking
fault in a Zinc Blende (ZB) structure is formed by missing of for example a B bilayer
in a stacking sequence of ABCABC, which results in a stacking sequence of ABCA|CJA.
The CACA sequence represents a single segment of Wurtzite (W) phase [133]. Hence, a
stacking fault in the ZB(111) structure is an insertion of one monolayer of W structure,
between two ZB structures that have been rotated 60° along the growth direction [132].
The formation of stacking faults was attributed to the small energy difference for the
formation of ZB and W crystalline phases in the [111] growth direction [213]. The lower
nucleation barrier of Wcompared to ZB was explained as another mechanism for the
polytypic phase existence [130]. These leads to the reversal of ZB and W phases during
the growth and the formation of rotational twins [214].

Twins are formed by the insertion of a stacking fault (1 Mono-Layer (ML) of W)
between two single crystalline ZB structures rotated by 60° [30]. Twins, as were seen by
STEM in this study, were reported to have a V-shape characteristic due to the formation
of a twin complex. The ease of the formation of twins was attributed to the {111} being
the primary twin plane. Twinning was seen before in the Molecular Beam Epitaxy (MBE)
growth of GaAs on GaAs(111)B substrates. The formation of growth twins was attributed
to the possibility of the rotation of the three group III atoms’ bonds when they are attached
to the terrace by a single bond [5]. A 60° rotation of these bonds from their perfect crystal
position leaves the crystal structure unchanged with only the stacking sequence altered,
resulting in a twin. However, if the incoming group IIT atoms attach to the substrate by
more than one bond, such as for example at a surface step, the possibility of rotation is
vastly reduced, making the twining difficult. Increasing the migration length of the group
IIT atoms on the surface to reach the surface steps before incorporating into the crystal
lattice can vastly reduce the twin density. This can be achieved by using misoriented
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Figure 6.1: STEM images of sample A on a-c) singular (111) and d-f) vicinal (111) surface.
The striations in Fig. e are the STEM Moiré fringes which are indicative of strain variations
in InGaAs and InAlAs epilayers due to compositional non-uniformities and defects. A
stacking fault and a twin are circled in Figs. e and b, respectively. The diffraction pattern
is shown as the inset of Fig. e. HRSTEM images of a stacking fault in the smooth region
(f) and a high density of stacking faults at the center of the wafer (c) are shown.

substrates with reduced terrace width as well as by reducing the growth rate to promote
the step-flow growth.

Although growth on singular (111)B substrates is dominated by the formation of
high density of stacking faults, polytypism and twining, deviation from the exact [111]
direction and introduction of a misorientation angle could avoid the phase instability.
Fig. 6.1.d-f show the cross-section STEM micrographs from the smooth edge region at
the edge of the wafer. The (111) atomic planes are horizontal and a 7° surface tilt from the
(111) planes was measured at this specific cut. No hillock was seen at this misorientation
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Figure 6.2: STEM image of sample A at a) higher magnification, b) lower magnification
showing the white-ish defect and c¢,d) EELS maps showing phase separation in the InAlAs
layer.

angle. STEM Moiré fringes as seen in Fig. 6.1.e were used to locate the defects such as
stacking faults. A local change in the atomic arrangement modifies the Moiré fringes
spacing and orientation making them sensitive to a deformation field in the sample
[204]. The particularity of the STEM Moiré interferometry technique is to display the
Moiré fringes arrangement over a large Field of View (FOV) and thus map the strain field
within a couple of micrometers FOV. It was seen that both interfaces were coherent and
disregistry of the atoms were not observed meaning that the plastic deformation did not
occur in the epilayers. A few stacking faults as shown in Fig. 6.1.f were observed.

Besides stacking faults and twinning, phase separation and ordering are other growth
challenges. Figure 6.2 shows the EELS maps of the InGaAs/InAlAs layers. These maps
showed regions of high concentration of In and Al indicative of the presence of phase
separation in the InAlAs layer, however, no phase separation was seen in the InGaAs layer.
Phase separation leads to strain inhomogeneity in the system and may be the cause of the
STEM Moiré fringes spacing and orientation variations. The Selected Area Diffraction
(SAD) pattern of the epilayers is shown as the inset in Fig. 6.1.e. No extra spot was
revealed in the SAD pattern indicating that no ordering occurred since ordered phases
lead to additional spots in the diffraction pattern. This may be related to a relatively
low growth temperature used to activate the ordering process. It was also previously
reported that for the growth of InAlAs on (111) substrate, ordering happens at a specific
growth temperature [142].
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Figure 6.3: SMG relative deformation maps of sample A recorded in the smooth region
using the InP as the unstrained reference state. a) STEM Moiré hologram covering the
InP/InAlAs/InGaAs stack and its Fourier transform (inset) highlighting the Moiré vectors
used for SMG. Deformation maps from the 2D strain and rotation tensors components b)
€+ and c¢) €, projected on the orthonormal base B = (O, (u,), (u,)) oriented along the
[211] and [111] directions. d) €, and e ,y deformation profiles along the green rectangles

in b) and c). The purple arrows show the In rich lines going along [111] direction

indicating phase separation in InAlAs layer.
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Figure 6.3 shows the result of strain analysis on the smooth region. Globally, the
SMG deformation maps confirm that the InAlAs/InGaAs epitaxy is nearly lattice matched
to the InP substrate since €,, ~ 0. The deformation profiles along the [111]/growth
direction, €, (Fig. 6.3.c) shows the presence of strain in the InGaAs and InAlAs layers
due to tetragonal distortion. The strain is negative in the InAlAs layer meaning that the
layer is tensily strained in-plane and compressively strained in the growth direction. On
the other hand, the InGaAs layer is compressively strained in-plane and tensily strained
vertically. The e,, map also shows some strain at the interface between the InP and
InAlAs, which comes from the perturbance at the interface after the oxide desorption.
The blue lines in the InGaAs layer going along [110] directions correspond to an abrupt
change in the microstructure due to the stacking faults. Whenever there is an abrupt
change in the microstructure, there is a change of contrast in the strain map. The €,, map

in the InAlAs layer highlights a few red lines going along [111]. These are positively and
negatively deformed regions that correspond to In rich (purple arrows in Figs. 6.3.c-d)
and Al rich areas, respectively, confirming the phase separation observed in EELS maps.
These strain variations can be converted to In compositional change as follows. For the
isotropic case assuming plane-stress condition and Vegards law we have [215]:

0
Arnaias — 4
e = InAlAs(x) (6.1)

xx 0
aInAlAs

_ 40
Crnatas — Apparas(x)

€yy = 0 (6.2)
Arnalas
_2 V(X) C]_Z
€yy = T Cxx = T2€ 6.3
Yy 1— V(X) xx Cll xx ( )
VinAlas(x) = X Vinas T (1 —x)Vpu (6.4)
a?nAlAs(x) = XA + (1= X)ay (6.5)
0 _ v—1
Arnatas) = (1- meyy)aInP (6.6)

in which C;; and C;, are the elastic constants. a and v are the lastice constant and

poisson ratio, respectively. a? , , is the relaxed lattice constant of InAlAs, and a?
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and a? , . are the tetragonally distorted lattice constants of InAlAs. Considering lattice
matching in the x direction i.e. [211], a change from 46.2% to 57.5% was calculated in In
composition in the layer for the isotropic case. We then took into account the anisotropy.
The elastic constants for growth in [001] direction (i.e. basis of e;=[100], e,=[010], e;=[111])
are tabulated in Table 6.1 from the literature. For the anisotropic case, the elasticity matrix
was transformed from the basis of e,=[100], e,=[010], e;=[001] to m;=[011], m, = [211],
m;=[111] to reflect the growth in [111] direction. Using the transformation matrix as in
Eq. 6.7 and the elasticity matrix in the basis of e;=[100], e,=[010], e;=[001] as expressed in
Eq. 6.8 and Eq. 6.10 for InAlAs and InGaAs, respectively, we derived the elasticity matrix
as in Eq. 6.9 and Eq. 6.11 for InAlAs and InGaAs, respectively, in the basis of m,=[011],
m, = [211], m,=[111]. A more detailed calculation to find anisotropic elasticity matrix
with the change of basis can be found in Appendix B.

ml.el ml.ez m1.€3 0 _0.7 0.7
Q == ml.e] = m2.61 m2.62 m2.€3 = _0.82 0-41 0-41 (6.7)
Mms.e; Mg.ey Ma.€g 0.58 0.58 0.58
[103.1 49.1 49.1 0 0 0 7
49.1 103.1 49.1 0 0 0
49.1 49.1 103.1 0 0 0
CunAlAs)=1 "o o 0 466 0 0 (6.8)
0 0 0 0 466 O
0 0 0 0 0 46.6]
[122.7 42.6 36 —9.3 0 0 ]
42.6 122.7 36 9.3 0 0
36 36 129.2 0 0 0
T _
CiUnAlAs)=1 53 93 0 335 0 o0 (6.9)
0 0 0 0 33.5 —9.3
| O 0 0 0 —9.3 40.1 ]
[00.9 49.3 493 O 0 0
49.3 999 493 O 0 0
49.3 493 999 O 0 0
0 0 0 0 489 O
| O 0 0 0 0 48.9]
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[123.5 414 33.6 -—11.1 0 0
41.4 123.5 33.6 11.1 0 0
33.6 33.6 1314 0 0 0
T —
CynGaAs)=| 179 111 o 332 0 0 (6.11)
0 0 0 33.2 —11.1
0 0 0 —11.1 41.0
The relaxed lattice parameter of InAlAs was found as in Eq. 6.12:
o B 2C;3+ Cy3(1+€y,) 610
Anatas(x) = 2Cys + Cay Apnp (6.12)

in which C,5 and C;; are taken from Eq. 6.9. This resulted in a change of In com-
position from 45% to 60% within the InAlAs layer when we considered the anisotropic

case.

| || Cu | Cyy | Cus | Eiso | YViso
InP 101.1 56.1 45.6 101.1 0.36
InGaAs 99.9 49.3 489 99.9 0.35
InAlAs 103.1 49.2 46.6 103.1 0.37

Table 6.1: Elastic properties of InP, InGaAs and InAlAs [216, 217].

In the InGaAs layer, the €,, map looks more uniform (except around the defects)
confirming the good mixing between In and Ga adatoms. One important thing to notice
is the presence of a spike in the deformation map at the InP/InAlAs interface. This shows
the formation of an InAs layer at the interface, which resulted from the P desorption
and As substitution during the oxide desorption process.

6.3 Summary

+ Microstructural analysis showed that twinning is the underpinning of the surface
steps. Increasing the surface step density by using vicinal surfaces increases the
chance of adatom attachment to the step edges. This eliminates twinning since
adatoms form more bonds at the step edges, due to the larger number of dangling
bonds at the steps. This locks the orientation of remaining dangling bonds to ZB
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configuration, preventing forming W domains. Stacking faults and twins form
when a change in bond direction occurs. Hence, proper choice of misorientation
angle that promotes the step-flow growth mode, i.e. adatom attachment to the
steps, eliminates their formation.

Phase separation was observed in the InAlAs layer. This could be due to the slower
growth rate of InAlAs layer. Compositional Modulation (CM) diminishes when
growth kinetic is limited such as by increasing the growth rate. We did not observe
such phase separation in the InGaAs layer that was grown at a much faster growth
rate. It should be mentioned that phase separation might be beneficial within the
InAlAs layer since it could lead to the formation of deep level traps effective in
capturing excess carriers from the InGaAs layer.
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Chapter 7

Surface analysis of InP(111)A and
InP(111)B substrates

As the demand for high-performance materials increases, so does the importance of
surface engineering. The surface of a material is the point of interaction with the
external environment and other materials; therefore, many of the problems associated
with modern materials can be solved only by understanding the physical and chemical
interactions that occur at the surface or the interfaces of a material’s layers. In fact
different reconstructions associated with different III-V growth surfaces can create
different interfacial roughness [218].

A surface layer is defined as being up to three atomic layers thick (~ 1nm), depending
upon the material. Layers up to approximately 10 nm are considered ultra-thin films,
and layers up to approximately 1 um are defined as thin films. The remainder of the
solid is referred to as bulk material. This terminology is not definitive, however, and
the distinction between the layer types can vary depending upon the material and its
application.

Surface analysis techniques are therefore very important to understand surface chem-
istry of a material and investigate the efficacy of surface engineering, material failures,
or the development of new devices. In the case of InP(111) substrates, the surface could
terminate in either In that makes it (111)A or P that makes it (111)B. These surfaces are two
sides of the wafer. If you flip a (111)A surface, it will be (111)B. Different terminations lead
to different surface reconstructions. Epitaxial thin film quality is dramatically affected by
the substrate surface reconstruction. In addition, surface reconstruction and relaxation
processes directly affect the formation of surface states. The occupation of these states,
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in turn, can have a profound influence on device performance [96].

71 Experiment

In this chapter we did a systematic study to understand the behavior of (111)A and (111)B
surfaces. The effect of substrate cleaning procedure on the surface reconstruction was
studied. Surface of the InP(111)A and InP(111)B Substrate were cleaned by flash (direct
current) annealing and by sputtering followed by annealing at 250° C, 300° C, 400° C, 450°
C and 500° C.

All experiments were performed in a multi-chamber Ultra-High Vacuum (UHV)
(Omicron Nanotechnology, Inc.) with a base pressure lower than 5 x 10~!! Torr. The
analysis chamber was equipped with an X-ray photoelectron spectrometer and a vari-
able temperature Scanning Tunneling Microscopy (STM) and a Low energy electron
diffraction (LEED). The X-ray Photoelectron Spectroscopy (XPS) spectrometer consisted
of a monochromatized Al Ka (photon energy = 1486.6 eV) X-ray source (XM 1000 MKII), a
SPHERA hemispherical electron analyzer, and a 7-channeltron detector assembly. The
XPS measurements were performed at normal emission as well as grazing emission
(Angle-Resolved X-Ray Photoelectron Spectroscopy (ARXPS)) geometries. For grazing
emission the sample was tilted by 80° leading to an angle of 10° with respect to the normal
emission angle (so the take off angle or 6 was 80°). A schematic showing the difference
between the normal emission and grazing emission is depicted in Fig. 7.1.

Single-side polished, n-type InP(111)A (0.35 mm thick) and InP(111)B (0.45 mm thick)
chips (11 x 2 mm?) with a carrier concentration of (1 —8) x 10'® (AXT wafer, Inc.) were
used as the substrates. The samples were first cleaned with acetone and isopropanol
alcohol in an ultrasound cleaner and then introduced into the chamber. The sample
preparation procedure includes an Ar ion sputtering step with 5kV ion beam energy
for 10 minutes followed by annealing at 250 °C, 400 °C and 500 °C using an electron
beam heater. For flash annealing, the sample was heated to its glowing temperature
(~ 525°) by passing a current of 3 A through it. The samples were conductive enough
to allow current to pass through. The substrate was kept at the glowing temperature
until a pressure rise within the chamber was detected (about 10 sec). The XPS and LEED
measurements were conducted before sample preparation and after each preparation
step. The XPS spectra were recorded at a pass energy of 20 eV with an energy resolution
of 0.7 eV Full Width at Half Max (FWHM) for the Ag 3ds,, photoline at 368.3 eV. Using the
Casa XPS software, Gaussian-Lorentzian line shapes were employed to fit the spectra
after appropriate correction with the Shirley background.
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Figure 7.1: Schematic representations of take-off angle variation and sampling depth
in ARXPS, normal emission (left) showing a take-off angle of 0° and angle-resolved
emission (right) showing the take-off angle of 6°. Increased take-off angle results in
reduced sampling depth (d).

7.2 Results and Discussion

Substrates that were prepared by flash annealing had rough surfaces since higher LEED
beam energies were required to acquire the surface reconstructions. Both InP(111)A
and InP(111)B showed a (1 x 1) unreconstructed surface (Fig. 7.2). According to Atomic
Force Microscopy (AFM) analysis, it seems that some In droplets have formed when
surface was flash annealed (Fig. 7.3). STM analysis on both flash annealed InP(111)A and
InP(111)B at room temperature as well as low temperature (cooled by liquid nitrogen) did
not lead to any atomically resolved images, which could be as a result of a rough surface.
Figure 7.4 shows an example of STM images acquired on InP(111)B after flash annealing.

Figure 7.5 shows the surface reconstruction of InP(111)B surface after being sputtered
by Ar ions and annealed at different temperatures. XPS analysis showed that the oxide
layer has been removed as no oxide related peak was detected. LEED pattern shows a
(1 x 1) unreconstructed surface after annealing at different temperatures of 250° C to
400° C following sputtering. Thus, the atoms on the surface have the same arrangement
as the atoms in the bulk of the substrate. This shows that the InP(111)B is thermally
stable. Figure 7.6 shows the surface reconstruction of InP(111)A surface after sputtering
by Ar ions and annealing at different temperatures. The surface reconstruction after
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Figure 7.2: LEED images of flash annealed substrates at 460° C. a) InP(111)A at a beam
energy of 135.6 eV and InP(111)B at a beam energy of 51.9 eV.

Figure 7.3: InP(111)B a) annealed inside the MBE main chamber (RMS roughness =
6.68+0.94 A) and b) flash annealed (RMS roughness = 5.28+1.04 A), at 458° C.
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Figure 74: STM images of InP(111)B at low temperature after flash annealing.

sputtering followed by a very short annealing period at 250° Cis a (1 x 1). It is observed
that the surface reconstruction after annealing at 250° C, 300° C and 400° C is a mixture
of (2 x 2) and (3 x 3). It can be seen that the most intense diffraction spots are those
of the (2 x 2) reconstruction although faint spots of (3 x 3) reconstruction also coexist.
This states that there are more domains of (2 x 2) compared to (3 x 3). Increasing
the annealing temperature to 450° C reduces the domains of (2 x 2) reconstruction
substantially according to LEED pattern which shows a more or less (3 x 3) pattern.
Increasing the annealing temperature to 500° C, the LEED pattern shows a completely (3 x
3) reconstruction. Therefore, unlike B surface, InP(111)A surface is thermally unstable,
and the atoms on the surface do not have the same arrangement as the atoms in the bulk
of the substrate.

There has not been much work done on the surface reconstruction of InP(111) sub-
strates. Theoretical calculations suggested a (2 x 2) and (+/3 x +/3) reconstructions for
InP(111)B with (v/3 x +/3) being a meta-stable reconstruction since it does not obey the
electron counting rule [107]. For the case of InP(111)A, theoretical investigation by Yi
[104] showed a (2 x 2) reconstruction. Shimomura et al. [106] observed a (2 x 2) sur-
face reconstruction after ion bombardment and annealing at 300-400° C. However, the
(v/3 x v/3) as well as (2 x 2) were reported by Li et al. [103]. There is no report of a (3 x 3)
on InP(111) surface to the best of our knowledge.

It should be mentioned that the stability of the unreconstructed surface requires that
the surface charge transfers from the surface to the bulk in order to reduce the surface
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Figure 7.5: LEED pattern of InP(111)B a) before sputter annealing, Ar ion sputtered at
5kV for 20 min and annealed at b) 250° C, c) 300° C and b) 400° C. Electron beam energies
were 75.2 eV, 53.7 eV, 51 eV and 59.1 eV for a, b, c and d, respectively.
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Figure 7.6: LEED pattern of InP(111)A after a) sputtering at 5kV for 20 min and annealed
at b) 250° C, c¢) 300° C, d) 400° C, e) 450° C and f) 500° C. Electron beam energies were 59.1
eV, 60.4 eV, 59.1 eV, 40.8 and 32.7 eV for a, b, ¢, d and e, respectively.
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dipole. If a charge transfer cannot be achieved, the surface reconstructs so that the
charge transfers from the surface to the bulk through the atom re-positioning or vacancy
formation. Based on the charge distribution calculations done on InP(111) surface along
the surface normal, the charge is more easily displaced towards the cation planes. Hence,
in the case of (111)B surface that terminates with P, the surface charge is transferred to
the In cation plane underneath. On the other hand, in the case of (111)A surface that
terminates in In, the charge is on the surface cation plane. Since the charge does not
transfer to the bulk, the surface should reconstructs. The charge transfer is facilitated
by the asymmetric bulk potential, which is due to the different atomic radii of In and P
[114].

Figures 7.7 and 7.8 show the evolution of grazing emission XPS spectra of In3d and
P2p core levels using Al Ka excitation measured on InP(111)B and InP(111)A surfaces,
respectively, after various surface treatments. These spectra were normalized to the same
height and deconvoluted into several peaks by fitting to reflect the local environment
of In and P atoms on the surface. In3d has well separated spin-orbit components of
In3d,,, and In3ds,, separated by 7.54 eV. P2p also has separated P2p,,, and P2p;,, peaks
by 0.5 eV. We first measured the composition of the (111)B and (111)A surfaces with native
oxides. The XPS spectra of the as-received (111)A and B surfaces are shown in Figs. 7.7
and 7.8, respectively. The relative area ratio of In3d to P2p for the (111)B surface was
~ 1.11 and that of (111)A surface was ~ 1.25 in the grazing emission geometry at a take of
angle of 80°, reflecting the difference in the composition of the as-received surfaces. The
deconvolution of the In3d lines shows the presence of two overlapped peaks. The peaks
from In3d;,, and In3d;,, at the lower binding energy (444.5 and 452.04 eV) are related
to In-P bond, and the ones at higher binding energies shifted by 0.657 eV (445.157 and
452.697), correspond to In-O (In,0;). The P2p line also was deconvoluted to two peaks
corresponding to In-P at lower binding energies (128.568 and 129.068 eV corresponding
to 2p,, and 2p;,, respectively) that is more intense and P-P at higher binding energies
(129.408 and 129.908 eV corresponding to 2p, , and 2p;,,, respectively) that is less intense
showing the presence of less P-P compared to In-P bonds on the surface. The less intense
peak at 133.221 eV corresponds to P-O (P,0;). The insets of Figs. 7.7.b and 7.8.b show the
P-O peak at 133.221 eV. It is seen in Figs. 7.7 and 7.8 that the amount of P-oxide on (111)B
surface is larger than on (111)A, whereas (111)A surface is richer in In oxide.

After sputtering the FWHM of the In and P peaks increases in both (111)A and (111)B
surfaces indicating that the surface has become rough. It also shows that the stoichiom-
etry has changed due to the presence of defects for example vacancies. The In/P ratio
increased after sputtering for both InP(111)B and InP(111)A surfaces showing a preferen-
tial sputtering of P atoms. It is also possible that there are some In islands on the surface
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responsible for the increased ratio of In/P. The In peak in both 7.7.a and 7.8.a has become
more symmetric and has only one component due to the oxide removal. The P peak
has also become more symmetric in both 7.7.b and 7.8.b Figs. showing that the ratio of
P-P bonds to In-P bond has increased on the surface. The P-P bonds could be due to the
presence of P islands on the surface. It is also seen that the P-O peak has disappeared in
both (111)A and (111)B cases.

After annealing, the surfaces smooth out and the FWHM of all the peaks reduces.
The In/P ratio reduces to its value before sputtering. It is seen that after sputtering a
loss feature has appeared at higher binding energy. The peak disappear after annealing,
however, it re-appears after annealing at higher temperature of 500° C for the case of
InP(111)A surface 7.7.a or after flash annealing for the case of InP(111)B 7.8.a. After
annealing (111)A surface at 500° C, a shoulder appear in In peak at 443 eV that is related
to In-In bond. As the metallic In 3ds,, peak at 443 eV is exposed, a significant plasmon
loss feature grows in at a higher binding energy than its parent peak [219]. The In/P
ratio has increased to 2.08 at this annealing temperature. In3d/P2p ratio after different
surface treatment for InP(111)B and InP(111)A are tabulated in Table 7.1. The oxide layer
thickness was found taking into account the ratio of oxide-related and bulk XPS peaks
and using Eq. 7.1 as follows [220, 221]:

I
d,, = AcosOln(2) (7.1)
Io
where 6 is the take-off angle, I, and I, are the peak intensities before and after oxide
desorption, respectively, and A is the Inelastic Mean Free Path (IMFP) in unit of Mono-
Layer (ML) which is found according to Eq. 7.2 [222]:

2170
A= E—Z +0.72(aE)"? (7.2)

where E and a are the electron kinetic energy and monolayer thickness in nm, re-
spectively. Using a take-off angle of 80°, the oxide layer thickness was estimated to be
0.25 nm and 0.35 nm for (111)B and (111)A surfaces, respectively.

Another aspect of spectral changes induced by sputtering clearly visible in Figs. 7.7
and 7.8 are binding energy shifts of the In metal and P element peaks. The primary reason
for peak shifts in XPS is a change in the chemical bonding state. Preferential sputtering
of lighter components (P) likely results in an increased metallic character of the ion-
beam modified surface layer and peak shifts towards metallic positions (i.e. towards
lower binding energy). The fraction of atoms that is not sputtered away is subject to a
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Figure 7.7: a) In3d and b) P2p grazing emission XPS spectra from InP(111)B surface after
various annealing treatment.

complete rearrangement during collision cascades and likely ends up in a new bonding
configuration (hence with modified distribution of valence charge) in a disordered
surface layer. The existence of substoichiometric stable phases after sputtering could
be the dominant mechanism. The potential influence of surface roughening, and Ar
implantation cannot be neglected. All above factors can give rise to binding energy shifts.
In addition, as XPS is highly sensitive to surface electrical potential, peak shifts can
also result as a consequence of modified electrical properties in the Ar beam affected
layer. In such case, purely spectroscopic effects like different charging state and/or
modified screening properties become essential. Additional complication in spectral
interpretation is that the overall spectrum apart from the Ar modified layer may also
contain contributions from the deeper lying region that has not been affected by the Ar
ion beam.

Growth on InP(111)A using conventional MBE did not lead to as smooth surface
as on InP(111)B. Reflection High Energy Electron Diffraction (RHEED) pattern at high
symmetry azimuths after the oxide desorption on InP(111)A surface showed a (2 x 2)
surface reconstruction as shown in Fig. 7.9. This surface reconstruction leaves each
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Figure 7.8: a) In3d and b) P2p grazing emission XPS spectra from InP(111)A surface after
various annealing treatment.

phosphorous atom on the surface with 3 dangling bonds as well as one In atom vacancy
per each surface unit cell. A schematic representation of the buckling In-vacancy and
P-trimer structures of a (2 x 2) surface reconstruction is shown in Fig. 7.10 and Fig. 7.11,
respectively. It was shown for the case of GaAs(111)A that the As-trimer configuration is
stable at As-rich condition [223, 224]. In this experiment, the sputtering and annealing
were done under no overpressure of P or As. Hence, we assumed that the In-vacancy
structure is stable after sputtering and annealing. Further calculations or STM analysis
is required to confirm our hypothesis. The buckling in In-vacancy model brings about
an increase (or decrease) in the orbital electronegativity of As (or Ga), induces charge
transfer from Ga to As, and finally makes Ga (or As) dangling bonds empty (or filled). As
a result, there are no unsaturated bonds at the surface [100]. The In-vacancy (2 x 2) with
one missing In vacancy per each surface unit cell leads to a smaller sticking coefficient
of arsenic on (111)A surface. Therefore, most of the growth conditions do not lead to
as good results that are found for growth on (111)B substrate. InP(111)B has a (1 x 1)
unreconstructed surface after oxide desorption as evidenced by RHEED (Fig. 7.12), which
leaves each surface phosphorous atom with one dangling bond. A schematic of a (1 x 1)
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In/P - InP(111)A | In/P - InP(111)B
As received (grazing | 1.25 1.11
emission)
Sputtered 1.63 1.57
Sputtered - annealed | 1.61 1.33
at 250° C
Sputtered - annealed | 1.30 1.11
at 400° C
Sputtered - annealed | 2.08 -
at 500° C
Flash annealed - ~ | - 1.2
525°C

Table 7.1: In/P ratio measured by XPS on InP(111)A and InP(111)B after different annealing
treatment.

unreconstructed surface is shown in Fig. 7.13.

7.3 Summary

The purpose of this chapter was to study the surface reconstruction of InP(111)A and
InP(111)B and to compare them since growth quality is dramatically affected by the
surface reconstruction. It was seen that:

« InP(111)B substrate is thermally stable. It always has an unreconstructed (1 x 1)
surface after oxide desorption using different procedures such as outgassing inside
the MBE system, or flash annealing or sputtering followed by annealing at different
temperatures.

« InP(111)A substrate is thermally unstable. It is typically unstable in the unrecon-
structed surface. The surface reconstruction of InP(111)A changes by the oxide
desorption procedure. Outgassing inside the MBE chamber at 460° C, mostly pro-
duces a (1 x 1) or (2 x 2) surface reconstruction, while cleaning by flash annealing
resulted in a (1 x 1) reconstruction. Sputter annealing resulted in a (2 x 2), a mixture
of (2 x 2) and (3 x 3) and a (3 x 3) at low (250 °C), medium (up to 450 °C) and high
annealing temperatures (500 °C).
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Figure 7.10: A shematic showing the buckling In-vacancy (2 x 2) surface reconstruction
of InP(111)A surface. a) top view, b)topmost layer, c) side view of a and d) side view of b.
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Figure 7.11: A shematic showing the P-trimer (2 x 2) surface reconstruction of InP(111)A
surface. a) top view, b)topmost layer, c) side view of a and d) side view of b.
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Figure 7.12: RHEED pattern of InP(111)B surface showing a (1 x 1) surface reconstruction.
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Figure 7.13: A shematic showing the (1 x 1) surface reconstruction of InP(111)B surface.
a) top view, b)topmost layer, c) side view of a and d) side view of b.

« The surface reconstruction of InP(111)A makes it a more challenging substrate to
grow on compared to InP(111)B.
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Chapter 8

Growth of InGaAs-InAlAs superlattice

8.1 Experiment

Misoriented InP(111)B semi-insulating substrates were used in this study. The substrate
were misoriented by 0.45°, 1°and 2°towards [211]. The off-cut angle for the 2° off-cut
substrate was confirmed using High Resolution X-Ray Diffraction (HRXRD) rocking
curves at different azimuths from -180° to 180° at increasing steps of 10°, i.e. 36 scans. The
angle corresponding to the maximum intensity for each rocking curve was recorded and
plotted versus the azimuth angle Fig. 8.1. The amplitude of this curve corresponds to
the off-cut angle, which was shown to be exactly 2°. Nominally lattice-matched InGaAs
epilayer and InGaAs/InAlAs SuperLattice (SL) (Fig. 8.2) were grown to investigate the
effect of misorientation angle as well as growth conditions on the surface morphology.
Depositions were not done on misoriented InP(111)A surface since we did not obtain
a smooth surface at the edge of the substrate when we deposited on the rounded edge
substrates at the growth conditions we used. Multiple growths were done at different
growth rates and a fixed As overpressure and growth temperature. Table 8.1 lists the
samples that were analyzed.

The microstructure of the growths was analyzed using Scanning Transmission Elec-
tron Microscopy (STEM). For the STEM analysis, the samples were cut in cross-section
along the [011] direction with the [111] direction pointing up, using a Zeiss NVision
40 dual-beam instrument and a 30 keV gallium focused ion beam (FIB). A final 5 keV
clean-up process was performed to remove most of the amorphized parts on each side of
the lamellae. High Resolution Scanning Transmission Electron Microscopy (HRSTEM)
was done using an FEI Titan Cubed 80-300 equipped with CEOS correctors on both the
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Figure 8.1: Plot of Bragg angle at different azimuths from 0 to 360° measured by HRXRD
rocking curves.
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Figure 8.2: Schematic of different structures grown.

Sample InGaAs/InAlAs Substrate mis- Growth rate (A/s)
Structure orientation InGaAs/InAlAs

B InGaAs 0.45° 0.5

C 10 period SL 1° 0.5/0.5

D 10 period SL 1° 0.5/0.25

E 10 period SL 1° 0.5/0.08

F 10 period SL 2° 1/0.16

G 10 period SL 2° 0.5/0.06

Table 8.1: Summary of the growths.
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probe and image forming lens systems operating at 200 keV. The STEM acquisition con-
ditions were set to obtain Z-contrast type imaging using a High-Angle Annular Dark-
Field (HAADF) detector. Electron Energy Loss Spectroscopy (EELS) was used to map the
presence of compositional modulation. An EELS spectrum image was acquired along
the growth to identify different layers. The spectrum was taken using phosphorus K edge
at 2146 eV, gallium L2 and L3 edges at 1142 eV and 1115 eV, respectively, aluminum K edge
at 1560 eV, arsenic L2 and L3 edges at 1359 and 1323 eV, respectively, and indium M4,5
edge at 443 eV. Strain characterization was performed based on Moiré interferometry
in STEM and Geometrical Phase Analysis (GPA) method called STEM Moiré GPA (SMQG)
technique and processed using the STEM-Moire-GPA Python script.

8.2 Results and Disscusion

Growth on singular (111) substrates is challenging due to the formation of morphological
and microstructural defects that lead to surface roughening. The morphological defects
are mainly three faceted pyramids, while the microstructural defects are mainly stacking
faults, twins and dislocations. Three faceted hillocks are formed on (111) surfaces, since
the (001) facets are energetically favorable. In another words, formation of hillocks is
attributed to an insufficient migration length when growth is performed on singular
(111) surfaces. This is attributed to the number of dangling bonds present on the surface.
(001) surface has double dangling bond per P atom while (111)B has one dangling bond
per P atom. Double dangling bond is energetically favorable for growth. Single dangling
bond may lead to Zinc Blende (ZB)-Wurtzite (W) phase instability. A diffusion length of
the adatoms smaller than half the terrace width will increase the probability of adatom
incorporation onto the terrace and nucleation of a new island. For a larger diffusion
length, adatoms will tend to attach to the step edges, contributing to the desirable step
flow growth mode. The realization of such step flow growth mode is an effective way to
eliminate hillock formation. Using misoriented substrates was reported as an effective
way to reduce the hillock density. The misorintation angle determines the terrace width,
therefore, it affects the growth mode. It should also be noted that the growth conditions
such as growth rate could be as important as the misorientation angle in determining the
growth mode. It is also noteworthy to mention that the optimum misorientation angle
for growth is different for different compounds since different group III atomic species
have different migration lengths on the surface. On the other hand, the microstructural
defects such as stacking faults, twins and dislocations were said to have small energy
barrier to their formation and are consequently easily formed in ZB material systems.
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For the growth of InGaAs on InP(111)B we showed that a minimum misorientation angle
of 0.4° is needed to avoid hillocks at the optimized growth conditions [173].

To implement the result of Density Functional Theory (DFT) calculations along with
STEM analysis three different substrates with misorientation angles of 0.45° 1° and 2°
towards [211] direction were used. Since the DFT calculations and STEM observations
showed that Al adatoms have smaller migration length compared to Ga adatoms, the
growth rates of InGaAs and InAlAs layers within the InGaAs/InAlAs superlattice were
adjusted accordingly. This was made possible since our Molecular Beam Epitaxy (MBE)
system is equipped with two In cells to allow separate optimization of the epilayers.
Figure 8.3 shows Atomic Force Microscopy (AFM) images of sample B-G. The growth
rate of InAlAs layer was decreased from 0.5 A/s to 0.06 A/s, while the growth rate of
the InGaAs layer was kept constant at 0.5 A/s for all growths. The V/III ratio was kept
constant at 7 for both layers. It was seen that at misorientation angle of 1° even at the
growth rate of 0.06 A/s still surface features were present, however, for the growth on 2°
misorientation substrates (sample G) the surface morphology improved substantially to a
hillock-free surface as the lowest growth rate used. This was the first report of atomically
smooth defect free InGaAs/InAlAs on (111) substrate.

It should be mentioned that although the surface of sample G was atomically smooth
with a Root Mean Square (RMS) roughness of 4.29+0.37 A, step bunching, i.e., transition
from monoatomic steps to multi-layer steps was seen. The average step height was 2.5
Mono-Layer (ML). Strain-induced step bunching on vicinal surfaces was reported to
happen due to elastic relaxation at steps that produces a long-range attractive interaction
between the steps. The overlap of stress fields at the adjacent steps makes the surface
unstable against step bunching [120]. Step bunching was attributed to the low concentra-
tion of adatoms at the steps as the misorientation angle increases. Coalescence of the
steps increases the adatom concentration at the steps to the equilibrium value [122].

Fig. 8.4 shows Nomarski images of the sample B-G. It can be seen that there are
still some hillocks present on the surface for growth on 1° off substrates at the slowest
growth rate used (Fig. 8.4.d), however, the surface is very smooth with very minimal
surface defects when the misorientation angle was increased to 2° for the same growth
conditions (Fig. 8.4.f). Note that a higher misorientation angle is required for the growth
of SL compared to the 0.4° suggested off-cut for the growth of InGaAs in Chapter 5. This is
because of the slower migration of Al atoms requiring both a larger misorientation angle,
i.e. smaller terrace size, as well as a very slower growth rate to promote the step-flow
growth mode.

Fig. 8.5 shows in-situ reflectivity signals recorded on sample G at 470 nm and 950
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Figure 8.3: AFM height images of the a) sample B showing an RMS roughness of 23.9+5.5
A, b) sample C showing an RMS roughness of 19.2 + 3.0 A, ¢) sample D showing an RMS
roughness of 47.5 £+ 10.8 A, d) sample E showing an RMS roughness of 6.3+ 0.7 A, e)
sample F showing an RMS roughness of 50.78 + 10.3 A and f) sample G showing an RMS
roughness of 4.29 £+ 0.37 A. The average ML height is 2.5 ML. Please see table 8.1 for
sample description.
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Figure 8.4: Nomarski images of samples a) B, b) C,c) D, d) E, e) F and f) G.
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Figure 8.5: 950 nm and 470 nm reflectance monitoring of sample G.

nm wavelengths in real time during the InGaAs/InAlAs SL growth process. The 470 nm
wavelength is more sensitive to early stage roughness. If the surface starts to roughen, the
reflectance intensity drops due to light scattering. When the surface is illuminated with
a parallel beam of light with a wavelength of A, the reflectance may be divided into two
components, one arises from specular reflection and the other from diffuse reflection or
scattering. According to Davies’ theory, the expression for measured reflectance R is as
follows:

(4mo)? 221t o

R=Ryexp[— 2]+ Ry = (S )H(A0) 8.1)

m2

the first term in Eq. 8.1 is the specular reflactance of a rough surface and the second
term is the contribution from the diffuse reflectance if the normal reflectance is measured
with an instrumental acceptance angle of Af. R, is the specular reflectance from a
perfectly smooth surface, and o and m are the root mean square roughness and the root
mean square slope of the profile of the surface. At sufficiently long wavelengths the
contribution from the diffuse reflectance becomes negligible [225].

The reflectance at 470 nm in Fig. 8.5 shows ups and downs related to the growth
of InGaAs and InAlAs layers with different refractive indices. Regular oscillations of
the reflectivity signal during a 2D growth at 950 nm wavelength corresponding to the
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same ups and downs from the 470 nm wavelength are seen. Growth oscillations are
time dependent, periodic modulations of the reflectivity during growth. The temporal
oscillations are due to alternating constructive and destructive interference between
reflections from the (growing) top surface and the buried layers with different values
of dielectric constant. The oscillations are faster during the InGaAs layer growth and
slower during the InAlAs layer growth primarily because the InGaAs layer growth rate is
higher.

Fig. 8.6 shows the HRXRD w—20 triple axis scan of (222) x-ray reflection of sample G.
The HRXRD pattern of the SL structure shows three dominating features. First, the most
intense peak at 0 arcsec belongs to the (222) reflection of the InP substrate. The second
feature are the zero-order reflection from the SL structure and its higher-order satellites.
The presence of high-order satellite peaks indicates good layer thickness control in the
grown structure. The numbers in Fig. 8.6 denote the satellite peak order, n. The SL zero,
first and second order SL peaks are visible. The SL period, A, can be found from the
position of the satellite peaks according to Eq. 4.24. For the zero-order SL peak (n = 0),
its angular position reflects the average lattice constant of the InGaAs/InAlAs SL stack.
Here, the zero-order SL peak, SL,, is on the left-hand side of the substrate peak, and is
separated from the substrate peak by -206 arcsec. This indicates that the average lattice
constant of the SL layers is slightly larger than the substrate lattice constant. The exact
Bragg angle for SL, is set by the vertical size of the tetragonally distorted average unit
cell of the SL. The third feature is the appearance of additional fringes in between of
the SL peaks caused by the interference of x-rays reflected from the sample surface and
the deepest interference of the SL. They are commonly referred to as interference or
Pendellosung fringes.

The presence of strong satellite peaks and clearly visible Pendellsung fringes is an
indication of high structural quality and excellent thickness and compositional homo-
geneity perpendicular and parallel to the crystal surface since structural imperfections
such as interface roughness or poor periodicity result in damping of the characteristic
features in the SL HRXRD pattern. These features can be used to accurately determine
the layers’ thicknesses. The HRXRD data were used to fit a model using Rocking-Curve
Analysis by Dynamical Simulation (RADS) software. The layers parameter that were
obtained from the model are shown in table 8.2. The experimental data could fit the dy-
namical model by assuming a tetragonal distortion of the epilayers’ lattices. Simulation
result suggested the presence of an 8 A (~ 2 ML) thick InAs layer at the interface between
the buffer layer and the substrate. This layer has resulted from the InP substrate oxide
desorption process in the presence of As overpressure. As substitutes any missing P
atoms. Formation of an InAs layer was also reported by Averbeck et al. [195]. Substitution

115



of P by As and formation of InAs layer on the substrate during the oxide desorption
was also shown in a previous work on (001) oriented InP [195]. Another notable feature
present in Fig. 8.6 is the good match of the intensities of the zeroth and first order HRXRD
and simulation peaks, providing evidence of abrupt interfaces in the SL, while the second
order peaks are weaker. The less intense 2nd order SL peaks shows the presence of some
non-abruptness in the interfaces, which is later shown in STEM results to come from
the interfaces when growth is switched from InGaAs to InAlAs layer.
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Figure 8.6: HRXRD on sample G.

Cross-sectional STEM investigations were carried out on sample G to characterize the
microstructure. The micrographs in Fig. 8.7.a-c reveal that the SL has a good crystalline
quality and sharp interfaces. The crystalline lattices of the Face Centred Cubic (FCC)
crystal structure (oriented along the [011] direction with the [111] growth direction
aligned vertically) are recognizable in Fig. 8.7.c. It is seen from Fig. 8.7.c that the
InGaAs-on-InAlAs interface looks different than that of InAlAs-on-InGaAs. InGaAs-on-
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| Layer | Thickness (nm) | Composition

In,Ga,_,As/In,Al,_,As SL 13.5/9 0.551/0.535
In,Ga,_,As Buffer 57 0.551

InAs 0.8 1

InP [e%e) -

Table 8.2: RADS simulation results.

InAlAs interface looks sharp, while InAlAs-on-InGaAs interface looks more diffused.
Segregation is a kinetically limited process. Since InAlAs grows very slowly, there is
ample time for Al and Ga to exchange, leading to a segregated interface. InGaAs layer
grows at a much faster growth rate, therefore, limiting the Ga segregation kinetically. This
effect is more amplified by the very larger tendency of Ga atoms to segregate compared to
Al Atoms [226]. The STEM image in Fig. 8.7.d focuses on the buffer layer between the InP
and the SL layers. It is noticed that the roughness of the SL/InP interface is significantly
higher than the interfaces within the SL. The InP surface roughness is mitigated by the
buffer layer offering a smooth surface for the SL epitaxial growth. No defects such as
stacking faults or twins were observed within the whole lamellae analyzed. In addition,
no sign of phase separation was present. This is due to the fact that the layers were
grown at a slower growth rate compared to sample A giving more time to the adatoms to
diffuse to the desirable step edges to bond.

SMG strain characterization was carried out to map the strain within the layers. Fig.
8.8.a-b show the ¢,, and €, relative deformation maps, and Fig. 8.8.c highlights the
averaged €, and €, vertical deformation profiles within the layers. In general, €,, ~ 0
throughout the structure confirming that the MBE growth is indeed lattice matched
along the [211] direction. Consistent with HRXRD results, the €,, deformation map
shows a slightly positive strain within both the buffer layer and the SL suggesting that an
elastic strain remains in the layers grown (e, # €,,) leading to a tetragonal distortion
responsible for the separation of the Oth order SL peak from the substrate peak as was
seen in Fig. 8.6. This shows the presence of a small mismatch between the substrate
and the SL that is accommodated by a tetragonal distortion of the lattice, i.e. the layers
remained unrelaxed. It is seen from the €, strain map that the InAlAs layer is almost
lattice matched to the substrate, while InGaAs layer has a small mismatch to the substrate.
This is in accordance with the HRXRD simulation data tabulated in Table 8.2. The sharp
spike in the deformation map at the substrate/SL interface shows the presence of an
InAs layer formed at the interface. Nevertheless, the deformation field magnitude is
sufficiently low to lead to a very high quality epitaxial growth.
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Figure 8.7: STEM images of sample G at a-c) three different magnifications. A cropped
Fourier transform of a STEM micrograph in the SL (not present in the figure) is shown as
an inset in c) to highlight the resolved crystalline lattices and d) the buffer layer.
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Figure 8.8: a) €, and b) €,, SMG relative deformation maps. The STEM micrographs on
the left of the maps are present to help identifying the different regions (InP, buffer, SL).

c) the e,, and €, vertical deformation profiles from the strain maps in a-b).

8.3 Summary

+ Growth of morphologically smooth and microstructurally defect free InGaAs/I-
nAlAs SL on InP(111)B substrate was achieved for the first time. Such a structure
was obtained as a result of i) finding the optimum substrate misorientation an-
gle to promote the step-flow growth mode; ii) separately optimizing the growth
rate of InAlAs and InGaAs epilayers according to the different mobilities or migra-
tion lengths of Al and Ga atoms for growth on the same vicinal surface; and iii)
optimization of the growth temperature and arsenic overpressure.

+ Our MBE system is equipped with two In cells allowing for accommodation of two
different growth rates for growth of InGaAs and InAlAs epilayers. In the event
one’s MBE system is equipped with one In cell, Migration Enhanced Epitaxy (MEE)
growth technique might be of interest. This growth method is discussed in the next

chapter.
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Chapter 9

Growth of InGaAs-InAlAs superlattice
using Migration Enhanced Epitaxy (MEE)
and Metal Modulation Epitaxy (MME)
techniques

9.1 Experiment

Growth of SuperLattice (SL) was also done using MEE and MME. As introduced in chapter
3, MEE and MME that are modified versions of conventional Molecular Beam Epitaxy
(MBE) with modulated beams enhance the mobility of the adatoms. Fig. 9.1 compares
MBE with MEE and MME schematically. A few SLs were grown using these techniques
(as tabulated in Table 9.1) to investigate how the surface morphology and microstructure
of the films are affected. MEE was used for growth on singular InP(111) B, while MME was
used for growth on singular InP(111)A substrate. We did a few growths on (111)A surface
using MEE, which did not produce good surface morphology. The shutter opening time
for group III elements were set to grow 1 Mono-Layer (ML) at each cycle. This was
followed by an annealing period Fig. 9.2. Annealing was done after group III deposition
to enhance group III adatom migration in the absence (MEE) or presence of a smaller
As flux (MME). Annealing after As deposition interrupts the growth.
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Sample | Growth InGaAs/InAlAs | Substrate | InGaAs/InAlAs | Growth Tem-
method SL period Growth rate | perature (°C)
(A/s)
I MBE 20 Singular 1 460
InP(111)B
J MEE 20 Singular 0.5 295
InP(111)B
K MME 5 Singular 1.8 500
InP(111)A
L MME 8 Singular 1 295
InP(111)A
M MBE InGaAs Singular 0.5 460
InP(111)A
N MME InGaAs Singular 1.8 500
InP(111)A

Table 9.1: Summary of the growths.
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Figure 9.1: A schematic comparison between MBE, MEE and MME.
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Figure 9.2: A schematic showing the experiment set-up for MEE and MME growths.
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9.2 Results and Discussions

Growth on singular (111) substrate using conventional MBE showed clear surface qual-
ity degradation according to reflectance monitoring (Fig. 9.3), High Resolution X-Ray
Diffraction (HRXRD) (Fig. 9.4) and Atomic Force Microscopy (AFM). HRXRD data and
simulated result of sample I is shown in Fig. 9.4, which shows broadening of the peaks
due to the presence of defects. The structure is lattice-matched as evidenced by the
matching of the substrate and Oth order SL peak. Few growths were done using MEE
and MME methods on singular InP(111)B and InP(111)A substrates, respectively, that
are discussed in this chapter. Although these techniques seem promising for growth on
exact (111) substrates, the growths might need further optimization of the parameters.
For this study, we decided to focus more on the conventional MBE since MEE and MME
techniques demand numerous shutter opening and closing. For example for a SL of 120
A InGaAs/80 A InAlAs each cell shutter opens and closes 60 times per one repeat of the
SL, i.e., 6000 times for a SL consisting of 100 repeats. This extensive shutter opening
and closing shortens the lifetimes of the cell shutters and adds to the already highly
maintenance demanding MBE system.

InGaAs InAlAs
950 nm
3
*‘NW‘W"\M
I o SJ{\ 470 nm Growth
E':-’ r’\/‘\ ends
0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (hr)
Figure 9.3: 950 nm and 470 nm reflectance monitoring of sample I.

Fig. 9.5 shows the result of reflectance monitoring during the growth of sample J.
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Figure 9.4: HRXRD and simulation data for growth of sample I.

Reflectance at 470 nm shows only a small drop in the signal pertaining to a relatively
good epitaxial quality. Figure 9.6.b-d shows the Scanning Transmission Electron Mi-
croscopy (STEM) micrographs of sample J. Although large number of stacking faults
where observed (Fig. 9.6.d), they did not evolve into V-type twins or surface steps (Fig.
9.6.c). Hence, no hillocks were observed on the surface. This is an indication of an
increased migration length during the MEE growth and attachment of the adatoms to
the step edges rather than on the terraces. Increased migration length to several orders
of magnitude during MEE growth were reported before [82, 158]. For example, Horikoshi
and Kawashima reported an increase in the diffusion coefficient for the growth of GaAs
by a factor of 20 [38]. Although the surface was atomically smooth with an Root Mean
Square (RMS) roughness of 0.90 £ 0.13 A according to AFM analysis (Fig. 9.6.a), the
stacking faults led to a mixed Zinc Blende (ZB) and Wurtzite (W) structure, and hence
phase instability. As mentioned before, this is due to the small energy difference between
the W and ZB phases in the [111] growth direction [213]. This suggest that the meta-stable
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Figure 9.5: 950 nm and 470 nm reflectance monitoring of sample J.

W phase may be more stable at lower growth temperatures. We did not observe any
dislocation within the structure. The overpressure was measured at 1.3 during the MEE
growth. The Electron Energy Loss Spectroscopy (EELS) study of the interface between
the InAlAs and the InP substrate showed the formation of a rich non-stoichiometric As
layer, which could be due to the lower growth temperature used and adsorption of As to
the surface even in the absence of available group III atom dangling bond (Fig. 9.6.b).

Figure 9.7 shows the reflectance monitoring result of Sample K and L. Clear drop in the
470 nm reflectance from sample L (Fig. 9.7.b) shows the degradation of the growth quality.
Figure 9.8 shows the Reflection High Energy Electron Diffraction (RHEED) monitoring
result of Sample K and L. It is seen that RHEED pattern of sample L is becoming spotty
showing that the surface is developing three-dimensional features. The AFM analysis on
sample K showed the presence of the so-called "wedding cakes" on the surface (Fig. 9.9).
Figure 9.10 shows the STEM micrographs as well as AFM images of Sample L. Numerous
stacking faults and twins were seen. The interfaces between the SL layers are very wavy
resulting in a rough surface morphology. Comparison between sample K and L shows the
effect of growth temperature for growth on (111)A surface. It seems that a higher growth
temperature is preferred on this substrate. Such a temperature dependent growth quality
on (111)A surface could be attributed to the surface reconstruction change by changing
the temperature as was evidenced by Low energy electron diffraction (LEED) analysis

124



Figure 9.6: a)1 um?AFM scan of sample ] showing an RMS roughness of 0.90 £0.13 A, b)
EELS maps at the interface c) low magnification STEM micrograph showing no hillock
on the surface and d) higher magnification STEM micrograph showing the presence of
numerous stacking faults resulted in phase instability between ZB and Wphases.
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and discussed in Chapter 6 and a strong dependence of the growth quality on the surface
reconstruction. Although MME on InP(111)A improved the surface as was evidenced by
RHEED during the growth of InGaAs layer (Fig. 9.11), growth of SL using MME still needs
further optimization. One reason for the observed growth quality improvement when
using MME technique may be the supply of additional In atoms to compensate for the
In-vacant (2 x 2) surface of InP(111)A.
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Figure 9.7: 950 nm and 470 nm reflectance monitoring of sample a) K and b) L.
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Figure 9.8: RHEED pattern of sample a-b) sample K and c-d) sample L at the high sym-
metry azimuths.

9.3 Summary

+ Growth on exact (111) surfaces has proven to result in surface steps and morphology
degradation. Use of misoriented substrates was shown to be a way to improve the
surface morphology since vicinal surfaces are effective in promoting the step-
flow growth mode. This was shown in Chapters 5,6 and 8. However, there are
certain limitations for using this technique for growth of InAlAs since it requires
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Figure 9.9: AFM images of sample K at the a) center with an RMS roughness of 2.0+ 1.2
nm and b) edge of the wafer with an RMS roughness of 2.65 + 1nm. The wedding cake in
a) is about 6 nm tall and those in b) are in average about 7 nm tall.

extremely slow growth rate of 0.06 A/s as was shown in Chapter 8. Such a slow
growth rate and prolonged growth time could increase the chance of other MBE
growth related problems such as instability in the fluxes. In addition, for growth at
lower temperatures, even slower growth rates (slower than 0.06 A/s) will be required
using conventional MBE. Hence, there might be a need for another techniques in
such cases.

« MEE and MME methods are promising techniques to grow epitxial InGaAs/InAlAs
SL on singular InP(111)B and InP(111)A substrates, respectively. They were shown to
produce abrupt interfaces [36-39]. These techniques are also effective in increasing
the migration length in order for the step-flow growth to happen. They do so by
minimizing the amount of As on the surface that will bind to the cations. Here we
showed that these techniques are promising to improve the surface morphology
when growth is done on exactly (111) surfaces. Microstructural analysis only showed
the presence of stacking faults when MEE was used on InP(111)B substrate.
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Figure 9.10: a-b) AFM and c-d) STEM images of sample L showing the presence of mor-
phological and microstructural defects. The RMS roughness measured on a) and b) is
2.97 nm.
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[211]

Figure 9.11: RHEED pattern at high symmetry azimuths of sample a-b) sample M and
c-d) sample N.
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Chapter 10

Defect analysis in InGaAs-InAlAs
superlattices

10.1 Experiment

Gowth of InGaAs/InAlAs SuperLattice (SL) was done for 95 periods using conventional
Molecular Beam Epitaxy (MBE) on InP(111)B substrate.

10.2 Results and Discussion

Fig. 10.1 shows the result of reflectance monitoring during the growth of sample H. As
mentioned earlier, reflectance at 470nm is very sensitive to epitaxial growth quality. Here
it shows a gradual drop in the signal. The drop in the reflectance intensity could be a result
of progressive surface roughening or partial relaxation due to lattice mismatch between
the SL and substrate. The effect of strain on the morphology and microstructure was
investigated. The High Resolution X-Ray Diffraction (HRXRD) scan on sample H is shown
in Fig. 10.2. The separation between the substrate and SL Oth order peaks confirms the
presence of lattice mismatch and that the structure is compressively strained. This was
the result of unintentional flux drift. The broadening of the SL peaks indicated degraded
crystallographic quality of the structure. Correspondingly, the surface morphology
degraded and showed roughening as evidenced by Nomarski images shown in Fig. 10.3.
It should be mentioned that the controllability of the film composition and thickness
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Figure 10.1: 950 nm and 470 nm reflectance monitoring of sample H.

depends critically on the reproducability of the effective surface temperature of the group
III melts in the effusion cells. Even when the thermocouple temperature is precisely
controlled, the effective cell temperature may vary and may cause flux variations because
a number of factors that determine the thermal environment of the cells change over
the time. For example, the open and close operation of a shutter changes the radiative
heat loss from the cell and causes an appreciable time variation of flux [158].

Figure 10.4 shows the Atomic Force Microscopy (AFM) images of sample H. Although
the surface is atomically smooth at small lateral scale with visible atomic steps and
terraces with an Root Mean Square (RMS) roughness of 2.29 £ 0.5 A (Fig. 10.4.d), larger
scale scan revealed the presence of some triangular features on the surface (Fig. 10.4.c)
increasing the RMS roughness to 4.53 £ 1.11 A on a 2um? scan.

The large Field of View (FOV) Scanning Transmission Electron Microscopy (STEM)
micrograph in Fig. 10.5.a shows that the growth is mostly perturbed by crystal defects in
both the SL and the buffer layer. Similar defects based on their contrast variation are
grouped into families and shown by the same color arrows in Fig. 10.5.d-f. The blue arrow
highlights the disturbed interface between the InP and the buffer layer. The red arrows
focus on the perturbations in the buffer layer showing a contrast change. Yellow arrows
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Figure 10.2: HRXRD data and simulation result of sample H.

point to the sharp white lines aligned along the [112] direction. The orange arrows mark
the faint lines aligned along the [110] direction. The purple features point to the extended
change of contrast indicating a change in composition (Z contrast). Nonetheless, high-
quality epitaxial growth was achieved between these aforementioned perturbations as
seen in Fig. 10.5.b-c.

As it was observed in Fig. 8.7 for sample G, the interface between the InP and the
buffer layer is not smooth likely due to the incomplete oxide desorption forcing a lattice
accommodation in the buffer layer. Misfit dislocations are expected at the interface
between the buffer and the substrate if the strain is relaxed. Fig. 10.6 shows the mis-
crostructure of the buffer layer and the interface between the InP substrate and the
buffer. Different types of defects are highlighted in Fig. 10.6.a by different color arrows
as mentioned above. The misfit dislocations were not directly observed at the InP and
buffer layer interface (Fig. 10.6.a,f), however, numerous stacking faults were noticed
right above the InP interface. The dissociation of [110] misfit dislocations into [112] par-
tial dislocations associated with stacking faults is known to happen in diamond crystal
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Figure 10.3: Nomarski image of the sample H.

structure [162, 227, 228]. The Burgers circuit in Fig. 10.6.c crossing the stacking fault
highlights a Burger vector aligned along the [211] direction and correspond to a 30°
Shockley partial dislocation. Such defects can be related to the [110] misfit dislocation
dissociation, therefore, it can be linked to the strain relaxation at the buffer layer.

Interestingly the stacking fault formation is not abrupt as seen in Fig 10.6.b. Transition
from the proper crystal periodicity to the stacking fault is made through 9 atomic planes
in this image. Intrinsic stacking fault (formed by removal of an atomic plane) as shown
in Fig. 10.6.d is a typical defect in diamond crystal structure. Extrinsic stacking faults
which are addition of extra atomic planes are not probable since their formation involves
more bond breaking and rotation in the crystal. The defect above the stacking fault
corresponding to the perturbation pointed by the orange arrow (digitally magnified in Fig.
10.6.e) will be addressed later in Fig. 10.7. In addition to the stacking faults, twin defects
were also observed as shown in Fig. 10.6.f. The twin defect and associated stacking fault
are digitally magnified in Fig. 10.6.g. The formation of a twin defect can also be expected
from the [110] misfit dislocation in diamond crystal structure [162]. Fig. 10.6.h shows a
large density of stacking faults in the surrounding of the twin boundary and just above
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Figure 10.4: AFM height images of sample H showing a) an over view of the surface (RMS
roughness=1.63 +0.32 nm), b) 5 um?* (RMS roughness=7.18 + 1.53 A) and c¢) 2 um? (RMS

roughness=4.53 + 1.11 A) scans showing surface triangle features and d) smooth surface
morphology in between of the triangle features (RMS=2.29 £ 0.5 A).

the substrate buffer layer interface. These defects may be a result of an incomplete oxide
desorption and resulting localized problems with proper epitaxial growth. These large

number of stacking faults correspond to the contrast change pointed by red arrow in Fig
10.6.d. Above the red arrows the density of stacking faults is reduced.

The presence of defects is not limited to the buffer layer. The defects pointed in
yellow, orange and purple are also present in the SL. Fig. 10.7 shows some examples
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Figure 10.5: STEM micrographs of sample H at different magnifications: a) low magnifi-
cation HAADF (left) and diffraction contrast (right) images providing a general overview
of the entire growth, b,c) high magnification resolving the crystalline lattices in the SL
and d-f) intermediate magnification from the bottom to the top of the stack focusing on
the defects’ distribution. The left and right images in a) are recorded on the same area
with a low Z contrast and a high diffraction contrast camera length, respectively.

The Burgers circuit in Fig. 10.7.a crossing a stacking fault reveals a Burgers vector of a/6
[112] and corresponds to the same family of possible [110] dislocation dissociation. As
observed in Fig. 10.6.b, the formation of stacking faults is not abrupt.

An interesting atomic arrangement is observed near the stacking faults in Fig. 10.7.a
pointed by orange arrow and is digitally magnified in Fig. 10.7.d. The contrast variation
suggests a rotation of the crystal about the [110] axis and the crystal seems to propagate
along the same [110] direction. The crystal within this region is rotating along the [110]
axis from bottom to top in a revolving way resulting in the presence of rotation variant
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Figure 10.6: Visualization of the defects observed in the buffer layer of sample H. The
arrows refer to the families of perturbations mentioned in Fig. 10.5. a) HRSTEM electron
micrograph centered on multiple defects in the buffer layer and near the interface with
the InP substrate. b-d) digitally magnified version of a) showing a stacking fault defect
with the associated Burgers vector along the [112] direction. e) Inset of a) highlighting
crystal rotation showed by orange arrow. f) HRSTEM micrograph on the buffer layer
highlighting a twin defect. g-h) digitally magnified version of f) focused on the twin and
the stacking faults defects.
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crystalline regions. Figure 10.8 represents a projection of such crystal rotation. Presence
of nuclei of rotation variant growth could be attributed to the strain due to the lattice
mismatch between the epilayers and the substrate that is exacerbated by the strain at
the InP interface due to an incomplete oxide desorption. The rotation likely reduces the
lattice the strain for growth. This is similar to the defect pointed by orange arrow in Fig.
10.6.a in which the same rotation about the [110] axis is observed in that area.

The contrast variation pointed out by purple arrows as in Fig. 10.7.e, shows a change
in composition as demonstrated by EELS chemical maps (Fig. 10.7.f-i). The white sharp
line along the [112] direction is related to an In rich and Al poor region in the InAlAs
layer and a Ga poor region in the InGaAs layer. The dark shadow to the right of the white
line in Fig. 10.7.e is related to an In poor region rich in Ga or Al in the InGaAs or InAlAs
layers, respectively. This shows that phase separation or chemical ordering is another
mechanism to relieve the strain within the growing layers. Misfit strain was shown
to produce morphological instabilities and surface corrugations. The morphological
instability is induced by the presence of coherency strain in the lattice in the presence
of stress. The coherency strain is the result of a growing lattice-mismatched epilayer
following the adatom registry of the substrate. As a result of this strain, the surface
becomes sinusoidally perturbed allowing the strain to be relaxed at for example the
crests and increased for the same magnitude at the troughs. Hence, there will be a strain
gradient on the surface driving the diffusion from a highly strained troughs to the crests
increasing the amplitude of the perturbance. This destablizing diffusion is balanced by
a diffusion in the opposite direction from the crests to the troughs due to the interfacial
energy, which reduces the perturbance amplitude [150, 151]. Such corrugations impose a
change of lattice spacing at the troughs and crests promoting a preferential attachment
of larger atoms at the areas with larger lattice spacing and vice versa, which leads to a
compositional modulation [135]. For example, in the case of a compressively strained
layers the strain relaxation leads to an increased lattice spacing at the crests and a
decreased lattice spacing at the troughs. Hence, larger atoms are attracted to the crests
and smaller atoms are attracted to the troughs. Alternative compressively and tensily
strained regions were seen in the strain map (vertical red and blue lines in the €,, map)
(Fig. 10.9.b). This could be potentially related to such undulation in a smaller scale
originated from the local difference in the chemical composition. Rounded features at
the interface between the buffer layer and the SL seen in the STEM Moiré GPA (SMG)
map in Fig. 10.9 could be related to the perturbed interface due to the oxide desorption
in the presence of As overpressure. We postulated that the early issues with proper layer
nucleation on the substrate created strains in the layer and generated defects related to
substantial lattice mismatch.
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Figure 10.7: High magnification STEM images of sample H focusing on different defects
pointed out by different color arrows within the SL. a) HRSTEM micrograph in the SL
capturing the defects pointed by yellow and orange arrows. b,c) insets from a) showing
a stacking fault along the [112] direction. d) inset of a) focused on the crystal rotation
near the stacking fault that is propagating along the [110] direction. e) STEM micrograph
centered on the defect highlighted by the magenta arrows showing a region of phase
separation. f-i) EELS chemical maps from the Al K edge, the As L.2,3 edge, the Ga L2,3
and the In M4,5 edge respectively on the defect pointed in e).
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Figure 10.8: Representation of rotational variant nuclei seen in Fig. 10.7.d. The side view
of the rotating crystal structures viewed in orthographic projection. The (111) plane
showed and marked in purple. The (110) plane is showed by royal blue dashed line. a)
unrotated crystal showing the alignment and stack of dumbbells within the crystal along
the [111] growth direction, b-d) crystal being rotated along the [110] axis.
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Figure 10.9: a) STEM HAADF image of the sample H. b) €,., strain map showing alternative
regions of compressively and tensily strained (yellow and purple arrows). c) €, showing
the presence of alternate compressively and tensily strained epilayers. Any change of
contrast shows the presence of defect in the microsctructure.
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Figure 10.10: STEM HAADF image of of sample H from a clean area. b) €,, deformation
profile showing the presence of strain along the growth direction in the InGaAs layer,
while InAlAs layers are almost unstrained. c) €,, and d) €,, SMG relative deformation
maps. InAlAs layer was taken as the reference, therefore, the relative deformation is
around 0 within this layer.
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Fig. 10.10 shows the strain maps of sample H. The ¢, relative deformation line
profile in Fig. 10.10.b shows in general a positive strain within the InGaAs (the layer is
compressively strained in-plane and tensily strained along the growth direction) leading
to atetragonal distortion and consequently separation of Oth order SL peak from substrate
peak as was seen in Fig. 10.2. This shows that the InGaAs layers have a larger lattice
constant than the InP substrate, therefore, are richer in In. The layers seem to be partially
relaxed with some strain left within the structure since the ¢,, and €,, maps are not
showing the same contrast that is a sign of presence of strain (e,, # €,,) and there
are dislocation presents in the microstructure that is a sign of relaxation. The lattice
mismatched is accommodated by the €., in plane of the growth, while Compositional
Modulation (CM) is seen along the growth direction that could have been induced by
strain.

10.3 Summary
In summary, we showed that:

« Growth of thick lattice mismatched layers result in the introduction of defects in
the epilayers to relive the strain. The stress-relief mechanism was shown to be :

- Misfit dislocation formation that are dissociated into stacking faults (planar
defects) bounded by partial dislocations (line defects),

- Phase separated regions consisting of regions of rich in In and poor in Ga or
Alin InGaAs or InAlAs layers, respectively, adjacent to regions of poor in In
and rich in Ga or Al,

- Rotation of the crystal to lower the mismatch between the epilayer and the
substrate.

« The formation of a large number of such defects is additionally exacerbated by
the structural imperfection at the starting InP surface after the oxide desorption
process. This emphasizes the importance of the oxide desorption process on the
quality of the layers grown.
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Chapter 11

Summary and Conclusions

In summary, we achieved growth of atomically smooth InGaAs/InAlAs on InP(111)B
substrate by molecular beam epitaxy. This was the first step to further engineer the
structure through addition of dopants, strain and composition to make the structure
suitable for Terahertz (THz) Time Domain Spectroscopy (TDS) system.

We did a systematic optimization process for growth on InP(111) substrate. We first
grew on rounded edge InP(111)A and InP(111)B substrates, which had bowed edges that
encompassed a range of off-cut angles and azimuths. At the growth condition studied, it
was seen that there is a smooth region at the edge of the wafer for InP(111)B surface. The
minimum growth rate was used for these growths was 0.5 A/s, which did not result in
any clear smooth region for growth on InP(111)A surface. We found the optimum off-cut
angle for growth on InP(111)B from the facet angle of the hillocks where the smooth
region starts. The optimum off-cut angle depends greatly on the growth conditions
utilized. It was non-existent at not well-optimized growth conditions. It was seen that
although growth temperature, As overpressure and growth rate all affects the surface
quality, the effect of growth rate is more profound. It was also seen that the optimum
off-cut angle is dependent on the materials studied. A larger off-cut angle is required for
growth of InAlAs compared to InGaAs. This is because Al has a larger adsorption energy
which results in a strong bond to the surface. Therefore, Al limits the growth kinetically.

Optimum off-cut angle for the growth of InGaAs on InP(111)B was shown to be 0.4°,
which resulted in an atomically smooth surface with an Root Mean Square (RMS) rough-
ness of 0.5 A. We did a systematic growth optimization process for growth of InGaAs/I-
nAlAs SuperLattice (SL) using 0.45 °, 1 ° and 2 ° misoriented InP(111)B substrates. Growth
at lower misorientation angles of 0.45 ° and 1 ° did not result in a smooth SL even at the
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lowest growth rate studied for InAlAs which was 0.06 A/s. However, at a misorientation
angle of 2 ° using growth rate of 0.5 A/s and 0.06 A/s for InGaAs and InAlAs, respectively,
we were able to obtain morphologically smooth with an RMS roughness of 4.3 A and
microstructurally defect free InGaAs/InAlAs SL on InP(111)B substrate.

Growth of unintentionally strained layers of InGaAs/InAlAs on InP(111)B showed
the presence of stacking faults, twins, misfit dislocation, phase separation and crys-
tal rotation. The layers were partially relaxed. The strain was relieved through three
mechanisms; 1) formation of misfit dislocations that are dissociated into stacking faults
bounded by partial dislocations, 2) phase separation that is a result of morphological
instabilities and 3) rotation of crystal along [110] axis to reduce the mismatch. The phase
separation and In compositional variation was more pronounced in the InAlAs layer.
This could be attributed to the lower mobility of Al compared to Ga. Furthermore, it was
seen that the SL interface is very sharp when growth switches from InAlAs to InGaAs,
while the interface is diffused when growth switches from InGaAs to InAlAs. This could
be attributed to the combination of slower growth rate of InAlAs layer leaving ample
time for Ga diffusion in the layer, and higher segregation tendency of Ga compared to Al
in III-V semiconductors.

Atomically smooth (with an RMS roughness of 0.9 A) growth of InGaAs/InAlAs was
also achieved on exact InP(111)B surface using Migration Enhanced Epitaxy (MEE) at
a low growth temperature of 295° C using a growth rate of 0.5A/s for InGaAs/InAlAs.
MEE increases the migration length of the adatoms through the use of modulated group
IIT and V fluxes. MEE did not result in a smooth surface morphology when growth
was done on InP(111)A substrate. On the other hand, Metal Modulation Epitaxy (MME)
was shown to greatly improve the growth morphology when growth is done on (111)A
surface. This surface morphology improvement was seen when growth was done at a
higher temperature of 500° C. This is because the InP(111)A surface has a (2 x 2) surface
reconstruction with In vacancy; additional In supplied during MME growth possibly
compensates for the In-vacancies .

We did a comprehensive study to understand the behaviour of InP(111)A and InP(111)B
substrates for epitaxial growth since the epitaxial growth quality is dramatically affected
by the surface reconstruction. InP(111)A and InP(111)B were sputtered and annealed at
different temperatures. It was seen that for annealing temperatures up to 500° C, (111)B
substrate always has an unreconstructed (1 x 1) surface, while (111)A substrate changes its
reconstruction from (1 x 1) after sputtering and short annealing to a mixture of (2 x2) and
(3 x 3) at medium annealing temperatures and finally to a (3 x 3) reconstruction at higher
annealing temperature of 500° C. This could explain the greatly temperature dependant
growth on (111)A surface, while growth on (111)B is less affected by the temperature.
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Chapter 12

Future work

In this work we optimized growth of nominally lattice matched InGaAs/InAlAs SuperLat-
tice (SL) on InP(111)B substrate to eliminate morphological and microstructural defects
that are detrimental for electronic properties. Our work sets the stage for developing
InGaAs/InAlAs SL on (111) substrate with potential use as Photo-Conductive Antenna
(PCA) in Terahertz (THz)-Time Domain Spectroscopy (TDS) system and other photonic
and electronic devices which can benefit from engineered embedded piezoelectric fields.
Future work should focus on tuning the properties of this structure by doping, strain and
composition to make them suitable for such application. For this structure we expect
the InGaAs layer with smaller bandgap to act as the current carrying layer, while the
InAlAs layer with larger bandgap to increase the dark resistivity.

The first step is to perform the growth at lower substrate temperatures to embed
excess As within the layers. However, since excess As is only desirable within the InAlAs
layer that is responsible to increase the dark resistivity, growth for InAlAs layer should be
performed using conventional Molecular Beam Epitaxy (MBE), while growth of InGaAs
should be performed using Migration Enhanced Epitaxy (MEE). Since MEE technique
works by separately supplying group III and V atoms to the surface, it allows for excess
As desorption, therefore, a highly stoichiometric layer will result.

Second, growth conditions should be optimized for lattice mismatched strained layers
to induce the piezoelectric field. In the presence of piezoelectric field, an As interstitial
that is thermally emitted from a precipitate is swept away by the peizoelectric field
towards the InAlAs layer through the proper engineering of the strain within the layers.
Also, the electric filed will quickly split electron-hole pairs towards barriers, where they
will recombine.
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Third, to further enhance the above mentioned process the InGaAs and InAlAs layers
could be doped so that after annealing the structure, the excess As precipitates form
and coarsen on the InAlAs layer rather than the InGaAs layer. This will be achieved by

doping the InGaAs layer with acceptors such as Be, while the InAlAs layer with donors
such as Si.
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Appendix A

Geometrical Phase Analysis (GPA) and
STEM Moiré GPA (SMG)

Al GPA

To get the strain or displacement field from an High Resolution Electron Micrograph
(HREM) the signal is first described in Fourier series since the atomic arrangement
highlights a 2D periodic pattern. If the crystal is perfectly periodic the complex Fourier
coefficient is constant on the entire HREM, however, the coefficient locally changes
when there is a deformation and displacement from the perfect position. Equation A.1
describes the distribution of the intensity collected on an HREM, I(r), as a function of
the position r, the crystalline wave vector g and the complex Fourier coefficient H,(r).
The complex Fourier coefficient, H,(r) can be written as in Eq. A.2:

I(r) :Zngxp(Zﬂ:g.r) (A1)
g

H, =Aexp(iP,) (A.2)

where the modulus A, gives the amplitude of the set of sinusoidal lattice fringes
g, and the phase P, gives the lateral position of the fringes within the original image.
The phase 27tg.r + P,(r) embeds the structural properties of the crystal. To describe
variations in the image of contrast and fringe position, the Fourier components, H,, to
become a function of position:
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I(r) =ZHg(r)exp(27'cg.r) (A.3)
g

The coefficients H,(r) can be interpreted as the local value of the Fourier components
H, in the image. To show how these functions can be expressed in Fourier space, we

begin with the Fourier transform of the image intensity, I(k), as defined by the following
equation:

I(r) = J J T(k)exp(2mikr)dk (A4)

The Fourier transform of Eq. A.3 is then given by:
i)=Y A,k esk-g) (A.5)
8

which is the convolution of the functions H (k) with the reciprocal lattice vectors
u. For the case of a perfect crystal the Fourier transform of the image will be non-zero
only at the Bragg positions and the functions H (k) will be delta functions of height H,.
If there are variations in the image, however, the Fourier transform will be non-zero
between the Bragg positions. For values of k within one Brillouin zone of the position u
we can write:

T,(k) = A, (k—g) (4.6)

This can be made explicit by introducing a masking function M (k) such that

M(k)=1 inside the first Brillouin zone (A7)

M(k)=0 outside the first Brillouin zone (A.8)

We can therefore define H,(r) uniquely by the following equation:

A, (k) = T(k + g)M (k) (A.9)

In this way, the Fourier transform of the image intensity, given by Eq. (5), is mapped
out in terms of the functions H, (k).
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A.2 SMG

As a first approximation, the scanning grid is treated as a perfect undistorted grid and
the crystal periodicity as a 2D Fourier series according to GPA. Therefore, the acquired
image represents the discrete sampling of a 2D periodic function which is equivalent to
an infinite sum of sine and cosine functions multiplied by a 2D Dirac comb function with
a spatial period corresponding to the pixel size (p) in each direction (x and y in Eq. A.10
and Eq. A.11). These equations thus represent the Moiré hologram i), as a function of the
atomic column position in the crystal i, (called “crystal signal”) with its corresponding

set of crystalline lattice fringe wave vectors g& (g~ and gf ) representing their respective
x y

projections in x and y directions with (x,y) representing the position in the 2D real space,
and R the set of real numbers) and the sampling parameter p.

Y(x,y) €R®

iy(x,y) = D A0 ST ST §(x—np,y —mp) (A.10)
k

n=—oo n=—0Q0

iw(x,¥)=ic(x,y) >, >, 8(x—np,y—mp) (A.11)

n=—o0 n=—090

If a small deformation field is present in the structure, the phase (by allowing A, to be

-

a function of the position A;(x, y)) or the frequency (by allowing g& to be a function of
the position g5(x,y) = g’éR L+ Kglé(x, y) of the Fourier series function, will be modified

and captured by the Dirac comb sampling as shown in Fig. A.1. The fig. represents
the resulting Moiré holograms with their multiple sets of periodic Moiré fringes (Moiré
patterns) after considering the superposition of a scanning grid with a periodicity p and
a primitive cubic crystal structure with periodicity d, undergoing different elementary
deformations. Using Eq. A.11 and geometrical considerations, it is possible to recover
the relative deformation field in real space, by analyzing the Moiré patterns’ spacing
in the Moiré hologram and the initial difference between the pixel size and the crystal
periodicity in a reference area. In the simple cases, as depicted in Fig. A.1, uniaxial and
biaxial deformations result in the same structure and orientation of the patterns. Only
the frequencies of the Moiré patterns d M are mod-ified when compared to the strained
crystal periodicity. Therefore, only the relationship between d,, and d. is needed to
determine the one-to-one correspondence between the Moiré hologram and the crystal
structure (except if p = d, where the periodicity of the Moiré pattern would be infinite).
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Figure A.l: Schematic illustration of the interference between the scanning grid (located
at the intersection of the grey lines) and the atomic columns (red dots) resulting in
the Moiré hologram (“greyscale”green dots) for the case p < d; . The brightness of
the green dots is related to the interaction between the atomic columns and the nodes
of the scanning grid. Considering a Z-contrast mechanism only, the brightness of the
green dots thus represents the intensity collected by the HAADF detector at this specific
location. Each quadrant represents a relative strain state compared to the unstrained
case displayed in the upper left section; upper right and bottom left show a stretch in the
x and the y directions, respectively, and bottom right shows a stretch in both directions.
With the same deformation field presented above, the Moiré patterns will evolve in an
opposite manner (fringe space) for the case p > dc with the same magnitude [204].
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Appendix B

Base change for elasticity matrix

For the change of base from B = (O,(¢)), (€&3), (e3)) = (0,[100],[010],[001]) to B*=(O, (ri,)",
(ri1,)*, (riis)* = (O,%[Oll], %[211], %[111]) the transformation matrix Eq. and the
rotation matrix are as follows as in Eq. B.1 and Eq. B.2, respectively:

my.e; my.e, Mmj.es 0 —0.7 0.7
Q == ml.ej = mz.el mz.ez m2.€3 - _0.82 0.41 0.41 (B.l)
Mms.e; Ma.ey Mj.e3 0.58 0.58 0.58
R - R21 R22 R23 - _0.7 0.41 0.58 (B.2)
Ry, Rsy Rss 0.7 041 0.58
Rll =0
R12 = _0.82

Ry3 =Rys = Ry = 0.58
Ry, =—0.7

Ry =0.7

Ry, =Ry, = 0.41
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The basis change formula for the elasticity tensor is more conveniently expressed in
matrix form as in Eq. B.3 [229].

Ci*jkl = RpquerkRlepqrs (BB)
Cflll = Rlequrlel Cpqrs (B.4)

3 3 3
Ciklll = ZZZZRPIRqIerRSICpqu (BS)

Cy = RllRllRllRllcllll + R11R11R21R21C1122 + R11R11R31R31 C1133 + R11R21R11R21 C1212

1111
+R11R21R21R11Cra21 + R11R31R11R31 €313 + R11R31R31R11 Ci331 + Ry R R11Ro1 Corp
+R31R11R51R11C2121 + Ry1R51R11R 11 Coo11 + Rp1Rp1Ro1Ry1 Coggg + Ry 1Ry R31R31 Copas
+R1R31R21R31Co323 + Ry1R31R31R51 Co33p + R31R 1R 1R 31 C3113 + R31R11R31 Ry, Cay3y
+R31R51R51R31 C3993 + R31R51R31 Ry Cs335 + R31R31R11R11 Ca311 + R31R31R51R51 Ca30r

+R31R31R31R3,Cs333

Cl112 =RiR1iR11R15Ch11 + RigR11 Ry Ry5Chign + R1iR1iR31R32Chag3 + R1iRo1 R11Ro5 Clono

+R11R21R21R15C1221 + R11R31R11R33C1313 + R11R31R31R15C331 + Ry R R11R2Co11
+R31R11R51R15C2121 + Ry1R51R11R15C0011 + Rp1R51Ro1R55Co025 + Ry 1Ry R31R35Co33
+R1R31R21R35Co323 + Ry1R31R31R5Co335 + R31R11R11R3,C3113 + R31R11R31R 150313
+R31R21R21R35Cs393 + R31R01R35R51 €935 + R31R31R11R15C3311 + R31R31R51R55Ca30

+R31R31R31R35Cs333
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C*

1113 = R11R11R11R15C1111 + R11R11R51R3C102 + Ri1R11R31R33Ch133 + R11R21R11Rp3Ch010

+R11R21R21R13C 1221 + R11R31R11R33C1313 + R11R31R31R13C1 331 + Ry R11R11Rp3Co112
+R31R11R51R13C2121 + Ry1R51R11R13C0011 + Ry1R51R51R)3C0505 + Ry 1Ry 1 R31R33C0533
+R1R31R21R33C0323 + Ry1R31R31R93C0335 + R31R11R11R33C3113 + R31R11R31R 130313
+R31R51R51R33C3023 + R31R51R31R)3C353; + R31R31R11R13C3311 + R31R31R51R53C530,

+R31R31R31R33C3333

Cl122 = RiR11R12R15Ch111 + RigR11R9:R55Chign + R1iR11R32R35Cha33 + R1iRo1 R1oR25Clatn
+R11R21R2R15C1221 + R11R31R12R33C1313 + R11R31R35R15C331 + Ry R R12R55Co11
+R31R11R55R15C2121 + Ry1R51R12R15C0011 + Rp1R51R55R55Co025 + Ry 1Ry 1 R3pR35Cop33
+R1R31R 2R 35Co323 + Ry1R31R35R55Co335 + R31R 1R 15R3,C3113 + R31R11R35R 1503131
+R31R51R)5R35Cs093 + R31R51R35R55Cs535 + R31R31R15R15Cs311 + R31R31R5R55Cs305

+R31R31R35R35C3333

Cl133 = RiR1iR13R13C1111 + RigR11RosR,3C 125 + R11R11R33R33Ch133 + R1iRo1 RisRo3Ch10

+R11R21R23R13C 1221 + R11R31R13R33C1313 + Ry1R31R33R13C1331 + Ry R11R13R53Co112
+R31R11R3R13C2121 + Ry1R51R13R13C0011 + Rp1R51R53R3C0505 + Ry 1Ry R33R33C0533
+R31R31R)3R33C0323 + Ry1R31R33R3C0335 + R31R11R13R33C3113 + R31R11R33R13C513
+R31R21R23R33C3393 + R31R01R33R53C3935 + R31R31R13R13C3311 + R31R31R)3R53C535:

+R31R31R33R33C3333
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C*

9929 = R12R12R12R12C1111 + R12R19R 2R 25 Ch120 + R12R15R35R 52 Ch33 + RiaRoR19R 9, Ch010

+R15R 2R 2R 15C1221 + R12R32R12R33C1313 + R15R35R35R15C1331 + RopR1pR19R55Co11
+R32R15R55R15C2121 + RpaR55R12R15C0011 + RpaR52R55R55Co020 + R2aR59R35R35Cop33
+R2:R 3R 2R 35Co323 + RopR35R35R55Co335 + R35R15R15R35C3113 + R33R15R35R 1503131
+R35R55R55R35Cs023 + R35R55R35R55Cs535 + R35R35R15R15Cs311 + R33R35R55R55Cs305

+R35R35R35R35C3333

Cla12 = R1R12R11R15Ch111 + RigR1oR21Ry5Chigp + R11R15R31R32Cra33 + R1iRgoR11R25Clatn
+R11R2R21R15C1221 T R11R3R11R33C1313 + R11R35R31R15Cr331 + Ry R1pR11R55Co11
+R31R12R51R15C2121 + Ry1R55R11R15C0011 + Rp1R52R51R55Co025 + Ry 1R99R31R35Cop33
+R1R3,R21R35Co323 + Ry1R35R31R55Co335 + R31R15R11R3,C3113 + R31R15R31R 150313
+R31R55R51R35Cs023 + R31R55R 31 Ry5Cs335 + R31R35R11R15Cs311 + R31R35R51R55Cs305

+R31R35R31R35C3333

Cla1s = RisRisR11R13Ch111 + RigR13R21Ry3Ch10 + R11R13R31R33Cha33 + R1iRasR11Ro3 1o

+R11R23R21R13C 1221 + R11R33R11R33C1313 + R11R33R31R13C1331 + Ry R13R11R53Co112
+R31R13R51R13C2121 + Ry1R53R11R13C0011 + Rp1R53R51R)3C0505 + Ry Rp3R31R33C0533
+R31R33R51R33C0323 + Ry1R33R31R)3C0335 + R31R13R11R33C3113 + R31R13R31R13C513
+R31R23R21R33C3323 + R31Ro3R31R53C3935 + R31R33R11R13C3311 + R31R33R51R)3C330:

+R31R33R31R33C3333
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C*

3333 — R13R13R13R13C1111 + R13R13R23R23C1122 + R13R13R33R33C133 + Ri3Ry3R13R93C1010

+R13R53R 3R 13C 1521 + Ry3R33R13R33C313 + Ry3R33R33R13C 331 + RpsR13R13R53C0110
+R33R13R3R 1302121 + Ry3R53R13R13C0011 + Ro3R3R53R,3C050: + Rp3Rp3R33R33C0533
+R3R33R23R33C0323 + Ra3R33R33R3C0335 + R33R 3R 13R33C3113 + R33R13R33R 130313
+R33R;3R,3R33C3093 + R33R53R33R3Cs53; + R33R33R13R13C5311 + R33R33R53R53C530,

+R33R33R33R33C3333
According to Voigt’s notation:
11-1; 22—-2; 33—-3; 12—4; 13—-5;, 23—6
Therefore,
B * * * * * * T
Cllll C1122 C1133 C1112 C1113 C1123
* * * * * *
C2211 C2222 C'2233 C2212 C2213 C2223
* * * * * *
C* — C3311 C3322 C3333 C3312 C3313 C3323 (B 6)
1jkl Cr C; Cr Cy Cr C: )
1211 1222 1233 1212 1213 1223
* * % k * *
C1311 C1322 C1333 C1312 C1313 C1323
* * * * * *
= C2311 C2322 C2333 C2312 C2313 C2323 -

Ci:lll C1:122 Ci:133 0 0 0
Cl 122 CZZZZ Cé<233 0 0 0
Cilas Cip C 0o 0 o
O 1133 2233 3333
ikt 0 0 0 Cjp 0 0 (B.7)
0 0 0 0 C4y O
0 0 0 0 0 Ci.]
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