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Abstract

For understanding the Liquid Phase Epitaxy (LPE). growth kinetics, a

kinetic model has been developed for Ill-III-V and lll-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. Computer 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 ternaries 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

of a 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 materia!. 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 1II-V ternary semiconductors and heat transport in

the melt during the LPE growth.

1.2 Different Epitaxial Techniques

1.2.1 Vapour Phase Epitaxy (VPE)

The condensation process of the material from it's own vapour is Vapour

Phase Epitaxy. In VPE, the group 1II-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 interface. Here, growth is controlled by

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

a~~rl 2
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methods of crystal growth of III-V compounds can mainly be divided into two

classes: hydride vapour phase epitaxy and chloride vapour phase epitaxy.

Major advantages ofVPE 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 radicals. The group of III metal organics

the reactor by means of a carrier gas bears a result by the growth of lll- V

compound semiconductors. The generalized reaction for Ill-V compounds on

MOVPE may be written as
K

RJM+EHJ <;:::>ME+3RH l.l

Where R=CH) or C2Hs, M=group III element (AI, 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 thermal 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 I 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

AO. (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 compound 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 ofCBE are:

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

II. Less decomposition of source materials (AsH) and PH)) are required for the

growth ofGaAs and InP based materials compared to MOVPE.

III. More homogeneity and good uniformity.

iv. Vacuum in situ diagnostics.

Chapter f 4
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1.2.5 Atomic Layer Epitaxy (ALE)

Atomic layer epitaxy is a well-known technique for the fabrication 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

excess arsenic is swept out of the system. This 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 possibility 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, controlled thickness and low dislocation

ingots of III-V compound semiconductors.

Chapter I
5
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The process a£

Liquid Pha.se r.pitaxg

2.1 Introduction

LPE growth takes place on a substrate iinmersed in supersaturated solution.

This technique is convenient for the growth of III.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 of the solute. So,

Liquid Phase 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 that, essentially, only diffusion perpendicular

to the interface occurs; convection and 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 substrate compared to the height and radius of the curvature of

the solution. Applying these constrains, the LPE process can be treated as one
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dimensional diffusion process with diffusion limited 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 tbur 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 siJbstrate and the solution

is done for appropriate time.

iv) Removing the substrate from the solution terminates the growth.

2.2 Classification of LPE

The LPE growth is generally classified as-

a) Tipping technique

b) Dipping technique

c) Sliding technique and

d) Sandwich technique

a) Tipping technique

In tipping technique, the substrate is held tightly at the upper end of a

graphite boat and the growth solution is placed at the other end. Nelson (1963)

first introduced the tipping device where whole furnace and quartz tube had to be

tipped. By tipping the furnace, the solution is brought into contact with the

substrate. Then an epitaxial layer is grown by slowly c'ooling 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. I shows a schematic diagram of

Chapter /I 8



The process of Liquid phase epitaxy

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 occurs 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 techniques. 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 disadvantage was

overcome, which can be rotated by 3600 as shown in figure 2.2(c).

Chapter /I 9
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Thermocouple
QUClrtz furnacel"tube .
===

CIClmp

Substrate

Graphite boat

, .. :. . ..,-H2 flow

=
Solution

Figure 2.1: Schematic diagram of the tipping technique ofLPE growth system ..

a
Slider 2

Solution

Slider

SubstrQte

Crucible

Solution

c

Multicompartment
crucible

b
Slider 1

Substrates

Multicompclrtment
crucible

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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b) Dipping technique
The dipping technique consists of a vertical furnace and growth tube with

the graphite crucible containing the solution at the lowi~r 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 multi wafer

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 soluti()~ 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 production of LED wafers, where thickness homogeneity

is not so important (Kuphal 1994).

c) Sliding Technique

The sliding technique is one of the most frequently used techniques used

for the growth heterostructures, for example as ill laser diodes. The sliding

technique is the horizontal multi bin-slider system, which is useful for the growth

of multilayered structures (Panish et al 1970). In the simplest case, the boat

consists of a substrate holder with the substrate in a recess and 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 /I II
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t
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Figure 2.3: LPE growth apparatus employing the dipping technique.
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Figure 2.4: Schematic view of horizontal multibin-slider LPE system
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The process of Liquid phase epitaxy

be wiped off the substrate by the graphite 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 bin.

d) Sandwich technique

The sandwich growth cell configuration is shown in figure 2.6 and was

. investigated by Sukegawa et al (1988), which consists of two horizontal substrate

sets face to face and kept 4mm 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 angular momentum of energy

governs the macroscopic phenomenon along with 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).

Chapter 1/
14



co-VIa:

The process of Liquid phase epitpeY

VI••e
iii
J:J
::>
1/'1

Figure 2.5: Schematic diagram of a piston type slider boat.
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Figure 2.6: LPE growth cel1 configuration for sandwich technique.
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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

I. 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, growth-in defects are minimum.

Thick layer can be grown very easily due to higher growth rate.

3. The LPE growth process is inherently less harmful to the environme~t than

other techniques due to high deposition efficiency and also the growth

materials are relatively safe t 0 handle.

4. LPE is well suited a an industrial process, especially for the production of

green GaP LEDs, red AIGaAs LEDs and GaAs lREDs because oflow cost

and device performance.

5. For the Jabrication of high quantum efficiency optoelectronic devices,

LPE-grown materials are best suited.

6. The LPE growth technique is much more sensitive to the substrate

,orientation than the other epitaxial technique, since it is being a near-

equil ibrium process.

7. Many ternary and quaternary compound semiconductors containing volatile

materials can be easily grown by LPE.

Chapter 1/
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8. ::::::.materials in LPE process have good reprodUCibilit~!:

2.4 Disadvantages of LPE technique '-----~--

I. LPE is considered to be applicable only for the production 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 interruptio~ of

the group Il1 and group V fluxes as in ALE is not possible with LPE

technique.

5. The growing LPE epilayer surface is hidden by the metallic solution hence

an in-situ characterization of growing is not possible.

6. For the production of device structures involving thin layers, SUJle!:J,@is;or 1~w- ~-.

quantum well, LPE appears to be not suited. This ISessentially due to the

moderate thickness control of thin layers.

2.5 Review of literature on LPE

H. Nelson of Bell laboratories demonstrated the LPE technique first in

1963 by fabricating Ge tunnel diodes and GaAs lasers. Currently the use of LPE

has been mainly concentrated on the growth of Il1-V compound semiconductors

and its ternary and quaternary alloys. Il1-V compound .semiconductors have

received much attention due to their uses iil fabrication microwave and. optical
18
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devices. Many 'firsC of electronic and optoelectronic devices were based on LPE .

structure such as LEOs, lasers, photodetectors and solar cells. Later this technique

was successful\y used to make h'igh-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

LEOs. Green LEOs based on GaP and photoluminence intensity emission

wavelength was 0.571lm (Beppu et al 1977). Parry and Krier (1994) have grown

InO.97Gao.OJAson 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 monitoring of methane gas in various application.

Chen and Wu (1995) from the research institute of electrical Engineering

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 (1996) from the same institute have obtain high quality GaSb

layer grown from Sb-rich soluion by LPE and fabricatedGaSb photodiodes which

exhibits a low dark current of 21lA at -5V.

Mao and Krier (1996) of Advance Materials and Photonics , Lancaster

University, UK have developed InAsSb on (100) p-type GaSb substrate based on

LPE technique and observed electrolumim:scence intense emission near 1.21lm at

room temperature.

The advantage of using UI-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 III-V materials are direct band
19
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gape type, offering high quantum efficiency and their high mobility gives the

possibility of high-speed application. Major kinds 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 InGaAsP/lnP

(Wieder et al 1977) and InGaAs/lnP (Leheny et al 1979). 1

Panish et al (1970) at Bell Laboratories have developed double-

heterostructure AIGaAs/GaAs laser diode continuous-wave (CW) lasing at room

temperature. Also the continuous-wave (CW) operation of double-heterostructure

(DH) lasers emitting at wavelength beyond I Jlm, realized in the systems of

InGaAsP/lnP (Hsieh et al 1976). Katz et al (1980) have reported a new device

involving monolithic integration of an injection laser and heterojunction bipolar

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 the examples of grown thin layers by LPE are :found (Ohki et al 1987;

Tanakaet al 1989), including doping superlattice (Konig and Jorke 1985; Greene

et al 1987), but most of them not exceeding thickness 15nm. LPE fabricated

MQW laser diodes reported only in very few reports (Dutta et al 1985; Sasai et al

1986; Krier and Mao 1995).

Chapter II
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High efficiency solar photovoltaic cell based on CdTe and GilAs is another

area where LPE holds great promise and Russians 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

illumination is about 23.4%.

Zhuravlev et al (1998) have grown p-GaAs: Zn (100) epitaxial layers by

LPE from gallium and bismuth melt. This epitaxial layef of heavily zinc-doped

GaAs is widely used in the fabrication of photocathodes with negative electron

affinity and in the base layer ofheterobipolar transistors.

A number of excellent reviews on the LPE technique have already written

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 developments in LPE, which makes this technique

attractive for the future as well. These 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 control of the layer morphology and a

deeper theoretical understanding.

Peev N.S. (1999) worked on theoretical understanding of behavior of n-

component during the LPE growth. He showed that two types of components, with

positive and negative concentration gradient, are present in LPE growth process,

For components with positive concentration gradient,. supersaturation occurs

Chapter 1/
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above the substrate whereas, for deposition of the components having a negative

concentration gradients, liquid phase is superheated.

Gao H H et al (1999) 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 6xl0Is cm-3• Also, the peak

photoluminescence (PL) intensity of such layers can be considerably increased by

between ten- and 100-fold compared with untreated material.

Recently, Berger S, et al (200 I) has performed liquid phase epitaxial

growth of silicon ort porous silicon for photovoltaic applications and Aichele T. et

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

epitaxy for microwave and magneto-optical applications.

Chapter /I
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Growth kinetics o£LPE

3.1 Introduction

Nucleation is the birth stage of epitaxial growth. Nucleation can often be

introduced by external 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 kinetics

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.

So, 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 the 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
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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 embryo grows to a

particular size i.e. cri~ical 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 heterogeneously 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 plays 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 60 is the overall excess free et;lergy of the embryo,

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

3.1

where 60s is the surface excess free energy (positive) and 60v 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),

4
6G = 4nr'o- + -nr' 6G,

3
3.2

where cr is the crystal-solution interfacial tension and 60" which is related to

supersaturation or super-cooling, is the free energy change of the transform~tion

per unit volume. Since the surface energy term increases with ~ and the volume

term decreases with r3, the total free energy increases in the size 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 energy is known as

the critical radius and can be obtained by maximizing equation (3.2)

d(6G) _ 0
dr

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-
r*=---

6G,

Chapter 11/
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Figure 3.1: Dependence of surface free energy change, 60s, volume free energy
change, 60v and the net free energy change, 60 for the size, r of the
nucleus.
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Substituting the value ofr* from equation (3.4) in equation (3.2), the free

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

!'>G* = 1611"0"' -.i 1I"0"(r*)'
3(!'>GJ' 3

3.5

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

critical size can be expressed as,

(
!'>G*)n*=nexp -u 3.6

where !'>G*is the total Gibbs free energy change for the formation of the critical

nucleus, k is the Soltzman 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-

(
!'>G*)I=Aexp -u

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

3.3 Theory of Diffusion limited growth

3.7

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 epilayers, the information of concentration gradient of the solute

atoms in front of the growing crystal solution interface is very essential.

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 widely

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 1991; Dizaji and

Dhanasekaran I996a). Based on this theory, the LPE growth of some binaries

(lnAs, GaAs, InP, etc) and ternaries (lnGaP, GaAsP, AIGaAs etc.) of III-V

compound semiconductors materials have already been numerically simulated.

Details of the one dimensional diffusion growth 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 solute diffusion equations are given for the

growth of binary III-V compound (Astles 1990) as

fJC(p,l) _ D O'CCp,l) +R oCCP,I)
01 op' v op

3.8

where C(p,t) is the solute concentration. in the binary solution, 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 interface mov~ into the solution).The

interface velocity is low enough that the term Rv{oCIOp} in equation (3.8) is

negligible (Moon et al 1974).

Therefore the equation (3.8) can be expressed as
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3.9

The solute atoms may not diffuse independently inside the melt in case of

ternary solution, so a single diffusion coefficient is not sufficient to describe the

diffusion phenomenon and as a result equations become more complex. The

diffusion coefficient has to be replaced by a diffusion coefficient matrix in which

the elements are Djj (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 Djj

seem to be negligible for dilute solution used in LPE. since the interaction between

the dilute components is very small and so non-diagonal elements are us'ually

taken to be zero (Kuphal 1994).

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

the interface can be written as

aC.(p,t) _ D a'c.(p,/)
at • ap'

3.10

where Cuep,t) is the concentration of solute atoms in the dilute solution at the given

instant and Du 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 TA. The growth is then terminated at the

end temperature, hND, 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 solute

diffusion equation, we have considered the following principal assumptions:

I. 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 Ts. 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 Ts, the solution contains uniform concentration Co, i.e. C (p, O)=Cofor all

position of p and then it is cooled at a constant cooling rate, a, such that

T=T,,-at 3.11

At the time of growth, for small cooling intervals, the equilibrium solute

concentration CE is a linear function of temperature TE, i.e., m=dT E/dCE.Here m is

the slope of liquid curve equal to 6.T/(Co-C,), Co 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-6.T and 6.T is the degree of super-cooling.

For equilibrium cooling technique the boundary conditions are

at
C(p,O) = Co and C(O,t) = Co --

m
3.12

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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for equilibrium cooling technique can be derived as (Moon 1974; Hsieh 1974),

da (I) = i(~)(D)'/2 13/2
3 Csm ;r

3.13

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, Ts, till spontaneous precipitation formed in the solution in

the step-cooling technique. When precipitation starts to form in the solution at a

particular temperature TA, temperature is kept constant and the substrate is brought

into contact with solution until the desired layer thickness is grown.

For step-cooling technique the boundary condition are

C(p,O) = Co and C(O,I) = c, 3.14

where C, is the solute concentration given by the liquid curve at (Ts-t.T) is the

amount of super-cooling and it is small enough to avoid the occurrence of,
homogeneous nucleation in the solution. Hence the boundary condition can be

expressed as

t.T
C(O,t) = c, = Co -(Co -C,) = Co--

m
3.15

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

technique can be found as (Moon 1974; Hsieh 1974)
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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 separately at a

constant rate a from the saturation temperature Ts to TA 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 technique.

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

aJ /IT aJ
C(p,O) = Co and C(O,t) = C1 -- = Co ----m m m

3.17

where Co is the initial concentration of solute in the solution, a is the constant

cooling rate, m is the slope of the liquidus curve, /IT is the amount of super-

cooling and t is the growth time. With these boundary conditions and a semi-

.infinite growth solution, the layer thickness as a function of time is given by

(Feng et a11980) as

or d(t) = d. (t) + duCt)

3.18

3.19

The super-cooling technique is a combination cif step-cooling technique

and equilibrium 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 Terndr1jnI~V
Compound Semiconductor in LP:E

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 crystals employed in modern

electronics and optoelectronic devices. Liquid phase epitaxial growth kinetics of

1II-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 L Xu= I and the solution are kept in

equilibrium at initial temperature TE' A substrate, normally one of the binary

compounds, which makes up the ternary alloy, 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.
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A theoretical model is proposed to simulate the composition variation of

ternary system of type III-III-V and III-V-V compound semiconductors during the

LPE growth in present work. Inl.xGaxAs and Inl.xGaxP are taken as example of III-

III-V group and InAsxP1•x 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 E along the p-axis as shown in figure 4.1. The

segment numbers are 1,2,3, ..... L.. ,50 with concentrations of CIoCZ,C3, ••• C;... ,Cso

respectively. These concentrations represent the concentration of solute atoms in

the solvent. In this case, the solid composition is assumed to be uniform and

stoichiometric.

Initially, the solution is perfectly homogeneous and the concentration of

solute atoms in the solution is CE, Le., C(p,t=O)=CE 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 p=iE and t=m; (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 Cso 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 difference

approximation for the second derivative in p axis (Richard Haberman 1987).

Let the concentration at the points (i+ I)E, iE and (i-I)E be denoted by

Cu(i+I,n), Cu(i,n) and Cu(i-I,n) at time t=m: respectively. Similarly, let the

concentration at the point iE at the time (n+ I)'t is denoted by Cu(i,n+ I). By

applying the Laplacian approximation, we obtain

8C,(p,t) (C,(i+I,n)-C,(i-I,n)]
=8p 2e

8'C, (p,t) (C, (i + I,n) - 2C, (i,n) +C,(i -I, n)]
----=
8p' e'

4.1

4.2

8C, (p,t)
8t

(C, (i, n + I) - c, (i, n)] 4.3

Substituting equation (4.2) and (4.3) in equation (3.10) and rearranging we

get one dimensional solute diffusion equation as

DrC, (i,n + I) = C, (i,n) + -.....;-(C, (i + I,n) - 2C, (i,n) + C, (i -I,n)] 4.4
e

where 'u' is the solute atoms in the solution of ternary system and D',r in the
e

equation 4.4 is called the modulus IMI. IMI should be chosen in such a way as to

make IMI:O;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 diagram is necessary, where ternary composition

changes with temperature and is drawn on the basis of diffusion limited

experimental thermodynamic data. There are several reports available on

experimental and theoretical determination of phase diagrams of ternary Ill-V

compounds and alloys such as InGaAs (Pan ish 1970; Kuphal 1984; Traeger et aI., .

1988; Kuphal 1994), InGaP (Stringfellow 1970; Morrison and Bedair 1982;

K5rber and Benz 1985) and InAsP (Panish andllegems 1972; Petzow and

Effenberg .1992).

The phase diagram of ternary compound of InGaAs (Kuphal 1994), InGaP

(K5rber and Benz 1985) and lnAsP (Panish and lIegems 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 Xu instead of its absolute concentration. Cu, 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).

or -IC'
Xu = a" u

4.5

where C
u
and Xu are the absolute concentration and atomic fraction of solute atoms

'u' in the liquid phase respectively and UL is the constant conversion factor in the

liquid phase.
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Figure 4.2: Solid-liquid phase diagram of Inl_XGaxAsnear 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 (lOO)-lnP, as well as the line oflattice matching.
(XOaAs=0.473 at 600°C) (Kuphal 1994)
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Figure 4.4: Calculated liquidus isotherms (upper graph) and solidus isotherms
(lower graph) in the In-rich melt region of the InAsP phase diagrams
(Panish and Ilegems 1972).
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The atomic fraction oftemary solute atoms in the solid phase as

-'Cxv=as v 4.6

where Cv and Xv are the absolute concentration and atomic fraction of solute

atoms 'u' in the solid phase respectively and as is the constant conversion factor

in the solid phase. The values of the constant conversion factor as and aL have

been found out by using the following expressions.

For the liquid phase state

Density of the liquid phase x Avogadros Number (NA)a =------------------ 4.7
I. Average molecular weight of the liquid

and for the solid phase state (Kuphal 1994)

8
as =-)

a,
4.8

where aJ is the lattice constant of ternary compound(AJ.xBxC) semiconductors in

solid phase which can be expressed as (Olchowik 1994)

4.9

where aACand aBCare 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 et 01., 1988; Kuphal 1994; Dizaji and

Dhanasekaran 1996b) have considered crystallization path during the LPE growth

process' of 1II-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,Dand x)o

(where i and j are the solute atoms in the solution and i;tj); 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-l>T, then the following two extreme cases can be considered: (i) if

D,»Dj, then the solute atomic fraction (X,D)remains constant (i.e. initial or

equilibrium atomic fraction X,D)up to point "b" on the liquidus isotherm T-l>Tand

(ii) if Dj»D;, the solute atomic fraction (XjD)remains constant (i.e. initial or

equilibrium atomic fraction ofxjD) up to a point "c" on the liquidus isotherm T-l>T.

The solute atomic fraction shifts on a rectilinear path from the liquidus isotherm

corresponding to temperature T to the liquidus isotherm corresponding to

temperature T-l>T at all allowed points between "b" and "c" on the liquidus

isotherm ofT-l>T depending upon the composition of the solid phase and the ratio

of the diffusion coefficients of solute atoms (D/Dj) say crystallization line is "ad"

as shown in figure 4.5, and the point "d" lies on the liquidus isotherm ofT-l>T. For

isothermal growth from a sufficient large solution, points "a" and "d" are time
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independent, i.e. the solid composition is constant during growth, but it depends

linearly on Ll.T.So, the change in initial solute atomic fraction XiO at the interface

due to the small decrease in temperature Ll.T,the crystallization (solidification)

path can be described by the following linear expression

Ll.x = Ll.x' - fli1x
I I j 4.10

where Ll.x; = X,D - x;, X; is the atomic fraction of solute i at the interface at T-Ll.T

with the condition Dj»D;, XiO is the initial atomic fraction of solute i at the

equilibrium temperature T and the coefficient 13(which depends on temperature

and atomic. fraction of solute atoms i and j) can be expressed (Traeger at al 1988)

as a slope at the point "dO' where the rectilinear path (crystallization path)

intersects on the liquidus isotherm T-Ll.Tin the Xi versus Xj phase diagram.

fJ=- OX, =(OT)x(OX'),
oXj OXj aT

4.11

the flux of a solute atoms in a ternary solution given at the liquid-solid interface is

given by (Dutartre 1983)

( )

"2
F, =_1_ D, (Ll.Tt-1I2 +2at'J2)

Jnu 1C
4.12

where Fu is the flux of solute atoms "u", mu is the slop of the liquidus defined as

mu=(8Tloxu) at the point "dO'where the crystallization path intersects the liquidus

isotherm T-Ll.T,a is the cooling rate (-aTIOt). Ll.Tis the initial supercooling and Du

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 InJ_xGaxAs

with the reference to figure 4.5 (where i=As and j=Ga), the equation (4.10)

becomes

4.13

where ~ :., = x~.,- x:" x:.,is the atomic fraction of arsenic (As) at the interface at

temperature T-e.T with the condition Doa»DA" XOAS is the initial value of the As

atomic fraction at the equilibrium temperature TE.

Applying the equation (4.12) to ternary InJ_xGaxAssystem, the fluxes of

the solute atoms As and Ga are given by

( J
"2

FA, = _1_. DA.' (e.Tt-I12 + 2atl12)
mAl" ;r

4.14

4.15

Since the mole fraction of solute atoms in the solid phase Xv (v = GaAs or

InAs) is much larger than the atomic fraction of the solute atoms in liquid phase Xu

(u = Ga or As), the flux of each species (FAs, Foa) must be proportional to its

constituent solid mole fraction at any time and thus,

FGa =xF GaA.~
A,I'

Substituting equation (4.14) and (4.15) in equation (4.16) we get,

( )

"2
X .. = mAs Dc"

QuA.1 D
moo A.I'
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( )

'/2
X ,_ !lluu D(ja
GuA,~ - Lix D

A.I" A,~

or, 4.18

where mAs=(ilT/ilxAs) and mo.=(ilT/ilxo.) are the slope of the liquidus at the point

where the crystallization path intersects the liquidus isotherm T-ilT.

Substituting ilXAsfrom the equation (4.13) in equation (4.18) and the value

of ilxo.=[xo.h-[xo.h'l>T' we obtain by rearranging

( )
"2

X DA., tll'
UUA.f D. A,f

[Xuaj,'_lIT = [xuJ,. - '''(' D )"2
1+fJ.X ~

(jaAJ D
Uti

4.19

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

solid mole fraction, XO•As and by applying the values of diffusion coefficients of

the solute atoms, the equilibrium atomic fraction of the solute atoms for successive

time increment can be calculated at the growing interface.

Similarly, for the ternary IlI-V-V systems as an example InAsxPl_x with the

reference to figure 4.5 (where i=As and j=P), we can write the equation (4.10) as

4.20

where tll;, = x~ - x;" x;, is the atomic fraction of phosphorus (P) at the interface at

temperature T-ilT with the condition Dp»DA" xOpis the initial value of atomic

fraction P at the equilibrium temperature TE'
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Applying the equation (4.12) to ternary lnAS,PI,x> the system, while the

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

4.21

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

constituent solid mole fraction at any time as

4.22

4.23

where XlnAsis the mole fraction of solute atoms in the solid phase. Dividing

equation (4.22) by equation (4.23) we get

Substituting equation (4.14) and (4.21) in equation (4.24) we get

XI"A, = :AP.,.(~Ap" )1/2
1- X'nAJ

4.24

4.25

or,

or, 4.26

where mAs= (t.Tlt.XAS) and mp= (t.Tlt.xp) are the slope of the liquidus at the point

where the crystallization path intersects the liquidus isotherm T-t.T.
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Substituting t1xr from the equation (4.20) in equation (4.26) and the value

( )

1/2

X I"", D I' ilx •
I-X D I'

!"AI As

( )

'12

1+ rr' Xb,A" D1,

I- )(IIIA.~ D A.~

4.27

Using the above equation (4.27), along with an expression developed for

solid mole fraction, X1nA" 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 ternal")' system

To construct concentration profiles and concentration profile surface of

solute atoms 'u' during the LPE growth process, the solution of 2.5mm thickness

initially assumed to be composition of uniform melt (perfectly homogeneous) in

the solution for all positions (p,q),i.e. xu(p,q,t)=xuowhen time T=O. 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 initial atomic fractions of the solute atoms

are fed into the 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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substrate. Also the average growth rate, the layer thickness along the distance

perpendicular to the substrate, dimensionless concentration parameter as a

function 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 composition of the growing layer from all N component liquid is

a function of the atomic fraction of (N-2) components, and the temperature. We

can write in the InJ.xGaxAsLPE case, as

4.28

The equilibrium atomic fraction of a component 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

4.29

Since the first segment is always assumed to lie saturated at a given

temperature T, then the atomic fraction of xo, between nth and (n+ I)th time

increments (where the temperature is reduced by .6.T and the solution is

supersaturated) we have

(x"" )0.,,+1 = f,l(x A, )0."+1 ,.6.T J 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 ternary 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{.D"[ x"(l,fl)-x,,(0,1l+1) ]
[; O.5a"Xv -a{x"(O,fl+l)

4.31

where xu(O,n+1) and xu(I,n) are the atomic fraction of solute atoms at the interface

of (n+l)th time and first layer of nth time respectively. aL and as are the

conversion factors in liquid solid phase respectively. Xv is the solid mole fraction

in ternary system. The average thickness of the growth crystal at any time is

obtained by the summation of the growth rate as

4.32

An equation for layer thickness of the grown crystal at any time can be

found out by the following expression for finite difference at the end of each time

step in the computation of the equation (4.4) as

d(j) = 'LR(j)r = 'La{D"r[ x,,(l,j,Il)-x"(O,j,~+l) ] 4.33
n+1 n+1 [; O.5a"X v - a {x" (0, J, fl + I)

where 0 ::;j ::;25; xuC0j,n+ 1) and xu(l j,n) are the atomic fraction of solute atoms

at 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

4.34

where Xu o,xuE and Xu 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

to 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
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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

Epitaxial growth for Ini_xGaxAs,Ini_xGaxPand InAsxPi_xternaries and the results

are discussed in the following sections.

5.2 Indium Gallium Phosphide (Inl_xGaxP)

According to the experimental 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 TE=II 03K. The coefficient J3

and the atomic fraction D.Xp' have been calculated from the isotherm liquidus curve

(Korber and Benz 1985). The temperature dependent diffusion coefficient of Ga

and P in In-rich melt have been considered DGa=0.83 exp(-9137/T) cm2/sec and

Dp=7 .23x I0-3exp(-3819/T) cm2/sec respectively from the literature (Dobosz and

Zytkiewicz 1991).



Result and Discussion

An expression has been developed for the equilibrium atomic fractionofP,

xp, as a function of atomic fraction of Ga, XGaand the temperature T by using the

InGaP ternary phase diagram (Korber and Benz 1985) as

Xp= exp(l1.00029 - 1.5000 II x 104/T - 1.00 1486x I0-4T)x

exp(6.998186x I0.4/xGa-48.976666~J 5.1

Equitation for solid mole fraction of Ga in solid phase XGap has been

developed by using the phase diagram (Panish and Ilegems 1972) as a function of

atomic fraction of Ga, ~a in liquid phase and the temperature T as

XGap= exp(25 - 2.599989x I04/T - 3.181997x 10.2T)x

exp(30.63267 - 2.07398x I0.3/xGa- 2.10009x 102xGa) 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, XGa

for the next successive time increment in the InGaP LPE growth

( J
ill

Dp •
Xc"!' -- Cup

[] [] Dc"
xGa 1'-l!T == XCa l' - 1!2

1+ fiXc"p( D
p J

DCa

5.3

.Now using the above three equations 5.1 to 5.3 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 atoms in solid phase as a

function of temperature at cooling rates of 0.25K/min, 0.5K/min and 1.0K/min. It

Chapter V 56



Result and Discussion

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

(TEND=IOI3K), 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 I.OK/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 TE=I\03K and cooling rates of 1.0K/min,
0.5K1min and 0.25K1min.
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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, c) 0.5K/min and d) 1.0 K/min for
TE=ll 03K with the ending point of each curve corresponding to
TENo=1013K.
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Figure 5.3: Thickness grown as function of temperature for various cooling rates
of: a) 0.25K1min, b) 0.33K1min, c) 0.5K1min and d) 1.0 Klmin for
TE=\103K with the ending point of each curve corresponding to
TEND=\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, c) 0.5K/min and d) 1.0 K/min for
TE=1103K with the ending point of each curve corresponding to
hNo=1013K.
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Figure 5.5: Atomic fraction profile of P atoms in In-rich melts at different growth
temperatures for the given cooling rate of 0.5K1min and equilibrium
temperature TE=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 0.5K1min and
equilibrium temperature TE=1103K and for distances measured from
solid liquid interface.

Chapter V 63



Result alUl.Discussion

0.9

0.8

0.7

0.6
~.3 0.5

0.4

0.3

0.2

0.1

o
o 0.05 0.1 0.15 0.2 0.25

Distance (cm)

Figure 5.7: Dimensionless concentration profile of Ga in front of the crystal
growing interface at different growth time for cooling rate 0.5K/min
and TE=1103K
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Figure 5.8: Dimensionless concentration profile of P in front of the crystal
growing interface at different growth time fo[ cooling rate 0.5K1min
and TE=1103K.
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Figure 5.9: Comparison between our theoretical results and experimentally
reported values (for TE=II03K and cooling rate of0.33K1min). (Ll, x)
experimental points (Mariette et al 1981), and (-) the present work.
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Figures 5.7 and 5.8 show the dimensionless concentration profile for Ga and P

atoms in the melt at different growth time with cooling rate of 0.5K1min. 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 TE=871.2K, atomic fraction of Ga atoms in

the liquid phase has been found out as 0.0 196 on the basis of reported literature

(Kuphal 1994). The coefficient 13 (which depends on temperature and atomic

fraction of solute atoms) and the atomic fraction !'J.XA:(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

DAs=8.9xlO,5 cm2/sec and DG.=3.7x10,5 cm2/sec from the literature (Traeger et al

1988).

In the liquid phase, the equilibrium atomic fraction of As, XEAS'for InGaAs

system has been developed as a function of atomic fraction of Ga, Xa., and the

temperature T using the InGaAs ternary phase diagram (kuphal 1994) as
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xEAs=exp(43.75616-2.498563x I04/T-2.005283x 10,zT)x

exp( - 4.830697x I 0.3IxOa-32.55606xOa) 5.4

The following expression for the mole fraction of GaAs in the solid phase

XOaA"has been developed by using the phase diagram (Traeger et al 1988) as a

function of atomic fraction of Ga, XOa,and the temperature T

XoaAs=exp(32. 72766-8. 778193x I03/T-2.315285x 10,zT)x

exp( -5.110814x I0,z/xoa-31.83753xoa) 5.5

The equilibrium atomic fraction of Ga, XOain 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 concentration profiles of solute species inside the solution in front of

the 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

0.5K1min 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 1Klmin

respectively. It is seen that the curves for lower growth time are more

distinguishable from each other in the case of gallium 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 anyone of the four cooling rates (O.25K/min,

0.33K/min, O.50K/min and IK/min). The solid mole fractions as a function of

thickness of the grown layers at four different cooling rates (O.25K/min, O.5K/min

O.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 (O.25K/min, O.5K/min

O.75K/min and 1K/min). It may be observed that, for a certain level of growth

temperature (TEND=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 endin~ point of each

curve represents the end temperature TEND=820K.It is seen 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 Klmin and equilibrium temperature TE=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 TE=871.2K for distances measured from
solid liquid interface.
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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) a.25K/min, b) 0.5K/min and c) 1.0K/min for TE=871.2K and
TENO=867.9K
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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, xo.=0.0196; atomic fraction of As, xAs=0.0377; cooling

rate=0.33K/min and equilibrium temperature TE=871.2K. The comparison shows a

good agreement between present study and the reported values.

5.4 Indium Arsenide Phosphide (InAsxPt•x)

According to reported literature (Panish and Ilegems 1972), the initial

atomic fraction of arsenic (As) atoms in lnAsP LPE has been taken as 0.02 at the

equilibrium temperature TE=I073K and coefficient 13 as well as L1Xp'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

DAs=2.67xI0.J exp (-3440rr) cm2/sec and Dp=18.23 exp (-I I450rr) cm2/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, XAsand the temperature T from the InAsP

ternary phase diagram (Panish and Ilegems 1972).

xp=exp(8.095I 07- 1.201231 x 104/T)xexp(-7.80937xAs) 5.6

5.7

Using the phase diagram (Panish and lIegems 1972), an equation for solid

mole fraction of lnAs, X'nAsas a function of atomic fraction of As, XASin liquid

phase and the temperature T as

X1nAS=exp(-28.24232+ 1.879563x I04/T+8.3937x IO.JT)x

exp( -3.44046x 10.2/XAs+9.0953xAs)
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The value of atomic fraction of As, XAs for the next successive time

increment in the lnAsP LPE growth can be calculated from the equation 4.27.The

equations 4.4, 4.27, 5.6 lind 5.7 are used to simulate the atomic fraction profiles of

solute (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. I9 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

Le. with higher slopes.

Figure 5.2 I gives the variation of solid composition of InAs as a function

of temperature. No significant difference was seen when the same parameter was

calculated for anyone of the four different cooling rates (0.25K/min, 0.5K/min,

0.75K/min and lK/min). Figure 5.22 displays the results of 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

(TEND=I023K), the thickness of the grown layer is lower for higher cooling rate

due to the shorter time available for the growth. The average thickness of the

grown lnAsP calculated as a function of time for four different cooling rates with

an ending temperature TEND=1023Kas shown in figure 5.24. It is seen that for a
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Figure 5.19: Atomic fraction profile ofP atoms in the lnAsP solution at various
growth temperatures for the given cooling rate of 0.5 K/min and
equilibrium temperature TE= I073K 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 Klmin and
equilibrium temperature TE=I073K for distances measured from
solid liquid interface.
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function of temperature for TE=1073K and 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 Klmin
and TE=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 0.5K1min
and TE=1073K,
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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 In1_

xGaxAs, In1_xGaxPand lnAsxP1_xsystems. 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

lnAsP than the other two. A good agreement is found between our theoretical and

available reported observations as they were compared.
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