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Abstract

For understanding the Liquid Phase Epitax.y (LPE) growth kinetics, a
kinetic model has been developed for II-TM-V and 1I-V-V compound
semiconductors during the growth with phase equilibrium condition applied
between the growing crystal and solution using numerical method of Laplacian
centered difference approximation. Then one-dimensional diffusion limited
growth models have been extended for InGaP, InGaAs and InAsP. Crystallization
path and its expression was -analyzed and used to understand the growth kinetics
based on the phase diagram relationship, Combuter programmes are used to solve
different equations of layer thickness, concentration profiles, dimensionless
profiles and atomic fractions. The layer thickness of the ternary compounds is
grown as a function of different growth temperatures and growth times for

-
different cooling rates. Solid composition of ternary materials as a function of

temperature for different cooling rates has been calculated. The concentration .

profiles have also been simulated in front of growing interface for different growth
temperatures and cooling rates. Dimensionless concentration parameter is also
calculated and is represented as a function of different cooling rates and thickness.
A comparison among the three térnaries for their respective growing thickness
with time is also done. A good agreement is found between the present findings

and the experimental values.
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Introduction

1.1 Introduction

Several kinds of solid-state electronic devices, such as high-speed
transistors and integrated circuits, are fabricated by production of an epitaxial
layer of one semiconductor on a wafer of another that has a different type of
electrical conductivity. Also a significance change in the performance of electronic
and photonic devices has occurred on heterostructure, quantum well superlattices
and other low dimensional structures in last two decades. Such kind of structures
can be grown by means of epitaxial growth only.

The term “epitaxy™ originated from the Greek word, which means that
‘something upon’ i.e. something upon a crystalline oriented substrate. Epitaxy is
the deposition of a crystalline substance, usually in a thin layer, upon the surface
ofa single crystal of another substance. The process does not involve a chemical
reaction between the two materials, but the crystalline structure and orientation of
the substance determines how the epitaxial layer is deposited. In homoepitaxy a
crystal is grown on a substrate of the same material. As_ for example, Silicon layers

containing different impurity are grown on silicon substrates in the manufacture of
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computer chips. Heteroepitaxy, on the other hand, is the growth of one crystal on
the substrate of another e.g., gallium arsenide grown on a silicon substrate.

Epitaxial growth can reduce the growth time, wafering cost and also saved
the wastages of materials during growth, cutting, polishing etc. the uniformity in
the composition, controlled growth parameters and better understanding of the
growth itself is the main advantages of the epitaxy. The epitaxial growth
techniques have superseded the bulk growth for the fabrication of electronic
circuit because the electronic circuits need only few micron dimensions.

Vapour Phase Epitaxy (VPE), Metalorganic Vapour Phase Epitaxy
(MOVPE), Molecular Beam Epitaxy (MBE), Chemical Beam Epitaxy (CBE}),
Atomic Layer Epitaxy (ALE), Liquid Phase Electro-Epitaxy (LPEE) and Liquid
Phase Epitaxy (LPE) are different types of epitaxial growth techniques. Among
them, LPE is the subject of our interest because of its simplicity, low-costing and
high crystalline quality. The present investigation deals with the one-dimensional
numerical analysis of growth of III-V ternary semiconductors and heat transport in
the melt during the LPE growth.

1.2 Different Epitaxial Techniques
1.2.1 Vapour Phase Epit'axy (VPE)

The condensation process of the material from it’s own vapour is Vapour
Phase Epitaxy. In VPE, the group III-V chemical compounds react with the other
to form the compound semiconductor on a suitable substrate by transporting
themselves from gas phase to solid-vapour intefface. Here, growth is controlled by

the partial pressure of each of the components of source materials. The VPE

Chapter | 2



Introduction

methods of crystal growth of [II-V compounds can mainly be divided into two
classes: hydride vapour phase epitaxy and chloride vapour phase epitaxy.
Major advantages of VPE technique are-
i. High purity and less defect wafer can be grown from high purity charges and
ii.' The epitaxial growth on large and multiple wafers are possible.
1.2.2 Metalorganic Vapour Phase Epitaxy (MOVPE)

The term ‘metalorganic’ refers to any compound semiconductor containing
metal atoms in combination with organic radicéls. The group of Il metal organics
[Ga(CH3)s or In(C,Hs)s] and the group of V hydrides (PH; or AsH;) introduce in
the reactor by means of a carrier gas bears a result by the growth of II-V
compound semiconductors. The generalized reaction for III-V compounds on
MOVPE may be writtenlas

R3M+EH31<(:>ME+3RH 1.1
Where R=CHj; or C,Hs, M=group lII element (Al, Ga or In) and E= group V
elements (P, As or Sb). MOVPE yields high quality semi-conducting layer for
fundamental semiconductor devices, both electronic and photonic.

The major disadvantages of MOVPE technique are its high cost, the use of
highly hazardous starting materials and toxic the waste materials.
~ 1.2.3 Molecular Beam Epitaxy (MBE)

The process of depositing epitaxial thin films that involves the reaction of
one or more therma! beams of atoms or molecules under high vacuum condition
with a crystalline surface is known as molecular beam epitaxy. To give the thermal

beam of appropriate intensity, the temperature of the cells (where beams are

Chapter | 3
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produced) are accurately controlled. Depending on the nature of the source used to
produce thermal beams, MBE can be classified as solid source MBE and gas
source MBE.,

With MBE, it is possible to grow high quality (GaAs and AlAs) and
multilayered structures including super-lattices with layer thickness as low as 10
A®. (Horikoshi 1986,Vaya 1989)

The disadvantage of MBE is the difficulty in growing phosphorus-
containing materials as it bounces in the system. In addition, the growth alloy
containing As and P is particularly difficult.

1.2.4 Chemical Beam Epitaxy (CBE)

In Chemical Beam Epitaxy growth process, beam of combound chemicals
directly impinge onto a heated substrate surface. It is a technique for the growth of
InP based materials with MBE. The CBE technique has been used to grow a wide
range of device structure including optoelectronic devices such as InGaAsP lasers,
Bragg refractors and InP based channel high electron mobility transistor.
| The advantages of CBE are:

i. The capability to grow high-quality InP-bas_ed materials.

ii.. Less decomposition of source materials (AsH; and PH;) are requiréd for ihe
growth of GaAs and InP based materials compared to MOVPE.

ili. More homogeneity and good uniformity. | -

iv. Vacuum in situ diagnostics.

Chapter | 4



Introduction
1.2.5 Atomic Layer Epitaxy (ALE) o X

Atomic layer epitaxy is a well-known technique for the fabricaﬁon of
compound semiconductor films. This technique utilizes either MBE or Chemical
Vapour Deposition approach. In this method, a monolayer of each constituent
atoms or molecule is laid down separately in place of having mixed flux at the
substrate. Conditions are established when the bonds are stable. For example, in
the growth of GaAs by ALE, first layer of As is deposited on the substrate and
€Xcess arsenic is swept out of the system, lThis layer is followed by a flux of
gallium that reacts with arsenic layer, filling up sites to complete a layer of
gallium and the compound GaAs, Again, excess gallium is removed from the
system.

1.2.6 Liquid Phase Electro-Epitaxy (LPEE) .

Liquid phase electroepitaxy is a constant growth temperature method.
LPEE is initiated and sustained by passing an electric current through the solution
and the substrate, The growth takes place at a constant furnace temperature and the
direct current is the sole externally applied driving forces.

One of the principal advantages of LPEE is the p0551b111ty of controlling
the composition of the solid phase by changing the current (Zhovnir and
Zakhlenyuk 1985). Liquid phase epitaxy is one of the novel techniques for the -
growth of compositionally uniform, controlied thickness and low dislocation

ingots of II[-V compound semiconductors.

Chapter | 5
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1.2.7 Liquid phase Epitaxy (LPE)

- Liquid Phase Epitaxy is an important crystal growth process from both
practical and fuhdamental viewpoints. Liquid phase epitaxy (LPE) has proven to
be a versatile technique to grow semiconductor layers for material investigation
and device applications. Today, in spite of the availability of highly sophisticated
epitaxial techniques like MBE, CBE and MOVPE, the exploration and
development of many devices are still carried out using LPE (Kuphal 1994). This
is essentially due to the simplicity of the technique, high crystalline quality of the
grown thin films and inherently less harmful to the environment because the raw
materials and the waste products are less toxic and not pyrophoric than that of the
other techniques. The present work is based upon the LPE. The LPE process is
discussed in details in Chapter two.

In the present work a one-dimensional diffusion limited equation for the
growth of LPE using numerical method is studied. Crystallization path is also
studied.. Then concentration profiles, layer fhickness as a function of time and
temperature and dimensionless concentration profiles are constructed. F inally the

theoretical findings have been compared with the experimental values.

Chapter | , 6



The pfocess of
Liquid Phase Epitaxy

2.1 Introduction

LPE growth takes place on a substrate immersed in supersaturated solution.
This technique is convenient for the growth of [11-V compound semiconductors. In
this process, the solvent element of the constituent of the growing solid (e.g. In or
Ga) is incorporated into the solid only as a dopant. The solvent contains a small.
quantity of a solute (e.g. As in Ga), which is transported towards the liquid-solid
interface. The process is controlled best if this transport occurs only by diffusion
i.e. the driving force in the solution is a concentration gradient rofthe solute. So,
Liquid Pha;e Epitaxy (LPE) means the growth of thin films from supersaturated
metallic solution on a crystalline oriented substrate (Kuphal 1994). The growth
boats are commonly designed such tha';, essentially, -only diffusion perpendicular
to the interface occurs; convection alild surface tension related transports are
suppressed. Convection and surface tension related transports are suppressed by
taking  temperature gradient as small as possible and utilizing larger lateral
dimension of the substraté compared to the height and radius of the curvature of

the solution. Applying these constrains, the LPE process can be treated as one



: dlmenswnal dlffusmnploces 1thd1ffu51on llmlted growth rate. In LPE growth
process, the relationship between the temperature and the solubility as predicted
by the phase diagram has to be utilized for the analyzing of the growth process.
LPE technique consists of four mechanisms as-
i) Saturated solution is prepared containing a quantity of solute at the
saturation temperature. |
ii) By cooling the saturated solution, supersaturated solution is obtained.
iii) For required layer of thickness, contact between shibstrate and the solution
is done for appropriate time. !
iv) Rerhoving the substrate from the solution terminates the growth.
2.2 Classification of LPE
The LPE growth is ge'nerally classified as-

a) Tipping technique

b) Dipping technique ‘
¢) Sliding technique and
'd) Sandwich technique

a) Tipping technique

In tipping _techﬁique,‘ the substrate is held tightly at the upper end of a
graphite boat and the grbw&h solution is placed at the other end. Nelson (1963)
first introduced the tipping device where whole fuma'ce and quartz tube had to be
tipped. By tipping the furnace, the solution is bréught into contact with the
substrate. Then an epitaxial layer is grown by slowly cooling the furnace. After
growing the desire thickness of the epitaxial layer, growth is terminated by tipping

the furnace back to the original position. Figure 2.1shows a schematic diagram of

-Chapter I . 8



The process 0[ Liguid Ehase eeitaxz

the tipping technique of LPE system. Bauser et al (1974) modified the Nelson’s
tipping LPE technique as shown in figure 2.2(a), where the quartz tube including
the crucible is tipped around the longitudinal axis. Excellent layer purity is
produced with this technique due to very simple design of the boat and rather thin
graphite wall. Since, no sliding of graphite parts oceurs so that no dust particles
can be introduce by abrasion.

The disadvantage of the tipping techniques are-

i) The thickness homogeneity is only due to two-dimensional diffusion in the
solution.

ii) Only single epitaxial layers can be grown and

iii) The solution cannot be protected against evaporation of the volatile

elements.

To overcome the restriction of growing multilayer, Kaufmann and Heim
(1977) developed a technique to grow multilayer, which is a combination of
tipping and slider as shown in figure 2.2(b). In this case, the solution is brought

into the substrate by tipping. A slider transports the substrate from one

compartment into the next when the solution is not in contact with the substrate.-

To start and stop the deposition, the constructions have to be rotated forward and
backward in these techniqﬁes. As a consequence, thin layers are tapered, because
the solution rests for a longer time on one side of the substrate than the other. With
improve version of the tipping-slider boat (Kuphal 1994) this disadvant'age was

overcome, which can be rotated by 360° as shown in figure 2.2(c).

Chapter If . ' 9



The process of Liquid phase epitax
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Figure 2.1: Schematic diagram of the tipping technique of LPE growth system.
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Figure 2.2: Different designs of tipping boat- a) a simple tipping boat, b) a
combination between a tipping and a slider boat, c) a tipping slider boat with the
ability to be rotated by 360°.
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The process 015‘ Lr’c!m'd ghase ep itaxy
b) Dipping technique --
The dipping technique consists of a vertical furnace and growth tube with

the graphite crucible containing the solution at the lowﬁr end as shown in figure
2.3. Initially the substrate fixed in a movable holder is positioned above the
solution. Growth is initiated by immersing the substrate in the solution at the
desired growth temperature and terminated by withdrawal of the substrate from
the solution. The main disadvantage in this technique is that thickness is not
homogeneous.

Two German manufacturers improved the dipping technique for multiwafer
growth. In this case, a horizontal furnace and two large-volume horizontal solution
containers are used. One hundred parallel-positioned 2-inch wafers are
simultaneously dipped into one solution. The solutioﬁ' is used only once, but .can
be recycled. This technique aliows the growth of double layers and it is extremely
well suited for the mass produf:tion of LED wafers, where thickness homogeneity |
is not $0 imponant (Kuphal 1I994).
¢) Sliding Technique

 The s]idiﬁg technique is one of the most frequently used techniques used
for the g;owth heterostructures, for example as in laser diodes. The sliding
technique is the horizontal multibin-slider system, which is useful for the growth
of muitilayered structures (Panish et al 1970).. In the simplest case, the boat
consists of a substrate holder with the substrate in a recess gnd the slider
containing the differently composed solutions in its bins as shown in figure 2.4.

(Kuphal 1994). As the solution generally do not stick to purified graphite, they can

Chapter : o ' B
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The process of Liquid phase epitax
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be w1ped of'f the substrate by the graphlte walls of the slider to terminate the

growth. A horizontal fused silica push rod moves the slider, which is actuated by
hand or computer controlled stepper motor. The pushing direction is forward and
backward allowing the growth of multilayer from two neighboring solution. The
minimum growth time required for a single layer is achieved about tenth of a
second. Each solution is usually protected by a graphite cover, which prevents
evaporation and contamination. Mostly in the slider boat designs, it causes the
wetting problems to grow at lower temperatures. Piston boat design is used to
overcome these problems shown in figure 2.5. The advantage of the piston boat
LPE system is that the solution used for the growth of one layer is pushed out by
the solution used for the growth of next layer and is collected in a disposal l;in.
d) Sandwich technique

The sandwich growth cell configuration is shown in figure 2.6 and was.
" investigated by Sukegawa et<al (1988), which consists qf two horizontal substrate
sets face to face and kept Amm apart in a graphite boat. By gradually lowering the
temperature the growth proceed to maintain the supersaturation after including a "
saturated solution between the substrates. The solution is gradually depleted of
solute in the vicinity of a growing substrate. In general, the solute-depletion
convection is a spatially non-uniform time dependent macroscopic phenomenon.
The conservation of mass, balance of linear and aﬁgular momentum of energy )
governs the - macroscomc phenomenon along Wwith the LPE. Moreover, the
principle of conservation of mass of solute species must also be invoked, since the

solution is assumed to be a binary fluid mixture (Kimura 1994).
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Kanai (1997) described the experimental results, where numerical simulation was

performed in a sandwich cell. The results of the simulation showed that the higher
dissolution rate on the. lower substrate and higher growth rate on the upper
substrate are a consequence of solute convection.

2.3 Advantages of LPE technique

1. Very low cost of building a basic LPE growth system and with little
modification almost all kinds of possible semiconductors can be grown.

2. As it is an equilibrium growth process, growtﬁ-in défects are minimum.
Thick layer can be grown very easily due to higher growth rate.

3. The LPE growth process is inherently le;s harmful to the environment than
other techniques due to high deposition efficiency and also the growt'h
materials are relatively safe t o handle.

4. LPE is well suited a an industrial process, especially for the production of
green GaP LEDs, red A]GaAs LEDs and GaAs IREDs because of low cost
and de.vice performance.

5. For the fabrication of high quantum efficiency optoelectronic devices,
LPE-grown maferials are best suited.

6. The LPE growth techni'que is much more sensitive to the substrate

' orientation than the other epitaxial technique, since it is beiﬁg a near-
equilibrium ﬁrocess. |

7. Many ternary and quaternary compound semiconductors containing volatile

materials can be easily grown by LPE.
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8. The grown materials in LPE process have good reproducibilityll

uniformity.

2.4 Disadvantages of LPE technique

1. LPE is considered to be applicable only for the prbduction of single devices
but not for integrated circuits.

?’,{;2. A miscibility gap occurs in certain alloy systems when produced by LPE
but not by other epitaxial method.

3. LPE technique is not suitable for producing devices based on strained
layers. | |

4, Controlling the growth of each monolayer by a periodical interruption of
the group 11 and group V fluxes as in ALE is not possible with LPE'
technique.

5. The growing LPE epilayer surface is hidden by the metatlic solution hence
an in-situ characterization of growing is not possible.

6. For the production of device structures involving thin layers, E‘Per_lqt_tice_prl
quantum well, LPE appears to be not suited. This is essentially due to the
moderate thickness control of thin layers.

2.5 Review of literature on LPE

“H. quson of Bell laboratories demonstrated the LPE technique first in
1963 by f'abricati‘ng Ge tunnel diodes and ‘GaAs iasers. Currently the use of LPE
has been mainly concentrated on the growth of 11I-V compound semiconductors
and its ternary and quaternary alloys. 1I-V compoimd -semiconductors . have

received much attention due to their uses in fabrication microwave and optical
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devices. Many ‘ﬁrst-’ of electronic and optoclectronic devices were based on LPE -
structure such as LED;;, lasers, photodetectors and solar cells. Later this technique
was. succes_sfully usea to make high-speed electronic devices like Gun diodes,
Field-effect transistor and heterojunction bipolar transistors.

The earliest applications from the grown materials by LPE are the visible
LEDs. Green LEDs based on GaP and photoluminence intensity emission
wavelength was 0.57um (Beppu et al 1977). Parry and Krier (1994) have grown
Ing97GagosAs on p-type InAs substrate by LPE for making light emitting diodes.
These devices exhibit efficient infrared methane gas sensors for the cost effective
detection and momtormg of methane gas in various application.

Chen and Wu (1995) from the research institute of electrical Elng:hcermg
National Tsing Hua University, China have grown InGaAsP epitaxial layers by
LPE using a horizontal sliding boat system and fabricated orange light-emitting
diodes. Sun et al (199l6) from the same institutc have obtain high quality GaSb
layer grown from Sb-rich soluion by LPE and fabricated GaSb photodiodes which
exhibits a low dark current of 2pA at —5V. '

Mao and Krier (1996) of Advance Materials and Photonics , Lancaster
University, UK héve developed InAsSb on (100) p-type GaSb substrate based on

|
LPE technique and observed electroluminescence intense emission near 1.2um at
room.temperature.‘ |

The advantage of using 1II-V materials for photodetector applications
compared to Si and Ge, are that, the band gap of the material can be suitably

chosen for a particular wavelength region. Many 11I-V materials are direct band
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gape type of’fermg hlgh quantum efﬁcnency and their high mobility gives the

possibility of hlgh—speed application. Major kmds of photodetectors are of
photodiode type. Some examples of photodetectors for longer wavelengths made
for the first time LPE are the pin-photodiodes from the systems of lnGaAsP/lnP
(Wieder et al 1977) and InGaAs/InP (Leheny et al 1979). ! |

Panish et al (1970) at Bell Laboratories have developed double-
heterostructuré AlGaAs/GaAs laser diode continuous-wave (CW) lasing at room
~ temperature. Also tﬁé gontinuous-wave (CW) operation of double-heterostructure
(DH) lasers emitting at wavelength beyqnd Ipm, realized in the systems of
InGaAsP/InP (Hsieh et'al 1976). Katz et al (1980) have reported a new dgvice
involving monolithic integration of an injection laser and heterojunction b'ipolar
transistor GaAiAs grown GaAs substrate attractive in high-speed optical
communication system. The exploration and development of many materials and
devices were only possible due to the existing LPE technique so that many years
were saved prior to the advent of other epitaxial technique (Kuphal 1994).

One of the most challenging problems in heteroepitaxy is the growth of
layers with thickness smaller than the electron free path, i.e. of around 10nm.
Some of thé examples of grown thin layers by LPE are found (Ohki et al 1987,
Ta;naka et al 1989), including doping superlattice (Konig and Jorke 1985; Greene
et al 1987), but most of them not exceeding thickﬁess l_Snm. LPE fabricated
MQW laser diodes reported only in very few reports (Dutta et al 1985; Sasai et al

1986; Krier and Mao 1995).
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High efficiency solar photovoltaic cell based on CdTe and GaAs is another

area where LPE holds great promise and Russiains have made great progress in this
area using modified LPE techniques. Milanova et al (1999) have studied spectral
characteristics of GaAs solar cells grown by low-temperature LPE and obtained
conversion efficiency from the optimized cell under one-sun AM 1.5 global
1llumlnat10n is about 23.4%.
Zhuravlev et al (1998) have grown p-GaAs: Zn (100) epitaxial layers by
. LPE from gallium and bismuth melt. This epltaxlal layer of heavily zinc-doped
GaAs is widely used in the fabrication of 'photo;:athodes with negative electron
affinity and in the base layer of hctcroblpolar transistors.

A number of excellent reviews on the LPE technique have already wntten
by several authors (Kressel and Nelson 1973; Casey and Panish 1978; Benz and
Bauser 1980; Stringfellow 1982; Astles 1990; Kuphal 1994). In the past few years
there have been many new dévelopments in LPE, which makes this technique
attractive for the future as well. Tﬁese includes automation of the growth process
for better layer thickness control, melt casting systems to facilitate the work of
weighing the source materials, larger wafer areas up to 510nm in diameter,
multiple-wafer boat construction, better confrol of the layer morphology and a
deeper theoretical understanding.

Peev N.S. (1999) worked on theoretical underétanding of behavior of n-
‘component during the LPE growth, He showed that two ty'pes of components, with
positive and negative concentration gradient, are present in LPE growth process,

For components with positive concentration gradient, : supersaturation occurs
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above the substrate whereas, for deposition of the components having a negative
concentration gradients, liquid phase is superheated.

GaoH Hetal ({999) reported the growth of very pure InAs epitaxial layers
of high quantum efficiency, by introducing the rare-earth element Gd into the
liquid phase during LPE growth and found that the carrier concentration of InAs

layers can. be effectively reduced up to 6x10"* cm™.

Also, the peak
photo]uminescencé (PL) intensity of such layers can be considerably increased by
between ten- and 100-fold compared with untreated material.

Recently, Befger S. et al (2001) has p.erf;::rmed liquid phase epitaxial
growth of silicon on porous silicon for photovoltaic applications and A1chele T. et

al (2003) showed that high quality Garnet layers could be prepared by llqmd phase

epitaxy for microwave and magneto-optical applications.
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G;owth kinetics of LPE

3.1 Introduction

Nucleation is the birth stage of epitaxial growth. Nucleation can often be
introduced by extérnal influence like agitation, mechanical shock, friction,
extreme pressure, electric and magnetic fields, spark discharge, ultraviolet, x-rays,
y-rays, sonic and ultrasonic irradiation and so on. Recently, it has become possible
in favorable cases to measure the actual nucleation rates’and their variation with
supersaturation and temperature_ (Adams et al 1984). A brief study of the
nucleation kinetics, modeling of one dimensional solute diffusion growth theory
and the LPE growth process are given in this chapter.
3.2 Nucleation kipetics

In nucleation, the initial fragments of a new and more stable phase capable
of developing spontaneously into gross fragments of the stable state are initiated.
S-o, nucleation is consequently a study of initial stages of the kinetics of such
transformation and must exist on the substrate surface- to occur LPE growth. The
nucleation 'is initiated at the interface between the melt and tﬁe substrate; a
composition gradient is established within the melt, driving more materials to the

interface. At every point of the interface, the composition gradient within the melt



' Growth Kinetics of LPE

must have the same value and must be perpendicular to the substrate. Nucleation,
like ordinary chemical kinetics, involves an activation process leading to the
formation of unstable intermediate stages of embryo. If the embryolgrows to a
particular size i.e. critical size, then there is a greater probability for the nucleus
i.e. critical nucleus to grow. Thus the birth of critical nucleus is an important event
in the crystal growth and nucleation is the precursor of crystal growth and of the
overall crystallization -process (Michael et al 1965). The critical nucleus process
result from the excess of surface energy that is sufficient to produce the aggregate
as a new phase in the presence of mother phase (Chernov et al 1984).

Nucleation may occur spontaneously or induce artificially. For
spontaneously occurrence, it is called homogeneous and for artificial introduction,
it is termed as heterogeneous. If the nucleus is formed homogenously in the
interior of the parent phase, it is called homogenous nucleation. On the other hand
if the nuclei form heterogenéously around ions, impurity molecules or on dust
particles on the surface or at structural singularities such as dislocation or other
imperfections, it is called heterogeneous nucleation.

3.2.1 Free Energy of formation of a spherical nucleus

Super saturation piays an important role in the nucleation process and is the
main factor controlling the rate of nucleation. The formation of a liquid micro-
cluster from the supersaturated vapor or a solid micro-crystal from the liquid
demands a certain quantity of energy to be spent in the creation of the new phase.

Once the embryo of the new phase is created, it will have energies associated with
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its volume and surface. Let AG is the overall excess free energy of the embryo,

then the free energy of the formation of a nucleus can be written as

AG=AGs+AGy ’ 3.1
where AGS is the surface excess free energy (positive) and AGy .is the volume
excess free energy (negative quantity). |

~ The free energy of formation for a spherical shape of nucleus of radius r,

can be expressed as (Hossain et al 1999a),
2 4 ' o
AG = 4mr cr+;nr AG, ‘ : 3.2

where o is the crystal-solution interfacial 'tension and AG,, which is related t(;
_ supersaturation or super-cooling, is the free energy 'changve of the transformgltion
per unit vo]ume: Sinée the surface energy term increaées with 1 and the volume
term decreases with r’, the total free energy increases in the s{ze of the nucleus,
attains the maximum and decreases for the further increase in the size of the
nucleus as shown in figure 3.1

The size corresponding to maximum change in the free cﬁergy is known as
the critical radius and caﬁ be obtained by maximizing equation (3.2)

d(AG)
dr

=0 ' 3.3

According to the classical theory of capillarity approximation, the surface
tension is assumed to be independent of the size of the nucleus. Hence, the size of
the critical nucleus is

20

=2 , _ 34

AG,
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Figure 3.1: Dependence of surface free energy change, AGg, volume free energy
change, AGy and the net free energy change, AG for the size, r of the

nucleus.
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Substituting the value of r* from equation (3.4) in equation (3.2), the free

energy change associated with the formation of a critical nucleus is obtained as

] _
G*:%:%m(r*)? 3.5

If there are n molecules per unit volume, the concentration of nuclei of

critical size can be expressed as,

* )
n* = nexp(— AkGT J 3.6

where AG* is the total Gibbs free energy change for the formation of the critical

nucleus, k is the Boltzman constant and T is the absolute temperature.
According to classical theory, the number of critical nuclei formed per unit

time per unit volume is known as the rate of nucleation and is given by-

¥
I= Aexp(— A‘g, J 3.7

where [ is the nucleation rate and A is a pre-exponential factor.

3.3 Theory of Diffusion limited growth

In liquid phase epitaxy, solute elements are transported towards the growth
interface mainly by diffusion during growth process. To comprehend the growth
kinetics of the epiléyers, the information of concentration gradient of the solute
atoms in front of the growing crystal solution interface is very essentiél.
Theoretical modeling and computed method plays a key role in analyzing the
kinetics of growth process and are aimed to make experimental research more
accurate and efficient. Preliminary computations are often helpful for the design of

experimental apparatus and understanding of the growth process.
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3.3.1 One dimensional diffusion limited growth

Diffusion limited growth theory in one dimensional approach has Qideiy
been used to explain the LPE growth kinetics for a wide range temperature and
‘ different growth techniques (Crossley and Small 1971; Crossley and Small 1972;
Pan et al 1986; Traeger et al 1988; Dobosz and Zytkiewicz i99l; Dizaji and
Dhanasekaran 1996a). Based: on this theory, the LPE growth of some binaries
(InAs, GaAs, InP, etc) and ternaries (InGaP, GaAsP, AlGaAs etc.) of III-V
cdmpound semiconductors materials have alfeady been numerically simulated.
Details of the one dimensional diffusion gfoxvth theory are given as follows.
3.3.1.1 One dimensional mathematical model
The diffusion-limited growth is possible only when the interface kinetics is
extremely fast. One dimensional solqte diffusion equations are given for the

growth of binary 1II-V compound (Astles 1990) as

aC(p,1) _ D3’C(f,r) +r, @D | 18

ot op dp :
where C(b,t) is fhe solute concentration. in the binary solu:t_ion, p is the distance in
the solution from the solid-liquid interface and perpendicular to the substrate, t is
the growth time, D is the diffusion coefficient of solute atoms in the solvent, and R
is the interface velocity (by which the interfacé move inlto the solution).The
interface velocity is low enough that tﬁe term Rv{aCfap} in equation (3.8) is

negligible (Moon et al 1974).

Therefore the equation (3.8) can be expressed as
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The solute atoms may not diffuse independently inside the melt in case of
ternary solution, sé a single dif’fusion coefficient is not sufficient to describe the
diffusion phenomenon aﬁd as a result equations become more cdmplex. The
diffusion coe_fﬁcignt ﬁas to be replaced by a diffusion coefficient matrix in which
the elements are Dj; (where i and j are the components in the multicomponent
solution). Each component may experience the driving force due- to the gradient of
all components in the system. Non-diagonal elements of the diffusion matrix D
seem to be negligible for dilute solution used iﬁ LPE; since the iﬁteraction between
the dilute components is very small and so non-diagonal elements are us'Lllally
taken to be zero (Kuphal 1994),

Hence, a model equation of one dimensional for ternary element relativé to

the interface ¢an be written as

2C,(.0) _ py FCulpuD)

) 3.10
ot ap*

where C.(p,t) is the concentration of solute atoms in the dilute solution at the given
instant and D, is the diffusion coefficient of ‘the respective solute atoms in the

solution along the p-axis and ‘u’ is the solute atoms in the solution.

3.4 LPE growth process

In LPE growth, the system is initially heated above the saturation -

temperature, Ts, in order to obtain a homogeneous mixture of the solution

constituents. Then it is cooled down, and the substrate is brought into contact with
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the solution at the starting temperature T,. The growth is then terminated at the
end temperature, Tgnp, by removal of the substrate and the furnace is subsequently
cooled down quickly to avoid any thermal degradation of the grown layer (Kuphal
1994). There are three important LPE growth techniques namely: the equilibrium
cooling technique, step-cooling technique and super-cooling technique. The
typical temperature-time profiles during the different LPE growth process are
shown in figure 3.2.

To find out the equations of epitaxial layer thickness as a function of
growth time for different LPE growth techniques from the solution of the sélute
diffusion equation, we have considered the following principal assumptions:

1. There is no solute diffusion in the solid phase

2. During the growth, at any given instant the solute concentration in the
solution at the growth interface is given by the liquidus curve i.e. the liquid
and solid are in equilibrium: at the interface.

3. The solute concentration at the free surface of the solution does not change
during a growth run i.e. the solution is semi infinite.

4. The diffusion coefficient and the slope of the liquidus curve are

temperature dependent function for some ternary compounds. '

Some authors (Moon 1974; Hsieh et al 1974; Hossain Md. Mostak 1999a)
have developed the equation for epitaxial layer thickness as a function of time for
binary compounds by solving one dimensional solute diffusion equation with

appropriate boundary condition. Kuphal (1994) has derived the equation for layer
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thickness as a function of time for many component systems by solving one
dimensional solute diffusion equation with appropriate boundary conditions. An
equation for epitaxial layer thickness as a function of time for binary compound
are derived here for the different LPE techniques by using the solution of one
dimensional solute diffusion equation in cases of semi-infinite growth solution and
finite growth solution.
3.4.1 Equilibrium-cooling technique

In equilibrium cooling technique, the starting temperature is equal to
saturation temperate Tg. The solution is brought into contact with the substrate at
Ts and the system is linearly cooled to an end temperature at a constant cooling
rate. At Tg, the solution contains uniform concentration Cy, i.e. C (p, 0)=C, for all
position of p and then it is cooled at a constant cooling rate, ¢, such that

T=T,~at | 3.11

At the time of growth, for small cooling intervals, the equilibrium solute
concentration Cg is a linear function of temperature Tg, i.e., m=dTg/dCg. Here m is
the slope of liquid curve equal to AT/(Cy-C,), C, is the initial concentration given
by the liquidus curve at temperature Ts and C; is the concentration given by the
liquidus curve at the temperature of Ts-AT and AT is the degree of super-cooling.

For equilibrium cooling technique the boundary conditions are
at
C(p,0)=C, and C(0,1)=C, - — 3.12
m

Using these boundary condition and for a semi-infinite growth solution, the

equation for the thickness of the epitaxial layer as a function of time
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Figure 3.2: Typical temperature-time profile during Epitaxy.
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for equilibrium cooling technique can be derived as (Moon 1974; Hsieh 1974),

da(t)=i[ a ](2] £ 3.13

3LCim \ =

where d is the layer thickness, D is the diffusion coefficient of solute atoms in the

solvent and Cs is the solute concentration in the grown layer(solid).

3.4.2 Step-cooling technique

The substrate and the solution are cooled separately at a constant rate from
saturation temperature, Tg, till spontaneous precipitation formed in the solution in
the step-cooling technique. When precipitation starts to form in the solution at a
particular temperature T, telﬁperature is kept constant and the substrate is brought
into contact with solution until the desired layer thickness is grown.

F or step-cooling technique the boundary condition are

C(p,0)=C, and C(0,1) =C, ‘3.14
where C; is the solute concentration given by the liquid curve at (Tg-AT) is the
ilmount of super-cooling and it is small enough to avoid the occurrence of
hlomogeneous nucleation in the solution. Hence the boundary condition can be
expressed as

C0,0)=C, =C, —(C,-C)=C, =2 3.15
m

The equation for the thickness of epilayer as a function of time for step-cooling

technique can be found as (Moon 1974; Hsieh 1974)

dA(t)=2AT( 1 ][QJ '? 3.16
C

m AT
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3.4.3 Super-cooling technique

Super-cooling technique has the same initial conditions as step-cooling
technique, where both the substrate and the solution are cooled separatély at a
constant rate o from the saturation temperature Ts to T, and then contact is made
between them. But like equilibrium cooling technique, the system is further cooled
at the same rate until the growth is terminated. 'Therefore, super-cooling technique
can be considered as a combination of step-cooling technique and the equilibrium
cooling techniﬁue.

For super-cooling technique, the boundary conditions are- .

C(p,0)=C, and C(0,1)=C, -% -c, AL % 3.17

m m

where C, is the initial concentration of solute in the solution, « is the constant
cooling rate, m is the slope of the liquidus curve, AT is the amount of super-
cooling and t is the growth time. With these boundary conditions and a semi-
.infinite gfowth solution, the layer thickness as a function of time is given by

(Feng et ai1980) as

12 .
@y =| = [2] [2AT1”’+iw3”) | 3.18
CemA\nm 3 . _

or  d()=d,(0)+d, () ‘ 3.19

The super-cooling technique is a combination of step-cooling technique
and eduilibrium technique, which was experimentally proved by Hsieh (1974) for

GaAs and Kao and Eknoyan (1983) for GaP.
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Figure 3.3: Thickness of the GaP LPE layer grown at 1121K as a function of time
. with different cooling technique (Kao and Eknoyan 1983).

Figure 3.3 represents the thickness as a function of growth time for GaP
grown for different cooling technique shows that experimental results are very
close to the theoretical line for step-cooling growth, where as the higher units of

time, they come closer to that for equilibrium cooling growth.
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Growth kinetics of Ternary IlI-V
Compound Semiconductor in LPE

4.1 Introduction

Liquid Phase Epitaxy (LPE) uses the solution method to grow crystals on a
substrate. The substrate is placed in a solution with a saturated concentration of
solute. This technique is used to grow many crystafs employed in modern
electronics and optoelectronic devices. Liquid phaser epitaxial growth kinetics of
I1I-V ternary alloy semiconductors provides useful information about the suitable
growth conditions for growing an excellent quality thin layer. The growth
temperature is very important for the growth of high quality epitaxial layers for
material investigations and device application. One of the advantages of ternary
alloys over binary semiconductors is the possibility of varying the band gap by
changing their alloy composition.

For the growth of ternary alloys with LPE, the solution containing the
atomic fraction x, of its constituents, where Z x,=1 and the solution are kept in
equilibrium at initial temperature Tg. A substrate, normally one of the binary
compounds, which makes up the ternary atloy, is brought in contact to a slightly
super-cooled solution. By gradually lowering the temperature of substrate, an ultra

thin layer of ternary solid deposited over the substrate.



Growth kinetics of Ternary III-V Compound Semiconductor in LPE

A theoretical model is proposed to simulate the composition variation of .
terary system of type III-III-V and III-V-V compound semiconductors during the
LPE growth in present work. In,,Ga,As and In;Ga,P are taken as example of [II-
I1I-V group and InAs,P,, is taken as example of III-V-V systems in our
simulation study. Also crystallization (solidification) path concept has been used
to construct concentration profiles, where expression for the equilibrium atomic
fraction of one of the solutes in each ternary system has been obtained. Here flux
of each species in ternary is considered to be proportional to its constituent solid
mole fraction at any time.

4.2 Growth kinetics of ternary system
4.2.1 One dimensional mathematical model

Assuming a solution with 2.5mm thickness in front of the substrate, one
dimensional model has been developed .The solution was segmented into 50
equally spaced segments of width € along the p-axis as shown in figure 4.1. The
segment numbers are 1,2.3......i...,50 with concentrations of C1.C.Cs,...C..,Cqp
respectively. These concentrations represent the concentration of solute atoms in
the solvent. In this case, the solid composition is ass'umed to be uniform and
stoichiometric.

[nitially, the solution is perfectly homogeneous and the concentration of
solute atoms in the solution is C, i.e., C(p,t=0)=Ck for all the positions along the p
axis, and to calculate successive concentration profiles after successive time
increment T, one can write C(p,t)=C(i,n) where piia and t=nt (where i is the

segment number and n is the number of time cycle).
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Figure 4.1: Segmented solution in front of growing crystal interface along the

axis.
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' Concentrations C, and Csp are the first and last segments respectively

decided by the boundary conditions. The concentration of solute atoms at the
remaining segments during the growth can be calculated by using forward
difference in time and the formula for the Laplacian based on a centered differeﬁce
approximation for the second derivative in p axis (Richard Haberman 1987).

Let the concentration at the points (i+1)e, ie and (i-1)e be denoted by
C,(i+1,n), C,(i,n) and C,(i-1,n) at time t=nt respectively. Similarly, let the
concentration at the point ic at the time (n+1)tr is denoted by Cy(i,nt+1). By

applying the Laplacian approximation, we obtain

o, (p) _[Cli+Lm)=C, (i~ 1.n)] 4
op - 2e )
8*C,(p,t) [C,(i+1,m)=2C, (i,m)+C,(i-1,n)]
; = > 4.2
op £
6Cu(p,t)_[Cu(i,n+1)--Cu(i,n)] 13
ot T '

Substituting equation (4.2) and (4.3) in equation (3.10) and rearranging we
get one dimensional solute diffusion equation as

Dl.l'

[C, (i +1,7)~2C, (i,n) + C, (i = 1,m)] 4.4
£

C,(iLn+D)=C, (,n)+

. . . Dt
where ‘u’ is the solute atoms in the solution of ternary system and —%—in the
£

equation 4.4 is called the modulus [M|. |[M} should be chosen in such a way as to

make |M|< Y for stability condition (Richard Haberman 1987).
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4.2.2 Follow up of phase diagrams

To explain the liquid phase epitaxial growth of ternary compound
semiconductors ternary phase diagrain is necessary, where ternary composition
lchanges with temperature and is drawn on the basis of diffusion limited
experimental thennodynamié data. There ‘are several reports available on
experimental and theoretical determination of phase diagrams of .temary m-v
compounds and alloys such as InGaAs (Panish 1970; Kuphal 1984; Traeger et al.,
1988; Kuphal 1994), InGaP (Stringfellow 1970; Morrison and Bedair 1982;l
Kérber and Benz 1985) and InAsP (Panish and' llegems 1972; Petzow and
Effenberg 1992).

The phase diagram of ternary compound of [InGaAs (Kuphal 1994), lr;GaP
(Kbrber and Beﬁz 1985) and InAsP (Panish and llegems 1972) are chosen and
presented. in figures 4.2, 4.3and 4.4 respectively.

As the phase diagrams give the information in terms atomic fraction of
solute atom x, instead of its absolute concentration . C,, the absolute solute
concentration can be expressed in terms of atomic fraction of the components in
the liquid phase and solid phase by the following expression (Crossley and Small
1972).

C =a,x, or x, =a;'C, - 4.5
where C, and x, are the absolute concentration and atom‘ic fraction of solute atoms

‘w’ in the liquid phase respectively and o, is the constant conversion factor in the

liquid phase.
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Figure 4.2: Solid-liquid phase diagram of In,..Ga,As near T=600°C. Indicated are
isotherms and isoconcentration lines corresponding to the “free”
phase diagram (dashed lines) and to the strained diagram (solid lines)
for growth on (100)-InP, as well as the line of lattice matching .
{(XGaas=0.473 at 600°C) (Kuphal 1994)
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(lower graph) in the In-rich melt region of the InAsP phase diagrams

(Panish and llegems 1972).
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The atomic fraction of terﬁary solute atoms in the solid phase as

x, =a;'C, ' 4.6
where Cy and xy are the absolute concentration and atomic fraction of solute
atoms ‘u’ in the solid phase respectively and ag is the constant conversion factor
in the solid phase. The values of the constant conversion factor ag and o, have
been found out by using the following expressions.

For the liquid phase state

_ Density of the liquid phase x Avogadros Number (NA)
- Average molecular weight of the liquid

4.7

L

and for the solid phase state (Kuphal 1994)

a, :% - 4.8
a; :

where a, is the lattice constant of ternal;y compound(A,;.,B,C) semiconductors in
solid phase which can be expressed as (Olchowik 1994)

a=f(xv)=(1-xv)(aac) + (xvXanc) 4.9
where a,c and agc are the two lattice parameters for two binary compounds.

Since the solute atoms are very less compared to the solvent elements in the
solution prepared for LPE growth, hence the density and molecular weight of the

solution are replaced by the density and molecular weight of the solvent.
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4.2.3 Crystallization path .
Many researchers (Traeger es al, 1988; Kuphal 1994; Dizaji and
Dhanasekaran 1996b) have considered crystallization path during the LPE growth

process of [1I-V ternary compounds.

The schematic phase diagram of a ternary system including
crystallization path is shown in figure 4.5, where we have considered a point “a”
on the liquidus isotherm corresponding to the initial atomic fraction of x,” and x;’
(where i and j are the solute atoms in the solution and i#j); D; and Dj are the
diffusion coefficient of the dissolved components of i and j respectively at the
temperature T. When the temperature of the ternary growth system is cooled to the
temperature T-AT, then the following two extreme cases can be COnsidered; (i) if
D>>D;, then the solute atomic fraction (x,") remains constant (i.e. initial or
equilibrium atomic fraction x:) up to point “b” on the liquidus isotherm T-AT and
(if) if D>>D;, the solute atomic fraction (xjo) remains constant (i.e. initial or
equilibrium atomic fraction of xjo) up to a point “c” on the liquidus isotherm T-AT.
The soliite atomic fraction shifts on a rectilinear path from the liquidus isotherm
corresponding to temperature T to the liquidus isotherm corresponding  to
terﬁperature T-AT at all allowed points between “b” and “c” on the liquidus
isotherm of T-AT depending upon the composition of the solid phase and the rat?o
éfthe diffusion coefficients of solute atoms (Di/Dj) say crystallization line is “ad”
as shown in figure 4.5, and the poinf “d” |ies on the liquidus isotherm of T-AT, For

isothermal growth from a sufficient large solution, points “a” and “d” are time
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e I __ - _ ________ __ _______________________

independent, i.e. the solid composition is constant during growth, but it depends
linearly on AT. So, the change in initial solute atomic fraction x;° at the interface
due to the small decrease in temperature AT, the crystallization (solidification)
path can be described by the following linear expression

Ax, =A%) - fix, 4.10
where Ax, =x{ —x,, x, is the atoﬁmic fraction of solute i at the interface at T-AT

with the condition D>>D;, x® is the initial atomic fraction' of solute i at the
equilibrium température T and the coefficient 3 (which depends on.temperature
aﬁd atomic. fraction of solute atoms i and j) can be expressed (Tracger at al 1988)
as a slope at the point “d” where the rectilinear path (crystallization- path)

intersects on the liquidus isotherm T-AT in the x; versus x; phase diagram.

. Ox, 6x‘,. or
the flux of a solute atoms in a ternary solution given at the liquid-solid interface is

given by (Dutartre 1983)

k2
F, =L[—Dﬂ-) (a7 +204"?) ' 4,12

o
m T

where F, is the flux of solute atoms “u”, m, is the slop of the liquidus defined as
m,=(dT/dx,) at the point “d” where the crystallization path intersects the liquidus
isotherm T-AT, a is the cooling rate (-9T/at). AT is the initial supercooling and D,

is the diffusion coefficient of solute atoms.
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Figure 4.5: Schematic phase diagram of a ternary system.
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" Let us consider the ternary III-III-V systems. As an example In;,Ga,As
with the reference to figure 4.5 (where i=As and j=Ga), the equation (4.10)
becomes
Ax,, = Axy, — fAx, 4.13
where Ax = x5 —x), x,, is the atomic fraction of arsenic (As) at the interface at
temperature T-AT with the condition Dg,>>Ds, xOAS is the initial value of the As
atomic fraction at the equilibrium temperature Tk.

Applying the equation (4.12) to ternary In,.,Ga,As system, the fluxes of

the solute atoms As and Ga are given by

] D 1/2
F, :—[—”—] (AT:‘”2 + 2at”2) 4.14
} m,, T ‘ :
: D\
E, :_]_(__(ij (ATI"”Z +2mw2) 4.15
m(ia T

Since the mole fraction of solute atoms in the solid phase Xy (v = GaAs or
InAs) is much larger than the atomic fraction of the solute atoms in liquid phase x,
(u = Ga or As), the flux of each species (Fa5, Fg.) must be proportional to its

constituent solid mole fraction at any time and thus,

LI 4.16

FA.\‘
-Substituting equation (4.14) and (4.15) in equation (4.16) we get,

' 12 '
XGuA.\' = mAA‘ [g&r J 4 ] 7
mG A

[
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1/2
01', X(,'UA; — Ax(:’u D(u'u
' Axff.\' DA.:
. D 1/2
Or, Ax(ia = AX(iaA.rAxA.\'[ A J 4 I 8
D(:‘u

where ma=(AT/AxX,) and mg,=(AT/Axg,) are the slope of the liquidus at the point
where the crystallization path intersects the liquidus isotherm T-AT.
Substituting Axas from the equation (4.13) in equation (4.18) and the value

of Axg,=[Xgal-[XgalT-aT, WE Obtain by f'earranging

1/2
D, .
X(;‘MJ[—I):_;;,J Axﬁ.\'

1/2
l + ﬁXﬁ'ﬂAJ(%]
[¢17]

Using the above equation (4.19) along with an expression developed for

4.19

[xliu ]1'-M' = [x(iu ]1- -

solid mole fraction, Xgaas and by applying thc valucs of diffusion coefficients of
the solute atoms, the equilibrium atomic fraction of the solute atoms for successive
time increment can be calculated at the growir')g interface.

Similarly, for the ternary IlI-V-V systems as an example InAs,Py with the
reference to ﬁgure 4.5 (where i=As and j=P), we can write the equation (4.10) as

Ax, = Ax, — B7'Ax,, - 4.20

where Ax), = x5 —x,., x, is the atomic fraction b;" phosphorus (P) at the interface at
temperature T-AT with the condition Dp>>Dys, x%p is the initial value of atomic

fraction P at the equilibrium temperature Tg.
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Applying the equation (4.'12) to ternary InAs,P,, the system, while the

flux of As is given by equation (4.14), thé flux of the solute atoms P is given by

112 '
FP=—'—(&J (AT 12a'?) 421

mp\ T
From the concept of flux of each species which must be proportional to its

constituent solid mole fraction at any time as

i =X pac 4.22
F!n

E __x,, 4.23
Fh: .

where Xy, is the mole fraction of solute atoms in the solid phase. Dividing

equation (4.22) by equation (4.23) we get

Ko Fas 4.24
1-Xp F —

Substituting equation (4.14) and (4.21) in equat’ibn (4.24) we get

172
XInA.r — mF DA.\' - 425
t= X, mu\ Dy
2
or X!nAx — AxA.v DA.»;
' 1-X, A% D,
X D 172
or, Ax,, = —d Ax,,( £ ] 4.26
I- X!M.\‘ DA.\'

where ma= (AT/Ax,,)} and mp= (AT/Axp) are the slope of the liquidus at the point

where the crystallization path intersects the liquidus isotherm T-AT.
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Su_bstituting Axp from the equation (4.20) in equation (4.26) and the value
of Axas=[Xas}r-[Xaslt-aT, We Obtain by rearranging

12
X,. (D, .
InAs o Ax,,
I_Xnm D

As

1/2
]+ ﬂ_| XhlA.\' [_Q!_‘J
l - ‘YIHA.V DA.\'

[xAx ]T—A?' = [xAs ]?' -

Using the above equation (4.27), along with an expression deveioped for
solid mole fraction, XA and by applying the values of diffusion coefficients of
the solute atoms, the equilibrium atomic fraction of the solute atoms can be
calculated at the growing interface.

4.3 Calculation method of ternary system

To construct concentration profiles and concentration pl;oﬁle surface of
solute atoms ‘u’ during the LPE growth process, the s_olution of 2.5mm thickness
initially assumed to be composition of uniform melt (perfectly homogeneous) in
the solution for all positions (p,q),i.e. :-(u(p,q,t)=xu0 when time T=0. One can choose
the initial temperature of the melt and the atomic fraction of solute atoms on the
basis of experimental values from the reported literature and to find out the other
solute atomic fraction, the theoretical phase diagram (respective ternary system)
may be used at that temperature. These in.itial atomic fractions of the solute atoms
are fed into tile meshes corresponding to the 50x50 positions in space.

Applying the concentration data with appropriate boundary conditions, we
can simulate the concentration profiles and concentration contours of solute atoms

in front of growing crystal interface along the distance perpendicular to the
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e ——

substrate. Also the average growth rate, the layer thickness along the distance
perpendicular to the substrate, dimensionless concentration parameter as a '
%unction of time and the solid composition as a function of temperature and time
can be computed. The temperature contours in the melt have also been
constructed.
4.3.1 Boundary condition

The solid compositioh of the growing layer from an N component liquid is
a function of the atomic fraction of (N-2) components and the temperature. We
can write in the !n,_xGaxAé LPE case, as

X(Iam'. = fi(x40:T) o ) 4.28'

. The equilibrium atomic fraction of a éomponent in the liquid can be written
as a function of atomic fraction of (N-2) other components and the temperature.
Thus, we can write as

x(’;{a =/ (xA.v’T) | 4,29

Since the first segment is always assumed to be saturated at a given
terﬁperature T, then the atomic fraction of Xg. between nth and (nt+1)th time
increments (where the temperature is reduced by AT and the solution is

supersaturated) we have

(x(;u )D.n+l = f3 |.(xA.\‘ )0,n+I’ATJ ' 4.30

For satisfying the equations (4.28) to (4.30), the conservation of each

component also be satisfied.
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4.3.2 Growth rate in tcrn-ary.system
The average growth rate of ternary compound system .can be calculated by

the following equation for finite difference (Crossley and Small 1972) at the end

of each step in the computation of the equation (4.2) as

R:a,‘Duli x,(Ln)~x,(0,n+1) 431

e |[0S5a,X, ~a,x,(0,n+])

\;vhere x,(0,n+1) and x,(1,n) are the atomic fraction of solute atoms at the interface
of (n+1)th time and first layer of nth time respectively. o and o are the
conversion factors in liquid solid phase respectively. Xy is the solid mole fraction
in ternary sy.stem. The average thickness of the growth crystal at any time is .

obtained by the summation of the growth rate as

0.5a,X, —a,x,(0,n+1)

dzerzza,‘Dur[ x,(1,n) = x,(0,n+1) } 432
n+l n+l £
An equation for layer thickness of the grown crystal at any time can be

found out b); the following expression for finite difference at the end of each time

step in the computation of the equation (4.4) as

) a,Dr|l x(,jn-x,0,jn+])
d N — R — L™ u # u 433
2 ,,ZJ,; U ; £ [O.Sa_\.XV -a,x,(0, j,n+1)

where 0 < j < 25; x,(0,,n+1) and x,(1,j,n) are the atomic fraction of solute atoms
al the interface and first layer (perpendicular- direction to the substrate)

respectively.
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4.3.3 Dimensionless concentration parameter

The dimensionless parameter is defined (Wilcox 1982) as

L= 434

where x,%,x,F and x, are the initial atomic fraction, atomic fraction at the crystal
surface (which is a function of time or growth temperature), and atomic fraction at
any position during the growth process respectively. This parameter goes from one
fo zero. One can use a combination form of the above equation (4.34) as an
example of ternary InGaAs system for calculating the dimensionless concentration

parameter as

1] 0
- (xGa + xA.\' ) B (x(}a + xA.s') 4 35
0 [ E E oo
(xGa + xA.\») - (x(}a + xAs)

(0
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Results and Discussion

5.1 Introduction

Using numerical simulation methods, one dimensional models have been
constructed to calculate the successive concentration profiles, layer thickness
along the distance perpendicular to the substrate, dimensionless concentration
parameter of solute atoms in front of growing crystal interface by Liquid Phase
Epi.taxial growth for In,,Ga,As, In;Ga,P and InAs,P, ternaries and the results
are discussed in the following sections.

5.2 Indium Gallium Phosphide (In;_,Ga,P)

According to the expérimental report (Mariette et al 1981), the initial or
equilibrium atomic fraction of Gallium (Ga) atoms in the case of InGaP has been
considered as 0.01198 at the equilibrium temperature Tg=1103K. The coefficient 3
and the atomic fraction Ax, have been calculated from the isotherm liquidus curve
(K&rber and Benz 1985). The temperature dependent diffusion coefficient of Ga
and P in In-rich melt have been considered Dg,=0.83 exp(-9137/T) cm?/sec and
Dp=7.23x107exp(-3819/T) cm?/sec respectively from the literature (Dobosz and

Zytkiewicz 1991).
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An expression has been developed for the equilibrium atomic fraction of P,
xp, as a function of atomic fraction of Ga, Xg, and the temperature T by using the
InGaP ternary phase diagram (Korber and Benz 1985) as

xp = exp(11.00029 - 1.500011x10%T - 1.001486x107T)x

exp(6.998186x10™/x,- 48.976666x5,) 5.1

Equitation for solid mole fraction of Ga in solid phase Xg.p has been
developed by using the phase diagram (Panish and llégems 1972) as a function of
atomic fraction of Ga, Xg, in liquid phase and the temperature T as

Xoap= exp(25 - 2.599989x10%/T - 3.181997x107T)x

exp(30.63267 - 2.07398x107/xg, - 2.10009x 10%X6a) 5.2

Flux for P and the same process as for InGaAs to get equation 4.19 is also

used here. And this leads to the folloWing expression of atomic fraction of Ga, xg,

for the next successive time increment in the InGaP LPE growth

D 1/2
XGUI’[D_PJ Ax; l
= [xe. ], - = 5.3

D 12
1+ ﬁXGaP[D_PJ

Ga

[x(ia ]?'—AT

Now using the above three equations 3.1 to 3.3 with 4.4 we can construct
the atomic fraction profiles of solute (Ga and P) atoms inside the melt in front of
growing crystal interface as the growth proceeds.

5.2.1 Results and discussion
Figure 5.1 shows the mole fraction of solute atom-s in solid phase as a

function of temperature at cooling rates of 0.25K/min, 0.5K/min and 1.0K/min. It
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is observed that no change in the shape of the curve is found with change in
cooling rates. But the solid mole fractions as a function of thickness of the groWn
layers are very much affected by the cooling rate as shown in figure 5.2.

Figure 5.3 represents the calculated average thickness of the layers as a
function of temperature at four different cooling rates (0.25K/min, 0.33K/min,
0.5K/min and 1.0K/min). It is found that for a given ending temperature
(Tenp=1013K), higher the cooling rate, lower is the thickness of the grown InGaP
layers. This may be due to shorter time available for the growth.

Figure 5.4 shows the thickness of the grown layers as a function of time at
different cooling rates (0.25K/min, 0.33K/min, 0.5K/min and 1.0K/min). It may be
_ observed that, for any growth time, the solution that is more rapidly cooled
produce more rapid growth. At longer duration of the experiment we expect the
growth at lower cooling rate to continue. Growth at higher cooling rates is
expected to stop due to the rapid consumption of solute atoms, which may produce
imperfections in crystal structure.

* Figures 5.5 and 5.6 are the one dimensional atomic fraction profiles of Ga
and P atoms in front of growing crystal interface at different growth temperatures
and a cooling rate of 0.5k/min. Initially the melt contained 0.01198 and 0.3924
atomic fraction of Ga and P atoms respectively in a In-rich melt. The
concentration profiles of both Ga and P show that relation between change in
solute and change of distance from substrate is more linear in case of ternary

alloys cooled to lower temperatures.
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Figure 5.1: Calculated values of GaP solid mole fraction in the InGaP alloy as a
function of temperature for Tg=1103K and cooling rates of 1.0K/min,
0.5K/min and 0.25K/min.
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Figure 5.2: Simulated values of GaP solid mole fraction in InGaP alloy as a
function of thickness of the grown layer for different cooling rates of:
a) 0.25K/min, b) 0.33K/min, ¢) 0.5K/min and d) 1.0 K/min for
Tg=1103K with the ending point of each curve corresponding to
TEND=10|3K- '
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Figure 5.3: Thickness grown as function of temperature for various cooling rates
of: a) 0.25K/min, b) 0.33K/min, ¢) 0.5K/min and d) 1.0 K/min for
Tg=1103K with the ending point of each curve corresponding to

TEND=1 013K.
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Figure 5.4: Thickness grown as function of time for different cooling rates of: a)
0.25K/min, b) 0.33K/min, ¢} 0.5K/min and d) 1.0 K/min for
Tg=1103K with the ending point of each curve corresponding to
TEND=IOI3K- .
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Figure 5.5: Atomic fraction profile of P atoms in In-rich melits at different growth
temperatures for the given cooling rate of 0.5K/min and equilibrium
temperature Tg=1103K for distances measured from solid liquid
interface.
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Figure 5.6: Atomic fraction profile of Ga atoms in In-rich solution at different
growth temperatures for the given cooling rate of 0.5K/min and
equilibrium temperature Tg=1103K and for distances measured from

solid liquid interface.
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Figure 5.7: Dimensionless concentration pfoﬂle of Ga in front of the crystal
growing interface at different growth time for cooling rate 0.5K/min
and Tg=1103K '
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Figure 5.8: Dimensionless concentration profile of P in front of the crystal
growing interface at different growth time for cooling rate 0.5K/min
and T=1103K.
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Figure 5.9: Comparison between our theoretical results and experimentally
reported values (for Tg=1103K and cooling rate of 0.33K/min). (a, x)
experimental points (Mariette et al 1981), and (—) the present work.
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‘Figures 5.7 and 5.8 show the dimeénsionless concentration profile for Ga and P
atoms in the melt at different growth time with cooling rate of 0.5K/min. It is
found that the curves for lower growth times are more distinguishable for Ga than
P. This may be due to faster saturation of Ga atoms in the melt at lower growth
time.

The result obtained from present theoretical model has been compared with
the reported (Mariette et al 1981) results under same experimental conditions are
shown in figure 5.9. Good agreement is found between our theoretical findings
and the reported values.

5.3 Indium Gallium Arsenide (In,,Ga,As)

At the equilibrium temperature Tg=871.2K, atomic fraction of Ga atoms in
the liquid phase has been found out as 0.0196 on the basis of reported liferature
(Kuphal 1994). The coefficient B (which depends on temperature and atomic
fraction of solute atoms) and the atomic fraction Ax, (which depends on cooling
rate, successive time increment and atomic fraction of solute atoms) have been
calculated from the isotherm liquidus curve of InGaAs (Kuphal 1991). The
diffusion coefficient of Ga and As in In-rich melt have been considered
Dx=8.9x10° cm?sec and Dg,=3.7x10° <‘:m2/sec from the literature (Traeger et al
1988).

In the liquid phase, the equilibrium atomic fraction of As, x&,,, for InGaAs
system has been developed as a function of atomic fraction of Ga, X,, and the

temperature T using the InGaAs ternary phase diagram (kuphal 1994) as
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xEx = exp(43.75616-2.498563x10%/T-2.005283x 10> T)x

exp(- 4.830697x10'3/xGa-32.55606xGa) 5.4

The following expression for the mole fraction of GaAs in the solid phase
Xcaas, has been developed by using the phase diagram (Traeger et al 1988) as a
function of atomic fraction of Ga, xg,, and the temperature T

Xaan=eXp(32. 72766-8.778193x10%/T-2.315285x 107T)x

exp(-5.110814x 10%/%g,-31.83753Xg,) 5.5

The equilibrium atomic fraction of Ga, Xg, in liquid phase at the next lower
temperature can be determined using equation 4.19. With equations 4.4, 4.19, 5.4
and 5.5, the concentratioh-proﬁles of solute species inside the solution in front of
thc; growing crystal interface have been constructed for one-dimensional model of
the ternary.
5.3.1 Results and discussion

Figure 5.10 and 5.11 shows one dimensional calculated atomic fraction
profile of Ga and As atoms inside the InGaAs solution for the cooling rate of
0.5K/min for various growth temperatures. It is observed that the change of solute
fraction of Ga and As atoms with distance from the substrate are higher for the
ternary cooled at lower temperatures.

Figures 5.12 and 5.13 show the dimensionless concentration parameters for
Ga and As in the melt at different growth time with a cooling rate of 1K/min
respectively. It is seen that the curves for lower growth time are more

distinguishable from each other in the case of galiiumn than in the case of arsenic.
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This may be attributed to the faster saturation of Ga atoms in the melt at lower

growth time.

Figure 5.14 gives the solid mole fraction of GaAs as a function of
temperature with different cooling rates. No difference was observed when the
same parameter was determined for any one of the four cooling rates (0.25K/min,
0.33K/min, 0.50K/min and 1K/min). The solid mole fractions as a function of
thickness of the grown layers at four different cooling rates (0.25K/min, 0.5K/min
0.75K/min and IK/min) are represented in figure 5.15. It is seen that the mole
fraction of the growing solid is very much affected by the cooling rate. For a
particular layer thickness, the solid composition of GaAs is greater for lower
cooling rates than for the higher ones.

Figure 5.16 displays the results of the thickness of the grown layers as a
function of temperature at different cooling rates (0.25K/min, 0.5K/min
0.75K/min and 1K/min). It may be observed that, for a certain level of growth
temperature (Teyp=820K), the thickness of the grown layer is more for lower
cooling rate than that of higher cooling rate. This may be due to the fact that
longer time is available for the growth of lower cooling rate and shorter time is
available for higher cooling rate for the growth of the ternary compound. The
average layer thickness of the grown InGaAs is calculated as a function of time at
four different cooling rates as shown in figure 5.17. The ending point of each
curve represents the end temperature Tgyp=820K. It is scen that rapid cooling

leads to the rapid growth of crystal for any growth time.
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Figure 5.10: Atomic fraction profile of Ga atoms in In-rich solution during LPE
" growth at different growth temperatures for the given cooling rate of
0.5 K/min and equilibrium temperature Tg=871.2K for distances
measured from solid liquid interface.
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"Figure 5.11: Atomic fraction profile of As atoms in In-rich solution at different
growth temperatures for the given cooling rate of 0.5 K/min and
equilibrium temperature Tg=871.2K for distances measured from
solid liquid interface.
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Figure 5.12: Dimensionless concentration profile of Ga in front of the crystal
growing interface at different growth time for cooling rate of 1K/min
and Tg=871.2K '
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Figure 5.13: Dimensionless concentration profile of As in front of the crystal
growing interface at different growth time for cooling rate of 1K/min
and Tg=871.2K -
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Figure 5.14: Calculated values of GaAs solid mole fraction in the InGaAs alloy as
a function of temperature for Tg=871.2K and cooling rates of
0.25K/min, 0.50K/min, 0.75K/min and | K/min.
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Figure 5.15: Simulated values of GaAs solid mole fraction in InGaAs alloy as a
function of thickness of the grown layer for different cooling rates of:
a) 0.25K/min, b) 0.5K/min. and c) 1.0K/min for Tg=871.2K and
Teno=867.9K
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Figure 5.16: Thickness grown as function of temperature for various cooling rates
of: a) 0.25K/min, b) 0.5K/min, ¢) 0.75K/min and d) 1.0K/min for
Tg=871.2K with the ending point of each curve corresponding to
TEND=820K'
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Figure 5.17: Thickness grown as function of time for different cooling rates of: a)
0.25K/min, b) 0.5K/min, ¢) 0.75K/min and d) 1.0K/min for
Tg=871.2K with the ending point of each curve corresponding to
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Figure 5.18: Comparison between the theoretically evaluated values and
experimentally reported values for Tg=871.2K and cooling rate of
0.33K/min. (0 Ref. Kuphal 1994;( —) present work).
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Figure 5.18 shows the comparison of the theoretical findings in this work with the
reported work of Kuphal (1994) for the same initial experimental conditions as:
atomic fraction of Ga, x5,=0.0196; atomic fraction of As, x,=0.0377; cooling
rate=0.33K/min and equilibrium temperature Tg=871.2K. The comparison shows a
good agreement between present study and the reported values.

5.4 Indium Arsenide Phosphide (InAs,Py.,)

According to reported literature (Panish and Tlegems 1972), the initial
atomic fraction of arsenic (As) atoms in InAsP LPE has been taken as 0.02 at the
equilibrium temperature Tg=1073K and coefficient B as well as Ax,  have also
been calculated from the reported isotherm liquidus curve. The temperature
dependent diffusion coefficient of As and P in In-rich melt have been given by
DM,=2.6"/><10'3 exp (-3440/T) cm*/sec and Dp=18.23 exp (-11450/T) cm?/sec (Pan
et al 1986).

The following expression has been developed for atomic fraction of P, xp
as a function of atomic fraction of As, X, and the temperature T from the InAsP
ternary phase diagram (Panish and Ilegems 1972).

xp=exp(8.095107—1.20123]x104/T)xexp(-7.80937xA5) 5.6

Using the phase diagram (Panish and llegems 1972), an equation for solid |
mole fraction of InAs, Xj.as as a function of atomic fraction of As, Xas in liquid
phase and the temperature T as

X as=exp(-28.24232+1.879563x 10/ T+8.3937x 107 T)x

exp(-3.44046x107/x,5+9.0953x 5) 5.7
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The value of atomic fraction of As, x,, for the next successive time
increment in the InAsP LPE growth can be calculated from the equation 4.27.The
equations 4.4, 4.27, 5.6 and 5.7 are used to simulate the atomic fraction profiles of
rsolute (As and P) atoms in front of the growing crystal interface.

5.4.1 Results and discussion

The atomic fraction profiles of As and P atoms have been simulated one’
dimensionally in front of the growing crystal interface and are shown in figures
5.19 and 5.20 respectively for different growth temperatures. It is seen that at the |
lower temperatures the atomic fraction profiles of As and P atoms are more linear
i.e. with higher slopes.

Figure 5.21 gives the variation of slolid'composition of InAs as a function
of temperature. No significant difference was seen when the same parameter was
calculated for any one of the four different cooling rates (0.25K/min, 0.5K/min,
0.75K/min and 1K/min). Figure 5.22 displays the results olf the simulated solid
mole fraction as a function of thickness of the grown layers for different cooling
rates. It is observed that for a particular InAs solid mole fraction, applying the
lower cooling rate could'grow a thicker layer. The simulated thickness of the
grown layers as a function of temperature for different cooling rates have been
presented in figure 5.23. It shows that for a certain level of growth temperature
(Tenp=1023K), the thickness of the grown layer is l.ower for higher cooling rate
due to the shorter time available for the growth. The average thickness of the
grown InAsP calculated as a function of time for four different cooling rates with

an ending temperature Tgyp=1023K as shown in figure 5.24. It is seen that for a
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particular growth time, more rapid growth occurs for the solution, which are more
rapidly cooled.

Figure 5.25 and 5.26 shows the dimensionless concentration profile of As
and P atoms respectively in the melt at different growth time with a cooling rate of
1K/min. It is seen that the curves for lower growth time more distinguishable from
each other in the case of As than in the case of P, which may be attributed to the
faster saturation of As atoms in the melt at lower growth time.

The result obtained from the present theoretical model has been compared
with the reported (Panish and Illegems 1972) results under same experimental
conditions and are shown in figure 5.27. A good agreement is found between these
theoretical findings and the reported values.

In figure 5.28, thickness grown for InAsP, InGaP and InGaAs from their
equilibrium temperatures 1073K, 1103K and 871.2K respectively for 6x10°
seconds with a cooling rate of 0.5K/min. Here it is found that thickness is grown
faster in case of InAsP than other two ternaries. It is observed that diffusion
coefficients for three ternaries are - for InGaP: Dp=2.26698x10'4cm2/sec,
Dq,=2.096437x10* cmPsec, for InGaAs: Dss=8.9x10° cm’/sec, Dg.=3.7x10?
cm¥sec and for InAsP D,=1.081879x10™* cm%/sec, Dp=4.230808x10™ cm?¥/sec at
their equilibrium temperatures. It is found that diffusion coefficient of As in InAsP
is higher than that of InGaAs. Also diffusion coefficient of P in InAsP is higher
than that of InGaP. This higher diffusion coefficient of solutes in [nAsP may be

the reason for faster growing of InAsP than other two ternaries.

Chapter V 81



Result and Discussion

4.0
1073 K
3.5
1063 K
& 1053 K
Lo
E 3.0 1
=
1043 K
2.5 71033 K
1023 K
2.0 Y T T . .
0 0.05 0.1 0.15 0.2 0.25

Distance (cm)

Figure 5.19; Atomic fraction profile of P atoms in the InAsP solution at various
growth temperatures for the given cooling rate of 0.5 K/min and
equilibrium temperature Tg=1073K for distances measured from
solid liquid interface.
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Figure 5.20: Atomic fraction profile of As atoms in the InAsP solution at various
growth temperatures for the given cooling rate of 0.5 K/min and
equilibrium temperature Tg=1073K for distances measured from
solid liquid interface.
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Figure 5.21: Calculated values of InAs solid mole fraction in the InAsP alioy as a
function of temperature for Tg=1073K and cooling rates of
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Figure 5.22: Simulated values of InAs solid mole fraction in InAsP alloy as a
function of thickness of the grown layer for different cooling rates
of: a) 0.5K/min, b) 1.0K/min, ¢) 1.5K/min and d) 2K/min for
Te=1073K with the ending point of each curve corresponding to
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Figure 5.23: Thickness grown as function of temperature for various cooling rates

of: a) 0.5K/min, b) 1.0K/min, ¢) [.5K/min and d) 2K/min for

" Tg=1073K with the ending point of each curve corresponding to
TEND=1023K‘ ' -

Chapter V. 86



Result and Discussion

0.6

0.5 ~

e
-9
1

" Thickness (cm)
<
L8

o
[
1

0.1 1

0.0 - ] T T T
0.0 1.2 2.4 3.6 4.8 6.0

“Time ( x10° sec)

Figure 5.24: Thickness grown as function of time for different cooling rates of
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Figure 5.25: Dimensionless concentration profile of As in front of the crystal
growing interface at different growth time for cooling rate 0.5 K/min

and Tg=1073K
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Figure 5.26: Dimensionless concentration profile of P in front of the crystal
growing interface at different growth time for cooling rate 0.5K/min
and Tg=1073K.
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Figure 5.28:Thickness grown for InAsP, InGaP and InGaAs from their
equilibrivm temperatures 1073K, 1103K and 871.2K respectively
for 6x10° second with a cooling rate of 0.5K/min.
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~ 5.5 Conclusion

The phase diagram and crystallization path are studied and are used to
construct the concentration profiles of solute atoms along the distance-
perpendicular to the substrate in front of the growing crystal interface for Inj.
.0a,As, In,.Ga,P and InAs,P). systems. The expression for equilibrium atomic
fraction of solute atoms at the growing crystal interface has been developed with
the help of reported phase diagrams. The equilibrium solute atoms at the next
successive time increment has been expressed by the concept of fluxes, which is
proportional to its constituent solid mole fraction at any time. The three ternaries
are also compared for their thickness grown as a function of time from their
respective equilibrium temperature for a fixed duration and a cooling rate.

The one dimensional computed data of the present study have been used to
calculate the dimensionless parameter of concentration, average layer thickness as
a function of time and temperature at different cooling rates Also the composition
of the grown solid as a function of the layer thickness and growth temperature are
observed.

The outcome of the study signifies that the concentration of the solute
atoms decreases near the solid liquid interface as the growth proceeds. It is
observed that the solid mole fraction depends on growth temperature but
independent of cooling rates. But the grown layer thickness is affected by the
cooling rates. Among the three ternaries, thickness of the layer grows faster for
InAsP than the other two. A good agreement is found between our theoretical and

available reported observations as they were compared.
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