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Abstract

High quality GaP and InP growth on
Si (001) substrates by MOCVD

Lee Sangmoon
Department of Materials Science and Engineering
College of Engineering

Seoul National University

High-quality epitaxial growth of I1I-V on silicon substrates has been of
great interest for many years due to because of the potential for monolithic
integration of 111-V based devices with Si metal-oxide semiconductor (MOS)
integrated circuits and high performance and low power logic devices.
Particularly, integration of 111-V on Si can open up opportunities for new
functionalities and multiple integration platforms, such as terahertz electronics,
optoelectronics, integrating logic and communication platforms on the same
Si wafer.

In this dissertation, the epitaxial growth of InP layers on Si (001) substrates
by selective area growth (SAG) has been studied in order to explore the
potential applications as mentioned before. High quality InP layers were
grown using a thin GaP buffer layer in SiN trenches on Si (001) substrates.

There are three main challenges for growth of high quality epitaxial layers.
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The first challenge is the high defect density in the epitaxial layers due to the
large lattice mismatch between InP and the Si substrates. The second is the
large difference in thermal expansion coefficient between InP and the Si
substrates or SiN, mask in SAG. Last one is the generation of polar/non-polar
interfaces between InP and Si substrates. The main focus of this work is to
understand the defect formation mechanism as well as to develop solutions for
defect reduction and to grow InP layers having extremely flat top surface for
CMOS applications without CMP process.

A thin GaP buffer layer is used as the intermediate layer between the InP
and the Si substrates to alleviate the large lattice mismatch and to facilitate the
InP nucleation. We find the optimized growth condition of GaP layers on
exact Si (001) substrate through a multi-step MOCVD process to achieve such
high quality GaP/Si (001) template substrates by planar method. We have
investigated the generation process of low defects in GaP layers grown on Si
substrates by FME. It was found that there were optimized growth conditions
as growth temperature, V/I1I ratio and growth rate. RMS roughness is 2.8 nm
from the optimized growth conditions. InP epilayers were grown on Si
substrates using buffer layers of GaP. AFM, SEM and TEM examination
results showed that GaP is a proper material as a buffer layer, and that its
optimum thickness is about 3~5nm. TEM observation showed that the
inserted InGaAs strained layers were very helpful to reduce the surface

roughness and defect reduction. It also confirmed that GaP acted as a buffer to



alleviate the lattice mismatch between InP and Si. The best AFM roughness
obtained from inserted InGaAs strained layers was 2.1nm for 5 x 5 um?®.

Next, we also propose a new scheme of SiN, mask for SAG process to
grow InP layers with high quality and flat top surface by applying to mask
with etched Si surfaces and rounded top shape SiN,. The extremely flat InP
top surface is obtained by the optimized SiN, mask for SAG.

In last part, we investigated SAG of InP layers on patterned Si substrates
with InP/GaP buffer layers at various growth temperatures ranging from
500 °C to 650 °C. In order to grow high quality InP, a thin GaP buffer layer
was grown on stepped sidewall surfaces of etched Si. The different growth
temperature resulted in different top surfaces. The high quality InP layer with
smooth surface can be attributed to the dislocation necking effect together
with the formation of void. Finally we demonstrated the formation of
InGaAs/InP heterostructures using the suggested InP templates, which can be

used in applications of electronic devices.
Keywords: Indium phosphide, Gallium phosphide, Selective Area Growth
(SAG), Metalorganic chemical vapor deposition (MOCVD), defect

necking, Anti-phase boundary (APB), Surface morphology
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Chapter 1

Introduction

Silicon is the basic material of electronics. About 95% of all
semiconductor devices are manufactured using silicon substrates. As a carrier,
the Si substrate is undoubtedly advantageous due to its small mass, good
thermal conductivity, low cost, maximum wafer diameter, and wide
prevalence. In addition, Si channel based complementary metal oxide
semiconductor (CMOS) microelectronics industry has moved into a new era
of nanoelectronics driven by the well-known Moor’s scaling law [1,2]. The
fast scaling has been slowed down in the past few years as the physical gate
lengths of CMOS devices approach about 20 nm [1]. Further shrinking the
dimensions does not give any performance benefit but bring up great
challenges in device fabrication.

As an alternative to the Si-channel devices, high mobility materials have
been widely considered and triggered extensive research interest over the past
decade in order to further boost the device performance [3,4]. The high hole
mobility of Ge makes it a good candidate for pMOS devices while 111-V
compound semiconductor materials generally have higher electron mobility
[5]. The combination of Ge and IlI-V materials provides a promising
approach to making high performance non-Si channel CMOS devices.
However, the mechanical and thermal properties of both Ge and IlI-V
materials make them incompatible with the mainstream Si processing
technologies [6]. Furthermore, Ge and III-V materials are much more

expensive with limited availability compared to Si. Therefore, the benefit of
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Ge and I11-V materials has to be accomplished by epitaxial growth on Si,
which allows a thin layer instead of bulk substrates for device fabrication by
using the Si processing platform. To manufacture non-Si CMOS devices,
selective area growth (SAG) of Ge and I11-V materials on Si proves to be one
of the best solutions. In SAG, epitaxial growth only occurs on the dedicated
device areas while the deposition on oxide or nitride surfaces is prevented [7].
Therefore, different materials can be integrated on a single Si substrate by
using SAG. However, there are many challenges in SAG of Ge and IlI-V
materials in order to make device quality epitaxial layers on Si substrates.
This dissertation describes our contributions on monolithic integration of
InP on Si for the CMOS technologies and optical detection technologies. This
introductory chapter begins with a brief background and discussion of the
motivation of this work. The limitations of scaling of conventional Si bulk
MOSFETS and electrical wires are summarized. Finally, the organization of

the dissertation is presented.



1.1. Motivation

The Silicon Metal-Oxide-Semiconductor Field Effect Transistor has been
the workhorse of the semiconductor industry for the last three to four decade.
Device scaling has improved both packing density and transistor performance,
resulting in increase in cost per function, which propelled the success of
semiconductor industry. Figure 1-1 depicts the exponential increase in
microprocessor performance represented by millions of instructions per
second, over technology generations. Even though the physical dimensions
have been continually shrinking by a factor of 2-3 in accordance with
Moore’s Law [8], the fundamental architecture and materials of the device
has remained the same. However, as we further shrink the device dimension,
transistor with conventional structure and material is reaching its

fundamental scaling limit.
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Figure 1-1 Microprocessor performance increase due to scaling
[Source : Intel & AMD]
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Without change in transistor geometry and introduction of novel materials,
exponential decrease in device dimensions cannot continues further, as
beyond the 22nm node fundamental as well as practical constraints will limit
the maximum performance achievable by these scaled transistors.

1000
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Figure 1-2 Active and standby power density trends plotted from industry

data. The extrapolations indicate a cross over below 20nm gate length [10]

Increased performance has come at a cost of increased off state power in
transistors. Figure 1-2 depicts the evolution of power density as the devices
are scaled traditionally. The static power has increased more rapidly

compared with the linear increase in the active power dissipation. Around the
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gate length of 20 nm, static power would approach the active power, and
even surpass it, as we continue the scaling. Hence, beyond gate length of
20nm, it is questionable if the traditional scaling techniques would be
effective. The major reason for this rapid increase in static power is the
subthreshold leakage. With decreasing channel length, gate bias cannot form
effective potential barrier between the source and the drain when the
transistor is turned off, which blocks the current flow. This results in the
increased static leakage current, and increases the static power dissipation.
Management and suppression of static power is one of the major challenges
to continued gate length reduction for higher performance.

Once the scaling of conventional bulk MOSFETSs starts slowing down, the
insertion of performance boosters, like novel materials and non-classical

device structures, will be necessary to continue to improve performance.
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On the other hand, while individual logic elements have become
significantly smaller and faster, computational speed is limited by the
communication between different parts of digital systems. This bottle neck is
identified as one of the grand challenges in the progress of integrated

electronics.
Beam of light velocity
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T and capacitance

Figure 1-4. lllustration of types of optical and electrical propagation and

their velocities [11]

Since the introduction of low-loss silica fibers for optical communications,
optics has been dominating the long haul communications and it has
consistently made its way down to short distance (Figure 1-3). There are
several benefits for replacing conventional electrical cables with optics.
Signals in both optical and electrical links are carried by electromagnetic
waves. Information in typical electrical wires such as coaxial cables
propagates almost at the velocity of light similar to that in optical links as
illustrated in Figure 1-4. However, with increased modulation frequencies,
the traditional electrical wires are becoming increasingly resistive and the

signals moves at a slower rate due to dissipative wave propagation.



An excellent review of the potential benefits offered by optical
interconnections is presented in [11] based on the fundamental physical
differences of the higher frequency, shorter wavelength and larger photon
energy of optics compared to electrical interconnections. Optics has
negligible propagation loss from large bandwidth signals because the carrier
frequency of light is very high compared to any practical modulation
frequency. On the other hand, electrical interconnects suffer from significant
signal distortion and frequency dependent cross-talk at high modulation
frequencies. Owing to the short optical pulses, optics provide increased time
precision over electrical interconnects, and this leads to the ability to transmit
multi-channels down a single optical link thanks to wavelength division
multiplexing. Furthermore, for optics, it is relatively easy to guide optical
wave. The transmitted signal can be confined into the material boundaries of
the guiding medium owing to the small waveguide of the optical signals.
Additionally, due to the quantum nature of the physical processes, optics
does not suffer from the impedance mismatching problem, which is quite
challenging for electronics. While electronic devices have high impedance
and low capacitance, the communication between such devices rely on low
impedance and high capacitance transmission lines. In electronics, line
drivers are used to match the impedance, which increase power dissipation
and chip area at high operation frequencies. On the other hand, for the optics,

the classical field or voltage is irrelevant.

1.2. Si and I11-V material properties

The high carrier mobility of Ge and I11-V materials make them attractive in
fabricating future CMOS devices. Meanwhile, there are many drawbacks

associated with these materials. The most striking one is that these materials



do not have a stable and high-quality native oxide that can act as a natural
surface passivation layer. This is the reason Si has become the dominant
material in CMOS industry despite the first transistor being made on Ge
substrates at Bell Labs in 1947 [12]. The lack of high-quality native oxides
requires additional efforts in developing other surface passivation dielectrics
[13-16]. One of successful passivation layers for Ge pMOS is a few
monolayer (ML) thick Si cap layer which mimics the Si substrate and gives
high-quality SiO2 passivation layer [15]. In contrast, IlI-V passivation is
much more complicated and less successful even though a great deal of
efforts have been dedicated to this field [14,17].

Table 1-1. Physical properties of common group IV and IlI-V

semiconductors [5].

Si Ge GaP InP GaAs InAs GaSh InSb
Electron mobility (em’/Vs) 300K 1450 3800 160 5400 9000 330000 7620 77000
. i m, 0.19 0.0823 0.21 o

Electron effective mass(/my) 4K s : 2 0.808 0.0662 0.23 0.039 0.01359

m 0916 1.59 71.25
Hole mobility (cm’/Vs) 300K 370 1800 135 190 400 450 680 850
Hole effective mass (ing) 4K My, 0.537 0.0438 0.67 0.455 0.34 0.57 03 0.032

my, 0.153 0.284 0.17 0.121 0.094 0.35 0.042 0.016
Band gap (eV) (300K) 1.1242 0.664 2272 1.344 1.424 0.354 0.75 0.18
Band gap (eV) (0K) 117 0.785 235 1.4236 1.519 0418 0.822 0.2352
Lattice constant nm (300K) 0.5431 0.5658 0.5451 0.5869 0.5654 0.6058 0.6096 0.6479
Melting point (K) 1687 1210 1749 1327 1511 1221 991 800
Debye T (K) 636 374 145 321 344 247 266 203
Thermal conductivity (W/emK) 300K 1.56 04 0.77 0.7 0.455 0.3 04 04
Thermal expansion coefficient (ppm) 300K 2.92 5.9 1.65 4.75 6 4.52 7.75 537
Density (g/cm’) 300K 2.329 5.3234 4.138 4.81 5.3161 5.66 7.75 5.7747

The second challenge of using Ge and I11-V materials for CMOS device
fabrication is the process and cost issue. Due to the mechanical properties
and thermal expansion issues (see Table 1-1), large scale wafer substrates are
not commercially available. The largest Ge substrates available is 200 mm
and the mainstream I11-V wafer size is 100 mm while 300 mm Si wafers are
routinely used in the state-of-the-art Si fabs. Small wafer substrates do not

allow cost-effective high volume production. Thirdly, these wafers are not



compatible with the Si processing equipments. The higher densities and poor
mechanical properties of Ge and I11-V materials make them much more
fragile than Si. Fourthly, Ge and 111-V materials are less abundant than Si,

resulting in prohibitive wafer costs.

Figure 1-5. The fcc crystal structures of different semiconductors: (a) The
diamond crystal structure. All atoms are of the same type (e.g., Si). (b) The
zinc blende crystal structure. The white and black atoms belong to the two
different sublattices (e.g., Ga and As) [20].

From the above-mentioned issues, it is technologically and economically
challenging to use Ge and IllI-V bulk substrates for device fabrication.
Fortunately, all these challenges except the surface passiviation can be
addressed by heteroepitaxial growth on Si substrates. Si has the diamond
crystal structure as Si (Figure 1-5a). Ill-arsenides and Ill-phosphides have
zincblende crystal structure which has the same atomic stacking as diamond
except that the cations and anions are stacked alternately (Figure 1-5b). The
same crystal structure makes it possible to grow Ge or 111-VV compounds on Si
substrates epitaxially. Generally, thin (typically <1pum) layers are grown on Si

substrates and the devices can be made on the epitaxial layers. These thin
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layers overcome the high substrate cost and the processing equipment
incompatibility. Furthermore, when SAG is performed, both Ge and IlI-V
materials can be grown on one Si substrate in a way that both pMOS and
nMOS can be made adjacent to each other to give CMOS function. SAG
allows us to use Si wafers with standard shallow trench isolation (STI) that
gives good lateral electrical isolation. An integration scheme is shown in
Figure 1-6 [3, 18]. The nMOS I111-V channel is grown on top of a strain-
relaxed buffer layer that has the same lattice constant as the bulk material.
The pMOS device is made on a strain-relaxed Ge buffer layer. To ultimately
boost the device performance, source and drain engineering can be employed
[18]. There are other options in the details of device structure design such as
high electron mobility transistors (HEMT) [19]. Therefore, device quality

strain-relaxed Ge and IlI-V buffer layers provide a platform for the

subsequent device engineering.
I1I-V nMOS Ge pMOS

Ge buffer

Si substrate

Figure 1-6. Example of heterointegration of Ge and I11-V MOS transistors
on a Si substrate. Different device structures can be made on the strain-
relaxed 11l-V and Ge buffer layers. On the left, a quantum-well device
architecture is shown and the I11-V barrier layer is inserted to block the
source-to-drain leakage current. On the right shown is Ge channel strain

engineering by embedded source and drain [37].
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1.3. Thesis organization

This thesis is organized as following. Chapter 2 deals with the growth and
characterization and chapter 3 is GaP and InP blanket growth on Si (001)
substrates, chapter 4 and 5 are about InP SAG epitaxial growth. The
conclusions and future work are summarized in chapter 6.

Chapter 2 starts with a short introduction to the growth and
characterization of InP on Si substrates, including the MOCVD system and
principle. Then the characterizations of I1l-V on Si substrates are briefly
discussed followed.

Chapter 3 discusses GaP blanket growth on Si (001) substrates that have
been developed within the frame of this PhD work by optimization of several
growth parameters. One approach for growing GaP on Si (001) substrates is
to use the high V/IlI ratio and the low growth.

In chapter 4, InP layers were grown on Si(001) and Ge(001) substrates by
using metalorganic chemical vapor deposition (MOCVD). Two-step InP
growth on Si(001) was optimized by controlling growth conditions such as
growth temperature, V/III ratio and thickness. Finally, high quality InP top
layers using a thin GaP buffer layer and inserted InggGag4As strained layers
on Si (001) substrates.

In chapter 5, we investigated SAG of InP layers on patterned Si substrates
with InP/GaP buffer layers at various growth temperatures ranging from
500 °C to 650 °C. In order to grow high quality InP, a thin GaP buffer layer
was grown on stepped sidewall surfaces of etched Si. The different growth
temperature resulted in different top surfaces. The high quality InP layer with
smooth surface can be attributed to the dislocation necking effect together
with the formation of void. Finally we demonstrated the formation of

InGaAs/InP heterostructures using the suggested InP templates, which can be
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used in applications of electronic devices.

In the end, the summary of this PhD work and future work are given in
chapter 6. High-quality InP virtual substrates are obtained in SiNy trenches,
which enables the integration I11-V MOSFET devices and optoelectronic
devices on standard Si (001) substrates. The remaining interest in further
exploring this subject is given as the future work.
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Chapter 2

Growth and characterization of InP on Si
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2.1. Challenges of InP growth on Si

Though InP has its advantages over Si, it has some drawbacks, for example,
high cost and mechanical weakness compared with Si. Furthermore, today’s
industry is much concentrated in Si technology. So, to exploit advantages of
InP on Si-based platform, monolithic integration of InP on Si is needed, and
InP growth technology on Si would be a starting point to the monolithic
integration. However, the lattice mismatch between InP and Si causes much

problem in growing InP on Si.

2.1.1. Lattice mismatch

If a material, for example, Si is to be grown on the same material
(homoepitaxy), since lattice constants of the starting material and the epi
material are same, high quality layers can be achieved, without incurring
significant defects like threading dislocations. In Fig. 2-1, shown against the
background of the lattice constant dependences of the band gaps of the group
IV semiconductor materials (Si and Ge) and IlI-V compounds are the
crystallographic transition pathways from silicon to InP, on the latter of
which GaAs or Ge type heterosystems can be grown by known techniques,
and then various devices can be created on their bases. Even if the two
materials are different (hetero-epitaxy), if they have the same lattice constant,
equally high quality epi-layers can be achieved. Growth of Ings3Gag47AS 0N
InP and Ings,Alg4sAs on INP are examples for hetero-epitaxial growth with

same lattice constants.
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Difficulties rise if the lattice constants for the substrate and the epi material

are different. If the mismatch is only a few percent and the layer is thin, the

epitaxial layer grows with a lattice constant in compliance along the surface

plan as its lattice constant adapts to the seed crystal. Such a layer is called

pseudomorphic because it is not lattice-matched to the substrate without

incurring strain. However, if the epitaxial layer exceeds a critical thickness

(t;), which depends on the lattice mismatch, the strain energy leads to

formation of defects called misfit dislocation. In our research, we want to

grow high quality indium phosphide layers on silicon. However, indium
phosphide’s lattice constant is 5.868 A whereas silicon’s is 5.4307 A [1].

Thus the percent difference is 8.052%.
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Figure 2-1 Band gap energy and lattice constant of various I11-V and 1V

semiconductors at room temperature [3].
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If the mismatch is considerable and relatively thick epi-layer is needed,
additional epitaxial growth techniques are needed. As one starts to grow InP
on Si, the new InP layer will conform to the lattice spacing of the Si substrate.
The InP layer is now compressively strained as the lattice is reduced. So
below a certain thickness, one can grow defect-free compressively strained
InP on Si. This thickness has been shown to be around several nm. As one
continues to grow thicker layers, it is energetically favorable to relieve the
strain by forming dislocations at the InP/Si interface. In addition, the
islanding can occur as an additional means of reducing the elastic strain
energy of the film [2]. This leads to rough surfaces unsuitable for device

applications.

2.1.2. Thermal mismatch

Growth of InP on Si or 11-V in general, takes place at high temperature
typically around 600°C which demands a wide temperature range of cooling
to room temperature. As a consequence the lattice constants of InP and Si are
subjected to change differently due to the difference in the thermal expansion
of the two materials. The thermal expansion coefficient difference induces
significant strain in the layer, bending of the substrate and incase of tensile
stress cracks in the epitaxial layer. The thermal strain induced by the thermal

expansion coefficient difference is given by [4],

TQ'
€= f (o, — a))dT
TO

2.1)
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where T, is the reference temperature which is normally room temperature
(300K), Tg is growth temperature and as and o, are thermal expansion
coefficients of substrate and layer, respectively. The thermal expansion
coefficients of InP, GaAs, Si and SiO, in units of K- are 4.56 x10°, 6.80
x10-°, 2.60x10-° and 0.54x10%. Thus, using GaAs as a buffer layer for InP on
Si growth could reduce the lattice strain in InP due to the thermally induced
compressive strain at the InP/GaAs interface [5]. In addition, InP and GaAs
have a 4% lattice mismatch and that is what the InP epi-layer experiences.
Therefore, In SAG of InP on Si where selective area starts from an InP seed
layer grown on Si using a GaAs buffer layer, the thermal strain in the SAG
layer is mainly a tensile strain due to the difference in thermal expansion
coefficient difference between the dielectric mask (SiO,) and the SAG InP [6].

2.1.3. Defects Associated to Polar on Non-Polar Epitaxy

An unavoidable issue of I11-V/Si heteroepitaxy is the integration of polar
and non-polar heterointerface. However, a complete understanding of polar
on nonpolar epitaxy is a critical challenge for successful I11-V semiconductor
compound integration. Silicon, being made up of a single atomic species,
forming purely covalent chemical bonds with zero net dipole moments, is a
non-polar crystalline material. On the other hand, 111-V like InAs, made up of
both In and As atoms whose ionic bonds possess a significant net dipole
moment, is a so-called polar crystalline material; the interface between two
such materials presents a number of challenges that must be taken into
account. It was proposed that if the first 111-V atomic plane adjacent to the
silicon bulk substrate were a perfect atomic plane, a large electrical charge

would be induced [7]. To neutralize the interface charge, rearrangement of
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atoms may result, creating an environment of IlI-V island formations.
Growing at low temperature with a layer by-layer growth mode, referred to
as migration enhanced epitaxy (MEE), was used to address this issue. This
growth technique proved indispensable for previous successful GaAs/Ge
work [8]. The polar/non-polar charge neutrality dilemma is nearly impossible
to monitor except by observation of possible post-epitaxy effects, such as the
formation of interfacial planar defects such as: antiphase domain boundaries
(APBs), stacking faults (SFs) and microtwin (MT) defects. The goal of this
work, therefore, is the suppression of these heterointerface-driven defects
through the proper surface preparation of the Si substrates and optimization

of the growth and nucleation conditions of the I11-V heteroepitaxial layers.

2.1.3.1. Autodoping by interdiffusion

Additional di-culties may arise when atomic species are interchanged at
I1IV/Si interfaces. Interdiusion of atoms across a hetero-interface is possible,
when enough atoms are thermally excited to a mobilize limit within the
crystals for atomic exchange mechanism [9]. However, if the I11-V/Si
interface consists of I11-Si or V-Si bonds, then electrical neutrality is lost and
the interface becomes polarized. Therefore, inter-diffusion between 11-V/Si
can lead to an effect known as autodoping, due to the fact that group-I1l and
group-V materials are common p-type and n-type dopants of silicon,
respectively. On the other hand, silicon species are amphoteric in the zinc
blende crystal structure through their preference for the group-Ill sites. They
can act as an n-type dopant for the I11-V material. Inter-diffusion by itself
presents the additional complication of unwanted autodoping across the

interface. Autodoping tends to produce undesired doping proles, which can

20



hinder devices performance. So keeping the diffusion at the interface to
minimum is a priority. In practice, interface polarity is likely compensated
during growth by the presence of charged point defects and dislocation cores
as well as some atomic exchange a cross the interface [12]. Previous work in
the GaAs/Ge or GaP/Si systems indicated that a multi-stage growth approach
involving initial low-temperature MEE GaAs growth mode, prior to a
conventional high-temperature heteroepitaxial MBE growth mode, su-ciently
suppressed autodoping between the two materials [8]. A similar approach was
examined for the GaP/Si system and will be discussed in the experimental

part of the growth in this thesis work.

2.1.3.2. Antiphase domain boundary

A number of planar crystal defects are encountered in IlI-V
semiconductor heteroepitaxy on silicon, as it was discussed before. The far
greater concern during 111-V/Si heteroepitaxy is the possibility of antiphase
disorder formation. Antiphase (domain) boundaries (APBs) are one type of
the planar defects that will be introduced through the growth of compound
semiconductor materials on an elemental crystal, such as the case of InAs/Si,
can result in the formation of crystalline subdomains referred to as anti-phase
domains and anti-phase domain boundaries (APBs) also known as, inversion
domains boundaries (IDBs) [10].
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Figure 2-2 Schematic diagram of anti-phase domains boundaries in InAs
formed by a single-atom step on the silicon substrate surface. Figure

modified according to reference [11].

There are a few theoretical reasons for their formation. During growth
initiation of a compound material, two crystal domains can form
independently of one another, each the result of different nucleation species
like in In vs. As; the planes at which the domains of reversed polarity meet,
referred to as APBs, possess In-In and/or As-As bonds instead of proper In-

As bonds, as in the case of GaP/Si system [12].
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Figure 2-3 Schematic diagram of anti-phase domains boundaries in InAs
formed by a single-atom step on the silicon substrate surface. Figure

modified according to reference [11]

In another case, APDs can be formed if the elemental crystal (i.e. silicon)
has single atomic steps on its surface as shown in Fig. 2.2. A surface variation
such as an atomic-level step on the Si substrate can cause the Il1-V layer
above this step to rotate its orientation, and thus lead to the formation of a

propagating boundary layer between two distinct 111-V domains [13].

Due to the lower symmetry of the polar semiconductor, it can grow with
one of two (nonequivalent) crystal orientations on the nonpolar substrate. The
boundaries between regions having these two orientations will also result in
the formation of inverted domain boundaries. The nature of the chemical
bonding across the APBs causes them to be electrically active, which directly
relates to the degradation in material quality. Experiments involving time
resolved photoluminescence of GaAs/Ge system demonstrated a large
decrease in minority carrier lifetime with a large increase in interface
recombination rates in the samples containing the APD defects versus those
without [10]. Generally, APDs are expected to introduce states within the
energy gap and give rise to non-radiative recombination. They therefore
degrade the e-ciencies of LEDs and cause excess leakage in p-n junctions.
Avoiding the APDs defect is tricky and demands control of the substrate
surface structure prior to Il1-V growth, but it has been accomplished in
systems like GaAs/Ge [8, 14]. Early research into direct I11-V/Si MBE
integration focused on high indexed Si substrates with a surface atomic

structure providing bonding sites for alternating group-Ill and V-atoms,
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creating an electrically neutral interface to help preventing the formation of
APDs [15]. However, many other authors have investigated surface
preparations recipes, and reported many nucleation conditions which can
minimize or eliminate the formation of APDs for many I11-V/IV systems like
GaAs/Si, GaP/Si and GaAs/Ge [10,12,16]. Another method has been
provided efficient APDs suppression [17], utilizes silicon substrates whose
surfaces are polished such that the surface atomic plane is intentionally
misoriented a few degrees toward an orthogonal [110] direction away from
the (001) surface in order to induce a double atomic step reconstruction
(DASR) as schematically shown in Fig. 2.2. In contrast to the irregular single
steps of nominally on-axis (001) Si surface, deliberately mis-orienting the
substrate toward [110] direction introduces a regular array of single steps
running the [110] direction. These regular arrays of single steps line up in a
manner of proper atomic positions, with planar atomic growth occurring in
the (001) direction, as illustrated in Fig.2.2. However, as the off-cut angle is
increased, the density of steps increases and the average terrace width w

decreases according to Eq. 2.2. Where h is the height of the step.

w = htan™1(@)

2.2)

At high temperatures and under ultra-high vacuum conditions, off-cut (001)
surfaces are known to transform from their initial single-stepped two-
domains configuration to a lower energy single-domain configuration of
double steps reconstruction [18-19]. Double steps surfaces preserve sublattice
orientation between neighboring terraces, thereby facilitating APDs-free I11-
V epitaxial growth on silicon substrates. In the event that single-stepped two-
domains surface is not achieved, substrate o-cut may also serve to limit the

extent of APDs in zinc-blende crystal structures by self-annihilation as a
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result of APD-APD interaction.

Annihilation

= [100]

Figure 2-4 Self-annihilation anti-phase domains on [011] plane in a (001)
zinc blende semiconductor by the close proximity of bonding of two APD

faces. Figure modified according to reference [9].

Here, APDs annihilation occurs at the line of intersection of the two APD
planes, which lies along a [110] direction parallel to the interface [20].
Annihilation reactions can also occur between APDs on [011] planes [9],
which can meet along a [010] direction, as shown in Fig. 2-4. The high single
density afforded by substrate misorientation decreases the spacing between
neighboring APDs, hence increasing the probability that neighboring APDs
will find one another and form small close domains. Many reports of single
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domain GaAs/Si and GaAs/Ge in the literature actually refer to initial two
domain 1l1-V growth, followed by rapid annihilation of APDs near the
interface, leaving a single dominant domain [21-23]. In the limit of vicinal
(001) substrates, however, the spacing between adjacent APDs is thought to
be quite large such that self-annihilation near the interface of single-domain

becomes less likely [17].

2.1.3.3. Stacking Faults

Stacking faults (SFs) are produced when the regular arrangements of
layer atoms are disturbed. A perfect crystal can be considered a stack of
atomic layers occurring in a particular sequence. The stacking of the zinc
blende structure of -V semiconductor in the [111] direction can be
described as ABCABC. A stacking fault can occur with an extra plane of
atoms inserted into the stacking sequence, as in ABCBABC, a B layer is

inserted. This is called an extrinsic stacking fault.

Another possible type of stacking fault involves the removal of one plane,
as in ABCBC, an A layer is removed and is called an intrinsic stacking fault
[10]. Stacking faults are planar defects that are bounded on either side by
partial dislocations. Fig. 2-5 shows a high resolution transmission electron
microscopy image of SFs defects and SF loops found in InAs QDs embedded
in Si matrix system, grown in our MOCVD system. It was also reported for
GaP/Si system that initial planar nucleation of GaP/Si is difficult to control,
often creating many small faceted GaP islands. Coalescence of these GaP
islands often results in the formation of SFs, which then propagate

throughout the entire GaP layer [24]. Later reports indicated that SFs could
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be suppressed by forcing a 2D growth mode for the first few layers of GaP
using migration enhanced epitaxy (MEE) for the nucleation process on Si
substrate. Thus, it is essential to carefully monitor polar/non-polar of 111-V/Si

interface and ensure a low density of SFs.

Figure 2-5 HR-TEM image of stacking faults defects found in InP/GaP/Si

system.
2.1.3.4. Micro twins

Another type of planar defect resulting from a change in the stacking

sequence is the micro twins (MTs). In diamond and zinc blende crystals,
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twinning occurs almost exclusively on [111] planes. Using the stacking
notation used in the last section (Sec. 2.1.3.3), a twin boundary in a diamond
or zinc blende crystal may be denoted as ABCABACBA. There is a change
in crystal orientation at the twinning plane. Here the normal crystal and its
twin share a single plane of atoms (the twinning plane or composition plane)
and there is reflection symmetry about the twinning plane as shown in Fig.2-
6. In other words, the MTs defect occurs when the stacking faults sequence is
disturbed in such a way as to create a mirror image of itself, as in
ABCABCCBAACBA [10]. Twinning involves a change in long-range order
of the crystal; it therefore cannot result from the simple insertion or removal
of an atomic plane, as in the case of the stacking fault. Therefore, twins
cannot be created by the glide of dislocations. Instead, twinning occurs

during crystal growth, either bulk growth or heteroepitaxy.

Finding ways to reduce the density of dislocations at a given mismatch
strain level is an important goal for successful strained-layer heteroepitaxy.
As mentioned before, dislocations and defects can act as non-radiative
recombination centers in optoelectronic devices, because the localized mid-
bandgap energy levels in the dislocations cores will act as highly efficient

trap states for injected minority carriers [26].

A great volume of research activities has already been dedicated to the
various barriers to I11-V integration on silicon. Nevertheless, it has yet to be
shown the quality of IlII-V on Si material can offer reliability and
performance demanded optoelectronic and other device applications. In this
research work, a new approach for I11-V on silicon heterepitaxy based on
self-assembled and localized growth of nanostructures like quantum dots and
dashes will be investigated. The idea is to minimize the above mentioned

problems of the formation of dislocations during the growth of relaxation
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layers. However, the materials integration processes were conducted by the
means of the epitaxial growth of 111-V quantum dots and dashes on silicon
substrates via MOCVD technique, using the most challenging materials

integration approach, by limiting the 111-V material to the active region.

Figure 2-6 HRTEM image of micro twin and stacking faults defects (S1,S2)
in GaP/Si system. Figure modified according to reference [24].
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2.2. Metalorganic Chemical Vapor Deposition (MOCVD)

system

2.2.1. Overview

Epitaxial growth is defined as a precise oriented growth of a single crystal
material upon the surface of a single crystal substrate. Growth of a layer with
the same kind of atoms as are in the substrate is called homoepitaxy, and
growth with a different kind of atoms is called heteroepitaxy. The growth of
epitaxial films can be done by a number of methods including liquid phase
epitaxy (LPE), molecular beam epitaxy (MBE), vapor—phase epitaxy (VPE),
hydride vapor—phase epitaxy (HVPE), and metal-organic vapor—phase
epitaxy (MOVPE) or metal-organic chemical vapor deposition (MOCVD).
Such methods for the epitaxial growth are important and are used to produce
high quality single crystal layers with low defect density and complex
heterostructures for electrical and optical applications. In particular, MOVPE
is one of the leading techniques for the production of Il1I-V materials for
electric and photonic devices. In this technique, 11l and V metal—organic (MO)
and hydride molecules are used for growing 111-V compound semiconductors.
These source molecules are provided to growth substrate with purified
hydrogen or nitrogen gas and diffuse near the surface of the growth substrate.
These molecules are thermally decomposed and then chemically react near
the surface of growing substrate. Atoms are incorporated at certain positions

on the surface in relationship to the underlying crystal structure. For instance,
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trimethylgallium (TMGa), Ga(CHs)s, and arsine, AsHs, are introduced above
a heated GaAs substrate, an epitaxial film of GaAs can grow according to the

following reaction,

Ga(CH;)s(9) + AsHs(g) — GaAs(s) + 3CH, (2-3)

where (g) and (s) represent “gas” and “solid” phase, respectively.

The major attraction of MOCVD relative to the other techniques is that the
MOCVD is suitable for mass production. Moreover, this single growth
technique can be used to produce virtually all of the Ill-V materials and
structures required for the cutting edge of electronic and photonic devices
including AlGalnP for red or yellow light-emitting diodes (LEDs), I1I-V
nitrides for blue LEDs, and I11-V highest efficiency tandem solar cells.

T

gas blending reactor scrubbing j
system
HZ' N2 P=10-200 mba Ga(CH )3+ AsH — GaAsBCH I
—_— Ga CH + NH — GaN BCH
3 vacuum pump
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3
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—_—
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Figure 2-7 Schematic illustration of the MOCVD system [from Aixtron].
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2.2.2. MOCVD system

This section explains the MOCVD system used in this work. Figure 2-7
shows the schematic illustration of the MOCVD system. The essential
components are the gas delivery system, the reactor and temperature
controller, and the low pressure pumping system. All growth in this work was

carried out with a horizontal low—pressure MOCVD system.

First, we describe about gas delivery system. Palladium diffused purified
hydrogen (H2) is used as a carrier gas. The carrier gas transport the source
gases flowing over the heated susceptor and substrate to the exhaust as shown
in Figure 2-7. The vapor—phase source molecules are fed to the reactor in
separate lines for metal-organic (MO) source and gas source. The MO
sources are provided from bubblers and gas sources are provided from gas

cylinders.

(a)

Figure 2-8 (a) Layout of the AIX 2400 G3 susceptor in the 8x3 inch. (b)
Photo of the reactor chamber of the AIX 2400 G3 in the 8x3 inch

configuration.
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Fig. 2-8 shows a schematic of the susceptor of the AIX 2400 G3 in the

8x2 inch (a) and a corresponding photo of the reactor chamber (b). The gases

enter the reactor chamber through the central inlet in the reactor lid (not

visible in the photo) and stream radially outward across the deposition zone.

The susceptor is heated by RF induction heating from below and rotates at

rotation frequencies of typically 10 rpm. In addition the wafer discs are

rotating utilizing AIXTRON’s patented Gas Foil Rotation

technique. This

double rotation insures highest uniformities.

2.2.3. Source Molecules

The MO source materials for group—Ill are trimethylgallium (TMGa),
trimethylindium (TMIn), trimethylaluminum (TMAI). PHs and AsH; are used

for the gas source materials for group-V. Silane (SiH4, gas) and diethylzinc

(DEZn, MO) are used for n—type and p-type doping, respectively.

(a)

s

H,

— Reactor
MFC (])PCV

In Out

MO source
Thermal bath

® .
. le . TH2+TMGa
‘ .
. v
L - ©
s "+ ., = TMGa
o® ° (Vapor phase)
s - ° /
o .' . - ./ H2
e ®
L — TMGa
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Figure 2-9 (a) Schematic illustration of the line for metal-organic (MO)

source provided by bubblers [37].
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The MO sources are provided in the bubblers, which are kept at a certain
temperature by the thermal bath to control and maintain the partial pressure
of material supply as shown in Figure 2-9(a). The carrier gas is led through
the liquid or solid source material in the bubbler. As a result, the carrier gas
contained MO sources with saturated vapor pressure, which is controlled by
the temperature of the bubbler, is provided to the reactor (Figure 2-9(b)).

The partial pressure of each MO sources fed to the reactor is determined
by the carrier gas flow through the bubbler which is controlled by mass—flow
controllers (MFCs). Pressure controller keeps a fixed pressure in the bubbler,
and then, mixture of H, and MO down to the reactor pressure. The vapor
pressure of a MO sources is a critical parameter used to control the precise
concentration of MO sources entering the reactor, and subsequently the rate
of deposition in the MOVPE process. Hence, an accurate evaluation of the
vapor pressures of the MO sources is essential to the MOVPE process. The

vapor pressure equation in linear logarithmic form,
loglOPMO =B - AJT (2-4)

has been found to be the most acceptable form for representing the vapor
pressure of MO sources (Pyo (Torr)) in MOVPE, where T (K) is the absolute
temperature of MO sources (or thermal bath) and A and B are the gas

constant for each MO sources.

2.2.4. Thermal decomposition of Source Molecules

Supplied metal-organic (MO) and gas sources are thermally decomposed

by the heated temperature of susceptor near the surface of substrate. The
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decomposition behavior is dependent on the kinds of source material, and this
factor is also important for the crystal growth. The thermal pyrolysis (or
decomposition) of MO and gas sources has been studied [27-34]. Typically
these studies monitor, optically or through mass spectrometry, the decrease in
the concentration of a particular reactant as it passes through a SiO2 reactor.
The temperature ranges for thermal pyrolysis for various MO and gas sources

are summarized in Table 2—-1.

Table 2-1. Thermal pyrolysis (or decomposition) of various metal-organic

(MO) and gas sources [37].

Carrier gas Pyrolysis range ("C)
& Experimental condition start completed
TMGa H, 370 470
TMGa H, 400 580
TMGa N, 450 570
TMIn H, ~250 ~ 340
TMIn H, ~300 ~ 340
TMIn N, ~ 340 ~430
AsH; H, 650 750
AsH; H, ~470 ~ 640
AsH; H, + GaAs wafer <450 ~ 640
AsH; H, + TMGa (V/III =25) <450 ~570
AsH; H, + TMGa (V/III =10) <450 ~570
TBP H, 400 550
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The kind of carrier gas affects the pyrolysis range, for instance, the
pyrolysis range for TMGa diluted in N is higher than that for H, carrier gas.
In addition, the pyrolysis range for AsH3 is strongly affected by the presence
of GaAs wafer and TMGa [33].

2.2.4. Principle of MOCVD

The study of the kinetics in MOVPE involves the attempts to understand
the actual processes how the vapor phase source materials are transformed
into the atoms constituting the semiconductor solid. Because these
mechanisms are extremely complex, the description of the processes should
be divided into that of some major processes. The key processes during the
crystal growth in MOVPE have been summarized by Stringfellow [35] and

are listed below.

i. Mass transport: The carrier gas carries the source materials to the
reactor. A boundary layer above the growing surface is formed by the
laminar flow of the vapor in the reactor. Molecules diffuse through the
boundary layer towards the surface before surface reactions can take
place. The growth pressure and the velocity of the carrier gas define

the thickness of the boundary layer.

ii. Physical process: At the surface during growth, adatoms such as
molecules and radicals absorb at the substrate surface, and in
homogeneously deposit at the surface. Adatoms incorporate into
appropriate lattice positions at kinks or steps, or desorb into the vapor

phase, while species at the surface diffuse at the substrate surface. At

36



the growing surface, two— or three—dimensional nucleation can be
occur and surface takes the energetically stable configuration as a

surface reconstruction, simultaneously.

iii. Chemical reactions: It must be taken into account for a more
detailed description of the growth process. For MOCVD, the chemical
processes have very complex radial reactions. Surface reconstruction,
adsorption or desorption process of precursors, and density of step,
kink or other defects are also strongly depended by the chemical
reaction. Moreover, we should consider the thermal decomposition of

source molecules under certain growth conditions.

iv. Thermodynamics: The growth rate is affected by thermodynamic
properties since these define the deviation from equilibrium and thus
the driving force for growth. The incorporation of native defects or
dopants and surface stoichiometry are also influenced by
thermodynamics. Furthermore, the reason to selective growth can be

explained by thermodynamics.

Mass Transport (Boundary Layer Model)

The precursor gases are transported to the reactor with the carrier gas and
flowing over the growth substrate. The boundary condition between the gas
flow and the reactor walls or surface of substrate is that the velocity is zero
according to Newton fluid model. Naturally, the wvelocity component

perpendicular to the surface is zero since no flux across the boundary exists.
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Figure 2-10 (a) Schematic illustration of the flow into the reactor, gas
velocity decreasing near the susceptor surface, and boundary (stagnant) layer.
The & represents the thickness of boundary layer. The gas flow feeds from left
side (x < 0, upper stream of the reactor) to right side (x > 0, downstream of
the reactor) of this figure. The black rectangle lied on the susceptor represents
the growth substrate. The vertical axis represents the direction, which is
perpendicular to the surface of the susceptor or to the growth surface of the
substrate. (b) Schematic illustration of the some kinds of mechanisms
involved in the MOCVD process [37].

As a consequence of this boundary condition, the gas velocity is slower
near the wall of the reactor as shown in Figure 2-10(a). This region, in which
gas velocity is decreased, is referred to as the boundary layer. The boundary
layer thickness, 8, defined here as the distance from the interface at which the
velocity component parallel to the wall becomes 99% of its free—stream value,
is inversely proportional to the square root of the gas velocity. The boundary
layer model is the most widely used model for the calculation of the growth
rate in the mass transport limited growth. This model assumes that mass

transport occurs only by diffusion through the boundary layer.

Figure 2-10(b) shows schematic illustration of the different mechanisms

involved in the MOVPE process. There are some concentration gradients of
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the growth species during the growth, because the growth species are
consumed at growth surface by incorporation of growth species into the
crystal. The precursors diffuse from the gas flow to the surface of substrate
driven by the concentration gradients of growth species. The diffusion flux

from the boundary layer by concentration gradient, J;,, is

Jin = (Pin — Psubi)/ RTs8 =~ Pinin/ RTs0 (2-5)

where P;,_yy is input partial pressure of group—Ill material in the gas flow,
Psw_i1 is partial pressure of group—I1l material at the growth surface, R is gas
constant, Ts is growth temperature and 6 is thickness of boundary layer. In
the case of planar growth, Py, can be ignored, because almost growth
species at the growth surface consumed by the crystal growth. Under the
standard growth condition for I1I-V compound semiconductors, group-V
precursors are sufficient near the surface of the substrate and maintain a
thermal equilibrium condition between the surfaces, because the partial
pressure of group—V materials is much higher than that of group—Ill material.
For instance, at standard growth condition of GaAs in MOVPE,
concentration of TMGa is only 0.01 ~ 0.001 % in all of gas flow. Moreover,
chemical reaction rate at the surface is much higher than the diffusion flux of
precursors. Therefore, in the case of planar growth, desorption of group—Ill
materials from the surface can be ignored, and the growth rate is determined
by only Ji,.

As for the co-relationship between 6 and the growth rate, Leys and
Veenvliet showed that increasing the flow velocity increases the growth rate
due to a decrease in the mass transport boundary layer thickness [36]. This
led to the idea of tilting the susceptor or superior wall of flow channel to

compensate for gas phase depletion effects and the increasing boundary layer
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thickness along the flow direction due to the developing concentration profile.

The use of this reactor configuration of controlling the gas flow leads to

improved thickness uniformity.

Vapor phase reaction /1
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Figure 2-11 Schematic illustration of the some kinds of mechanisms

involved in the selective—area (SA) MOVPE process [37].

In the case of selective—area growth, the situation is more complicated.
Figure 2-11 shows schematic illustration of some kinds of mechanisms
involved in the selective—area (SA) MOCVD process. We should take into
account that the growth rate is affected by diffusion of the growth species
from masked region and desorption to the outside of the boundary layer, in
addition to controlling the boundary layer thickness and diffusion of growth
materials etc. for the planar growth. Gt and Gsr shown in Figure 2-11
indicate the growth rate for top and side facet of the grown crystal,
respectively. In the case of Gt >> Ggr, Gt is determined by J;,, Jv, and Js. Jy

is gas (vapor) phase diffusion flux from lateral direction, and Js is surface
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diffusion flux on side facet.
Grr & Jm+Jv+]s (2-6)

Therefore, growth rate in SA—growth is affected by diffusion of the growth
species from masked region. In addition, the diffusion flux of desorbed
growth species from masked region, Jp is partially contribute to the crystal
growth as Jy, and the other species diffuse to out of boundary layer existing
on the masked region, as J'p shown in Figure 2-116. Jp is indicated by
following equation,

Jo=Jv+)p’, (2-7)

where JD highly depends on the growth temperature. In addition, ys is
diffusion length of group-Ill species on the growth surface, and this is

indicated below.
xs = DsTs (2-8)

Here, 15 is the life time of growth species at the growth surface, where the
life time means resident time from the growth species are absorbed on growth
surface to those are left from surface by the incorporation of growth species
into the crystal or the desorption. In addition, Ds is surface diffusion factor,

and this is determined by next equation,
Ds = a’v exp (—Es/ksT), (2-9)

where a is lattice constant, v is oscillation frequency of absorption
molecules and Es is activation energy of surface diffusion. Consequently,

smaller Es and/or higher temperature result in larger Ds. We thus need to
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longer diffusion length of growth species (or precursors) to improve the
flatness of grown surface in the SA—growth, because the growth species
mainly diffuse from masked region to the opening area of surface. This is the
reason why we use higher growth temperature in the SA—growth compared
with the planar growth.

Another important point of the SA—growth is to avoid a deposition of
poly—crystals on the masked region. Desorption of poly—crystals in dependent
on Ji, and t. The 1 is the life time of growth species (or precursors) on the
masked region. Poly—crystals are preferentially deposited by longer T,
because the encounter probability of group—Ill species becomes higher for
longer 1. On the other hand, t can be shortened by increasing the probability
of desorption of growth species under the higher growth temperature
condition. Consequently, to suppress the deposition of poly—crystals on the
masked region, we have to choose the growth condition with low Jin and
short 1. In other words, we should carry out the crystal growth under the low

working pressure and high growth temperature.

Physical Processes on Surface

At the surface during growth, adatoms (such as molecules and radicals)
adsorb at the substrate, and inhomogeneously deposit at the surface. Adatoms
incorporate into appropriate lattice positions at kinds or steps, or desorb into
the vapor phase, while the species diffuse at the substrate surface. Desorbed
species are transported away with the carrier gas. The surface during growth
has been thought to consist of atomically flat regions separated by steps, as

shown schematically in Figure 2-11. Kossel model (Terrace—Step—Kink
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model) simply describes the thermodynamics of crystal surface formation
and transformation. It is based upon the idea that the energy of an atom’s
position on a crystal surface is determined by its bonding to neighboring
atoms and that stability involving the counting of bond formations. Thus, this
model brings an intuitive understanding of the physical process on the

surface structure.

Kink /
Step. }| Terrace

Figure 2-12 Schematic of arsenic—trimer coverage on GaAs (111)B surface

[37].
2.3. Characterization

2.3.1. Nomarski DIC microscope
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After the epitaxial growth, the samples are first characterized by
Nomarski differential interference contrast (DIC) microscope before any
other more sophisticated characterization tools. Optical microscopy is used to
investigate the layer morphology, defects, and degree of selectivity of SAG.
Although a smooth layer does not necessarily guarantee a high quality
growth, a rough surface is often found to be highly defective. Likewise, a
perfect selective growth does not necessarily guarantee a desired epilayer
characteristic, but a non-selective growth is often undesirable in a device

structure.

A Nomarski DIC microscope is composed of a light source, a polarizer, a
DIC prism, a condenser, a movable sample stage, an objective, a DIC slider,
and an analyzer. Nomarski DIC amplifies contrast by using the principle of
interferometry of polarized light. First, the light emitted from the light source
is polarized by the polarizer. The polarized light is then separated into two
signals that are perpendicular to each other by the DIC prism. When the
separated signals pass through the sample of different refractive indexes, one
of lights is delayed. Finally the two signals are combined by the DIC slider
and analyzer. It is the phase difference between the two signals that produces

an interference contrast in the image.

The theoretical resolution, R, of an optical microscope is given by the

following equation:

R = 0.613/NA (2.10)

where R is the smallest resolvable distance between two objects, NA is the

microscope numerical aperture, and A is the wavelength of the light source.
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2.3.2. Field emission scanning electron microscope

FE-SEM analyses were performed by using a SU-70 of Hitachi, which
incorporates a cold field emission electron source and provides 1 nm

microscope resolution at 10 kV, magnification range of 30 - 800,000x

2.3.3. Transmission electron microscope

The TEM specimens were made by using focused ion beam (FIB). The
cross-sectional and plan-view images of transmission electron microscopy
(XTEM) were obtained by a JEOL JEM-2100F in Korea Advanced Nano Fab
Center and JEOL JEM-3000F in Seoul National University. Bright field

techniques were used to observe the threading dislocations.

2.3.4. Atomic force microscopy (AFM)

Non-contact AFM measurements were performed in using Park systems
XE-100 in order to investigate surface morphology. The Au-coated Si tips

were used. For statistical analyses, XEI ver. 1.8.0 was used.
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2.3.5. High resolution X-ray diffractometry (HR-XRD)

Panalytical X’pert instrument was used for high resolution XRD
measurement and w-scan. The angle divergence of 12 arcsec or less can be

obtained by 4 bounce Ge 022 channel cut monochromator.
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Chapter 3

GaP blanket growth on Si (001) substrates
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3.1. Introduction

The defect-free nucleation of I11/V-layer structures on Si (001)-substrate is
of key importance for the future integration of I11/\V-device structures such as
lasers, solar cells or n-channel layer stacks on Si. “Silicon photonics” aims in
combining the advantages of optical data processing with the mature Silicon-
microelectronic technology. This merge becomes more and more essential
for future high-speed technology and enters various fields of applications.
One of the key interests concentrates on the integration of reliable lasers on
Si-based integrated circuits for inter- and intra-chip optical interconnects.
Because of the indirect bandgap of silicon and hence its low light emission
efficiency, a lot of effort has been devoted to the monolithic growth of direct
band gap 111/V semiconductors like GaAs or InP on Si substrate [1-2]. These
attempts suffer from the high densities of threading dislocations due to the
large lattice mismatch and result in no long-term stable lasing operation of
the devices. Other approaches focus on wafer bonding of I11/V lasers on Si-
substrates [3], an approach which is difficult to accomplish site-selectively
on the Si substrates. Other groups again focus on the exploitation of the
Rama effect [4] or of silicon nanostructures [5-6] to add optoelectronic
functionalities to Si-substrates.
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To overcome the shortcomings of the above-mentioned concepts, our
approach to realize a monolithically integrated laser or high speed n-channel
device on silicon substrate is different. We grow the nearly lattice-matched
I1I/V semiconductor GaP on Si by metal organic vapor phase epitaxy
(MOVPE).

A defect-free pseudomorphic nucleation of GaP on exact (001) silicon
would allow for a monolithic integration of the Ga(NAsP) laser with CMOS-
compatible exact (001)Si substrates. CMOS industry requires these
substrates, as all processing steps for devices, which, are nowadays used, are
specified on these substrates, which have a maximum miscut of £0.5° the
[001] orientation. Re-specification of processes on substrates having larger
offcut angles would be extremely cost-intensive and is highly improbable.

With the growth of a polar 111/ semiconductor like GaP o nonpolar Si
substrate, various challenges inevitably arise [7]. It is essential to ensure
charge neutrality along the interface and avoid unwanted cross-doping
caused by atom diffusion into the respective heterolayers. Mono-atomic
steps on the group IV substrate surface lead to antiphase disorder in the
compound side of the interface. Antiphase domains (APDs) and antiphase
boundaries (APBs) are caused by the fact that the diamond lattice of Si
consists of a one-atomic basis whereas the zinc-blende lattice of GaP is built
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from a two-atomic basis. Therefore a mono-atomic stepped Si surface
initiates APBs in the 111/V layer at each terrace edge. A crystal model in Fig.
3-1 shows in [1-10] projection possible APB configurations. In this sketch
the APBs lay on the {110} or the {111} planes, respectively. Self-
annihilation is possible if two APBs cross each other as indicated in Fig. 1
for the APBs on the {111} lattice planes. In order to achieve an antiphase
domain free GaP layer either a perfect doubling of all Si surface steps must
be enforced and/or self-annihilation of all APD ensured.

From literature it is known, that an “as-polished” exactly (001)-oriented Si
surface commonly reveals a mono-atomic stepped surface. These terraces
consist of alternating 1x2 and 2x1 dimerization corresponding to different
diamond structure sublattices, respectively. The steps are denoted with Sp
and Sg [8] according to whether the dimerization on the upper terrace is
perpendicular (A) or parallel (B) to the step edge. In the same way there is a
nomenclature for double steps: Da (Dg) for dimers perpendicular (parallel)
to the double step edge.

The tendency of step doubling with increasing annealing temperature was
proven for off-orientated Si substrates. On a perfectly double-stepped
surface all step terraces belong to the same sublattice, hence, there must be a
preference for one of the two Si sublattices over the other. Since the two
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kinds of sublattice planes differ from each other only by a 90° rotation in
space, the preferential mechanism must include atomic arrangement at the
double edges. Aspnes and Ihm [8] introduced a =- bonded step
reconstruction at Dg steps that lowers the enthalpy significantly in relation to
the dangling bond configuration at Da steps or both kinds of mono-layer

steps.

{111} {110}
:f\ I ? ?
OOOOOOOOOOOOCC

oy / : Y /‘\
KOO X XXX TS
Y \,«’\«”\rm VYO Y Y\ﬁ)\*rj\w
Monostep on Si (OO])surfoce % %Ga °P

Figure 3-1 Sketch of the APB formation in the {111} and {110} lattice
planes of the GaP zinc-blende structure due to the presence of mono-layer

steps on the Si surface [15].

The energetic preference for Dg terraces is most pronounced for surface

misorientation corresponding to a rotation about one of the two <110>
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directions, allowing the formation of Dg steps that line up parallel to the
<110> direction, respectively. In view of these aspects, one would suppose
that even a slight miscut of an exact orientated substrate will affect the
possibility of step doubling. A further crucial condition is temperature
together with sufficiently long time to permit diffusion of Si atoms to form
the favourable DB steps. Since the 1980s much literature has been published
about Si surface preparation in ultra-high vacuum (UHV) systems, e.g. like
molecular beam epitaxy (MBE) systems. The n-bond calculation in [8] also
refers to a clean Si surface, but the scenario in a VPE chamber is very
different and the presence of hydrogen carrier gas should have an impact on
the surface reconstruction [9].

This paper presents a growth procedure for realizing a low defect density
GaP layer on a Si substrate. The growth procedure consists of two parts. One
is the optimization of GaP with various growth conditions on Si substrate.
Another one is the InP growth optimization using GaP buffer layers on Si
substrate. Growth mechanism is explained by simplified growth models

based on the observation of initial growth modes.
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3.2. Experimental details

The MOCVD Si-growth of all samples under investigation took place
in an Aixtron AIX 2400G3 reactor system using Pd-purified H2 as carrier
gas. The substrates used in this study were 2” p-type on-axis Si (001). The In,
Ga, Al, P and As sources were trimethylindium(TMI),
trimethylgallium(TMG), trimethylaluminum(TMA), phosphine(PH3) and
Tertiarybutylarsine (TBA), respectively. Initial experimentation was
performed by using a two-step growth method and optimizing growth
conditions on planar Si (001) substrates. A typical sequence for growing
InP/GaP on Si is shown schematically in Fig. 3-2. Si substrates are preheated
at 830°C for 30min in a H2 atmosphere to remove thin oxide films prior to
epitaxial growth. The first 5nm-thick GaP nucleation layer is deposited at
400C followed by a 50nm-thick GaP intermediate layer grown at 700 C.
The growth rates are 0.1A/s and 3.8 A/s, respectively. Then the growth
temperature is decreased to 400°C for InP buffer layer growth with 60nm
thickness and finally the top InP 600nm thick layer is grown at 650°C and
550C.

The surface morphology and step formation of the annealed Si samples
were investigated in an atomic force microscope (AFM) (SPA 500) working
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in tapping mode with standard silicon tips. The AFM imaging was carried
out without any specific sample preparation or environment condition. For
the transmission electron microscopy (TEM) imaging, [1-10] and [110] cross
sections of the InP/GaP/Si heterostructures were prepared by mechanical
grinding and polishing followed by Ar ion milling. For the imaging we used

a JEOL JEM 3010 UHR utilizing a special dark field technique.

Pre-heating

830

700 |

HT InP & InGaAs

Growth Temp (C)
o
(1.
=

400 [-ttTTTTTmTm s

LT GaP LT InP

time

Figure 3-2 Growth sequence of InP/GaP epilayers on Si substrates.

3.3. Results and Discussion

The following presentation of our results is split in two parts: we first
explain the optimization of GaP epi layers on Si, depending on different
growth conditions (like growth temperature, growth rate, V/III ratio and
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growth mode). Subsequently, results of InP epi layers using the upper GaP
buffer layers with best growth conditions will be explained, depending on

the different structures.

3.3.1. Optimization of LT GaP nucleation on Si

3.3.1.1. Annealing of Si substrates : influence of reactor pressure

AFM images of bare Si substrates annealed for 30 min at 830°C in

different reactor pressures of H2 ambient ((a) no annealing (b) 100 mbar (c)

500 mbar (d) 950 mbar) are shown in Fig. 3-3. The nominal specification(as

given by the supplier) of the Si substrates was exact (001) +0.5°. All si

substrates exhibited a slight misorientation in a random direction if not
specified explicitly. The scan area of all AFM images was 5 x 5um?. From the

measurement of line scans we know that all steps, which can be seen in the
AFM images depicted in Fig. 3-3 corresponds to a step height equal to one
Si monolayer in the [001] direction (i.e., 0.136nm). One of the <110>
cleavage directions is marked in every image. As the reactor pressure for
annealing is increased, the terrace steps appear and the width of terrace is
decreased. However, at the 950 mbar reactor pressure, terrace steps
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disappear and look like bare Si substrate, i.e., no annealed surface. The step

edge of 100 mbar (b) is always triangular shaped and the other one of 500

(a) No anneal =~ ——> | (b) 100 mbar [—1?):

I
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i
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Figure 3-3  AFM images of the surface of bare Si substrates after
annealed at 830°C for 30min in different reactor pressures of H, ambient. (a)

no annealing (b) 100 mbar (c) 500 mbar (d) 950 mbar.

mbar (c) is uncertain step edge shape because the width is too small to
distinguish the shape. After growth of GaP layers we can find that the (c)

sample has also triangular shape like sample (a) due to surface having APBs.
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Comparing those surface images to the literature [10-12], one could
conclude that the step with triangular shape is the one named Sg step.
Consequently, all steps of these annealed samples have single step and as
suggested by the theory, the single step always forms in one of the <110>
directions, which can also be concluded from fig. 3-3 (b) and (c), where a
clear tendency towards stepping in the [110] direction is observed.

Figure 3-4 shows AFM images of the surface of Si substrates after
annealed at 830°C for different annealing time in 100 mbar reactor
pressures of H, ambient (a) 15min (b) 30min (c) 120min. Step width is wider
as annealing time is increased, however, for over 2 hours annealing time, the

step width is narrow rather than 30min. It means that there is optimum

annealing time to get the wider surface step.

(c) 120min

Figure 3-4. AFM images of the surface of bare Si substrates after
annealed at 830°C for different annealing time in 100 mbar reactor pressures
of H, ambient. (a) 15min (b) 30min (c) 120min.
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Figure 3-5 shows AFM images of the surface of bare Si substrates after
annealed at 830°C for 30min in 100 mbar reactor pressures of H, ambient
using different substrate orientations. (a) exact (b) 2° off (c) 4° off (d) 6°
off toward [110] direction respectively. For off-cut wafers regardless of

angle, no stepped surface found different from prior studies.

(a) exact

Figure 3-5. AFM images of the surface of bare Si substrates after annealed
at 830°C for 30min in 100 mbar reactor pressures of H, ambient using
different substrate orientations. (a) exact (b) 2° off (c) 4° off (d) 6° off

toward [110] direction respectively.
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3.3.1.2. Effects of growth temperature on LT GaP growth

This section explains the effects of annealing reactor pressure on LT GaP
growth on Si. Figure 3-6 shows SEM micrographs of LT-GaP layers grown
at different growth temperature after annealed at at 830 °C for 30min in 950
mbar reactor pressure. (a) 450 C (b) 500 C (c) 550 C respectively. The
final GaP thickness is 100nm and growth rate is between 0.1 and 0.15 A/s.
All the samples of LT GaP layers grown on Si are founded as 3D growth. As
the growth temperature increase 3D islands tends to be bigger so the
roughness of LP GaP layers increase. Even though grown at 450C, the
lowest growth temperature in this paper, LT GaP layers was not merged. As
shown in figure 3-3, the surface of annealed Si in 950mbar reactor pressure
does not have stepped surface. As a result, LT GaP layers cannot have 2D
surface if the surface before growth does not have stepped surface after H2
annealing.

Figure 3-7 shows SEM images of LT-GaP layers grown at different growth
temperature after annealed at at 830°C for 30min in 500 mbar reactor
pressure. (a) 400 C (b) 425 T (c) 450 C respectively. On the other
hand, for the 950mbar reactor pressure case, all the samples were grown by
2D scheme. As the growth temperature increases the surface roughness
increases and white spots more appears. The white spots seen in Figure 3-7
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are formed by the termination of threading dislocations and APBs. It is well

known that lower temperature growth is positive effect on surface roughness

in III-V growth on Si substrates.

Figure 3-6. SEM micrographs of LT-GaP layers grown at different growth
temperature after annealed at at 830°C for 30min in 950 mbar reactor

pressure. (a) 450 C (b) 500 T (c¢) 550 C respectively.

(2) 400C (b) 425°C

Figure 3-7. SEM images of LT-GaP layers grown at different growth
temperature after annealed at at 830°C for 30min in 500 mbar reactor

pressure, (a) 400 C (b)425 T (c)450 T respectively.

Figure 3-8 shows SEM images of LT-GaP layers grown at different growth
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temperature after annealed at at 830°C for 30min in 100 mbar reactor
pressure. (a) 400 C (b) 425 T (c) 450 C respectively. All the samples
were grown by the two dimensional growth mode and have very smooth
surface. As the growth temperature increases, the surface roughness
increases. White spots appear in the sample grown at 450 C, however, no
white spots in samples grown at both 400 and 425C resulting from the long
diffusion length of precursors. Once the GaP nucleated at the APB or
terminated dislocations, the next GaP growth tends to grow on those GaP
nucleation layer rather than the smoother surface due to the long diffusion

length in higher growth temperature.

(a) 400°C (b)425TC (©)450C

Figure 3-8. SEM images of LT-GaP layers grown at different growth
temperature after annealed at at 830°C for 30min in 100 mbar reactor

pressure. (a) 400 C (b)425 T (c)450 C respectively.

Figure 3-9 shows the summary of annealing reactor pressure effect on LT
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GaP growth on Si substrate. As mentioned before, 3D nucleation happens for
the sample annealed in a 950 mbar reactor pressure and 2D nucleation

happens for samples annealed less than 500 mbar reactor pressure.

Figure 3-9. SEM images of LT-GaP layers grown at 450 C after annealed

at 830°C for 30min in different reactor pressure, (a) 950 (b) 500 (c) 100

mbar respectively.

3.3.1.3. Effects of V/I11 ratio on LT GaP growth

Figure 3-11 shows SEM and AFM images of LT-GaP layers grown at
different /111 ratio and growth rate of (a) V/111=5000, growth rate=0.16A (b)
V/111=1000, growth rate=0.22A, (c) V/III=500, growth rate=0.25A
respectively. All of samples are grown at 425 C after annealed at 830C
for 30min in 150 mbar reactor pressure. We changed the V/III ratio as
changing the mole flow of Ga precursor so higher V/III ratio has lower

growth rate. RMS roughness increases as the V/I11 ratio decreases from 5 x 5
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um2 AFM images. In higher growth rate and lower V/I1l sample, the surface

of GaP nucleation layers has a lot of thin GaP stipe lines, result from

tendency of GaP growth on the rough GaP nucleation.

[ | @ vin=5000, GR=0.164 | (b)V/m=1000, GR=0.224 (c) V/ITI=500, GR=0.254
rms

0.555 nm 0.74 nm 0.958 nm

SEM

Figure 3-11. SEM and AFM images of LT-GaP layers grown at different
V/II ratio and growth rate of (a) V/III=5000, growth rate=0.16A (b)
V/111=1000, growth rate=0.22A, (c) V/III=500, growth rate=0.25A
respectively. All of samples are grown at 425 C after annealed at 830C

for 30min in 150 mbar reactor pressure.

3.3.1.4. Effects of growth mode on LT GaP growth

We investigated effects of growth mode on LT GaP layers as well as
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growth temperature and growth rate. Flow rate modulated growth, where, the
groups Il and V precursors are sent one after the other in pulsed mod in the
reactor, as schematically depicted in figure 3-15. For continuous growth the
nucleation is started with both Ga and P precursors simultaneously injected.
Flow-rate modulated growth is characterized by alternating injection of PH3
and TMGa into the reactor. Each pulse is followed by a growth interruption
of 1s, during which no precursor flows into the reactor.

Figure 3-13 shows samples which were grown and nucleated using
continuous epitaxy at 400°C after annealed at at 830°C for 30min in 100
mbar reactor pressure using different growth mode, (a) continuous
nucleation, (b) FME respectively. RMS roughness of each sample is same as
0.17nm. It means the surface morphology is not affected by growth mode in
LT GaP layers differently compared to other study groups [13-14]. Flow rate
rate modulated growth, where the groups Il and V precursors are sent one
after the other in pulsed mode in the reactor, results in higher diffusivity of
the atoms than continuous growth. RMS roughness is same for both cases,
however white spots as seems to be Ga droplets are bigger in FME mode
than that of continuous mode. This results from deposited during the first
tow monolayers, Ga and P have not to be precisely controlled. These droples
can deteriorate the surface morphology of the GaP overgrowth layer and can
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increase the number of defects in this layer. This will be addressed later after

HT GaP growth (figure 3-17).
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Figure 3-12. Schemetic depiction of the time dependences of the metal
organic precursor injection during continuous (a) or flow rated modulated (b)

epitaxy. The nucleation was either started by P for both cases.
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(a) Continuous

Figure 3-13. AFM images of LT-GaP layers grown at 400 C after annealed
atat 830°C for 30min in 100 mbar reactor pressure using different growth
mode, (a) continuous nucleation, (b) FME respectively. RMS roughness of

each sample is same as 0.17nm.
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3.3.2. Optimization of HT GaP growth on Si

3.3.2.1. Growth temperature of HT GaP layers

Figure 3-14. AFM images of GaP bulk layers grown at different growth
temperature (a) 500 C, (b)525 C, (c) 550 C, (d) 650 C, (e) 700 C, (f)
800 C respectively. LT-GaP nucleation layers of all samples are grown at
400 C and have 3nm-thickness. RMS roughness is (a) 10.9nm, (b) 10.8nm,

(c) 18.9nm, (d) 4.3nm, (e) 2.94nm, (f) 3.44nm respectively.

AFM images of GaP bulk layers grown at different growth temperature
(@ 5007C, (b)525 C, (c) 550 C, (d) 650 C, (e) 700 T, (f) 800 T
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respectively were shown in Figure 3-12. LT-GaP nucleation layers of all
samples were grown at 400 C and have 3nm-thickness. RMS roughness is
(@) 10.9nm, (b) 10.8nm, (c) 18.9nm, (d) 4.3nm, (e) 2.94nm, (f) 3.44nm
respectively. High surface roughness and island growth mode was shown in
GaP layers grown at less 650°C, however, dramatically smooth surface in
grown samples at over 650C growth temperature and striped APBs were

also shown in those samples.

3.3.2.2. V/1I ratio and growth rate of HT GaP layers

Figure 3-14 shows AFM images of GaP bulk layers grown at 700 C
with different /111 ratio (a) 5000 (b) 1000, (c) 500, (d) 100 respectively. LT-
GaP nucleation layers of all samples are grown at 400 C and have 3nm-
thickness. RMS roughness is (a) 2.9nm, (b) 2.1nm, (c) 2.0nm, (d) very hazy
respectively and last sample (d) is measured by Normalski optical
microscopy due to very hazy surface.

In the middle of V/III ratio, 500, by changing PH3 flow rate at fixed Ga
flow rate, APBs shape was changed from stripe to randomly round. Surface
roughness slightly decreased as the V/III ratio decreased from 5000 to 500.
ABPs shape in samples with lower V/III ratio and higher growth rate was
shown in figure 3-16. APBs shape was changed clearly with V/III ratio,
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however, there was no tendency with V/III ratio. For V/I111=500 sample, as
shown in figure 3-15 (c), APBs have striped shape and randomly round
shape in a V/111=250 sample, finally striped shape appears again in a
V/111=100 sample. APBs density increased in two times higher growth rate
than a sample (c) as shown in figure 3-15 (d). Figure 3-17 shows GaP bulk
layers grown at 700°C on LT-GaP nucleation layers grown at 400 C
having 3nm-thickness using different growth mode. Left panel : continuous
nucleation, right panel : FME nucleation. (a and b) : AFM images of the
surface of the approximately 100 nm thick GaP layers having rms (a) 2.9nm
and (b) 2.8nm respectively. (c and d) : bright field (g=(001)) cross-sectional

TEM micrograph of the GaP/Si layer system.-

74



Figure 3-15. AFM images of GaP bulk layers grown at 700 C with
different /Il ratio (a) 5000 (b) 1000, (c) 500, (d) 100 respectively. LT-GaP
nucleation layers of all samples are grown at 400 C and have 3nm-

thickness. RMS roughness is (a) 2.9nm, (b) 2.1nm, (c) 2.0nm, (d) very hazy.
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Figure 3-16. AFM images of GaP bulk layers grown at 700 C with
different /Il ratio (a) 500 (b) 250, (c) 100 respectively. Sample (d) is
grown at sample temperature with V/II1 =100 and 2 times growth rate than
that of sample (c). LT-GaP nucleation layers of all samples are grown at
400 C and have 3nm-thickness. RMS roughness is (a) 3.5nm, (b) 2.7nm, (c)

2.5nm, (d) 2.1nm respectively.
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Figure 3-17. GaP bulk layers grown at 700C on GaP nucleation layers

grown at 400 Chaving 3nm-thickness after annealed at at 830 C for 30min

in 100 mbar reactor pressure using different growth mode.
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3.4. Summary

High quality GaP growth on exact (001) Si substrates is an important
prerequisite for integrating 1l11/V-based device layers with Si-based
nanoelectronics. The present chapter summarizes a multi-step MOCVD
process to achieve such high quality GaP/Si (001) template substrates after
the growth of only 100nm Ga layer thickness.

We have investigated the generation process of low defects in GaP layers
grown on Si substrates by FME. It was found that the APBs could be
annihilated during the growth, and there were optimized growth condition as
growth temperature, V/III ratio and growth rate. RMS roughness is 2.8 nm
from the optimized growth conditions. Moreover, it was clarified that a few
stacking faults and threading dislocations were detected during the lattice
relaxation process in the MOCVD grown GaP/Si. It is considered that the
generation of stacking faults in the MOCVD growth would be attributed to
the coalescence or expansion of isolated islands at the initial growth stage.
The presence of stacking faults would result in the generation of threading

dislocations during the lattice relaxation process.
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Chapter 4

Heteroepitaxial InP growth on Si (001) and
Ge (001) substrates

81



4.1. Introduction

InGaAs-based compound semiconductors are promising materials for the
high performance electronic devices due to their high electron mobility. The
integration of InGaAs quantum well field effect transistors (QWFET) onto
Si substrate is advantageous in that high speed device can be connected to
well-established Si CMOS platform. Furthermore, the availability of cheap
and large wafer is another merit of Si wafer. However, InGaAs growth on Si
causes the generation of defects from the interface due to the lattice
mismatch between epitaxial layer and substrate materials. Until now, most
efforts to reduce defects in InGaAs layer has been focused on using
compositional graded buffer layer.[1, 2] In the fabrication of InGaAs
transistor, InGaAs with high In content is desirable because electron
mobility increases as the In content increases in InGaAs. InP has lattice
constant of 0.587 nm which is matched with In0.53Ga0.47As. Thus, InP can
be used as a buffer layer for the growth of InGaAs with high In contents on
Si substrate. However, lattice mismatch of 8% makes it difficult to grow
high quality InP layer on Si. Two-decade ago, planar InP layer growth on Si
was achieved by using two-step method for the solar cell applications.[3-5]
Moreover, GaAs or GaP intermediate layers were inserted between InP and
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Si to improve crystal quality of InP.[6- 8] It is proposed that stress due to
thermal expansion coefficient between InP and Si was relieved by inserting
such intermediate layers. Recent study of InP growth on Si has been focused
on selective area growth (SAG).[9-10] During SAG, defects are confined in
the trench, resulting in defect-free InP in the top region. However, 3-
dimensional growth within trench requires post planarization process such as
chemical-mechanical polishing.

Ge also can be used as a substrate for the InP growth. The main advantage
of Ge is less thermal and lattice mismatch with InP compared to Si. Ge has a
higher mobility rather than other semiconductor materials. The growth of 111-
V on Ge allows to fabricate complementary metal-oxide-semiconductor
(CMOS) composed of Ge pMOS and Il1-V nMOS.[11] In addition, thermal
annealing at lower temperature is possible to remove native oxide compared
to Si, reducing thermal budget.[12-13] Despite merits of Ge as a substrate,
InP on Ge has been barely reported. There were a few reports about solar cell
operation using InP on Ge but growth of InP on Ge has not been
announced.[14]

In this study, InP layers were grown on Si(001) and Ge(001) substrates by
using metalorganic chemical vapor deposition (MOCVD). Two-step InP
growth on Si(001) was optimized by controlling growth conditions such as
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growth temperature, V/I1I ratio and thickness. The quality of InP layer was
improved by growing on Ge(001) substrate.SiO, is the most widely used

dielectric material and it has been often used for contact windows.

4.2. Experimental details

InP layers were grown on 2-inch Si(001) and Ge(001) substrates in
metalorganic chemical vapor deposition (MOCVD). Trimethylindium (TMIn)
and phosphine (PH3) were used as In and P sources, respectively. During the
growth, reactor pressure was set to 76 torr. The orientations of Si substrates
were (001) and (001) 60 offcut toward <111>. Si wafers were cleaned by
using SC1 (NH40H : H202 : DI = 1: 1: 10) and HF. Subsequently, wafers
were loaded into MOCVD reactor. Before epitaxy, Si wafers were thermally
cleaned at 830 °C for 30 under H2 ambient. Then, InP nucleation layer was
grown at the low temperature of 350-450 °C, at V/III ratio of 1500. Two-
step InP growth was proceeded as follows: InP nucleation layers of 40 nm
were grown at 400 °C. Subsequently, InP main layers were grown on the top
of InP nucleation layers at the elevated temperature from 550 to 650 °C at
V/I11I ratio of 300 and 900. The total thicknesses of two-step InP layers were

0.7,1.3and 2.7 um.
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For the InP growth on Ge, 2-inch Ge(001) wafer 60 offcut toward <111>
was used. Without any ex-situ treatments, Ge wafer was loaded into
MOCVD reactor. In-situ thermal cleaning was performed at 700 °C for 10
min under H2 ambient. 1.3 pm-thick InP layer was grown on Ge(001) in a
two-step: 40 nm-thick InP nucleation layer was grown at 400 °C, followed
by InP main layer growth at 550 °C. V/III ratios for nucleation and main
layers were 1500 and 300, respectively.

Surface morphologies of InP layers on Si(001) and Ge(001) substrates
were characterized by atomic force microscopy (AFM) and scanning
electron microscopy (SEM) using a Hitachi SU70. Crystallinity of the InP
layers was investigated by X-ray diffraction (XRD) using a Panalytical
X’pert PRO high resolution XRD system. Optical properties of the InP
layers were examined at 80 K by cathodoluminescence (CL) with Gatan
MonoCL4. Defects in InP layers were analyzed by JEM-2100F transmission

electron microscopy (TEM) .
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4.3. Results and Discussion

4.3.1. Heteroepitaxial InP growth on Si(001) and Ge(001)
substrates

In order to optimize the growth condition for InP nucleation layer, InP
layers were grown on vicinal Si(001) at the temperature of 400 to 450 °C for
10 min. Fig. 1(a) and (b) are 1 x 1 um? AFM images of grown InP layers on
vicinal Si(001) at 450 and 400 °C, respectively. When grown at 450 °C, InP
islands are formed on the vicinal Si(001) surface as shown in Fig. 1(a). The
nucleation rate of InP islands on Si surface increases and the adatoms
mobility on surface decreases with growth temperature decreasing. Whole
vicinal Si(001) surface was covered by InP layer of 40 nm by decreasing
temperature to 400 °C in Fig. 1(b). However, it is suggested that InP growth
at more reduced temperature of 350 °C leads to formation of In-rich phase

due to the low cracking ratio of PHs. [4]
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Figure 4-1 1x 1 um® AFM images of InP layers grown on vicinal Si(001)

at (a) 450 and (b) 400 °C for 10 min.

After the growth of InP nucleation layer at 400 °C, main InP layers were
grown on InP nucleation layers for 60 min at V/I1I ratio of 300, varying the
temperature from 550 to 650 °C. Figure 2 includes the plan-view SEM
images of two-step InP layers with different growth temperatures of main
layer. For all growth temperatures, smooth surfaces are not observed. While
the 650 °C growth results in the 3-dimensilnal growth with hillocks, InP
layer is partially coalesced with holes on surface by lowering temperature to
600 °C. Further reduction of growth temperature to 550 °C decreases depth
of holes and increases their density as shown in Fig. 2(c). The surface RMS
roughness is reduced from 68.0 to 32.5 nm by decreasing temperature of
second layer from 600 to 550 °C in the inset of Fig. 2(b) and (c), meaning
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that 550 °C growth is desirable to obtain flat InP surface. Thus, we selected
550 °C as a growth temperature for InP main layer.

In order to grow InP layer with the smoother surface, and thickness of
total InP layers and V/11I ratio for growth of InP main layer were varied. The
RMS roughnesses and full width at half maximum (FWHM) of XRD
rocking curve are plotted depending on growth conditions in Fig. 4. It is
clearly shown that as the thickness increases from 0.7 to 2.6 um, RMS

roughness is lowered from 32.5 to 7.7 nm.

88



Figure 4-2 Plan-view SEM images of two-step InP layer grown on vicinal
Si(001). The growth temperatures of second layer were (a) 650, (b) 600 and
(c) 550 °C. The insets of (b) and (c) are AFM images of corresponding
samples. The RMS roughnesses of (b) and (c) are 68.0 and 32.5 nm,

respectively.
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Figure 4-3 (a) Plots of RMS roughness and (b) XRC FWHM of InP layers
depending on growth conditions. The insets of (a) are 10 x 10 pm* AFM
images of InP layers of 2.6 um grown on nominal and vicinal Si(001) with

the RMS roughnesses of 23.4 and 7.7 nm, respectively.

90



The holes existed on InP surface in Fig. 2(c) are disappeared during 2.6
um-thick InP growth, flattening InP surface as presented in the inset of Fig.
3(a). In addition to thickness increasing, growth of InP main at higher V/III
ratio also improve surface of InP. The increasing V/III ratio from 300 to 900
reduces RMS roughness of 1.3 um-thick InP from 26.4 to 14.9 nm. Higher
V/III ratio reduces diffusion and desorption of In on the facet plane of
islands, leading to more lateral growth.[18] Thus, smoother surface can be
obtained at higher V/III ratio. Furthermore, when 2.6 um-thick InP is grown
on nominal Si(001), some boundaries are observed. On the surface of
nominal Si(001), there are single steps.[15] When polar materials such as InP
are epitaxially grown on non-polar materials such as Si, In-In and P-P bonds
are generated from the Si surface due to the monolayer steps and they are
called anti-phase boundaries (APBs). Such APB is boundary between two
different domains and is propagates toward surface during I11-V growth.[16]
The formation of APBs leads to the rough surface with RMS roughness of
23.4 nm. The smoother InP layer on vicinal Si(001) than that on nominal
Si(001) is caused by avoiding APB formations by using a substrate with the
higher density of double steps.[17]

Growth conditions affect not only surface morphologies but crystal quality.
XRC FWHM decreases from 1587 to 705 arc-sec with thickness increasing

91



from 0.7 to 2.6 um as presented in Figure 3(b). In rocking curve, degree of
peak broadening is related to the crystal quality. The rocking curve is more
broadened when dislocation density is higher in epitaxially grown layer due
to the rotation of lattice and strain field by dislocations.[19] Threading
dislocation density (TDD) in InP layer is reduced as the thickness increases
due to the reaction and annihilation of threading dislocations during

growth.[20]
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Figure 4-4 CL images of InP layers on (a), (b) vicinal and (c) nominal

Si(001) substrates at 80 k. The thickness of InP layers are (a) 1.3 and (b), (c)

2.6 um. (d) Plan-view SEM image corresponding to (c).

The improved crystal quality influences optical properties of InP layers.
Figure 4(a) and (b) present the 80 k CL images of 1.3 and 2.6 um-thick InP

layers vicinal Si(001) substrates. In CL images, non-radiative centers are
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represented by dark spots. Dark regions are reduced as the thickness
increases from 1.3 to 2.6 um in Fig 4(a) and (b), indicating the enhanced
optical properties. Although the growth of main InP layer at V/III ratio of
900 is advantageous in obtaining the smoother surface, shortened diffusion
length of adatom leads to the broadened rocking curve with FWHM of 1463
arc-sec. In addition, InP on vicinal Si(001) shows lower FWHM than that of
InP on nominal Si(001). APB is known to be a non-radiative recombination
center.[21] Figure 4(c) and (d) shows that dark lines in CL image are
matched to the APBs in SEM image, meaning that APBs deteriorate the
crystallinity and the optical property of InP layer on nominal Si(001). In
brief, the better quality with the smoother surface is obtained by growing the
thicker main InP layer on vicinal Si(001) at the lower V/I1II ratio.

Finally, InP layer of 1.3 um was grown on vicinal Ge(001) substrate and
its material properties were compared with InP layer on vicinal Si(001). The
lattice mismatch between InP and Ge is 4% which is smaller than that
between InP and Si (8%). Thus, quality improved InP layer was grown on

Ge(001).
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Figure 5-5 10 x 10 pm? AFM images of 1.3 pm-thick InP layer grown on
vicinal (a) Si(001) and (b) Ge(001) substrates. RMS roughnesses are (a) 26.4

and (b) 7.8 nm

Figure 5 includes 10 x 10 um? AFM images of 1.3 um-thick InP layers
grown on both substrates. In the case of InP on Si(001), holes exist on the
surface and high RMS roughness of 26.4 nm is obtained. As shown in Fig.
3(a), merged surface with lower RMS roughness of 7.7 nm is achieved by
growing 2.6 um-thick layer. However, growth of 1.3 um-thick InP results in
merged surface with RMS roughness of 7.8 nm by replacing Si(001)
substrate with Ge(001) substrate.

The usage of Ge(001) substrate affects the defect formation in InP layer.
Figure 6(a)-(c) shows the plan-view TEM images of InP layers grown on
vicinal Si(001) and Ge(001) substrates. For all cases, defects are formed on
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the InP surface because of lattice mismatch between InP and substrate
materials. Threading dislocation and planar defect densities are plotted in Fig.
6(e). When InP layers are grown on Si(001) substrates, TDD is reduced from
6.5 to 4.0 x 10° cm? as the thickness increases from 1.3 to 2.6 um,
respectively as shown in Fig. 6(a) and (b).

The TDD reduction is due to the annihilation during InP growth. In
addition to threading dislocations, planar defects are observed. The
formation of planar defects such as stacking fault and/or twin boundary is
due to the adsorption of atoms on {111} planes.[ref] The planar defect
density also decreases from 8.2 x 10° cm? to 5.5 x 10° cm™ by with
thickness increasing. Although lattice mismatch between InP and Ge is less
than that between InP and Si, more threading dislocations are observed in 1.3
pum-thick InP on Ge(001) in Fig. 6(c). The TDD of InP is 1.1 x 10° cm™
which is higher value than both InP layers grown on vicinal Si(001).
However, less planar defects exist with the density of 1.2 x 10° cm™
compared to InP on Si(001). Planar defects act as barriers which block the
propagation of threading dislocations. Thus, TDD is higher in InP on Ge(001)

rather than InP on Si(001). The origin of less planar defects is not clear.

96



| [—%—TDD Ty
14 N & |~ Planar defect density| 18 £
o
-~ ©
_ 12 L ol —
8§ 46 X
9 E 10 Sm\ / ;
B N Vo —
= N7 2
x 8| ¢ /\/\\ 14 8
[a) *. / g
(=) 6 ™ ] \\ 2
= = / 4 42 3
ol ’ £~ =
| y 41 Sk o <
c
©

: . .
InP on Si(1300 nm) InP on Si(2600 nm) InP on Ge(1300 nm) &~

Samples

Figure4-6 Plan-view TEM images of InP layer grown on vicinal (a), (b)

Si(001) and (c) Ge(001) substrates. Thicknesses of InP layers are (a), (c) 1.3
and (b) 2.6 um. (d) the plot of TDD and planar defect density of InP layer

grown on vicinal Si(001) and Ge(001) substrates.

In spite of the higher TDD, InP on Ge(001) shows better crystal quality.

Figure 6 shows the rocking curves of InP layer grown on vicinal Si(001) and
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Ge(001) substrates. When 1.3 um-thick InP is grown, the narrower rocking
curve is obtained with the FWHM of 781 arc-sec by using Ge(001) substrate,
which is the slightly higher values than that of 2.6 um-thick InP on Si(001).
The lattice mismatch between InP and Ge is 4% which is smaller than that
between InP and Si (8%), leading to the lower TDD in InP layer. Therefore,

crystal quality is enhanced by growing InP layer on Ge(001) substrate.

¢ InP on Ge (1.3 um)
" o InPon Si(1.3 um)

4 InP on Si (2.6
>
<
>
=
(7]
c
Q
il
=

-2000 0 2000

Omage (arc-sec)
Figure 4-7 XRD rocking curves of InP layers grown on vicinal Si(001) and

Ge(001) substrates.
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4.3.2. Optimization of InP growth on Si using GaP buffer

InP epilayers grown on Si substrates provide a promising way to
combine InP-based optical devices with Si integrated circuits, using high-
quality commercial Si substrates. This section reports InP eilayers grown on
Si substrates with GaP as buffer layers. This GaP buffer layers was adopted
from the best optimized condition of previous chapter. InP epilayers are then
grown on those GaP buffer layers using a conventional two-step growth
method. Total optimized GaP buffer layer thickness is around 50nm, which
grown at 700°C for HT GaP bulk layers and at 400 °C for nucleation layers
with 5nm thickness. 1% InP buffer layers were grown on those GaP buffer
layers using two step growth, 400°C and 550 C growth temperature for LT
InP and HT InP respectively. 2nm-thick InGaAs having over 50% In
composition and InP superlattice layers were grown on 1% InP buffer layers.

Figure 4-8 shows AFM images of InP top layers from (a) to (c) and
bright field (g=(001)) cross-sectional TEM micrograph are from (d) to (f)
with different growth condition and buffer structure. All samples have the
same GaP buffer growth conditions and RMS roughness is (a) 9.4nm, (b)
5.5nm, (c) 2.1nm respectively. (a) Thick 1% InP buffer layers and
InGaAs/thin InP superlattice layers on 4° miscut Si substrate, (b) thin 1* InP
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buffer layers and InGaAs/thick InP superlattice layers on exact Si substrate
and (c) thin 1™ InP buffer layers and InGaAs/thick InP superlattice layers on
4° miscut Si substrate. We obtained high quality InP top layers with very
smooth surface using 2nm-thick InGaAs and 80nm-thick InP supperlattice
buffer. Most threading dislocations from the interface between InP and GaP,
GaP and Si substrates are self-annihilated within lower InGaAs/InP

superlattice buffer.

InGaAs/InP

InGaAs/InP
InP

Figure 4-8. AFM images of InP top layers from (a) to (c) and bright field
(9=(001)) cross-sectional TEM micrograph are from (d) to (f) with different
growth condition and buffer structure. All samples have the same GaP buffer

growth conditions and RMS roughness is (a) 9.4nm, (b) 5.5nm, (c) 2.1nm
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respectively.

4.4, Summary

InP epilayers were grown on Si substrates using buffer layers of GaP.
AFM, SEM and TEM examination results showed that GaP is a proper
material as a buffer layer, and that its optimum thickness is about 3~5nm.
TEM observation showed that the inserted InGaAs strained layers were very
helpful to reduce the surface roughness and defect reduction. It also
confirmed that GaP acted as a buffer to alleviate the lattice mismatch
between InP and Si. The best AFM roughness obtained from inserted

InGaAs strained layers was 2.1nm for 5 x 5 um?®.
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Chapter 5

SAG of high quality InP on Si substrate

using a GaP thin buffer layer
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5.1. Introduction

Among 11—V compound semiconductors, indium phosphide (InP) has
attracted much interest for various applications including high speed
optoelectronics for optical communications [1]. In order to satisfy the
requirements to be used in InP-based optoelectronic devices as well as low
power logic devices with high performance, the high quality epitaxial growth
of InP on Si substrates is essentially necessary. Although many research
groups have made their efforts to obtain high quality InP for many decades,
several problems still remain unresolved due to the considerable lattice
constant mismatch (~8%), a large difference in thermal expansion coefficient
(~50%) and the generation of polar/non-polar interfaces between InP and Si
substrate [2,3]. These challenges are being addressed by the use of Il1-V
buffer layer growth, either on blanket Si wafers [4,5] or on patterned Si
wafers [6], which reduces the number of defects degrading the device
performances. To reduce the number of defects in InP layers grown on Si
substrate, many growth techniques such as selective area growth (SAG) [7],
epitaxial lateral overgrowth [8], strain engineering by buffer layer [9], and
migration enhanced epitaxy (MEE) [10], etc., were explored. Among them,
SAG is the most widely used to form IlI-V compound semiconductor
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heterostructures on Si substrate with shallow trench isolation (STI) structures
[6,11].

In the case of 111-V compound semiconductor epitaxial layers grown on
Si (001) substrates, the reduced symmetry of IlI-V compounds induces
antiphase domain boundaries (APBS), resulting in deep-levels in the band
gap [6.12]. To avoid the formation of APBs, miscut Si (001) substrates are
commonly used. However, miscut substrates induce additional issues in
SAG, such as crystal quality and surface morphology dependence on trench
orientations, which can be a significant barrier for CMOS device fabrication
using I11-V materials [13]. Therefore, it is of great importance to obtain
APB-free 111-V layers on on-axis (001) Si substrates.

In this study, we investigated the growth behaviors of InP layer on (001)
Si substrate to obtain high quality InP with atomically smooth surface using
SAG with submicron trenches. For the growth of high quality InP layer, a
GaP thin buffer layers was used on the stepped sidewall surface of etched Si
surface. In terms of InP growth, GaP layers have several advantages such as
small lattice mismatch with Si substrate, high band gap energy that would
lower leakage current through buffer layers and no interfacial fluctuation by
using the same group-V source (P), compared to GaAs buffer layer. APBs
could be eliminated from the interface between GaP layers and Si substrates,
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and crystallographic defects, such as threading dislocations, stacking faults
(SFs) and micro twins could be also trapped within the etched Si surface
with necking effects. Finally, we demonstrated the epitaxial growth of
InGaAs/InP heterostructure on SAG InP to show its feasibility as a channel

layer in field effect transistor s (FETS).

5.2. Experimental details

The substrates used in this study were 2-inch p-type on-axis (001) Si.
After Si cleaning process, a thin SiN, layer was deposited on Si substrates by
inductively coupled plasma chemical vapor deposition, followed by
conventional photolithography and reactive ion etching (RIE) to form trench
patterns along [110] direction. After the formation of stripe patterns using
RIE with CF, chemistries, the trenches about 800 nm deep were formed.
Then, Si wafers were loaded into a low pressure metal organic chemical
vapor deposition (MOCVD) system (AIX 2400 G3), the epitaxial growth
was made. For the In, Ga, Al, and P sources, trimethylindium,
trimethylgallium, trimethylaluminum, and phosphine were used, respectively.
Prior to the growth of epitaxial InP layer on patterned Si substrates, initial
experiments were performed by using a two-step growth method following
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the optimized growth conditions on planar Si (001) substrates. A typical
sequence for growing InP/GaP on Si was conducted as follow; Si substrates
are preheated at 830 °C for 30 min in a H, atmosphere to remove thin native
oxide from the substrate prior to epitaxial growth. The first 5 nm-thick GaP
nucleation layer was deposited at 400 °C (low temperature GaP), followed by
a 25 nm-thick GaP intermediate layer grown at 700 °C (high temperature
GaP). The growth rates for nucleation and intermediate GaP layers were
0.1A/s and 3.8 A/s, respectively. Then, the growth temperature was
decreased to 400 °C for the growth of 30 nm-thick InP buffer layer (low
temperature InP) and finally 300 nm-thick HT InP layers were grown at
various growth temperatures (high temperature InP). It was found that the
formation of facet planes and growth rates were affected by growth
conditions such as temperature and pressure [14]. The surface morphologies
of the high temperature (HT) InP layers grown at various growth
temperatures ranging from 500 to 650 °C were characterized by atomic force
microscopy (AFM), scanning electron microscopy (SEM). Transmission
electron microscopy (TEM) was used with 300 keV acceleration voltage to

study details of defects.
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5.3. Results and Discussion

5.3.1. Effects on growth temperature on surface morphology

Figure 5-1 shows the low magnification cross-sectional TEM images of
InP layers grown on patterned Si substrates at various HT InP growth
temperatures from 500 to 650 °C with increment of 50 °C. Figure 1(a) shows
the polycrystalline InP layers, suggesting that the relatively too low growth
temperature under 550 °C would not be suitable for the growth of single
crystalline InP layers. Fig. 5-1(b) shows that the InP layers with flat (001)
surfaces and many SFs and micro twins generated from free {111} surfaces
inside InP buffer layers. As growth temperature increased over 600 °C,
surface morphology of HT InP layers began to have {111} planes near the
SiN, mask (See Fig. 5-1(c)). Finally, the InP layer gown at growth
temperatures 650 °C clearly showed the triangular shapes with {111} facets.
From the results of morphological dependence on the growth temperature,
we found that the growth temperature of HT InP should be near 550 °C to
obtain flat surfaces with single crystalline nature. The HT-InP grown at 550
°C has more regular and uniform surface morphology than the case of 525°C
as shown in the inset Fig. 5-1(b).

110



Figure 5-2 shows the cross-sectional SEM and TEM images of InP layer
grown at 650 °C. The top HT InP layers were triangularly shaped with {111}
facets and high crystallographic quality. TEM image analysis was made, as
shown in Fig. 5-2(b), to study the defects in detail. Most defects were
trapped within the sidewalls of etched Si surface and the rest of them were
trapped underneath the sidewalls of SiN, mask. These results clearly
illustrate that the defects created during the InP growth on Si substrate could
be effectively and significantly reduced by a two-step growth method.
Furthermore, APBs arising from polar epitaxial growth on nonpolar
substrates could be effectively suppressed at the interface between GaP
intermediate layers and Si substrates. APBs are known to have harmful
effect such as the reduction of mobility of electrons and holes in electronic

devices [2].
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Figure 5-1. Cross-sectional TEM images of InP layers grown on patterned
Si (001) substrate at various growth temperatures ranging from (a) 500 °C to

(d) 650°C with increment of 50 °C.
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Figure 5-2. Cross-sectional (a) SEM and (b) TEM images of epitaxially
grown InP layer on a patterned Si (001) wafer with SiN, mask. HT InP layer

is grown at 650 °C.
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Moreover, the defects originated from lattice mismatch between InP and
GaP intermediate layers were reduced in the LT InP layers grown at 400 °C.
The atomic steps formed by over-etching of Si substrates with a rounded
surface were effective in reducing the density of APBs [5]. In our work, the
over-etched and concave shaped Si trenches were found critical to remove or
reduce crystallographic defects including APBs by the formation of InP/GaP
buffer layers both at the bottom and at sidewall of etched surface.
Conventionally, threading dislocations tend to stretch toward top surface
along the growth direction. In our experiment, however, the LT InP layers
from the sidewalls merged along <110> directions and could block the
propagation of defects threading upward from the (001) bottom surface
during LP InP growth.

Figure 5-3 shows the cross-sectional SEM and TEM images of the InP
layer grown at 550 °C on patterned Si substrate with the same trench along
the [110] direction as in Fig. 5-2. In contrast to the InP layer grown at 650 °C,
top HT InP layers had very flat surfaces. The flat surface morphology can be
attributed to the different growth rate according to crystal planes and the
different surface diffusion length of precursors according to the growth
temperature.

After growth of LT InP layers, the top InP surface has (001) planes on the
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center of trench and {311} planes appear at the both edge side of trench as
shown in Fig. 5-4(d). Relatively lower surface diffusion of precursors at 550
°C allows similar growth rate for both (001) and {311} planes, so final HT
InP top layers has flat (001) surface with negligible {311} planes nearby
SiNx mask. However, in case of HT InP growth temperature of 650 °C as in
Fig. 5-2, precursors has the highest surface mobility on {111} planes which
means the lowest growth rate on {111} planes so that {111} facets appear
during HT InP growth. These results are good agreement with the Si
selectively growth according to growth temperature [15]. In our experiment,
SiN, mask layers were used since they were not etched by a dilute HF
solution, and mask shape did not change before and after pre-cleaning
process. In addition, the SiN, had shorter surface migration length compared
to SiO, for some precursors, which facilitated the formation of flat surfaces
[16]. The formation of void can be also attributed to the lower growth rate of
{111} facets inside void than that of (001) plane of LT InP. The merger of
two fast growth (001) planes toward <110> direction prevents the supply of

precursors to the bottom of trench area, resulting in the void formation.
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Figure 5-3. Cross-sectional (a) SEM and (b)TEM image of HT InP layer
grown on a patterned Si (001) wafer with SiN, mask. HT InP layer is grown

at 550°C.
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The details for defects in InP layer could be found in the TEM image as
shown in Fig. 5-3(b). Stacking faults and micro twins stretched out to the
edge of the top surface along the {111} planes and most threading
dislocations were confined at the interface of GaP intermediate and LT InP
layers. This result suggests that a defect-free top InP epilayer with smooth
surface can be grown at 550 °C. The top InP layers grown at 650 °C were
facetted, as shown in Fig. 5-2; however, the reduction of InP growth
temperature to 550 °C resulted in the formation of (001) planes with smooth
surface morphology.

Figure 5-4 shows the step-by-step morphological evolution of the growth
of InP layers on patterned Si substrate with SiN, mask on Si substrate to the
final HT InP growth. The left column indicates the schematic diagram of
each growth step with the corresponding cross sectional SEM images in the
right column. Fig. 5-4(a) shows the cross sectional image of etched SiN,
masked Si substrate. After then, GaP buffer layers having {111} facets were
grown at the bottom of trench, as shown in Fig. 5-4(b). During the LT InP
growth, InP layers grew on the initial planes of HT GaP layers with different
growth rate of {111} and (001) plane. Sidewall InP islands nearly touched
each other at the end of LT InP growth. Further growth of HT InP at 550 °C
led to the coalescence of sidewall islands with (001) top plane, as shown in
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Fig. 5-4(d) and 4(e), indicating the possibility to obtain relatively smooth
surface by the different growth rate and surface diffusion length according to
both crystal planes and the growth temperature as mentioned before. It is
speculated that the formation of void may affect the residual stress state of

overgrown InP layer and can be advantageous in obtaining less defect layers.

“HHNAN

(b)

SiNx patterning & )
SiN & Si etch

LT & HT GaP
growth

(c)

o [ LT InP growth ]

.[1/2 HT InP growth ]

.[ HT InP growth ]

Figure 5-4. Evolution of growth behavior of InP layer from the (a) SiNy

patterning to (e) the HT InP growth.
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In order to evaluate the surface roughness, which is an important issue to
fabricate electronic devices, AFM measurements were conducted with HT
InP layer grown on patterned substrate at 550 °C. As shown in the Fig. 5-5,
the top HT InP has a very flat surface with RMS roughness of 2.3 A. No
defects including APDs and mixed dislocations were observed. Dark color
lines along the [110] direction exhibits the region of unmerged HT InP layers
overgrown on the SiN, mask. The improvement of surface morphology
using the patterned substrate can be attributed to the well-known growth
mechanism of SAG method [5].

Finally, the n*-InGaAs/InP/InGaAs heterostructure, which is essential for
the formation of transistor channel layers in electronic and optoelectronic
device applications [17], was grown on the InP layer. The successful
formation of the heterostructure on InP with flat surface could be confirmed,
as shown in Fig. 5-6. The high surface flatness of InGaAs was achieved by
using the HT InP templates grown at optimized growth temperature of 550
°C on patterned Si substrate. However, some stacking faults from the center
of HT InP stretched out to the surface through InGaAs channel layers which

can affect the final device performance.
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15

0 nm

Figure 5-5. AFM images recorded from the surface of HT InP layer grown

at 550 °C. The lower figure shows the magnified image of the flat top region.
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n+ InGaAs
InP

InGaAs (channel)

InP

Figure 5- 6. Cross sectional TEM image of InGaAs grown on HT InP
template grown at 550 °C. The inset shows the STEM image of the same

structure.

5.3.2. Defect formation mechanisms

There are two fundamentally different mechanisms for formation of
extended lattice defects; relaxation of strain and deposition errors. A third
case can be said to be constituted by defects formed during coalescence; the

exact mechanism for formation of defects is not perfectly clear and may in
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fact involve the other two. In all above cases, dislocations are created
whereas stacking faults do not necessarily arise in the first and third cases.
Furthermore, since defects are present already in the seed layer, those in the
ELOG layer may consist both of defects that propagate through the mask

openings and of newly formed ones.

5.3.2.1. Relaxation strain

Strain affects both the formation of defects as well as their behavior;
after reaching a critical thickness, a strained layer may relax by forming
misfit dislocations at the layer substrate interface [18].

Threading 60° misfit dislocations are not as efficient in relieving strain
as 90° misfit dislocations lying in the interface of two mismatched lattices.
Still, glissile 60° TDs tend to dominate in low-strain systems because they
can glide on {111} planes to the interface where strain is most efficiently
relieved [19]. In the present case however, the gliding movement would be
blocked by the mask and thus the dislocations would not be able to reach the
interface. Since the SAG layer is assumed to be able to slip across the SiN,
mask because there is no nucleation taking place on top of the mask, it is
doubtful if they would contribute much to strain relaxation at the InP SAG—
SiN, mask interface. Thus, relaxation of strain by formation of misfit
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dislocations is not likely; instead, in uncoalesced ELOG layers, strain would

be relieved predominantly by elastic readjustment. However, TDs pre-
existing in the seed layer, predominantly 60° dislocations, may propagate

through the mask openings and subsequently dissociate into pairs of
Shockley or Shockley and Frank partial dislocations. As previously noted,
the TDs corresponding to single dark spots in the PCL maps are likely not
partial dislocations since they do not appear to be bounding planar defects.
Thus, these TDs were not formed in conjunction with associated planar
defects such as SFs. Therefore, the TDs observed in the InP ELOG layer in
the present investigation are not the result of relaxation of residual strain, nor
are they a result of the formation of stacking faults. Instead, they more likely
formed during coalescence of merging growth fronts and to some extent due

to propagation of pre-existing TDs through the mask openings.

5.3.2.2. Dissociation of dislocations
A perfect dislocation may dissociate into Shockley partial dislocations

bounding an SF according to the reactiolns of the type:
1 1 1
§<110>_’g<211>+g<21_1> (5.1)

Whereas the two dislocations will repel each other, the SF will provide a
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force pulling them together, yielding the following expression for total force
acting on the partials [20]:

Fe Gb?
 4md

(5.2)
where G is the shear modulus, b, the magnitude of the Burgers vector, d, the
separation between the partial dislocations and v, the stacking fault energy
per area, providing a line force per unit length of dislocation. U, the
additional crystal energy per unit length due to the partial dislocations and
the SF is then the work performed when the dislocations are moved apart
which can be found by integrating the total force over the width w of the

fault:

(5.3)
where d in (5.2) has been substituted by r to avoid confusion with the
integrand. The lower boundary is a/ V2 since this is the least distance

between adjacent atoms on {111} planes in the <110> directions.
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Figure 5-7. Normalized distribution of DLDs with respect to DLD width

extracted from sample K with layer thickness of 100um. The crystal
energy/unit length of SF with respect to SF width is included for comparison.

The arrows indicate on which scale the data is plotted on [21].

The length of the DLDs was extracted from room temperature PCL maps
for samples of InP SAG on Si substrate and is shown in Figures 5-7 and 5-8.
As has been previously observed, the SF width is not constant but increases
with layer thickness. The reason for this is not quite clear but is probably a
consequence of the growth mechanism rather than force equilibrium as it is
determined by the directions of the bounding partials [22]. The distribution
function of these, i.e., the frequency with which certain lengths occurs,
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appears to be neither random nor monotonically decreasing with increasing
length; distribution sharply increases and then decays exponentially with
increasing length, having a maximum towards lower lengths. The average
length was around 3 pum in the case of sample with a layer thickness of 10
um, and around 30 pum for sample with a layer thickness of 100 pm,

respectively.
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Figure 5-8. Normalized distribution of DLDs with respect to DLD width
extracted from sample K with layer thickness of 100um. The crystal
energy/unit length of SF with respect to SF width is included for comparison.

The arrows indicate on which scale the data is plotted on [21].
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Since the length of the DLDs corresponds to the width of the SFs as they
intersect the layer surface, the observed distribution reflects the surface
width distribution of the faults. An interesting conclusion that can be drawn
from comparing Figures 5-7 and 5-8 [21] is a perpetual formation of new
SFs do not occur throughout the growth of the ELOG layer but primarily in
the earlier stages of growth, since for thinner layers most SFs have widths
less than 10 um, whereas for thicker layers only a few SFs have a width of
10 pum or less. Contrarily, if SFs were continuously forming, the occurrence
frequency of SFs less than 10 um would be more or less constant regardless
of the layer thickness.

The SF energy/unit length as a function of SF width calculated from Eq.
(5.3) is also shown in Figures 5-7 and 8. It first decreases sharply since the
crystal energy is lowered when the separation between the bounding
dislocations increases, but eventually reaches a minimum as the energy from
the repulsive force becomes equal to the attractive force of the SF which
increases with increasing width. The minimum crystal energy corresponds to
the most energetically favorable SF width, referred to as equilibrium width
which is given by Eq. (13):[20]

Gb? Gb?

F=——-vy=0d=—
41d v 4ty

(5.4)
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Using G = 46 GPa [23] and y = 17 m J m ™2 [24], for InP this translates

into an equilibrium width of 12 nm in the case of Shockley partials with b =
24 A . However, as shown in Figures 5-7 and 5-8, the DLD length, which
corresponds to the stacking fault width, is generally considerably larger than
this and increases significantly with increasing layer thickness. Assuming a
linear increase of the average width with thickness (which is reasonable
considering that the bounding dislocations appear to be straight lines as
observed in Figure 5-4 & 5-7), the SF (surface) width w can be described by
the following function:

w = Bh+wj (5.5)

where h is the layer thickness, w0, the SF width at h = 0 and B a constant.
Using the average DLD lengths of 3 and 30 um at thicknesses of 10 and 101
um respectively, B becomes ~0.3and w0 ~ 0 pm. Assuming that the SFs
formed at a thickness of the order of magnitude 100 nm, this corresponds to
an average initial width of around 30 nm, which is of the same order of
magnitude as the theoretical equilibrium width of 12 nm. Furthermore, the
incorporation of sulfur has been shown to decrease the SF energy [25-26],
thereby possibly increasing the SF density and SF equilibrium width. The
latter effect however will be counteracted by the strain in the ELOG layer;

Dissociation of a 60° dislocation into Shockley partials will always result in
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one 30° and one 90° dislocation which will not experience forces of equal
magnitude in a strain field [27-29]. In compressively strained (001) films,
the 90° dislocation will nucleate first and will experience a lower force than
the 30° dislocation, thus leading to a contracted stacking fault. Since the
ELOG layer is as previously discussed compressively strained during growth,
a shorter equilibrium width would be expected on account of the strain if the

SFs were bounded by Shockley partials.

5.4. Summary

We investigated SAG of InP layers on patterned Si substrates with
InP/GaP buffer layers at various growth temperatures ranging from 500 °C to
650 °C. In order to grow high quality InP, a thin GaP buffer layer was grown
on stepped sidewall surfaces of etched Si. The different growth temperature
resulted in different top surfaces. The high quality InP layer with smooth
surface can be attributed to the dislocation necking effect together with the
formation of void. Finally, we demonstrated the formation of InGaAs/InP
heterostructures using the suggested InP templates, which can be used in

applications of electronic devices.
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As to the origin of the SFs, there are a number of possible mechanisms:
first, SFs present in the seed layer evidently can propagate through the mask
openings. Secondly, they may form by random deposition errors during early
SAG prior to coalescence on {111} planes since these planes have a much
lower SF energy than (001). They may also form by dissociation of TDs.
Finally, SFs may form by incorrect deposition due to bond distortion
because of strain in SAG islands. Presently, the latter formation mechanism
of SFs appear to offer the most plausible explanation, possibly enhanced by
roughness in the SiNx mask which during lateral growth makes formation of
stacking faults more energetically favorable, although dissociation of perfect
dislocations into Shockley partial dislocations and random deposition errors
cannot be ruled out completely. Finally, we postulate that it is possible to
remove the SFs if not completely then at least decrease their density by
annealing at a higher temperature, since their removal would result in a

lower total crystal energy.
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Chapter 6

Summary and conclusions
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In this PhD work, the selective epitaxial growth of InP on Si (001)
substrates has been studied and high-quality InP layers with extremely flat
surface using a thin GaP buffer layer have been obtained. The main focus of
this work is to study the defect formation mechanism during epitaxial growth
and to develop solutions to reduce the defect density so that device-quality
I1I-V virtual substrates can be realized on large-scale Si substrates. This
work offers the required knowledge to fabricate InP virtual substrates with
SiNx trench by using selective area growth (SAG).

Chapter 3 demonstrated that high quality GaP growth on exact (001) Si
substrates is an important prerequisite for integrating I11/V-based device
layers with Si-based nanoelectronics. The present chapter summarizes a
multi-step MOCVD process to achieve such high quality GaP/Si (001)
template substrates after the growth of only 100nm Ga layer thickness.

We have investigated the generation process of low defects in GaP layers
grown on Si substrates by FME. It was found that the APBs could be
annihilated during the growth, and there were optimized growth condition as
growth temperature, V/III ratio and growth rate. RMS roughness is 2.8 nm
from the optimized growth conditions. Moreover, it was clarified that a few
stacking faults and threading dislocations were detected during the lattice
relaxation process in the MOCVD grown GaP/Si. It is considered that the
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generation of stacking faults in the MOCVD growth would be attributed to
the coalescence or expansion of isolated islands at the initial growth stage.
The presence of stacking faults would result in the generation of threading
dislocations during the lattice relaxation process.

Chapter 4 provides that InP epilayers were grown on Si substrates using
buffer layers of GaP. AFM, SEM and TEM examination results showed that
GaP is a proper material as a buffer layer, and that its optimum thickness is
about 3~5nm. TEM observation showed that the inserted InGaAs strained
layers were very helpful to reduce the surface roughness and defect
reduction. It also confirmed that GaP acted as a buffer to alleviate the lattice
mismatch between InP and Si. The best AFM roughness obtained from
inserted InGaAs strained layers was 2.1nm for 5 x 5 um?2.

In chapter 5, we investigated SAG of InP layers on patterned Si
substrates with InP/GaP buffer layers at various growth temperatures ranging
from 500 °C to 650 °C. In order to grow high quality InP, a thin GaP buffer
layer was grown on stepped sidewall surfaces of etched Si. The different
growth temperature resulted in different top surfaces. The high quality InP
layer with smooth surface can be attributed to the dislocation necking effect
together with the formation of void. Finally, we demonstrated the formation
of InGaAs/InP heterostructures using the suggested InP templates, which can
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be used in applications of electronic devices.

Cross-section TEM images furthermore that the TDDs corresponded to
intersections between the SAG layer surface and SFs lying on the {111}
planes. The SFs were generally blocked by the mask but at some points
propagated through the mask openings. In addition, new SFs seemed to form,
most likely early in the growth process during lateral growth rather than
continuously during the growth since thicker layers exhibited fewer SFs with

short width.

137



Abstract (in Korean)
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