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ABSTRACT

Semiconductor superlattices and quantum-well heterostructures form an
important class of electronic and optoelectronic materials since the properties:
of these layered structures are in many ways superior to those of bulk materials.
While most superlattices and ‘quantum-well heterostructures are grown using
lattice-matched materials, structures composed of lattice;;%;tched heterolayers

are also of considerable interest since the loosening of the lattice-matching

constraint allows increased flexibility in choosing constituent materials.

Although strained-layer superlattices (SLS) were first studied in the early
1970's, a significant fraction of strained-layer work has occurred in the past
years. Comprehensive reviews of strained-layer structures in several different
semiconductor material systems are available. Progress in the fabrication of
pseudomorphic semiconductor structures has led to ihe development of photoexcited
lasers, quantun-well injection lasers, light-cmitting diodes, photodetectors and
high electron mebility transistors, which utilize strained layers. Although electronic
and optoelectronic devices often wutilize SLS quantum-well heterostructures,
studies of pseudomorphic material properties tend to emphasize on superlattice
structures composed of multiple interacting strained layers. In properly designed
strained-layer structures, the mismatched layer is so thin that the difference In
lattice constants ol the constituent materials is accommodated by elastic strain
rather than by the generation of misfit dislocations. Thus, strained-layer structures
of high crystalline quality can be fabricated from semiconductors differing signi-
ficantly in their bulk lattice constants, provided layer thicknesses do not exceed
strain-dependent critical values. Variety of expitaxial growth methods like LPE,

VPE, MOCVD, MBE are available for fabrication of high quality structures.
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Characterization of grown SLS 1s possible with optical and electrical
measurements, transmission electron microscopy, and double crystal X-ray diffrac-
tion, etc. Double crystal X-ray diffraction is a nondestructive method. The
rocking curves obtained experimentally can not give all the necessary and required
structural details of the individual layers. If the SLS structures undergoes any
thermal treatment, diffusion of impurity, ion-implantation etc., then a knowledge
of the effects of such processes near the interface is important. Also these

processes cause disordering of the SLS structures due to intermixing.

The use of X-ray double crystal diffraction technique in characterizing
multilayer structure by means of experimental rocking curves is,however, compli-~
cated since the rocking curves in general are of complex nature in which there
is no longer one-to-one correlation between diffraction peaks and individual
layers in the structure. This problem 1s overcome by using dynamical scattering
theory to generate simulated rocking curves based on an assumed material
structure, The theoretical and experimental roéking curves are then matched by
an iterative process whereby the assumed distribution of strain in the layers is

modified until a good fit is obtained with the experimental data.

A careful study of existing literature shows that kinematical theory as
well as dynamical theory of X-ray diffraction are two well known models based
on which rocking curves can be simulated. The kinematical theory model has
been used by a number of workers in view of its simplicity, while very few have
worked with dynamical theory and no dynamical treatment have been used for
the study of impurity diffused or ionimplanted SLS. The kinematical theory,
however, 1s not applicable to heteroepitaxial layer or implanted layers with
thicknesses that are a significant fraction of the extinction distance. The kine-
matical theory ignores extinction effects. When the reflecting power is more

than about 6% the kinematical theory is not suitable.
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Keeping in view all these points in the present studies,a dynamical theory
has been preferred. Two dynamical models are presented. One is based on Takagi-
Taupin's  derivation and the other one based on Abeles’ matrix method. In
the simulation, a one dimensional strain variation is assumed normal to the
sample surface l.e. the epilayers are elastically strained under a tetragonal
distortion and are lattice-matched in the plane of the sample surface. For
this type of unidirectional strain variation the well known Takagi-Taupin equations
have been simplified and solved for epilayers of SLS structure, to give the
ratio of the diffracted to incident beam amplitudes. For the calculation of
layer reflectivity the epilayers in the SLS structure is divided into thin uniform
laminae each of constant lattice-parameter and the reflectivity calculated by
starting at the substrate and working upwards through each layer to the top
layer. Finally rocking curves were convoluted with the reference crystal rocking
curve. Some illustrative examples of simulated rocking curves using different
combinations of composition, thickness, and number of periods of SLS structures
have been shown. Further rocking curves of a number of. SLS experimental
specimens namely InGaAs/GaAs, InGaAs/InP, and GaAsP/GaP reported in the
literature have been simulated and a comparis on is made. Initial data from
experimental rocking curves were used to calculate rocking curves for  SLS
structure. The input data are slightly adjusted about their initial values until a
reasonable fit with experimental curve is achievéd. For the initial data a know-
ledge of thickness, number of periods, mismatch variation of layers within
each period is required. These can be obtained from SLS growth conditions.
From such a comparison an accurate assessment of - composition, mismatch,

thickness of period and number of molecular layers have been achieved.

The simulation technique has also been successfully applied to characterize

thermally annealed and Zn diffused disordered InGaAs/GaAs SLS. For thermally



annealed super-lattices the composition in the real space, assuming a simple
linear diffusion mechanism in a single well has been considered while for Zn
diffused disordered superlattice the interstitial and substitutional mechanism has

been used to calculate the composition profiles.

Further, modification of this technique have been used to assess the strain/
damage depth distribution in an ionimplanted SLS structure. In this approach
the strained-material is modeledas a series of laminea each with a perpendicular
strain and damage assumed uniform. Damage is assumed as a random displace-
mevnt of atoms from their lattice sites. This was taken to have the form of
a spherically symmetric Gaussian function with standard deviation U. The
lattice damage and additional strain in Beryllium implanted GaAsP/GaP SLS
structure have been assessed by com[-aaris:on of an experimental with simulated

rocking curve.

In the Abeles' matrix method a 2 x 2 matrix is described to cdmpute
reflection and transmission of light by pla’ne layered media in which the refractive
Index is isotropic and varies only in the direction normal to the layers. The
method can be used to find solutions for dynamical theory of X-ray diffraction
if variation of X-ray refractive index normal to any sets of Bragg planes of
interest is known. In the present thesis Abeles’ dynamic approach has been
successfully applied to simulate rocking curves for the SLS structures. Rocking
curves simulated for different composition, thickness of epilayers, and number
of periods of SLS structures have been studied extensively and compared with
those simulated by Takagi-Taupin's model. Comparis on showed that the Abeles'
approach need less computation time and gives more sharp peaks. The approaches
of Takagi-Taupin and Abeles' were both used to simulate rocking curves for

an experimental InGaAs/GaAs SLS structure. The satellite peak Intensities



thus calculated were compared with those calculated from kinematical approach
and experimental data. A three crystal X-ray scan of InGaAs/InP superlattice
structure reported in the literature have also been simulated using the Abeles-
Takagi approach and a comparison is made with kinematical step model.

On the basis of the comparison final conclusions are made.
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CHAPTER 1

INTRODUCTION AND PROBLEM FORMULATION



InGaAsP material system have, in recent years, found
potential application as optoelectronic sources for low
logas optiecal fibre traosmission. This is dwve to fact thét
the attenuation of optical fibre is relatively low for
sources emitting radiation in the spectral region 1.0-1.4 um.
Further such material systems have the advantage that it
is possible to grow thin epitaxial layers on InP substrates
with exact lattice match over a band gap region from 1.35 eV
to 0.74 eV corresponding to wavelength range from 0.92 um
to 1.68 um as shown in Figure 1.1. The boundaries joining
the binary compounds give the ternary energy gap and lattice
constant, while the quarternary field is indicated by the

shaded region.

It has been observed that the presence of lattice
mismatch between the substrate and epilayer gives rise
to miafit dislocations at the interface [153]. Further
more layers with dislocations that result from lattice
mismatch have been found to have reduced luminescent effi-
ciency in the region of dislocation [154]. It dis therefare
evident that the lattice matching across a heterojunction
interface 1is essential for the development of efficient
"and reliable optoelectronic devices. For GaAs based systems
the lattice matched alloy span the energy range from 1.42 eV

to 1291 eV [T .
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Epitaxy has progressed from single layer growth on
a substrate using liquid phase epitaxy, e.g. GaAs over
GaAs substrate [107] to growth of extremely thin multilayers
using more recently developed molecular beam epitaxy and
metalorganic chemical vapour deposition techniques [107].
Epitaxial superlattices consigt of multiple thin layers
arranged in a periodic fashion one example 1is shown in
Figure 1.2 where the superlattice period consist of two
layers InGaAs and InP arranged over a substrate InP. Most
of the early investigations concentrated on a limited number
of material combinations for the growth of superlattices.
The selection was limited by the number of material pairs
with closely matched lattice parameters, e.g. GaAs/AlAs,
InCaAs/InP. However, since the thickness of the individual
layers in the superlattice are extremely small any lattice
mismatch at the interface. can be elastically accommodéted
by strain and the resulting structure called the strained-
layer superlattice (SLS) has been found to have new and
interesting properties. Biaxial tension/compression in
such SLS can produce unigue properties not found in latidce

matched superlattice systems [102].

SLS structures can be grown from a wide variety of
material systems. Recent interest in such structures has
been motivated by their potential wuse in multijunction
photovoltic cell [31,36], photoexcited lasers [21]; guantum=

well injection lasers [89,90], lightemitting diodes [16,80],
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photodetectors [8], and high-electron mobility transis-

tors [119].

As far as growth of superlattices is concerned SLS is
first studied in the early 1970s. A significant fraction
of SLS work has occurred in the past few years. Gahs, InP,
and GaP substrates have been used by many workers to grow
InGaAsP SLS systems [1},15,101,109,114]. Molecular beam
epitaxy (MBE) and metalorganic chemical vapoﬁr deposition
(MOCVD), are the processes used to grow the superlattice
structufes [114,66,102]; With MBE it is just possible at
least in the laboratory to spray a semiconductor wafer
with just one layer of atoms at a time. This approach ob-
viously guarantees a virtually perfect and uniform crystal

structure [31,107].

Mechanical strain in an SLS <can be 1introduced by
alternate thin layers of materials whose crystal lattice
differ in their atomic spacing. Within elastic limits adjacent
layers contract or expand to match the atomic spacing of
the substrate. It has been observed that compressive strain
increases the band gap of an SLS layer, and the tensile
strain decreases it [31]. Alloying a semiconductor alters
ite band pgap and lattice <constant. For example Gallium
arsenide has a band gap of 1.4 eV, replacing some of the
Gallium atoms with aluninium atoms creates the alloy GaAlAs

which can have a band gap as high as 1.8 eV depending on



the cdhcentration of alumimium. It dis possible to create
a graded alloy with a band gap that varies continuously
from 1.4 eV to 1.8 eV. Such alloying ternaries like InGaAs,

GaAsP, GaAlAs are used in the fabrication of superlattices.

During the superlattice-buried device fabrication
these SLS structures undergo various processes such as

thermal annealing, impurity diffusion, and ionimplantation.

These processes change the superlattice composition. In

other words, an InX Gal—x As/GaAs SLS after thermal annealing

becomes In__ Ga As/In Ga, As alloy and this will change the SLS
xy L=ty y il

properties. This is because of interdiffusion of Ga from GaAs and

In from InXGa XAS across the interface. Similarly impurity

1._
diffusion and ionimplantation of superlattices also create
disorder due to enhanced interdiffusion [ 2862950 T5:1
Such disordering due to diffusion and thermal annealing

and ionimplantation of SLS structures has been studied

in detail inm this thesis.

1.2 CHARACTERIZATION METHODS

Superlattice structures are usually <characterized
after they wundergo various fabrication processes. Number

of characterization methods are present:

(a) Photoluminescence (PL) spectrum can reveal band gap,
compositional variation and disorder inm the superlattice

structure.



(b) Superlattice epilayer thickness and structural perfection

may be confirmed by TEM.

(c) Auger electron spectroscopy can provide the compositional

variation deep inside the superlattice.

(d) Raman spectrum analysis can provide the information
"concerning the superlattice period and the individual

layer width.

(e) Rutherford back scattering can provide the concentration
of the species at a certain depth and is useful to

monitor lattice disorder produced by various implants.

(f) X-ray double crystal diffraction can separate images
of epilayers from the substrate thereby identifying
the location of any defects. The technique also enables
a very precise plot of fhe rocking curves which provides
invaluable information about the assessment of the
thickness, compositional wvariation in the epilayers
and of their ecrystalline perfection. For supsarlattice
structures complicated rocking curves are obtained.
This is a nondestructive method and no sample preparation

is required.

1.3 MOTIVATION FOR THE PRESENT WORK

Experimental X-ray double crystal diffraction method

though a non-destructive method for the material characteri-



zation, however, can not provide details about the individual
layer for a multilayer structure as in a superlattice struc-
ture. To assess the details regarding the number of mono-
layes, composition of each layer, thickness etc., theoretical
calculation or computer simulation of experimental rocking

curves 1is necessary.

There are two models on thev basis of which rocking,
curves can be simulated, namely kinematical and dynamical
theory of X-ray diffraction. Kinematical theory has been
applied by a number of workers for the analysis of single
epilayer [112,123], and for superlattices [124]. This theory
has certadn limitation and ignores extinction -effocts.
Therefore in the present investigations dynamical theory
has been used. No dynamical treatment has been applied
to analyze the superlattice structure after they (SLS)
undergo thermal annealing, Zn diffusion, and ionimplantation
processes. In the present thesis effects of éuch processes

on the SLS have been analyzed.

1.4 PROBLEM FORMULATION

The salient features of the present study may be stated

as:

(1) Develop a model on the basis of Takagi's dynamical
theory of X-ray diffraction for the analysis oi auper=

lattice structure.



(2) Modelling for thermally annealed and Zn diffused SLS
structure and to simulate rocking curves for the dis-
ordered SLS, and to calcualte the interdiffusion coeffi-

cient from the simulated rocking cures.

(3) Modification of the model of case (1) for the assessment
of strain/damage depth distribution in the case of
an ionimplanted SLS structure and to simulate rocking

curves.,

' (4) Develop a model and simulate rocking curves for the
SLLS structure on the basis of Abeles' matrix method.
This model is further wused to simulate three crystals

X-ray scan simulation of the superlattice structures.

1.5 ORGANIZATION OF THE THESIS

The thesis consists of nine chapters in all. The principal
crystal growth methods like molecular beam epitaxy (MBE),
metalorganic chemical vapour deposition (MOCVD) which are
used to grow SLS structures have been reviewed in chapter
two. There are various methods of SLS characterization
e.g. Photoluminescence, Transmission electron microscopy,
Auger -electron spectroscopy, Raman scattering, Rutherford
back scattering, and X-ray double crystal diffraction etc.

A review of these methods is presented in chapter three.

Chapter four describes the kinematical and dynamical

theory of X-ray diffraction, which are used to simulate
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rocking curves. Simulation of rocking curves for various
SLS specimens are generated by changing the composition,
number of periods, and thicknesses of SLS structures. Both
kinematical and dynamical simulations are presented in
chapter five. Some of the experimental rocking curves
which are reported in the 1literature have been simulated

and their results are analyzedr.

Chapter six describes the effects of thermal annealing
and Zn diffusion in the InGaAs/GaAs SLS structures, rocking
curves are simulated for thermally annealed and Zn diffused
InGaAs/GaAs SLS. Interdiffusion coefficient of In-Ga has
been obtained from such simulation studies [132] and compared
with values <calculated by analytical method [130,131].
Chapter seven also discusses the effects of ionimplantation
on SLS. Strain/damage depth'distribution for a Be implanted
GaAsP/GaP SLS has been obtained by simulating rocking curves
and achieving a close fit to the experimental one [133].
in ghapter eighf another dynamical simulation model based
on Abeles' matrix ﬁethod have been developed to simulate
superlattice rocking curves, and also to simulate three
crystal X-ray scan. Few SLS specimens rocking curves were
generated. An axperimental vrocking curve, and = three
crystal X-ray scan of InGaAs/InP superlattice have been
analyzed. General discussion and conclusions arising
out of the results obtained from the various studies

conducted on the SLS, are made in chapter nine.



CHAPTER 2
REVIEW OF METHODS OF GROWTH

OF SUPERLATTICES
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Ak INTRODUCTION

Technology projection often emphasise materials
as a particularly fertile area for potential revolutionary
developments. Further, elaboration usually refers to
new '"materials" in the expectafion that new phenomena
would result. Historically this concept has been proven
many times, and today a promising source of new materials
based to a large extent on epitaxial growth is emerging.
This is the are; of complex, multilayer/multimaterial
epitaxial structures. This also includes <compositional
superlattices which find wide application as photodetectors,

laser sources for fibreoptic communications.

Epitaxy has progressed from single layer growth
om a substrate of same composition to multiple layer
growth over a substrate with different compositions.
In recent years efforts to reduce the dimensions of semi-
conductor devices and <circuits demanded tighter <control
over epitaxial processes. Junction abruptness became
an important measure of the capabilities of an epitaxial
growth technique. It has been found that extremely thin
layers of good crystalline quality can be grown by molecular
beam epitaxy or melalorganic chemical vapour deposition
methods. On the rapid development of MBE with its inherent
capability for deposition control at ‘the monolayer level

provides the growth of a new generation of multilayer
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structures. MOCVD which has almost the same degree of
depogition as MBE but greater throughput, is also a powerful
technique for growth of SLS structures with abrupt transi-
tions. In the present chapter different types of super-

lattices and growth methods have been reviewed.

Zrs' & GROWTH OF SUPERLATTICE STRUCTURES

Optoelectronic semiconductor devices are constructed
using hundreds or thousands of superthin layers. In recent
years, however, new techniques of semiconductor crystal
growth have given engineers and physicists extremely precise
control over layer thickness. Alternate monolayer deposition

of (AlAs), .( GaAs), layered structure grown b MBE [98],
1 Yy

1
and (InAs)l(GaAs)1 grown by MOCVD [42] have been reported.
Monolayer growth by MOCVD 1is achieved by decreasing the
deposition rate and by rapidly changing the gas composition.
This layered structure of (InAs)1 (GaAs)1 has average alloy
composition Irlo.SGaO.5

To accomplish alternate monolayer growth, the deposition

As which is closely matched to InP [42].

rate must be small. Superlattices grown by alternate
deposition of monolayers of GaAs and AlAs have also been
reproted (98] . Similarly strained-layer superlattices
of InGaAs/GaAs [66], GaAsP/GaP [49] have also been grown
using MBE and MOCVD details of which are as listed in

table 2.1.
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Table 2.1 : SUPERLATTICES

Structure Prepara- Application Reference

Compositional

GaxAll—xAS/ MBE Multiple Quantum well [25,83,108,

GaAs MOCVD lasers, modulation 148 ]
doped structures

InAs/GaSb MBE Semiconductor/semi- [120]
metal transition

GaXInl_XAs/ MOCVD Enhanced mobility [15,44]

InP

Doping

GaAs(n,p) MBE Tunable properties, {1101

' increased recombination

life time

GaAs(i)/ MBE Mobility enhancement [110]

GaXAll_XASOLp) (elgctron and holes)

Strained layer

InXGal_XAs/ MBE High electron mobi- i8,66,114]

GaAs MOCVD lities

GaAsXPl_x/GaP MOCVD Band gap allows for [47.,%1]
easy optical cha-
racterization

Ga _As,_ _P/ MOCVD Green solid state [49]

GaAs lasers, alternate

colour LEDs
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2.2.1 COMPOSITIONAL SUPERLATTICES

Compositional semiconductor superlattices were
recognized as early as 1970 to offer potentially useful
electronic properties [107]. These structures have justifiably
been considered to be new composition of matter, =@
their properties are not simple interpolations between
the properties of the «constituent layers. This 1is the

feature that motivates much of the research on superlattices.

Most of the early studies on the compositional
superlattices were based on GaAs/AlAs because of the
small lattice mismatch [62,84] of this favourable combina-
tion. These studies have led to useful electronic de?ice
developments such as the modulation doped superlattices [83]
in which only the aluminium containing layers of a GaAs/

AlXGa XAs superlattice are doped. Becuase of the band

-
structure at the interfaces, the <carriers originating
through ionization of the dopant atoms can lower their
potential energy by ‘'spilling over" into the wundoped
GaAs layers where their mobility is not degraded by scattér—
ing from the ionized impurities, whiech remain in the
Al-rich layers. These structures exhibit exceptionally
high electron mobilities [136], especially at lower tempera-

tures (77K), where ionized impurity scattering is the

dominant scattering mechanism.
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Quantization effects which occur when the alternating
layer dimensions become small form, the basis for special
electronic and optical devices based on superlattices.
Such effects are wutilized in the multiple quantumwell
laser to obtain 1lower threshold current densities and
a reduced sensitivity of this parameter to temperature [58].
These devices are prepared from superlattices containing
multiple GaAs and AlAs or GaAlAs layers grown by either

MBE or MOCVD.

2.2.2 DOPED SUERLATTICES

Both theoretical and experimental development of
doping superlattices has been pioneered in the Federal
Republic of Germany. These structures offer the promise
of unique electrical and obtical characteristics resulting
from their special energy band configurations, and they
are not subject to the restrictions imposed by the necessity
of lattice matching in compositional superlattices [ 83 ).
With doping superlattices %he special separation of electrons
and holes due to the periodic space <charge potential
of the ionized impurities 1leads to the <concept of an
"indireet gap 1in real wspace’, The effective width aof
the bandgap <can be tuned by varying the nonequilibrium
carrier concentration, and, since the hole and electron

gtates are more or less separated in local space, the
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recombination lifetime of excess carriers 1is 1increased.
Such properties are promising for development of tunable
infrared light sources operating in the desirable region?
Devices fabricated in GaAs with 21 alternating 25 nm
thick n-and p—Layers exhibit optical gain with tunability
for matching to the transmiséion characteristics of optical
fibre [107])]. Most of the results.to date have been obtained
with doping superlattices formed from the III-V compound

semiconductors using MBE and MOCVD growth techniques.

2.2.3 STRAINED-LAYER SUPERLATTICES

The necessity of lattice matching has restricted
the number of superlattice structures available for investi-
gation. However, if the layers are kept sufficiently
thin, then the mismatch can be accommodated elastically.
The resulting structures are called strained-layer super-
lattices (SLS). S8SLS can be grown from a wide wvarieily
of material systems (Table 2.1). The capability of working
with  poorly lattice matched systems ©provides another
degree of freedom to the device designer. Thus the optical
properties, transport characteristics, and structural
properties can be varied independently. In addition the
strain i1tself can distort or modify the bawnd structurs.

Examples of SLS include GaAsXP X/GaAs [49], which are depo-

1._
sited by MOCVD. They are of interest for potential green

solid-state lasers and alternate <colour light emitting
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diodes. GaXInl_xAs/GaAs SLS deposited by MBE are being
investigated for high speed or high frequency device appli-
cations [64]. A strained superlattice buffer layer (SSBL)‘
composed of short period InGaAs/GaAs SLS has been introduced
into a lattice-matched AlGaAs/GaAs system in order to reduce
the intermal stress [48,77). A high quwantum efficisncy,
a small cavity loss, and high output power operation
have been achieved in narrow ridge-waveguide 770 nm graded
index. separate confinement heterostructure laser diode

with the SSBL.

GaAsP/GaP SLS grown by MOCVD have been used to prpduce
optical interference filters and an integrated high reflector/
photodiode detector. Thus the SLS structures grown with
MBE and MOCVD growth techniques are of wide interest in
optoelectronic devices. In brief MBE and MOCVD growth techni-

ques are described, in the next section.

43 MOLECULAR BEAM EPITAXY

Molecular beam epitaxy is a comparatively recent
process for epitaxial growth of thin single crystal semi-
conductor structures in which an ultrahigh vacuum is used.
With MBE, the thickness of crystalline layers can be precisely
controlled down to a few angstrom. Layer composition can be
varied and semiconductor structures can be produced that

are different or impossible to make by other means.
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The film constituents are deposited on a substrate
crystal from atomic or molecular streams, or beams. These
beams are created when the required elements are heated
in effusion ovens each with an opening facing the substrate
wafer. Effusion ovens are same in number as there are elements
to be incorporated into the crystal structure as shown
in Figure 2.1. For GaAs devices, ovens for gallium, for
argenic and for each of the doping elements are n%eded.
The beams are turned on and off or their intensity is véried,
as necessary to create the desired layer structure. As
elements from the beams deposit on the substrate,the afoms
and molecules take up the crystal structure of the material
below. The deposited material in other words is epitaxial
hence, the process name molecﬁlar beam epitaxy. It is impor-
tant in MBE that the process be carried out in as perfect
a vacuum as possible to pfevent unwanted impurities {from

being incorporated into the crystal structure. Ultra high

vacuum is therefore used for this purpose.

MBE makes it possible to grow high quality single
crystal Schottky barriers, nanoalloyed ohmic contacts,
insulating layers, and semi-insulating layers all with
the same crystal lattice structure as the substrate [107].
The layers can be grown as part of a continuous process
without removal of the wafer from the MBE chamber. Recently
multiple interleaved layers of GaAs and AlAs and of GaAs

and AlGaAs, InGaAs, GaAsP formed by MBE yielded matched
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and SLS crystals.

In the growth of GaAs epitaxial layers, gallium atoms
and arsenic molecules strike a GaAs substrate surface,
which is heated to 500° to 600°C..All the gallium atoms
adhere to the surface, but if there is an excess of arsenic,
only one arsenic atoms remains on the surface for each
gallium atom deposited. As a result, the growing layer
is stoichiometric maintaining a 1:1 ratio of gallium atoms
to arsenic atoms. The flux of group IIl atoms thus determines
the epitax}al layer growth rate [110] and that flux depends
largely upon the temperature within the effusion oven for
the group III element. For GaAs, the gallium beam intensity
is usually adjusted to yield 1 to 3 pm of epitaxial growth

per hour [107]. This requires a gallium flux of about 1015

— il
atoms cm s .

For growing AlGaAs on GaAs an additional effusion
oven that contains aluminium is employed. All of the Al
and Ga atoms that impinge upon the substrate surface adhere,
so that the rvafio of Al to Ga in solid is the same zs the flux
ratisc: of Al te Ga in the effugisn Beam. 1371 The 'filux
of molecules or atoms emitted at the effusion oven orifice
depends primarily on the vapour pressure of the element
within the oven and thus upon the oven temperature, and

upon the molecular weight of the effusion species.
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The mechanism controlling the growth of GaAs and
related alloys have been étudied by modulated molecular
beam techniques and by reflection high energy electron
diffraction RHEED [137]. The growth of superlattices using
MBE have been widely reported in the literature. <Quantum
well structures for example have been grown on (100) oriented
GaAs substrate using computer controlled shutter opera-
tion [107]. The growth rate of the GaAs was maintained
RGP < Pm/h for structures grown here the growth temperature
ie within the range 550+10°C. The 7vatioc of V to 1I1 group
was 30 to maintain an arsenic stébilized surface for both
GaAs and InGaAs. Similarly many single and isolated InGaAs/
GaAs and other quantum wells and SLS were grown are report-

ed [1,8,32,4],43].

2.4 METALORGANIC CHEMICAL VAPOUR DEPOSITION

Generally, growth is achieved by introducing metered
amounts of group III alkyls and the group V hydrides into
a quartz reaction tube which contains a substrate placed
on an RF-heated carbon susceptor. The hot susceptor has
a catalytic effect on the decomposition of the gaseous
products and the growth therefore primarily takes place
at this hot surface. At the working pressure of between
0.1 te 0.5 atm with the gas flow rate 10-2¢ 1 per minute.
The gas velocities in the neighbourhood of the suscéptor

are between 1 and 15 cm per second, with the result that
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the gas flow is laminar. The growth process is schematically

shown in Figure 2.2.

In this 'process, a stagnant boundary layer {107]
which is adjacent to the growth surface exist. Within this
layer, concentration changes occur only by diffusion. Exis-
tence of this layer has been experimentally verified ([47].

The growth by MOCVD can be explained as follows:

(1) The gas molecules diffuse across the stagnant layer

to the substrate surface.

{2} At the hot surface +the metal alkyls and hydrides
are decomposed, thus producing the group III and

group V elemental specieé.

(3) The elemental species move on the hot surface until
they find an available lattice site where growth

then occurs.

Any of these three processes can 1limit the growth
rate but in general low-pressure MOCVD takes place under
conditions where diffusion across the stagnant layer is
the rate limiting otep. If (Z) sbd (3) “limits the growth
then the growth rate 1is strongly temperature dependent.
However, where diffusion dominates, the growth rate 1is
virtually independent of temperature and is <controlled
simply by the rate of arrival of the growing species At

the solid-vepour interface. This arrival rate 1is inm turn
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controlled by the flow rates of the various species injected
into the reactor , which can be metered accurately by mass
flow <controllers. Under normal operating conditions the
growth rate 1is generally temperature-independent and the
growth process is therefore in the diffusion limited regime.

Problem of autodoping has to be considered.

Growth at low pressure increases the diffusion of
dopant away from the growth surface by increasing the concen-
tration gradient across the stagnant layer. This results
in a more abrupt change in doping level which can be critical
in devices whieh utilize very thin layers. Alsoc as a result
of the 1low pressure iﬁ the reactor, the gas speeds are
generally higher +than for other growth techniques. Thus
changes of composition at heterojunctions ‘can be quickly
achieved as new gas compositions are rapidly established.
The higher gas velocity also results in a more uniform
stagnant layer thickness over a large area of substrate, which
will ensure a good uniformity of thickness and composi-

tion [103, 107]-

A number of workers have successfully used low-pressure
MOCVD process to grow a wide range of III - V materials and
heterostrucrtures like GaAs, InAs, GalnAs on InP, GalnP on

GaAs, and GalnAsP on InP [1,8,47,103].
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paals CONCLUSION

All kind of superlattices described in the previous
éection have been successfully grown using MBE and MOCVD
by many workers. Some of the general problems associated
in MBE growth, back ground-gas incorporation, surface accumu-
lation, competitive incorporation, preferential and non-
congurent sublimation, interface exchange, and strain-induced
interdiffusion are required to be identified. Most of the

III - V SLS systems can be successfully grown.

The low-pressure metalorganic chemical vapour deposition
based on the prolysis of group III elements in an atmosphere
of the hydrides of group V elements would seem to be a widely
applicable growth technique whichié well adopted to the
growth of submicrometer layers and heterostructures. Optimi-
zed growth conditions for the preparation of wide range
of IIl - V materials and heterostructures on GaAs and InP
substrates were found [1,103] because of low préssure.
The low pressure growth offers an improved thickness unifor-

mity and compositional homogeneity.

The knowledge of growth processes 1is necessary for

the simulation of rocking curves.



CHAPTER 3
REVIEW OF METHODS OF CHARACTERIZATION

OF SUPERLATTICES
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[ INTRODUCTION

IIl - V semiconductor materials possess properties which
are influenced by a number of parameters. The crucial factor
that permits the progress in research on such materials
is in understanding the parameter which control the properties
of these materials. These include chemical combosition and
structural perfection of materials etc. Accordingly, material
characterization involves determination of composition,
purity, crystallanity and perfection of atomic arrangement
in the material. The impurity and defects in atomic arrange—
ment or lattice imperfections, are to be identified which
influence the property under consideration. The defect concen-
tration and spatial locations are determined and correlated
with the material property. Determination of impurity concen-
tration 1is a challenging task as very small concentration

of impurities at parts per billion (ppb) are to be determined.

/

For multilayer devices it 1is more urgent requirement
ta ascertain that compositional and thickness variations
are within specified tolerances. The improvement of growth
techniques coupled with the wide wvariety of structures,
that can be obtained using semiconductors with different
lattice parameters. High quality InGaAs epilayers are obtained
as long as the mismatch between the substrate and the epilayer
can be accommodated by elastic deformation without creating

misfit dislocations at the interface. However, as the layer
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thickness increases, the formation of dislocation becomes
energetically favourable, which leads to an increased dis-
location density at the interface. Presence of mismatch
and other dislocation defects in the multilayer structures
and superlattices have been found to decrease optical/quantum

efficiency and life time of the devices [21].

There are various methods of measuring and analyzing
structural and compositional properties of thin films.
In the present chapter some of the common methods of charac-

terization of superlattices have been reviewed.

St 2 PHOTOLUMINESENCE

Photoluminescence (PL) has been developed as an impor-
tant and powerful tool for the investigation and characteri-
gatian of semiconductor materials. In photoluminescence
experiments, a number of electron-hole pairs are created
in excess of the thermal equilibrium number by an external
exciting 1light. A room temperature PL measurement is made

o
using a 6328 A He-Ne laser for excitation.

One purpose of PL studies is the determination of
the bandgap energy versus composition of Gaxlnl—xAsyPl—y
quarternary layers. As a result of these experiments a

detailed knowledge of the dependence of the fundamental

band gap energy on composition x and y is expected [120].
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Though photoluminescence provided a convenient method
to determine the relative position of the bandgap energy

the absolute value of Eg is more difficult to obtain [101].

PL studies of free epitaxial layers lattice-matched
on InP as well as GaAs have demonstrated that high quality
material can be grown using MBE, MOCVD techniques [107].
For InGaAsP/InP heterostructures more complicated PL spectra
has been observed' than that of free epitaxial layer, this
may be due to the impurities, compositional grading, and

abruptness of the interfaces.

Photoluminesceﬁce of superlattices resulting in
a peak due to emission from the wells. This is due to
diffusion of the created <carriers to the wells before
recombination. The observed transition occurs between
the first quantum energy levels of electrons and heavy
holes. The corresponding energy depends on concentration
strain and well width [114]. An accurate study of photolumi—

nescence for MBE grown InXGa XAs/GaAs have been report-

1_
ed [16%). Figure 3.1 shows PL data. The additional peaks
at lower energies may, impart, be due to impurity or defect

related bound excitons.

PL spectra for thermally annealed and impurity induced
disordered superlattices are studied and reported by many

workers [107, 120 , 88). For AlGaAs/GaAs superlattice [62],
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InGaAs/GaAs SLS [109, 32], and ionimplanted InGaAs/GaAs
SLS [1], GaAsP/GaP SLS [101] PL measurement studies have

been reported in the literature.

Fa3 TRANSMISSION ELECTRON MICROSCOPY

Imaging methods are superior to optical methods
in the sense that since electrons can penetrate into mate-
rials mroe easily than wvisible light, a three diménsional
microstructure of an opaque material may be observed without
etching in succession. The depth of penetration depends
on the material and the electron energy and specimen thick-
ness of roughly about 0.3 um at 100 KeV and about 1 um
at 1 MeV, depending on the material, can be analyzed.

Using a high electorn energy 100 KeV - 1 MeV makes the
‘wavelength very short and éonsequently a high resolution

is achieved, about 1.5 X'.

Electron microscopy basically involves scattering
processes that take place when the electron beam travels
through the specimen. The scattering processes may be
divided into two categories: elastic and inelastic. Elastic
scattering involves interaction of the electrons and the
effective field potential of the nuclei, with no energy
losses. Inelastic scattering involves interaction of elec-
trons with electrons in the specimen and results in energy

losses. Diffraction patterns produced by elastic scattering
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formsthe basis for studying imperfections in materials.
Inelastic scattering however, also produces informative
diffraction effects, but they are more readily used to
analyze spectroscopic data resulting from characteristic
energy losses and emissions due to absorption effects
of the inelastic scattering. These include Auger spectroscopy
and X-ray fluorescence; A detail account of the electron
optiés and electron microscopy are available in many standard

texts [1251.

The advantage of high resolution in a TEM will have
to be weighed against the high cost of the instrument.
Economic utilization means that most TEM works is concen-
trated on specimens known to have high density of disloca-
tions and very rarely on highly perfect crystals. The
accessible thickness of the'specimen is roughly ogpte 1 pm
and if one wutilizes the high resolving power of the TEM
to record a micrograph at a high magnification, the informa-
tion on the micrograph would actually be resulting from
a very tiny volume element of the specimen. Specimens
are neormally in the form of foils, abount 1 pm thick. TEM
eséentially operates in the transmission mode while optical
microscopy in the reflected mode. A TEM can very easily
produce the micrograph and the electron diffraction pattern

for the same area of the specimen.
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High resolution transmission electron microscopy
has made it possible to study interfaces using lattice
imaging. In the case of epitaxial semiconductor multilayer
structures which contain similar materials in its layers,
it is sometimes difficult to get good contrast sometimes
makes it difficult to observe atomic height steps at -the
interface. Hetherington et al [54] have deviced a near
axial lattice imaging technique to overcome the lack of
contrast between layers 'of similar materials and have
applied this technique to GaAlAs/GaAs multilayers to study
interfacial steps and roughness of each interface as well
as the determination of the widths of each layer to an
accuracy of about 13». In multilayer structures, high
resolution TEM is thus extremély useful for seeing sharpness
of interface, dislocations generated from interface inclu-

sions etc., and steps in the interface.

Sample preparation for TEM study is time-consuming
and the level of <care exercised is directly reflected
in the quality of the results that can be obtained. The
specimen must be thinned down to a few nanometers, with
the region of interest eurrounded by thicker material

which can serve as a mechanical support.

Many experimental studies on the TEM characterization
of superlattices are available in the literature [29,75,90].

TEM micrograph of GaAs/AlAs [75], GaAlAs/GaAs [29], and
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InGaAs/GaAs SLS [90] are reported and studied. Figure 3.2
shows a TEM micrograph for a SLS structure, this micrograph
shows wells and barriers separately from the substrate.

Any structural defect present can be clearly seen.

3.4 AUGER SPECTROSCOPY

Auger spectroscopy can be applied as a microanalytical
technique to provide information about the chemical composi-
tion of a surface. A sample is mounted in a high vacuum
and irradiated with mono-energetic electrons, allowing
interaction of the incident electrons with surface atoms,
due to which electrons are emitted by the Auger process
from the surface. It is therefore necessary to have suitable
detectors to analyze the energies of the emitted electrons
and be able to separate the weak Auger signal from the
general secondary electron signal. Because there are normally
a number of Auger transitions with characteristic energies,
shapes and patterns, the -elemental resolution is good.
Since electron beams are normally used, spatial resolution
in the plane of surface is also good. Standard instruments
are available with minimum electron beam size of 5004
Since Auger signal comes entirely from atoms within a
few nanometers of the specimen surface, an ultra high
vacuum chamber is essential to maintzin an atomically
clean surface. This also helps to obtain good signal with

small probe diameters using high brightness field-emission
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gun. The depth resolution, normal to the surface, is better
than in the surface plane. The inelastic scattering cross-
section for low energy electrons in solids is so large
that the electroﬁ mean free path is only about a 104

Therefore Auger electron spectroscopy is very sensitive
to surface region of the solid. Cylindrical mirror analyzers
are the most commonly used electron energy analyzers in

AES spectrometers.

For optimum results, specimens to be investigated
by AES are some what restricted. If the surface is to
be uniformly irradiated by the electron beam, it must
be fairly smooth. Also, charging effects should be minimized
by a suitable choice of incident beam energy and angle.
Magnetic fields in the vicinity of the specimen also produce
undesirable effects. Since UHV conditions are advisable,
the material should have a relatively low vapour pressure,
particularly since electron bombardment causes local heating.
Since UHV apparatus and sophisticated electron optics
are requried, -equipment for Auger analysis is expen-

alva - EEQy 8855 1R

Auger depth profiling, is the most popular technique,
for thin film anal?sis. Here, composition variations 1in
layers adjacent to a surface are revealed by sequential
innert ion sputtering and AES. The surface is simply eroded

away in a controlled fashion by ion bombardment and the
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composition of the freshly exposed surface determined
by AES. Calculation of the depth of material removed is
problématic for complex surfaces. Figure 3.3 shows an
Auger depth profiles of a InGaAs/GaAs SLS before and after
disordering. The indium profile as a function of depth
from the crystal surface clearly resolves the SLS stricture
of the as—-grown sample. The indium profile of the SLS
diffused for one hour at 615°C shows the intermixing of
first few periods of SLS. The remaining layers retaln
tha, eoriginal SLS structure., The indium profile for the
SLS diffused for one hour at 680°C ig essentially feature-
less. This shows that SLS structure is completely disorder-
ed [85]. The interface width measured is approximately
122 , which is the 1limit of resolution of the apparatus,
then for more accuracy the interface investigation can
be made wusing Raman scattéring arn X-ray ‘double crystal

d1 ifraation .

Sl RAMAN SCATTERING

The Raman effect arises when a beam of monochromatic
exciting radiation passes through a transparent medium
that contains molecules capable of wundergoing a change
in polarizability. Some of the incident phonons <ollide
with molecules in the sample. Most of the collisions are
elastic in the sense that the fregquency of +the scattered

Iight 1s  unchanged d+from the _frequency of the WAncident
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radiation. However, a small fraction of the collisions
are 1inelastic and involve an exchange of energy between
the scatter and the incident photon. The fundamental equation

for the energy interchange is
s ST Ly i TEU RN ST (3.1)

or A = hw, = hv, = thAy &y

where vy and v, are frequencies of incident phonon and
the scattered radiation, respectively, and E1 and E2 are the
initial and final energy states of the scatter. The incident
phonon elevates the scattering molecule to a quasi-excited
state having a height above the initial state equal to
the energy of the exciting radiation [30, 120]. On the
return to the ground electroﬁic state, a vibrational quantum
of energy may remain with the scatter and hence there
is a decrease in the frequency of the re-emitted radiation.
1f the scattering molecule is in excited state, a vibrational
quantum of energy may be taken from the scatter, leaving
it in a lower vibrational energy state and thus increasing
the frequency of the scattered radiation. These scattered
lines are called Raman lines. The shift in frequency of
the scattered Raman lines is proportional to the vibrational
energy. involved in the <{fransition,. and thus the shift
is a measure of the separation of the +two wvibrational

energy states of the molecule. The spacing between the
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Raman lines are related to the wvibrational-rotational

spacings in the infrared absorption spectrum.

A GalnAs/AlInAs multiple guantum well structure
characterized using Raman spectroscopy by Davey et al [30]in
the experiment, Raman spectra were measured wusing the
514.5 nm line of the argon-ion laser and a spec 1403 double
spectometer fitted with an RCA C31034 photomultiplier.
All measurements were made with the scattered light collected
at 90° to the direction of the propagation of the laser
light that was incident at an angle close to Brewster's
angle and polarised in the plane of incidence. To elimiﬁate
scattering by air the sample space was purged with He
gas. The spectrum consists‘ of a series of peaks whose
frequencies are directly related to the superlattice period
via an appropriate form of the superlattice phonon dis-

persion relation.

Figure 3.4 shows the Raman spectrhm for a GalnAs/
AlInAs multiple quantum well structures. Three dominant
peaks are observed in the high-energy optical phonon region
48 Mbs SeREbeaml A% 238 G0AT. 259 UERY End SOE.BTS) Sm-
Peak B is due to GalnAs layers are In-rich, and A and C are
due to scattering by InAs-like and AlAs-like LO phonons
in the AllInAs layers. Other various superlattices have been

characterized using Raman scattering are reported in the

Fiferatore 130, J&0, 94]1.
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3.0 RUTHERFORD BACK SCATTERING

The only technique for quantitative compositional
analysis of thin films which does not require standards
is Rutherford back scattering (RBS). This technique uses
a beam of monochromatic H' or He' ions. The beam eNEeTREYy 18
typically between 0.3 and 3 MeV. The name actually comes
from the fact that the analysis of data is the same classical
analysis, which was used by Lord Rutherford in the late 1800s
to analyze the -elastic scattering of charged particles
approaching the nuclei of atoms in a thin metal foil.
This was the <first experiment to indicate that most of

the mass of an atom is concentrated in a charged nucleus.

Calculations based on the conservation of both energy
and momentum in an elastic collision indicate the ratio
of ion energy safter colligion, Ec to ion energy before

collistion EO i A0 ]

1
E (m2 = m2 sinze)z + m,cosf
§E o= | 1 i ] (2.3
o] 1 2 :

Ay

where, m1 Ion mass; m, = Mass of ion in sample and

P4

Scattering angle.

o]
1

For the case of collisions at a sample surface into
a given angle 6, the energy of the scattered ion uniquely

identifies the mass of the surface atom.
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In the case of a thin film in which the concentration
of interest changes with depth, RBS can provide a concen-
tration profile. RBS also used to monitor lattice disorder
produced by the various implants. RBS yields for <100 >
channeling as a function of Zn fluence are shown in
Figure 3.5 for an InGaAs/GaAs SLS samples reported in the litera-
ture [1]. The damage produced by the 250 keV Zn implantation
introduces a dechanneling disorder which extends from
the surface to ~20008 below the surface consistent with the
calculated damage depth. Similarly, a 75 keV Be" implanted
GaAsP/GaP SLS have also been studied using RBS technique

by Myers et al [91].

B0t X-RAY DOUBLE CRYSTAL DIFFRACTION

This sgection will conéentrate gn . the use of A-ray
diffraction method for structural investigations. X-rays
being electromagnetic waves, cause electrons to oscillate
at the X-ray frequency. These oscillating electrons in turn
emit radiation with the same wavelength as the incident
radiation i.e. they serve to scatter the X-rays. The radia-
tion scattered by each electron will be coherent and hence;
in the case of rows of atoms, the X-rays will reinforce
in certain directions and cancel in others. The directions

of reinforcement are given by Bragg's law i.e.

A e 24 eind _ (3.4)
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where A is X-ray wavelength, d is the spacing between the

crystal plane, and 26 is the scattering angle [152].

As shown in Figure 3.6 a white synchrotron beam
A pagses through "a horizental slit B and a verticel slit
C and on to a beam conditioner or a reference InP crystal
D mounted on the first axis of the goniometer of the double
crystal camera. The slit B and C are only to localize
the area on the specimen E. If the reference crystal is
a (100) InP, a (400) reflection is the most convenient
to consider as the structure factors are otherwise to
low for a (200) reflection and zero for a (100) reflection.
Further more the angular spread of double crystal rocking
curves for higher order reflections is larger and therefore
it is more convenient to separate the substrate and epilayer
peak in a rockimg curve, 'The Bragg angle corresponding

to a wavelength A for a (400) reflections is,

B s sin  (2L/5.868R) (2,5}

The reference crystal surface is aligned at an angle GB with
respect to the incoming beam. If however, a silicon mono-
chromator is mounted on the Ist axis, it is aligned for
a (111) reflection at a wavelength A, the Bragg angle

for which is

8y = sin | (A/6.27) (3.6)

From the geometry of +the goniometer it is possible to
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calculate the angle at which it is required to Se adjusted
to ensure that the diffracted component H heads towards
the second axis. Mounted on this axis is the specimen.
The parallel setting (+, -) is the most appropriate to
consider. The specimen is now roughly adjusted to the
required Bragg angle for (400) reflection. It is now nece-
ssary to rotate the specimen about the initial setting
in order to locate the substrate and epilayer peaks of
the specimen. Accurate control over the rotation of the

camera axes is achieved by a software routines [125].

Detector and counters are used to detect the substrate
and epilayer intensity maximas. A slit 100x500 pm is used to
define a point on the specimen E. Figure 3.7 shows an
experimental (400) rocking curve for an SLS structure
obtained from the literature [114]. From this experimental

rocking curve following information is obtained:

) The substrate peak.

(2) Peak from the average superlattice, named as zero

order peak.

1) The satellite peaks from the super periodicity of
the structure, these peaks are symmetrically located
on both the sides of the zero order peak, marked

as ¥ first order, * second order, * third order etc.

(4) The period of the structure is determined by measuring
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the angular distance between satellite peaks or
the distance between the first order peak and zero

order peak.,

(5) The average of the Indium content in InXGa XAs/GaAs

1.._
SLS rocking curve is obtained by measuring the distance

between the peak from the substrate and the zero

order peak.

If the lattice parameter of GaAs and InGaAs are
very close, the angular distance between the satellite
peaks is very small and double crystal X-ray diffraction

is necessary to perform accurate measurements.

= & {3:7)

where ny and n, are numbers of molecular layers from GaAs
and InXGal_xAs respectively, and x is the indium composition,
and x the average indium composition of the SLS structure.

Also,

e 'd—+—a—x (3.8)

where d1 and d2 are the thicknesses of the GaAs and InGaAs

layers respectively.

In MOCVD process, the growth rate is proportional

to the molar fraction of organometallic compounds, so

- & = X
d1 = vltl’ d2 v1t2(1 + 1= ) (i)

X



where vy and t1 are the growth rate and growth time of the
GaAs layer respectively, and t2 the growth time of the

InGaAs layer;

X

Peom o gl = oy e
=

(ST t2(1 +

15 ) (10

where P is the period of the superlattice, and from equa-

tions (3.8) and (3.10)

> b (= 880 s 1

Thus composition can be compared from the growth

parameter and X-ray diffraction studies.

3.8 DISCUSSIONS

PL measurements are frequently used to assess the
composition in .the epilayer. In the Auger method light
elements emit Auger electrons much more efficiently than
X-ray emission in the electron microprobe. Auger method
needs an ultra high vacuum, which is in fact a disadvantage
four routine analysis of materials. TEM on ,the other hand
has an extremely high resolution, but the specimen have
to be very thin and thin foils of a sample sometimes behave
very differently from the bulk. The lower limit of disloca-
tion density that can be studied in the TEM is about 104mm_2.

IIT - V semiconductor materials for use in lasers employ high

49
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quality epitaxial layers and substrate as far as possible
and hence they are supposed to contain very little or
no dislocations at all. To wunderstand and control the
growth of such materials, one requires techniques which
will reveal the degree of perfection over a large area

of the specimen.

In the X-ray technique, the higher penetrative power
of X-rays resulting from lower scattering factors of atoms
for X-ray relative to electrons means that the thickness
of the semiconductors specimens that can be studied can
ba from, say, 10 pm and upwards depending upon various
factors. The double crystal X-ray diffraction is a nondes-
tructive method which can assess lattice mismatch and
imperfections in thin epitaxial layers and superlattice
structures and also providé invaluable information about
their thickness and composition. In X-ray double diffraction
experimental rocking curves obtained are simple and repro-

ducible.

2457439 Nt
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CHAPTER 4

THEORY OF X-RAY DIFFERACTION
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4.1 INTRODUCTION

When a beam of X-rays 1is incident upon a set of
parallellplanes in a crystal, the planes behave as a deffrac-
tion grating and scatter the X-rays. This scattering of
X-rays is due to the individual atoms being provoked by
the incident beam. The characteristics of the diffraction
phenomena depend on the value of the ratio of thé diffracted
to incident beam energies. There are basically two theories
of X-ray diffraction, namely kinematical and dynamical

theory.

In the kinematical theory, the amplitude of X-rays
diffracted from diffracting centres are at all times assumed
very small in comparison to the incident wave amplitude.
This assumption is based on the fact that the interaction
of X-rays with matter 1is always very weak and that the
scattering of X-rays by an atom is always very small and
is valid for very thin crystals as well as highly deformed
crystals [123,27]. The kinematical theory ignores extinction
effect, hence a dynamical theory is developed which properly
accounts for extinction and dispersion correction along
with all the interactions between diffracted and incident
beams [9,10,12,13,141). Since rocking curves of wvarious
superlattice structures using both kinematical and dynamical
approaches have been simulated and compared in the present
thesis, therefore diffraction theories have been studied

in detail in this chapter.
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402 KINEMATICAL THEORY OF X-RAY DIFFRACTION

The kinematical treatment is the most simplest approach
for calculating the amplitudes of the diffracted beams.
It involves, howevr, very daring assumptions. The assumptions

are: 271
(1) An electroncan only be scattered once.

(2) The depletion of the incident beam when progressing

into the crystal can be ignored.

The usual kinematical treatment in the case of X-rays
consist in considering the scattering by each individual
scattering centre arranged on a lattice, and by summing
up the amplitudes of the events, taking their phase relation-

ship into account as shown in Figure 400

4.3 BRAGG LAW AND CONDITION OF DIFFRACTION

The Bragg law can be interpreted with the help of
the widely used Ewald sphere as shown in Figure 4.2 (a)
the radius of the sphere is 1/X'. If C is its centre and
o = k , then O must be the origin of the reciprocal lattice.
0G is defined by the reciprocal lattice vector h lying on
the Ewald sphere, corresponding a diffracted beam with

>
wave k = CG. The angle between ko and k is noted as ZGB,

where QB is the Bragg angle.
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Figure 4.2 (b) shows the lattice vector h is perpendi-
cular to the family of the lattice planes and its length

is a multiple of the reciprocal of the interplanar spacing

Ay

The wave vectors Eo and k of the incident and the

_scattered beam satisfy the well-known Bragg law.
k =k =h (4.1)
squaring the equation (4.1)
k% - k% - 2k.k_ = h* (4.2)
o o
because of first assumption

= g = TR

then equation (4.2)

—15(2—2 cos 205) = (7 =
A hkl
or finally
i = 4,
Zdhkl 51n9B n A (4.3)

The condition of diffraction

PR ol SRS | ) (4.4)

hkl’'max

This equation (4.4) puts an upper limit to the wavelength,

there is also a practical lower limit, since the Bragg



B

angle must remain larger in order to be observed.

The wave function describing the incident beam with

wave vector k is

Jo= exp(in2 k_.r) (4.5)

and wh represents one of the diffracted beams the beam h

ingide the arystal.

g, (r) = 0, (r) exp i27(k__+h).rx (4.6)

S A(9) (exp iZitnr)d o (4.7)

and @h(g)
where A(g) is the Fourier transform of @h(r).

From the reflection sphere construction of Figure 42 (c),

it is obtained

ik, + b8 137 = k (4.8)

The deviation parameter Sh is smaller than the dimension of

h then

P 2
kS - (k, + h)

i o
Sh = Z[k_+h[ cosa sl

and the second parameter is extinction distance gh

! |ko+h|cosa {

gh B Ivhl (4.10)

The change of @h with z direction is obtained



56

h = 3 = l_TT 1
Tz 12ﬁSh®h = Eh exp 19h (4.11)
If one substitutes
@h = Sh (exp iZHShz) (4.12)
then,
ds 7
== = E—Z (exp i8,) (exp - 127§, z) (4.13)

After taking boundary conditions Sh(o) =0 at z = 0.

f z
im ! .
g = (exp 10, ) S (exp-i2m$, z)dz (4.14)
- S R h
then,
= ; e i sinT§, =
Sh = (exp 19h)(exp 1ﬂShz) : h (4,15)
h”h ;
L
l 5 i S T8 o | S R
@h = (exp 19h)(exp 1“Shz) - h (4,163
h&h
For a deformed crystal
dSh HE S
T = (exp ieh)(gg) exp - i(ZHShz + ah) (4.17)
; .t
Sh = (exp 19h)(€—)f {exp-i[ZﬂShz+ah(r)]}dz (4.18)

kb g

p : 2
The intensity Ih = |Sh| : (4.%9)
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4.3 RELEVANT FEATURES OF KINEMATICAL THEORY

£3) If the crystal is very thin there are then not enough
scattering centres to build up an important diffracted
beam. The scattering events with the different
scattering <centres . are so strongly out of phase
that the mutual partial annihilation of the scattered
wavelets presents the construction of a strong'diff~

racted beam.

(23 The kinematical theory, treats the scattering {from
each volume element in the sample as being independent
of that of other volume elements, except for incoherent
power losses in reaching and leaving that particular

volume element [13].

(3) The mathematical treatment is simple therefore,
needs less computation time for scattering intensity

calculation.
4.4 DYNAMICAL THEORY OF X-RAY DIFFRACTION

The dynamical theory, takes into account all wave
interactions within the crystalline particle, and must
generally be used whenever ‘diffraction from large perfsct
crystals is being considered. There has been a growing

number of studies of diffraction from large perfect crystals
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within the last few years, due, in part, to semiconductor

materials research.

The dynamical theory predicts a standing wave pattern
produced by two coherent travelling plane waves with wave
vectore go and k. When such a pattern exists relative
to the atomic planes, the normal photoelectric absorption

isg radically altered [13].

The analysis of the dynamical theory tends asympto-
tically towards the ‘kinematical theory in the case of
thin perfect crystals. The problem for the dynamical theory
is in simple terms, to determine solutions of Maxwell's
equations in a periodic medium, employing appropriate
boundary conditions which are satisfied by matching to

solutions which are plane waves outside the crystals.

4.4.1 THE PERIODIC COMPLEX CIELECTRIC CONSTANT

The electron density, or the density of scattering
matter at any point in the crystal can be expressed as

a Fourier sum over the reciprocal lattice as

1

plr) = v Fh exp(-27i h.r) (4520

&
h

where V = volume element of the unit cell.
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h = reciprocal lattice vector.

= hpl + kbz + 193, where h, k, 1 are the Miller
indices of the reflection described by the reci-
procal lmttice point, -and pl A pz b p3 are the

reciprocal lattice vectors defining the  wunit

cell in the reciprocal space

Fh = structure factor for the hkl reflection.

Assuming that the atoms behave as 1rigid spheres
with respect to their <charge densities and neglecting
their thermal vibration, the structure factor can be
written as,

h) (4.21)

Fh = i fn exp(2 imh.r

where the summation is over the n atoms in the unit cell.

fn = atomic scattering factor of the nth atom.

The refractive index according to the classical dis-

persion theory is given by a relationship [10].

2 _ g Amoi(r)e?

- FRF
a m(wa w™)

where the summation 1is over the number of resonators or

absorption bands, or more conveniently

2
m
nZ -] = = w (4'22)

m W



60
in most cases of interest, where (nz—l) is proportional to
the square of X-ray wavelength.

The polarization P is defined by
D=E+ 47P

! . —

and the electric displacement D = €E.

Since the susceptibility X is defined by

X[_):‘“TE:E;—lQ
it follows that
Lol ] e n2—1
X_ € T 2
n

Assuming €= 1, this means

2
¥ '4”§ o(r) (4.23)

m W

In a periodic medium, the susceptibility X is periodic and
can be expanded as a Fourier series over the reciprocal

lattice ag =

K= 23X axp (-20ik.1) (4.24)

Equation (4.23) is essentially

_eZAZ
=G > z fh exp(—-27i h.r) (4.25)
Tme™V H
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Comparing equation (4.24) and (4.25)

_ezxz
Xy = e Fh (4.26)
Tme V
The quantity eZ/mc2 is the classical electron radius
r_'= 2.818 x 107" cm
4,4,2 SOLUTIONS OF MAXWELL'S EQUATIONS

Assuming that electrical <conductivity is zero at
X-ray frequencies and that the magnetic permeability p is
unity, Maxwell's equation, in CGS Gaussian units can be

written as-

<%}
os)

Vs E = =

|
0|~
Q>
o+

IS5}
lw)

|

Vi = %

Q
ot

or using D = €E and €= 1 +X the above equations reduce to

z B

W (o g LR SHE (4.27)
D 7 7
c 0t

As X is very small in the X-ray region, typically of the

order of 10—5, equation (4.27) can be written as

¥ = ¥V x5 iD= == > (4.28)
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For the solution of the Bragg reflectign problem,
in the dynamical case, which must yield the same results
as the kinematical theory in the limit of thin crystals,
we may expect the solutions to maxwell's equation to consist
of sums of plane waveeg for which the allowed wave vectors

are related to one another by the Laue condition.
We accordingly look for solutions for D of the form

]2:

I By exp(—27iE{ .r) exp(iwmt) (4.29)
h =h =hi "=

Substituting equations (4.29) and (4.24) into (4-28),

we finally get

it &
= s g
where, k = gt il the vacuum wave number.

Equation (4.29) and (4.30) are the fundamental equations
of the dynamical theory and are the vector-form equivalent
to the electron diffraction case obtained by solving Schro-
dinger's equation in a periodic medium. For the X-ray
case, in general, only one reciprocal lattice point provides
a diffracted wave of appreciable amplitude. We thus need
to consider only two waves to have appreciable amplitude
in the crystal - the incident wave and the diffracted

wave from a reciprocal lattice vector h. Equation (4.30)

then becomes
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AR
%o bBy Bl SR = By BBy, ¢ A1)
and
XE—(KO Dh)go F Xﬁ‘(K g )Dh R (Eo Do)go
& 38
Xo(EélSo)Qo =ik ISo'ISo)Qo (37328
Making the substitutions
C = Qo'Dh = 1 for o polarization
= cos ZGb for ¥ pelerigation
] R
o | 28 [Ko'go 2 XO)]
A _ e
o, = orlK WKy - KO+ X )]

a non-trivial solution of equations (4.31) and (4.32) gives

= L 2.2y
@ = KGN (4.33)

Equation (4.33) is an important relation linking Ko and Eh
in the crystal and describes a dispersion surface, drawn

in Figure 4.3.

00 and HH are sections of segments of spheres of

radius k drawn with centres at 0 and H respectively of
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the reciprocal lattice. In the absence of a Bragg reflection,

the situation inside the crystal is that since D 0,

h=

|Ko| =Rk(1 + x_/2)

The wave vectors now start on spheres 0'0" and H'H"
which have radii equal to k(1 + XOIZ). In effect, the wave

vector is corrected for the refractive index.

As Xo is small, |Ko| = |Kh| = k

The Lauve condition is satisfied only at, or eclose
to the intersection of the two spheres and a strong diffrac-

tion would then occur.

In' the abasence of a diffracted wave, the =tail of
the wave vector 50 in the e¢rystal will fall on the spheres
0'0" about 0, far from the Laue point L. When strong diffrac-
tion ‘occurs, Eo and Eh are governed by equation (4.33)
and the tail can no longer lie on the spheres. In Figure 4.3,
(% and ah correspond to the.perpendicular distances of a
point A to the spheres 0'0" and H'H". The distances are
small compared to the radii of the spheres, so the section
of the spheres can be approximated to a plane while calcula-
ting the perpendicular distance. The equation (4.33) for

the dispersion surface is a hyperboloid of revolution

with axis OH. Figure 4.3 shows a section of the hyperboloid:



Brillouin
zone boundary

FIG. 4.3 CONSTRUCTION OF DISPERSION SURFACE
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a hyperbola asymptotic to 0'0" and H'H". There are four
branches, two for each polarization state. For small Bragg
angles the dispersion surfaces are very close to each
other for the two polarization states, but at large Bragg
angles, they show significant deviation and the effects
of polarization are to be taken into account; Qo and Qh from
equation (4.31) and 4.32) can be substituted in (4.29) 1o

give the propagating wave in the crystal an amplitude

D = exp(iwt) [Qo exp(-Zﬂigo.g) * Dy exp(—ZﬂiEh.g)]
(4.34)

The amplitude ratio

s DL iR, 7 29 /Okkg S CkX, /2%,

and 52 o A b

¢ k" B7h

Thus the dispersion surface not only determines
the wave vectors from the position of the point A, but also

the ratio of the amplitudes of the waves.

The diameter of the hyperbola of Figure 4.3 is approxi-
mately 10—5k. Figure 4.3 i& therefore intentionally magni-

fied around L.

Assuming that there is no absorption, X, is therefore

real and Xh = X-, or in other words XhXE is real. We see that

onll i 3

the right hand side of the equation (4:33) is real, Iwe

types of solutions are therefore possible.
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If ao and ah are both real, then Eo and Eh are also
both real and the appropriate solutions of equation.(4.33)
are represented by the four branches of the hyperboloid
as already discussed and. a section of which is shown in
Figute 4.3. The factor C(¥1 for 0 polarized state and

=|cos29B[ for the T polarized state) arises Ifrom the depen—
dence of the scattering amplitude on the polarization
of the wave. Sihce qo and Gh are known at each point on
the dispersion surface, £ is also known and so a solution
of the Maxwell's equation is possible to give a complete
specification of the waves in the crystal. ao and Uh.are

and X

positive for branch 2; hence 1f X L are real, so that

h

XH’ and negative, £ is negtive. The two waves are oppo-

Xh_

site in phase.

If a and a, are complex conjugates, it directly follows

from the definitioin of GO and Uh that

= *
IS.O' ISO (ISh' I'Sh)

e’ | BT = [

The real part of 50 and Kh RR thua equal, hence it follows
that the tail of the wave veééors 50 and Eh end on the Brl=

llouin zone boundary. We see that £ is 'a complex quantity,
the relative phase of the two waves in the crystal thus

being determined by @

Assumin to 'be real; with Y= =%+ we abtain
& Xp i "h

Ll
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We can thus summarize the results as follows: 1If
the point A moves from near 0" towards H", then [, starting
from a small negative value near 0", passes through - 1 at
the Brillouin zone boundary and approaches a large negative
value near H". For the pair of dispersion surfaces in branch
l, £ starts from +» near H', then through +1 at the Brillouin
zone and approaches +o near 0'. When there is absorption
fa ke sezryetal, Xo is no longer real and the allowed solutions
are complicated. The real parts of the wave vector remain

the same but the amplitues of the waves are changed.

4.4.3 BOUNDARY CONDITIONS FOR SOLUTIONS OF MAXWELL'S EQUATION

Considering that the waves inside the crystal are in-
duced by plane waves incident on the crystal from outside,

all necessary boundary conditions must be satisfied.

For a plane polarized incident wave of amplitude

D = Qi exp (-2Ti ge.g)

incident on the surface of a crystal, the Bloch waves 1in
the crystal can be considered as a superposition of plane

waves such as

D = D, exp (-2mi K

3 .T)
h h h
Continuity of the wave vector across the boundary requires

exp (—-2T7i ge.j) =Lagp (—2Ti K. eT)

h
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for each plane wave (corresponding to the incident and

diffracted components outside the crystal).

Thus wave vectors inside the «crystal differ from

that outside only by a vector normal to the crystal surface

m By Sk o=k =i (4.35)

where 1 is a unit vector normal to the surface and i = 1 or 2
depending on the branch of the dispersion surface. 'Equa—
tion (4.35) means that a plane incident wave excites two
tie points on the ‘dispersion surface that are given by
the points of intersection of the unit vector n with the
dispersion surface. The veétor n is drawn normal te the
crystal surface from the tip of the wave vector ke of the
incident wave. In the Laue transmission geometry, these
tie points lie on the opposite branches of the dispersion
surface whereas in the Bragg reflection case, they lie
on the same branch of the dispersion surface. The two tie
points represent the tip of the two pairs of wave vectors

7 S Ehl) and (502’ Khz)’ certain complex situations are

ol
possible in the Laue case where the waves that exit from
the lower surface of the crystal that is not parallgl to
the entrance surface need to satisfy a separate bounaary
condition involving an additiomal unit wvector n normal to

the 1lower surface. The same 1is true for the Bragg case

where the waves can reach the back surface of the crystal
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and then return to the front surface and the two surfaces

are not parallel.

4.5 PENDELLOSUNG

For a plane wave incident on a crystal there are
two Bloch waves within the crystal with two different wave
vectors, whose difference leads to a difference in propaga-
tion velocity. Fringes are therefore expected. to ocenr
in wedge shaped crystals duelto interference effects between

the Bloch waves.

Fer a symmetfic Laue geometry, it can be shown that
the intensity of both the diffracted and transmitted beams
exhibits a periodic variation with crystal thickness. The

period is given by the depth

\,N
1

1A {1 + n?y#71 (4.36)

where Ao dispersion surface diameter given by

AZ secze kZCZX
[} B

n'h

and N deviation parameter

2 sin6, kAe/A
b o

n is proportional to the angular deviation from the Bragg

condition.
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gd has a maximum value at n = 0, and this is the exact

Bragg condition. The extinction depth is then given by

S My~ =Y
£, = A~ = cosbp/Ck(X,Xf)

ﬂVO cos(-)B .
€g = 3 (4.37)
reAC(FhFE)

1

-
g, El = 1
For m <# Eg Eg/( +1)

As tyre Eé-—O, only one wave 1is excited within the crystal
and no interference occurs. The transmitted and diffracted

intensities are given by

—
I

cosz[ﬂAot(1+ﬂz)%]/(1+ﬂ2)

—
I

sinz[ﬂAOt(1+n2)%]/1+ﬂ2) (4.38)

In simple terms, a plane wave incident on a crystal
excites a diffracted wave in the crystal as it is transmitted
through it. Effectively energy is passed from the transmitted
to the diffracted beam as the wave passes through the crystal
and this phenomenon is called Pendellosung in analogy with
coupled pendulum. The diffracted and transmitted inten-

sities are complementary.

Since the intensity of both the diffracted and trans-
mitted beams exhibits a periodic wvariation with the crystal

thickness, if the crystal 1is wedge-shapted, then in the
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thin region the two wavefields cannot separate enough and
Pendellosung interference occurs. In the thicker regions,

the wavefields diverge and interference is not observed.

The symmetrical Bragg case geometry can also be used

similarly to obtain interference effects in thin crystals.

When the crystal is thick, it can be shown that the
intensity in the diffracted beam becomes

>

s kel ="(n® = 1)%]2 (4.39)

for a non-absorbing crystal. The intensity is thus dependent

of the crystal thickness.

4.6 ROCKING CURVE PROFILE

When a perfect crystal is rotated through the Bragg
angle, the intensity of the diffracted beam, as given by
equations (4.38) and (4.39) for both the Laue and Bragg
cases, which is a function of the deviation parameter 1,
thus varies. This plot of the diffracted intensity against
angular deviation from the Bragg condition is called the
rocking curve. It is the convolution of the perfect crystal
reflection curve given by equations (4.38) and (4.39) and
the divergence of the incident X-ray beam. Assuming that

the incident beam is a plane wave, the rocking curve 1s
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given simply by these equations.

Equation (4.38) can be simplified for thick crystals to

- =il
Ih = ' {1 # #") (4.40)

Equation (4.40) shows that the rocking curve is symmetric.
If absorption is included, they tend to become asymmetric.

The full width at half maximum intensity is at
A M=t P

This corresponds to an angle

2
Ao ¥ 4.41
: BL g
z g _
where 1/d = magnitude of the reciprocal lattice vector
Eg = extinction distance

Rocking curve width of perfect crystals are of the order

of a few seconds of arc.

Both h and Eg increase with the increasing order
of reflection, weak reflection means large extinction depths,
hence higher order, weak reflections have extremely narrow

rocking curve widths.

Equation (4.39) plots the rocking curve for the symme-
tric Bragg case. As can be seen, far values of |n| <« 1, the

term under square root is negative. Physically, no wavefields
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can be excited in the crystal and total reflection occurs.
The range of total reflection is again An = 2 and is given by

equation (4.40).

For a double crystal arrangement, in a non-dispersive
setting, it can be shown [68] that the rocking curve for
the intensity when the second crystal is rotated is the
convolution of the reflectivity functions R1(9) and R2(9) of
the two crystals

©

I(e) = j;Rl(a) Rz(u—e)dQ
This means that even if the incident beam is not a plane
wave, if both the c¢rystals are perfect, the rocking curve
is highly symmetrical; but if one of the crystals is distor-

ted, the rocking curve would be asymmetric.

4.7 DISTORTED CRYSTALS

The simple <classical theory of Section 4.4 does not
explain the diffraction processes in a distorted crystal.
Several theories have been proposed and one of the most

successful has been that of Takagi [141].

The wave equation for the electric displacement D

induced by X-rays in a crystal should satisfy

div D =10
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It is assumed that the wave inside the crystal is of the

form
D = D(r) exp(iwt)
where

D(r) = i Dh(r) exp(—Zﬂ{Eh.g)

Dh(r) is now considered to be a slowly varying function

of position instead of being constant and Eh =K +h

A more convenient expansion is

- H = L
BCx=) - = E Dh(r) exp(-27i Sh(r))
with Sh(r) = Kh.g ek« 101 A Gy ey
where r. = 1. + uir )
= =& ST
and Kﬁ = grad Sh(r) = Eh — ki [h.u)

t
wave vector of the h g component wave.

We define a local reciprocal lattice wvector in the

vicinlty of r In disforted crystal by
Bb = &~ grig (b.g(ro))

and K = TRk
& & e
K—h v

That Dh(r) and Dﬂ(r) are now variable allows an ambiguity

in the definitions of 50; the effect of any slight change AKO
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in Ko can bz compensated by multiplying a factor exp(ZniAKO.g)
to Dh(r) or Dﬁ(r) without affecting the macroscopic character,

as long as AKO is sufficiently smaller than any reciprocal

lattice wecior.

We initially choose Eo such that |Ko| = K = nk, n = mean
refractive index. Substitution of the expression for D in

Maxwell's equation and neglecting second order effects

gives
1 ; 2
(gh.grad)Qh 1ﬂKh
. , LSRN ;
Ry A 23 0 I WL ap sty =0 (4.42)
h h' %% h
In the case of two strong waves, i.e., the case where only

the transmitted and one diffracted wave have appreciable
amplitude each of the above equation reduces to a set of

two equations with two unknown functions:

aDé
= = -D1!
35S L Sz SN
(o]
E)D}'1
el I i Nt
35, imkCx, D! + 2Mi kB.D! (4.43)

~

where §o and Sh are’ gnii vectors pErzllel to Eo and gh that

is, to the incident and diffracted beam directions and

2 2
s Ky ~ Ko _ Ky~ X
h 2 k
2k
K, ~k(1+X /2)

& in a non absorbing case.
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When Bﬂ = 0 d.e. for a perfect crystal, eaguatian (4.43)

reduce to a simple form where they can be solved analytically.

When Bﬁ # 0, numerical integration must be performed.
In any case, equation (4.43) is the basic set of equations
to be solved. Taupin [143] has extended the theory of Takagi
to obtain the <change im the ratio of the diffracted #to
tﬁe incident beam amplitudes as a function of the depth

below the surface.

The incident and diffracted beam amplitudes Do and DH

can be expressed in a differential form [143]

X . Py
1 "E \)H aTz LIJODH + LIJHDO —aHDH (4.44)
A aDo
£, aggacs IUODO + qJHDH : (4.45)
where,
Mgy & n.SH = —51n9B
WS So = + 51n9B
(assuming a symmetric Bragg case)
with n= unit vector normal to the surface of entrance
So = unit vector along the incidentbeam direction
SH = unit vector along the reflected beam direction
OB = Bragg angle

>
I

wavelength of the X-ray beam
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D = complex amplitude of the incident beam at a depth Z

DH = complex amplitude of the reflected beam at the

depth Z-.
_)\ZRe [
by = v ¥ (4.46)
_)\ZRe
¥, =2 B, (4.47)
with Re = classical electron radius = .2.817 x 10_13 cm
V = volume of the unit cell
Fo = complex structure factor in the incident direction
and Fh = complex structure factor for the reflected direction
[
I AZ( 30 oS 51n6B :
4 a’ et
H
with dH = lattice plane spacing assumed a function of depth Z.
A polarization factor ¢ = 1 has been used. For any c, ¢H will

be replaced by C¢H.

The ratic x. (DH/DO), is related to the reflection of

the system,
22 S L R LR {20 -, (2)}x+ cb,] (4.48)
dz AsineB H & <TH H )

By varying aH(Z) symmetrically and on calculating the-

value of x at the surface of the specimen, at every instant,
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using numerical solutions of equation (4.48), we can compute

the graph of the reflectivity for the arrangement.

In a double crystal arrangement, assuming that the
first crystal is perfect, we <can carry out the product
of the convolution of this reflectivity for the specimen
with the graph of theoretical refle¢tivity caleulated-* for
the perfect crystal with absorption. The absorption effects
are duly taken care of by using complex structure factors
in calculations. The resultant convgluted reflectivity

is the double crystal rocking curve.

4.8 DISCUSSION

The application of the dynamical theory, for distorted
crystals, has been briefly outlined. The amplitude of the
wave field has been considered to be a slowly varying function
of position. The solution of Maxwell's equation provides
an expression for the ratio of the amplitude of the diffrac-
ted to the incident wave fields as a function of position
within the crystal. This expression would be used to calculate
the rocking curves, and the approach adopted to simulate
rocking curves of multilayer and superlattice structures

is outlined in chapter 5.



CHAPTER 5
COMPUTER SIMULATION OF ROCKING
CURVES AND THEIR COMPARISON WITH

EXPERIMENTAL CURVES
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Sal INTRODUCTION

Double crystal X-ray diffraction is an important -
tool for the assessment of epitaxial structures [39,55,57,94],
and has become one of the most useful means of determining
alloy compositions in superlattices [66,124,129,140]. The use
of +this technique in characterizing multilayer structure
is, however, complicated by the complex rocking curves
in which there is no longer a one-to-one correlation between
diffraction peaks and individual layefs in the structura.
This problem may be overcome by using kinematical and dynami-
cal X-ray scattering theories to generate simulated rocking

curves based on an assumed material structure.

Kinematical diffraction theory have ©been used to
model the rocking curves for superlattices by many workers
[66,124,140]. The kinematical theory, however, is not appli-
cable to heteroepitaxial layers or implanted layers whose
thicknesses are significantly - large in comparison to the
extinction distance. In this case dynamical theory must

be used.

In this chapter, rocking curves are pgenerated for
various superlattice specimens having different compositions,
thicknesses, and number of periods. The computer simulations
in this study use two different models. (i) A kinematical

model has been proposed, following an approach similar
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to that wused by Speriosu et al [124], and (2) a dynamical
model developed on the basis of Takagi-Taupin's deriva-
tion [51,143]. Some of the expefimental rocking curves
of the superlattice structures reported in the litera-

ture [15,66,114,85] are analyzed using these models.

-~ ge) KINEMATICAL SIMULATION

X-ray rocking curves of superlattices are analyzed
using kinematical X-ray diffraction by Speriosu et al [124].
Several other authors have investigated the structural
properties of AlAs/GaAs [140], AlGaAs/GaAs [55,140], and
the InGaAs/GaAs SLS [66,114] using kinematical diffraction

model.

In the kinematical theory the amplitude of ZX-rays
diffracted from the diffracting centres are at all times
assumed very small in comparison to the incident wave ampli-
tude. This assumption is based on the fact that the inter-
action of X-rays with matter is always weak and that the
scattering of X-rays by an atom is always very small and
is valid for wery ¢thin crystals, Figure 4.1 shows model

of X-ray diffraction in the kinematical treatment.

It is convenient to define X-ray strains of an epitaxial
film with respect to the substrate, since these are determined

directly from the rocking curve. A difference in the inter-
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planar spacing of substrate and layer is

Ad = d1 = dS ‘ EELTS

the difference A d depends on the particular deformation
as well as on the (hkl) planes. For the layers grown along
the direction <100>, <110>, or <111> the principal strains are
perpendicular and parallel to the layer. These strains are

related to the difference in d spacing as

>
[oR

2 g cosZQ) A 811 sinZ(D (5.2)

al

where @ is the angle between the planes and surface. For

perfectly coherent epitaxy 811.: O L2

For diffraction calculation, a uniform epitaxial
layer is described by its thickness t, structure factor i3}

ol

perpendicular and parallel strains € and 611, and normal

absorption coefficient B

For the kinematical simulation, atomically abrupt
interfaces and uniform layer widths are assumed. With these
assumptions the only free parameters remaining in the fitting
procedure are the thicknesses of the individual layers
dA, and dB, where A refers to an InGaAs layer and B to GaAs

layer of the superlattice structure.

The kinematical model presented is based on the approach

similar to that used by Speriosu et al [123,124,1256]. T
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closed form expression for the diffracted electric field
amplitude E has been used as

sin[M(aANA $ aBNB]

E = — .F ((Brar3)
51n(aANA + aBNB) s

where M is the number of period in the superlattice, and

FS is the superlattice structure factor given by

sin[aA(NA ¢ 131

g s Ry sin(a,) -expli(a,N,+aphp) ]
PR ba ) e A0 (5.4)
B sin(apg) -

where FA and FB are the structure factors for the (hkl)
reflection of 1InGaAs and GaAs respectively obtained from
standard tables [61]. NA and NB are defined to be the number

of tetragonal unit cell spacings in each layer of super-

lattice period.
a = 2ﬂ(9—9j)cot9s {5255
A,B b b Y

where GE is the Bragg angle of the substrate, and Gg are the

Bragg angle corresponding to the layers A and B.

In the present calculation structure factor calculated
with dispersion correction. Finally the intensity is obtained

by squaring the value E. A computer program has been deve-

loped to simulate rocking curves for InXGa XAs/GaAs SLS

1_

structure.
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The rocking curves are generated and studied:

([ ) For  imdium compoésition = = 0.1, 0.2, 0.3 and 0.%
keeping number of periods and epilayers thicknesses
fixed. Figures 5.1 to 5.4 show that generated rocking
curves have the satellite peaks of different amplitude,

and located at different positions.

(2) For indium composition x = 0.168 and epilayers thick-
nesses 100& (well) and 2004 (barrier), the number
of periods are changed from 10 to 20 and 30. Figure 5.5
shows rocking curve for 10 periods and same has been

obtained for 20 and 30 periods also.

(35 For indium‘composition x = 0.1, the number of periods
10, and the epilayers thicknesses changed from 1002
(well) to 4003' and ZOOK’ (barrier) to 8004 . Figure 5.6
shows that composition modulation is not attained

in the BLS.

Experimental rocking curves reported in the literature
for InGaAs/GaAs SLS have been simulated as shown in Figures
5.7 and 5.8. From the close fit data the composition, the

epilayer thickness, and number of periods have been obtained.

s DYNAMICAL SIMULATION MODEL

Dynamical simulation of rocking cuves of the super-

lattice structure based on the Takagi-Taupin's deriva-
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tion [141,143] is presented in this section. In epitaxial
layers the diffraction of X-rays can be modelled fairly
accurately by solving Taupin's derivation which gives the

ratio X of +the diffracted to incident beam amplitudes as a
function of depth Z below the surface in accordance with
equation (4.48), i.e.,

) . ool 2 _ U2
7 = XEIH6b[C$HX +12) -0 (2)} X + ey ?] (5.6)

Equation (5.6) can be written in the form

%% = LAEBCX® # )) ¢ 2CX) (5.7)
where A = W/Xsineb
B = cwH

and C = wo - aH(Z)/Z

2siné@

where (YH(Z) & = W——)

1
>
~~

i e, _
= 3 coseb.(e 6

)
q b

8 being the angle of incidence of thebeam with the Bragg

plane. ¢o and ¢H are related to the structure factor F by

2
A
qJO__W.R FO
B
d o e g
an Uy =il

A solubon o eqmn (597) baned o Holliodll's appronch
[576,53:] s 6{%Lcwoe4{.
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A symmertical 400 reflection rocking curve was the
most appropriate to observe, as peaks corresponding to
small lattice parameter mismatch could be conveniently
separated and ideally displayed on the angular scale. Further-
more the structure factors for a 200 reflection are too
low while for a 100 reflection they are zero. Rocking curves
were therefore simulated for a 400 reflection and forrsuper—

lattices fo InGaAs/GaAs or 1InGaAs/InP grown over (100)

inP or GaAs substrates.

Equation (5.7) has a solution of the form

iB tan[AK(Z—ZO)]

M=

k-iC tan[AK(Z—ZO)] (Bad)
for a thick uniform crystal such as a substrate, where
the boundary condition is assumed as X = o at a point deep
ingide the crystal, and K =~/C2—B2. At the surface of the
crystal
-G+ K sgoim(K)]
X(o) = (5.9)

B

In order to obtain the reflectivity Rl(e) of a single uniform
thick crystal, X{(o) from equation: (5.9) is -evaluated at
different values of C, which in tirn, is =& fumetion of
the angle of incidence, 6, of the beam. For a thick uniform
crystal with several epitaxial layers over it as in a super-

lattice structure Figorve: '§.9, if we assume a boundary
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condition that X = XO afy = Zo' then the solution for
equation (5.7) is obtained as
7 S T R XOC) tan{KA(Z - ZO)]

IiE) =2 (50
Rat=HleE +BXO) tan[KA(Z - Zo)]

Equation (5.9) is first evaluated for X -at the surface
of the substrate. This is then matched as a boundary condition
with tha wvaleue of X nt the bottom of the Ffivst epilayer
of the superlattice period and using equation (5.10), X at
the top of the layer is evaluated. The process is repeated
until the amplitude ratio at the top of the superlattice
is obtained. The constants B and C involve the structure
factors and are considered as complex quantities to take
into account the absorption effects. Accordingly the amplitude
ratio X is obtained as a complex quantity. The reflectivity

ratio R2 is given by

The reflectivity RZ(G) at various angles of incidence can be
obtained by following the above procedure for various appro-
priete valuas of £, © being a function of the angle of
incidence, 8. To get the double crystal rocking curve R(9)
the reflectivity Rl(e) of the firgt crystal (InP) is convolu-

ted with the reflectivity R,(08) of the specimen [68]
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5.3.1 DETERMINATION OF STRUCTURE FAGTORS

An accurate representation of the strdcture factors
for’ the elements involved in a layer is essential in order
to reflect the accuracy of the calculated curves, as is

evident from the definitions of the constants A,B and C.

InP has a zinc blends structure with a face centred

cubic lattice, with four equivalent .points at 0, 0, 03

£, %, 03 ¥, 0, %: and 0, %, 3. The structure factor of

a material of the type In Ga As P » can be represented in
% I-E ¢ 1=y

a convenient form [125]

F400 S [fIn(X) + fGa(].—X) + fASy + fp(]_—y)] (5.113

where f refers to the structure factors for the element
concerned. Values of fIn’ fGa’ fAs and fp can be obtained from
standard tables [61] for both the 000 and 400 reflections,
.and thus FO and FH are calculated. We , however, see from
equation (5.11) that a complete knowledge of the composition
x and y of the layer is required in order to calculate
the structure factor for the compound. Also, f, as obtained
from tables, are those calculated on the assumption that
the frequency of the incident radiation is large compared
with any absorption frequencies of the atom. In practica,
the scattering factors will have to be duly corrected for

any dispersion effects.
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5.3.2 COMPOSITION OF x AND v

In simulating a rocking curve, one of the characteris-
tics of the layers that has to be specified, is the mismateh

M defined as

M = 2
a
o
where a = lattice parameter of the layer, and
B = lattice parameter of the substrate

5.868754° for IupP

The mismatch value for each layer along with its variation
within the layer is thus required. In the superlattice

period gach layer is assumed to have uniform mismatch.

On the other hand, to determine the structure factor
for a constituent layer, we require the alloy composition
X and y. The alloy compositions are found to bear a definite
empirical relationship’ with material Parameters of the
layer, namely the lattice pParameter and the energy band
gap.

For alloys of the form In Ga As P the lattice para-
i T SR e

meter a(x,y) can be expressed [(97] as

FlR=y) = xy a(lnAs) + Etl=v) z{InP) + y(1l-x) a(GaAs)

t{1l-a) {(l-y} a(GaP) (5033
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by assuming a linear variation between the binary consti-

tuents [100] (Vegards law).

Fquatien (5.12) accordingly becomes

x(xX,y) = 5.4512 + 0.41755% + 0.20225y - 0.0125xy (5.13)

The band gap wvariation is taken from the data of

Olsen et al [104]:

Eg(x,y) = 2.75 - 1.38% = Yooy + U338y

~(0.758-0.28y) x (1-x)-(0.21-0.109x) y(l-y)eV

5. 143

To determine x and y, both a and Eg must be known
so that equations (5.13) and (5.14) emn be solved. For
ternary layers like GaXInl_xAs, y = 1 and the mismatch M, by

itself, is sufficient to specify the lattice parameter,

a2, and hence, x.

5.3.3 DISPERSION CORRECTIONS

The scattering power of a bound electron of an atom
may in an actual case, be more or less than that of a free
electron. Furthermore, the phase of the scattered X-rays

may be different.



¥

The corrections for the scattering factor thus take

the form

£5 Moy Af' + iAfv (5.15)

where Af' and Af" are the real and imaginary terms accounting

for the dispersion correction.

Cromer and Libermann [20] have calculated Af' and
Af" using relativistic scattering theory. The correction
factors are available for standard X-ray wavelengths. Making
use of these data [61] the correction factors for any wave-

length A can be computed using a polynomial approximation:

I = - = -
Af' = a11+(l 2.291)a12 + (Ar2.20Y){% 1.935)a13
R ERE) {A=1%35) (>\—-1.154056)a14

...... {5:16)

+
AT = a21+()\—2.291)a22 + (A=2,291) ()\—1.935)a23
® Ch=g. %)) ()\—1.935)()\—1.54056)2124
g O (R<=17)

the right-hand side containing as many terms as are correction
data available for discrete wavelengths, like Cr Ka, Fe Ka,
Cu Ka etc. the more the number of terms, the wider being

the range of application of A for calculating Af' and AfY.
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The constants aij are evaiuated from the data for known

wavelengths.

Following the procedure outlined in the above section,
the correction terms for the atomic scattering factors

for In, Ga, As and P can be written in the form

A(In) = F1 + iF2
A(P) = F3 + iF4
A(Ga) = F5 + iFé6
A(As) = F7 + iF8

The structure factors fH and fo for a 400 reflection
and 000 reflection at any wavelength A, can thus be determined
for the elements In, Ga, As or P by substituting the values
of fy from standard tables.>Equation (5.11) can now baused

to determined F.. and F g
H o

rry
i

rT AL %+ ()6, (1-x)+(£), 7 + (£,),(1-y) ]

(5.18)

25|
1

BOLCES) g + (£) g, (Imx)+ (£ ), y+ () (1-y) ]

(5. 19)

FH and Fo can now be directly employed in equation {(5:10) o

evaluate X and hence R2(9).

Ideally, the structure factors should be corrected
for thermal vibrations by multiplying by a Debye-Waller

factor, g W fell ' IVercI
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5.3.4 EFFECT OF TETRAGONAL DISTORTION

The mismatch parameter of the epitaxial layer used
in the calculation of structure factors corresponds to

the relaxed lattice parameter a of the layer and is given

2 being the lattice parameter of the substrate. It is
assumed that the epitaxial material has a cubic wunit cell
of dimension a. 1In actual practice when a thin epitéxial
layer is grown over a substrate, lattice accommodation
by a tetragonal distortion occurs as shown in Figure ¥l
a8 a result of which the unit cell for the layer adopts
a dimension a( b a( X c(, where c( is_the unit cell dimension
perpendicular to the interface and a(, the dimgnsion parallel
to the interface. For coherent layers a, = a,. The mismatch m

measured experimentally corresponds to the lattice bParameter

c( of the layer.

Henca f = it 8

Using the theory of elasticity, the stress-strain relations

for the present case can be written as
By = 51101 + 51202 (5:20)

5305 Tpafy t B o0, (5.12)
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{ 5. 2%

is the strain din the x and y directions parallel to the

plane of the interface.

a. =@
€3 = ——5——L is the strain in the 'z directien
pPerpendicular to the interface, O, =og_ {s thr stress in the

1 2

X or y directions and sij are the stiffness coefficients.

Equations (5.20) to (5.21L) for tha pPresent case become

€1 = 82 = (S11 o 512)01 (5230

e3 = 251201 (5 o REN)T

In terms of the Young's modulus E and Poisson's ratioe VY the

above stress-strain relations can be written

rl e & N
=1 ° Sy eeee T
PN
(5 = ——
3 |
(1 yur*
This —~2 s 2y (5.25)
E i =y
1
€3 & = B
By defimition, 2 = __ (5.26)

i

|

[o}]
—~
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Equating (5.25) and {53.26), wan get

a, - a il g
Hio T Loy
(
For coherent layers a( =g

Hence,
A B Ty c[ =

a 1 SR a

o o
or Mes bt o (5.27)

b4 1 +\)

Published data [125], are available for v corresponding to
binary compounds. For ternary and quaternary compounds,

an appropriate liner interpolation between the binary consti-
tuents is made to calculate the value of V.. In general

Vis approximately equal to 1/3. Accordingly M = m/2.

The mismatch M corresponding to the relaxed lattice
bParameter of the layer is thug approximately one half of
the mismatch calculated from experimental rocking curves.
An experimental rocking curve with a mismatch m can therefore
be simulated for a mismatch M = m/2. In the following sec-
tions, the mismatch referred to is the mismatch M, unless

otherwise indicated.

A computer program is developed for rocking curve

simulation. The program permits use of various reference
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crystals, and reflections. Superlattices of various InGaAsP
systems are studied. Rocking curves of superlattice structures

are generated:

(1) For InxGal_XAs/GaAS SLS, where indiﬁm composition x is
varied from 0.1 to 0.4 in four steps keeping number
of periods 10 and period epilayer thicknesses 1004
(well) and 2004 (barrier) fixed. Figures §.11 4%a
5.14 show that due to composition variation satellite

peaks vary in position and amplitude.

(2) For indium composition x = 0.143 and epilayer thick-
hesses of the period IOOX (well) and ZOOK (barrier)
are fixed. Number of periods are increased in steps
10,30,60,80, and 150 . Figures 5.15 to 5.19 show the
effect of increasing number of periods. Satellite
peaks amplitude vary but position remains £ised
=2 order peak was observed first increases and then

decreases.

Figures 5,20 %o 5,24 show where the well and barrier
o

thicknesses are equal 100A each, and number of periods

increased 10,20,30,46 akd E50. The satellite peaks

amplitude vary but the position remains fixed.
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5.4 COMPARISON OF EXPERIMENTAL AND SIMULATED ROCKING CURVES

Experimental rocking curves reported in the literature

have been simulated and are analyzed.

(a) InGaAs/GaAs SLS [66,114]:

Figures 5.25 and 5.2§ show a close fit achieved for
experimental rocking curves by varying the number of mono-
layers. In the figures substrate peaks are seen along with
the satellite peaks. From the position of the sers order
peak and first order peak position superlattice period
thickness is obtained and compared to with the simulation
data. Presence of satellite peaks is a result of composition
modulation. The calculated satellite peaks are sharp compared
to expefimental peaks. In simulation abrupt interfaces
are assumed. Table 5.1 shows a comparison of kinematical

and dynamical simulation results [129]).

(b) InGaAs/InP superlattice [15]:

Flguras 5.27 -anid 928 elow comparison of experimental
and simulated rocking curves. Simulated results are close
to the experimental results. Composition modulation has
been realized observing satellite peaks. Experimental rocking

curves satellite peaks are wider, most of the satellite peak amplitudes
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are matched with experimental results. Since the" highest
intensity Peak  within the envelope of superlattice
reflections corresponds to a smaller Bragg angle than
the substrate it is clear that there is a net positive

strain within each period of the superlattice.

(c) GaAsP/GaP SLS [91]

Figure 5.29 shows comparison between experimental
and simulated rocking curves. The rocking curve profiles
are in logarithmic scale. It is clear that inp addition
to the substrate peak there is a family of periodic
superlattice reflections due to the presence of a periodic
strain in the growth direction. The spacing of the
peaks gives an accurate determination of the super-

lattice period.

=% CONCLUSION

From the generation of various rocking curves
it is possible to study the nature of rocking curves
how they change with the changes in composition, number
of periode and well and barrier thicknesses. Various
rocking curves obtained from kinematical model show
that 1t ia necessary to use dynamical theory if the

total layer thickness is large (greater than 1 pm) .
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Kinematical and dynamical simulation techniques
applied to same InGaAs/GaAs SLS specimen, it has been
observed that the dynamical results are more close
to experimental results. By matching simulated rocking
curves to experimental data it is possible to determine
detailed strain distribution within individual layers

of the superlattices.



CHAPTER 6

CHARACTERIZATION OF THERMALLY ANNEALED AND Zn DIFFUSED

SUPERLATTICES FROM ROCKING CURVE SIMULATION METHOD
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6.1 INTRODUCTION

Since the discovery of impurity induced layer disordering
in 1980 by Laidig et al [83] while attempting to modify undoped
AlGaAs/GaAs superlattices to doped superlattices, there

has been a growing interest:

(1) to understood disordering mechanism in the superlattices.

(2) o understand the crystal and defect diffusion process

inherent in layer disordering.

e to utilize the impurity - induced layer disordering

process for device fabrication.

Laidig et al [83, 84] found that for GaAlAs/GaAs quantum
well heterostructure when thermally annealed at 925°(C for
more than two hours the quantum well disappeared and an
average composition GaAlAs layer was ocbserved. Similar results
were observed wusing Auger spectroscopy for an AlAs/GaAs
superlattice when annealed at 800°C for two hours (28,

4y 83, 93).

In another experiment Laidig et al [84] showed that
the layers of an ALAs/CaAs superlattice are unstable against

in diffusien;

The Zn diffusion yielded a bulk undamaged homogeneous

material of am Al composition average to that of original
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superlattice; this process occurs at much less temperature
than those studied by ordinary thermal apnealing, Thig
happens due to intermixing of superlattice layers commonly
called interdiffusion, which in this case is  between Ga
and Al. Few more experiments were performed on InGaAs/GaAs SLS
and similar interdiffusion between In and Ga by thermal
annealing [66) and 2Zn diffusion [85] have been reported.
A& stody of layer disordering mechanism in SLS structure
is therefore very important. There are number of characteri-
zation techniques that are sensitive to changes occurring
at the heterointerfaces. These include Auger spectroscopy
(78, . B5], pPhotoluminescence ULy, "8l » IRGT, THM (29, T53:
Nomarsky micrograph [85], and X-ray double crystal diffrac-

tiom [66; 85, 53].

In the present chapter a detail gtudy of disordering
mechanism due to thermal annealing and Zn diffusion has
been made, based on which experimental rocking curve of
thermally annealed and Zn diffused SLS structure as reported
in tha literature were used to simulate rocking curves
using the dynamical theory of X-ray diffraction, By comparing
the experimental and simulated rocking curves the inter-
diffugion of In<Gr: as well as composifion depth profile

for various annealing time have been obtained.
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b,2 DISORDERING DUE TO THERMAL ANNEALING

When an InGaAs/GaAs SLS structure undergoes thermal
annealing , Gallium atoms from GaAs layer diffuses into
the grain boundaries of InGaAs layer creating Ga wvacancies

in the GaAs. Indium diffuses into GaAs forming a new Iny Ga

1=y
As layer at the interface. In the same way gallium atom
diffuses into InX Gal_XAs layer. At the annealing temperature

gallium and indium atoms become more mobile. For the tempera-
ture range of thermal annealing, arsenic loss is insigni-
ficant. When the annealing reaches a critical value at
which the layer InyGal—yAS gets saturated with indium,
further out migration of indium atom from InXGal_XAs layer is
prevented even if the temperature is increased. Figure 6.1
sbows the diffugion of Ga ‘and In atoms in a single period
of the SLS structure. The composition variation x in the

single period of BLS structure has been obtained applying

Fick's second law in one dimension as

ASCAL YT B %, 1)
N I TR el (6.1)

where x(z,t) is the composition variation at position z and
time t, and D is the diffusion coefficient. Diffusion coeffi-
cient can be deduced by applying appropriate boundary condi-

tions, and approximated as 152, b 21E, 1397,

xR Lz/2+%

Sla . K) = %Xo[erf(—i;gg—) + erf(=——= )] (&)
2 2J/Dt

where x(z,t) iz the indium composition at annealing time t
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and depth position 2, z=0 is the centre of the quantum
well. Lz is the quantum well thickness, X is initial compo-

gition of ipdiom, and D ie In-Ga interdiffusion coefficient.

In the present studies InXGal_XAs/GaAs SLS structure
annealed at 850°C for 15 hours, 39 hours,and 72 hours reported
in the literature have been analyzed using dynamical model
developed in chapter five. Assuming a suitable interdiffusion
coefficient B, the annealed composition/depth profiles
foy ‘18.. 33, and T3 hours have been calcualted using equa-

tion (6.2) as shown in Figure 6.1.

6.3 ROCKING CURVE SIMULATION

Once the composition/depth profile for a single period
is obtained, corresponding to each depth position z and
composition x the structure factor F'can be calculated
as described in chapter five equation (5.12). Takagi-Taupin
derivation is then used to calculate diffraction intensity
ag a function of Bragg angle. Rocking curves are simulated
and a perfect matel for ech 1%, 39;: TI houss of annealing
at 850°C have been achieved as shown in Figure 6.2. The
various interdiffusion coefficients D for In-Ga as used

in the simulation for different annealing times are as

shown in Table 6.1,
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6.4 DISORDERING DUE TO Zn DIFFUSION

The disordering of SLS structure by layer interdiffu-
sion/intermixing caused by thermal annealing takes place
at temperature greater than the crystal growth temperature.
Layer disordering can be accomplished at much lower tempera=
tures than the «crystal growth temperature, e.g., by In
diffusion which greatly enhances the interdiffusion of
In and Ga atoms 129,85 .86, 87,1161, "Racent data [86, 29] show
that the interstitial-substitutional mechanism [29, 52] for
In diffusien [117] in InGaAs/GaAs SLS [85] and in Al GaAs/GaAs
superlattices [83, 74) have been reported, must be modified

to include the formation of Zn-vacancy pairs represented

by [29, 83]

Zu, + ¥pdzawlt « Ealw 2t (6.3)
1 ! -’ S

; + ;
where V° is neutral vacancy, h is hole, and Zni, ZnS are

interstitial and substitutional Zn yeapsctively,

In‘1961, Logini [88] proposed that Zn diffuses through
an interstitial substitutional mechanism in which the Zn
as an. interstitial acts as = donor-type defect and diffuses
rapidly. In 1981, Gosele and Morehead [50] suggested that
the column III interstitial is created directly by an inter-
stivial Zn meving iwvto & eolumn TEl laitice gide through
a 'Kick-out' mechanism. Logini and Kick-out mechanism shown

in Figure 6.3.
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++

+ +
41
i

IITI ¥+ Zh (6.4

T repd

Since the substitutional Zn}TI concentration due to Zn
diffusion is GaAs is typically 5x1019 cm_3, equation (6.4)
suggests that the Zn-diffused région will contain 3 high
concentration of column 111 interstitial defects. This
high concentration of coiumn II1 interstitial defect offers
a basis for impurity-induced layer disordering via Zn diffu-

sion that was first discovered by Laidig et al [83, 29].

There 1is evidence that Zn diffusion enhances interdi-
ffusion on the anion sublattice, as reported for a GaAsP/GaP
SLS 191, 49], as well as the cation sublattice in InGaAs/Calde
2L [87). Io SLS structures in which the layer thickness
is 50-3008 the interdiffusion distance necessary for mixing
layers is so short that even slightly enhanced anion inter-
diffusion can effectively produce disordering in a short

time [85, B87).

buh ROCKING CURVE SIMULATION FOR Zn DIFFUSED SLS

For the rocking curve simulation of Zn diffused SLS,
1% la ‘ragured +to caleulats the composition/depth profile
for a single period, assuming appropriate In-Ga interdiffgsion
coelficient D. D iz  asgumad on the basis of experimental
data af the SLE growth available [85}. The compositiony

depth profile is calculated as (82, EXg].
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1 i e A
x(t) = x_ - - f X (z,t)dz (6.5)
B Z =Lz [2

The integration gives [26]

ZVDt

Fgus) = ol erf(det) f Lo/ T [1-exp (4Dt Iy

(66)

using this equation (6.6) indium composition/depth profiles
are calculated for 1InGaAs/GaAs SLS Zn diffused at 680°C

and 615°C both for one hour.

Using the same dynamical model based on Takagi-Taupin
derivation rocking curves are simulated. By repeatedly
changing the value of D a cloge fit to the experimental
rocking curve reported in the literature, have been achieved
as shown in Figure 6.4. Thus, In-Ga interdiffusion coeffi-
cient D have been obtained as shown in Table 6.1.

»

v D CALCULATION FROM EXPERIMENTAL ROCKING CURVES (WITHOUT
SIMULATION)

When an InGaAs/GaAs SLS is thermally annealed at
a temperature of 850°C for 15, 24, 39, and 7Y hours respec-—
tively. The experimental rocking curve shows changes in
the amplitude of satellite peak, all the satellite peaks
do not show the same evolution. The intensity of -5th and
~4th order decreases rapidly whereas -1 order first increases

then vanishes, the zero order satellite intensity increases
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until saturation after 71 hours annealing at this stage
it is the only remaining diffraction peak as shown in
Figure 6.5(a). This zero order peak correspond to an average
ternary InGaAs layer over a GaAs substrate, and all the

superlattice periods are disordered or intermixed.

In the same way when InGaAs/GaAs SLS Zn diffused
for one hour at temperature 615°C and 680°C, the experimental
rocking curve show changes corresponding to each temperature
as shown in Figure 6.5(b) [66]. The zero order satellite peak
evolution show that SLS period completely disordered/inter-
mixed and an average composition InGaAs layer formed on

a GaAs substrate.

In both the cases (thermally annealed and Zn diffused
SLS) the X-ray diffraction rocking curve measurements show
that the satellite peak intensities relative to zero order
peak intensity decreases with annealing time. The rate
of decay of these satellite peaks is related to the inter-
diffusion cosfiiciant D [14, 19, 53, 6a0]. Ia the present
section Chan's modified model [19] has been used to calculate

interdiffusiaon coefficient D.

e d CHAN'S MODEL CALCULATION

In order to explain interdiffusieon results, the theore-

tical analysis is done directly from experimental rocking
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curves. The compositional modulation can be described as

a Fourier sum in direct space [60] as

2m
nz

E-# EQOn cos(A

() = XO[

) ] AR

where x(z) is the indium composition in the growth direction
Z, X is the average concentration, Qn is the amplitude of the
nth harmonic of the wave vector 27m/A and A is the period of
SLS. The composition profile of the SLS without thermal
annealing is expressed as a square-wave modulation of com-
position shown in Figure 6.1. This square composition profile
is changed to a graded composition after intermixing due

to annealing and diffusion.

The diffusion coefficient D can be obtained by solving
Fick's differential equation for time dependence of the

Fourier coefficient Qn can be obtained [19] as
Qn(t) = Qn(0) expl(-nk)’Dt] (6.8)

where D is interdiffusion coefficient, k = 27m/A., The log(Qn)
v/s time plot shows a linear variation slope of —(nk)zD as
shown in Figure 6.6. Qn decreases linearly with annealing
time. From the slope of log{On) wversus time t the wvalues

of D are obtained.

In table 6.1 a comparison of interdiffusion coefficients

calcualted directly from the experimental rocking-curves
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Table 6.1 In-Ga INTERDIFFUSION CCEFFICIENT D
SLS Anneal - Anneal- D calculated D obtained from
i sl ing from experi- simulation
RE: ¥ t ime mental Rocking [131]
perature
. curves
(e (h) (em®/ a) (-erm 2 =)
850 15 JIx1p718 250"
InGaAs-GaAs 850 24 CEREa e Pos il
thermally
: =18 ~18
annealed 850 39 = () 2x10
850 35 Al e 2. 4x10 :*
850 71 Txig LE 2 Al D
InGaAs-GaAs 615 1 AT T Sxif ot
Zn diffused
680 1 D1y 16 3, 2up0 0
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is made with those calculated from simulation method -

6.8 CONCLUSION

The effect of thermal annealing and Zn diffusion
on X-ray rocking curves have been observed and anzlyzed.
The compositions have been modelled in the real space,

assuming

(a) plain diffusion process for thermally annealed process
and,

(b) interstitial-substitutional mechanism for Zn diffusion
process.

The diffraction profiles are calculated on the basis
of " dynasmical wmodel [131]. Using Chan's modsl the igptars
diffusion coefficients D have been obtained directly from
experimental rocking curves and are compared with the simula-
ted rocking curve data. The similar results have been obser-
ved, in both the methods. Interdiffusion enhancement due
to Zn-diffusion process at lower temperature, and complete
disorder of SLS structures have been found in the rocking
curves. Calculated rocking curves are sharper than the
experimental cworves, it is difficult to obtain an accurate
determination of the intensities of satellites +1 and +2

which rapidly merge with the substrate diffraction peak.



CHAPTER 7

EFFECTS OF IONIMPLANTATION ON SUPERLATTICES
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L INTRODUCTION

Studies on the effects of ion-implantation on SLS
have been found useful, in order to calculate strain/damage
caused by implantation process. For many optoelectronic
devices ion-implantation of donor (e.g. Si and Se) or acceptor
(e.g. Be, Cd and Zn) dopants would be desirable {1,196,138,
149]). Ion-implantaiton process can however, introduce lattice
damage and additional strain in SLS materials 11,91 Thie
strain induced in ion-implanted materials can be conve-
niently measured using the cantilever-beam technique developed
by Eer Nisse [91]. This method utilized the strain induced
bending of a sample in the form of a thin beam clamped
at one end. Measurement of the bending during implantation
yields quantitative measurement of the implantation induced
strain in the near surface region. Analysis of the measured
strain wusing the welastic <constraints of the underlying
undamaged, material permits evaluation of the resulting

total stress integrated over the damage depth.

Rutherford back scattering spectrometry hase been
used to monitor lattice disorder produced by the various
implants [1,91]. Double crystal X-ray diffraction techni-
que has also been used to study ionimplanted crystals [106,
142,149), and SLS structures [91,149). X-ray diffraction
technique has been found advantageous over other techniques
because, this technique can provide information regarding

implantation-induced disordering of SLS.
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In this chapter effects of beryllium implantation
on the GaAsP/GaP SLS structure have been characterized,
using dynamical X-ray diffraction rocking curve sumulation

technique [133];

Haeia CHARACTERIZATION METHODS

Low-dose implantation of dopant atoms is an important
part of the preparation of many (GaAs) (InP) devices. Ion-
implanted crystal or SLS structure can be characterized
by using cantilever beam bending, Rutherford back scattiering,
and X-ray double <crystal diffraction (1,91,138P. Among
all these methods, X-ray diffraction is the nondestructive
method, and reveal high precision results regarding strain/

damage, or layer disordering in the case of SLS structures.

The rocking curve simulation technique is the most
accurate mehtod of characterizing ion-implanted crystals
and SLS structores [91,124,149}. In this technique experi—
mental rocking curves are simulated and a close fit to
experimental curves is obtained by varying assumed strain/

damage-depth parameter.

In the next section the dynamical theory of X-ray
diffraction has been applied to simulate the rocking curves

for ion-implanted SLS structure.
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G o ROCKING CURVE SIMULATION

It has been reported that ionimplantation induces
lattice strain and lattice distortion in the epilayer {[1,24]
and in the SLS [91,124] structure also. Displacement damage
from the implantafion causes an expansion of the implanted

surface region due to point defect generation [1,82,138].

When the homogeneity of the crystal specimen varies
in only one directiom i.e., in depth with no lateral wvariaz-
tion, the change in the X-ray complex amplitude with depth
is well deacribed by Takagi-Taupin derivatien [143). An
iondamaged crystal is divided into an arbitrary number
of parallel laminae each having an average strain and damage
uniform. Damage is random displacement of atoms from their
lattice sites, and have been assumed to have the _form of
a spherically symmetric Gaussian function [123]. Many workers

have reported that this damage linearly varies with strain

(Damage) U « EL(strain) (7 1)
where € strain has unit of per cent and U is in A’.

The strain produces tetragonal distortion in the
layers so that the lattice spacings along the growth direction
are alternately larger (for the well) or smaller (for the
barrier) than the in plane spacing of the SLS. This perpendi-

cular strain in the growth direction is obtained in terms
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of lattice spacing as

el = fxt - ao)/ao (T:2)

where a™ is the lattice spacing of the well (ternary layer),

and ao is the lattice spacing of barrier (substrate material).

Further it is observed from the literature that the
damage reduces the structure factor in the same wasy as
thermal vibration smear out the atomic positions [ 59,

Therefore modified structure factor can be obtained as

By = exp(—q2 < U2>/2) (7.3)

and q = 4Tsin6/A , therefore finally

2 2
= - BPigin 8 2 o
FH = exp( ___;f_—_ §] ).FH (7.4)

where F; is the structure factor for undamaged crystal, 6 is

Bragg angle, and A is X-ray wavelength.

Undamaged structure factor F; has been calculated as
described in previous chapter 5. After knowing strain and
damage of each lamella, structure factor FH is calculated. Then
applying the Takagi-Taupin derivation as discussed in

chapter 5 rocking curves are simulated.

Finally the rocking curves are obtained after convolu-

ting with a Gaussian function
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. J1x(8)]% g(e) ae
[x(1)]% = (7.5)
Jg(e) deé

Ay
where g(8) = e g
The half width of the Gaussian convolution was

Y2 arec dao.

This model has been used for the interpretation of
X-ray rocking curve including damage and strain depth dis-
tribution fer an ionimplanted superlattice reportéd By
Myerd ot al [91]. In the pimulation the close fit to experi-
mental rocking curve achieved by taking U = .0.392€, Comparison
of experimental and simulated rocking curve is shown in
Flguza T.l. Strain/damage versus depth distribution profile

obtained as shown in Figure 7.2.

7.4 X-RAY ROCKING CURVE ANALYSIS

The data available for the Be implanted GaAsP/GaP SLS
structure have been used to calculate theoretical rocking
curve. First a possible strain distribution is assumed
by considering the previously mentioned general behaviour
of the experimental rocking curve and the projected range
[142]. Then canculated and experimental curves are compared,

any deviation from the experimental curve is used to modify
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the assumed strain distribution. This procedure is repeated
until a good agreement between theoretical and experimental
is obtained. The final strain/damage depth distribution
1s shown in Figure 7.2. The strain varies from +0.85% la
the GalsP to -0.20% in the EaP layers of the SLS. The GaP
layer must be compressed along the growth direction thereby

accounting for negative sign for the absolute strain.

The general behaviour of rocking curves:

(1) Total angular width of diffraction profile is related

to the maximum strain.

(2 The helght of the envelope of the lower peaks is
related to the strain gradient with reageat to ik

depth.

4D The period of neighbouring peaks become smaller for

a‘'thicker ion-implanted layer.

For this implant, the best fit to the experimental
rocking curve data did not requireé interdiffusion, calecula-
tion, This reflect a remarkable interfacial stability 1in
- the presence of extensive point defect production by the
implanted ions. Also strain distributiaon in the buffer

layer and unimplanted region of the SLS was not altered

by the implant damage.
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T+3 CONCLUSION

Dynamical model 1is more accurate than kinematical
model, but for thin crystals both model show similar
results [133). In the present GaAsP/GaP Be implanted SLS
best fit to experimental rocking curve is obtained, when
maximum strain and the maximum damage occur at the same
depth as could be seen in the Figure 7.2. This also proved
that damage is linear with strain. In the present example
g = 0.3928 is obtained by simulation. No interdiffusion
has been observed. As shown in Figure 7.1; the peaks are
noticeably broadened due to the non-uniform depth distribution

of strain introduced by the implant damage.



CHAPTER 8
DYNAMICAL SIMULATION USING

ABELES MATRIX METHOD
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8.1 INTRODUCTION

Another new dynamical simulation technique involving
a 2x2 matrix solution of Maxwell's equations has been deve-
loped in the present chapter. Variation of the refractive
index along the growth direction (100) has been considered

ip cthe caleulations .

A number " of rocking curves are generated using this
technique for various compositions, and number of periods
for symmetric (400) reflections. Experimental rocking curves
of InGaAs/GaAs and InGaAs/InP superlattices available in
the literature [15,66,114] have been simulated. A comparison
between the Takagi-Taupin and this Abeles-Takagi technique
showed that the Abeles-&akagi model gives more sharp peaks,
and needs less computation: time compared to Takagi-Taupin
model. From this comparison new conclusions are reached,
in the present work concerning the superlattice peak

broadening.

A change in characteristic matrix element calculation
relating to the phase thickness have begn incorporated
and with this assumption, an experimental three crystal
X-ray scan of I[nGaAs/InP superlattice have been analyzed.
The results of this analysis is then compared with the

kinematical step model reported in the literature [146].
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8.2 ABELES MATRIX METHOD

Abeles' 2x2 matrix method is commonly applied " to
optics for the wvisible part of electromagnetic spectrum
[6,9]. This method can also be applied to compute the reflec-
tivity of a multilayer structure for X—rayé, if wariation
of X-ray refractive index normal to any set of Bragg planes
of interest is kmown [92]. This wvariation can be obtained
from the complex X-ray structure factor, the real part
of which is largely a measure of a Fourier component of
electron density in a direction normal to the Bragg planes.
The imaginary part is a measure of local average linear

absorption coefficient.

Since the refractive index for X-rays within a crystal
varies by a very small amount, a highly accurate closed-
form solution for the matrix relating the electromagnetic
field vectors on opposite sides of one cycle of the periodic
structure can be obtained from a Fourier analysis of the

complex refractive index or the structure factors [68].

If variation of optical parameters of a layered medium
in the x and y directions can be neglected, field components
of plane waves that are incident in the x-z plane must

be of the form

fj & wj(z) expli(kx-wt)] (8.1
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The complex refractive index n at frequency w is
everywhere 1isotropic, and if the magnetic susceptibility

is negligible, Maxwell's equation reduce to the form

E 0 1—(1/n2)(kc/w)2 E
3 il R o+
3z e 2 5.7
H - 0 H (8.2(a))
- e
and
E 0 1 E
d b & ¥
9z =g . § (8.2(b))
=He, n-(lkkec/w) 0 =

where Ei and Hj ara electric and magnetic fileld components,
and Ke/w ig coseb, where Gb is the angle between the wave

normal in vacuum and the layer surfaces.

Both the equations (8.2a,b) can be written

LA PR a’ '8

2 , W
0z r

A R 0,

= U = 1901] LR

If n varies with z then [D} will be a funetion of zo T n

is independent of 2z, then the new equation for a finite

slab of thickness h is-
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wl cos gh  i(a/b)sin gh wl
= (8.4)
wz z+h i(b/a)singh cos gh wz 2
where q = abw/c
Or,
T(z+h) = [MITi(2) (8.5)

q is same for 7 and 0 polarized radiation.

To find the matrix [M] across a medium of varying
refractive index, matrices of short intervals across which

the variation is negligible may be multiplied together.

[M] = I [M(n,,h,)] (8.6)
5=1 ¥

8.3 REFRACTIVE INDEX n FOR X-RAYS

The refractive index ny for X-rays is a complex number
whose imaginary part n, is small and positive and whose real
part n, usually differs from unity by a small negative
amount. At X-ray wavelengths shorter than and not too near
the characteristic absorption waveleﬁgths of atoms in the

medium, the average value of the real and imaginary part

ef n 1 19)

= & - =
Bp = LT AT, P12 B = pedfdw (8.7)

where T classical electron radius, Pe 1s the average number
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of electrons per unit in the medium and pe linear absorption
coefficient. If the electron density is Fourier analyzed

in a direction normal to the surfaces then

nig¥ = I S [F_+ 25(F , cos2hlZ , g gy,2h72,,
= o ch & sh a
2TE h

(8.8)

where a is lattice, parameter, A is X-ray wavelength, and
e 2.818x10_155‘. Since much of +tha X-ray absorption in
a crystal occurs near atomic nuclei, the imaginary part
also has Fourier components. These can be incorporated

into the structure factor components by making Fc and FS

h h

complex as has been used in the above equatien 8.8. For
zinc-blende lattice the Fourier coefficients are related
to the complex conjuugates of the usual X-ray structure
factors Fhoo (where h is the index along the growth direction),
which pertain te an exponential Fourier expansion over

the electron dengity [61,92], by

= mk
Fo Fooo
= F* * = *
Fch FEoo d Fhoo ZFhoo
= 3 * - * =
Fsh 1(Fhoo Fnoo) 0 {899

No sine term appears because the zinc-blende lattice has
inversion symmetry along the growth direection (100). The

asterisks indicate complex conjugates.
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8.4 ABELES-TAKAGI MODEL

In this model the superlattice substrate reflectivity
is obtained from the Takagi-Taupin's derivation as described

in chapter 5 ugipg the equation (5.9)

o
. - “B+(B“-A%)? spn(Im(s))

)
o A (8.10)

The Abele's matrix approach is then applied to calculate

reflectivities of the superlattice periods.

In Abele's method the unit cell is subdivided into
sublayers, each having a constant index of rafraction bet
with a wvariation from sublayer to sublayer gecordiny  to
equation (8.8) for (400) reflection

& -r

= bl e 1 1
hiCe) = 1 3 [FO+ZFH cos(
2ha

81z
a

1 (8.11)

This wvariatiovn of n(z) along' the growth direction caa bes
formulated in a 2x2 matrix form Maxwell's differential
equations (8.2), which can be integrated for an epilayer
having a uniform index of refraction. A matrix 1is thereby
obtained which produces the field prescnt at the bottom of

leyer when f{t.operatés ow a3 wector comprised of the fisld

&t the top.

I_Iljl_' [—{L’fl

? [M] ' L (812)

Top w Bottom

¥
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A  superlattice period usually .censists of a succeseion
of homogeneous layers of alternately different refractive
indices ny and n, and thickness t1 and tz. Assuming medium to

be non-magnetic and setting [10,53] equation

B, = os niti cos@i; IE. AMRL L, el (8:-13)

The characteristic matrix for a superlattice is given by

cosB. jl sinB,
i n, i
M]. = (8.14)

jn.sinB, cos B,
i i |

For complete N periods of the SLS structure the characteris-

tic matrix [M] of individual period is multiplied N times.

The reflectivity then obtained as

N N N N |2
Y . G
e 1] 0 (e £ "l M ¥
N N N N 3 (8.15)
i Mg P e

The reflactivity 80 obtained is convoluted according to

Zachariasen's equation {(2.216) JI8EY.

Rocking curves are generated for various InXGa XAs/GaAs

1..

and InXGal_XAs/InP superlattices, where the effect of a change

in composition x and thicknesses of the well LW and of the



151

barrier LE have been studied. Figures 8.1 to 8.6 show the

rocking curves generated. The following salient points

are noted.

(1) Abeles'-Takagi approach gives much narrower peaks

than the Takagu-Taupin's approach.

(2) Computation time for this techniqpe is nearly half

of that of Takagi—TauéinFs model.

(3) Figure 8.1 and 8.2 where the change in composition.

show the change in peak position and peak height.

(4) Profiles obtained by changing bafrier and well widths
are shown 1in Figures 8.3 te 8.6. It is cleaarly seen
that a small variation in well of barrier wiedth
changes the profile, satellite peaks vary in amplitude
and position both.

J

8.5 COMPARISON OF EXPERIMENTAL AND SIMULATED ROCKING CURVES.

Experimental rocking curves of InGaAs/GaAs and InGaAs/
InP superlattice structures reported in‘the literature [15,
66] are analyzed using this new model as shown in Figure 8.7
and 8.8. The intensities of various order satellite peaks

for InGaAs/GaAs SLS are compared in Table §.1.
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InGaAs/GaAs SLS:

Figure 8.7 shows experimental (solid line), simulated
(dotted line) Takagi-Taupin method, and Abeles-Takagi method
(dashed 1line) comparison [134]. In the experimental curve
in addition to the substrate peak other seven superlattice
peaks are clearly visible. Their spacing yield an average
superlattice period thickness 600A . The location of zero
order peak is same in both the simulation methods‘but the
amplitude in case of Abeles-Takagi method is‘higher. Figure
8.7 also shows that the zero order ,peak is less inteﬁse
in experimental as wall as in simulated curves compared
to other higher order peaks this is due ts the combina-
tion &f large strain modulation and large thickness of
the period. Sometimes this situation presents the practical
problem of identifying the zero-order peak, than Abeles-

Takagi model is of help to identify the zero order peak.

InGaAs/InP superlattice:

This superlattice has been analyzed wusing both the
methods. Figure 8.8 shows the comparison of experimental
and simulated curves. The presence of higher order peaks
confirms the composition modulation. A large zero order
peak present due to less strain and thickness modulation.
Positive higher order peaks are less intense in the oY ks

mental curve but in the simulated curves they are clearly
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Table 8.1 : Comparison between relative diffraction intensity of each satellite peak

atructoral Satellite Experimentally Kinematically Dynamically calculated intensity
details order measured calculated Takagi-Taupins Abeles'-Takagi
intensity [66] intensity [66] method [129] method [134]
In_Ga As +2 0i2h 0.416 0.402 0.471
E I=xK
x=0.143 #1 1.0 1.0 1.0 1.0
0 0.02 0.02 0.020 03]

100A well =1 0.25 0.206 0.223 0.236
200 A barrier =5 .29 0.301 0.2%99 0.294
10 periods k. G. 18 0. 227 0.199 0.21d

-4 0.08 . 107 B.0%3 0.088

861
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Table 8.2

Comparison of InGaAs/InP Superlattice Satellite Peaks

- - — — == :
Sumisle Sate Experimentally Takagi-Taupin's Abele's Takagi

llite measured model calcula- model calcu-
ard- intensity ted lated
ers
In Ga As +4 0.011 0.023 0.025
X X
InP
L;=1004 3 0. D15 | 0.026 0.026
Lp=5004& +2 0.018 0.069 0.061
x=0.495 ofirll 1.0 1§ 1.0
Number of -0 0.601 0.632 (3535
periods
=372 o | 0.063 L A0 0.071
-2 0.035 0.039 0.039

=2 0.021 0.021 0.02}
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visible. Satellite peak comparison has been presented

ip Fable 8.7

&.6 THREE CRYSTAL X-RAY SCAN SIMULATION

The three crystal X-ray patterns have been analyzed
by computer simulation using kinematical step model
[146]. In this gection' the Abeles'Takagi approach have
been wused to simulate a three crystal Kk-ray scan of
InGaAs/InP superlattice [T38] structure reported in
the literature [146]. A comparison is made between step
model and Abeles-Takagi model results. Table 8.3 compares

the results obtained from these two models.

To simulate three crystal X-ray sean, equation (B8.13)
and (8.14) have been used: The phase condition Bi is
expressed as

Bi = Zkonitisinei % ®1 F @2 = 2nm (8.16)

where @1 and @2 are the phase shifts at the interfaces
between InGaAs and InP and between InP and InGaAs respec-
tively. Assuming the Pbagse shift iInside eaczh clading
layer in the direction perpendicular to the surface
of the substrate is v/ Z I&TE, Using this assumption
and getting another value of Bi as 0.581, and numerically

calculation equations (= (8-« 3 and [0 S ) for
substrate and epilayer reflectivity respectively. The

final railectivigy is obtained from equation (6.10)5
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Table 8,3 : Structural details of InGaAs/InP superlattice

sturucture obtained from simulation

Kinematical step model [146] Abeles'-Takagi
dynamical model [135]

No. of periods 20 20

No. of Molecular

layers of well 19 19

No. of molecular

layers of Barrier 32 33

"Composition 'x

in In Gs As 0. 47 0.467
Rl
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This intrinsic reflectivity obtained for the superlattice
structure is similar to three erystal X-vay @can, &
close fit has been obtained from the available growth

data. .

Figure 8.8 shows a comparison made between experimental
three crystal X-ray scan and simulated scan of InGaAs/InP
superlattice. In the Figure 8.9 the +3 order satellite
intensity is much stronger than -3 order peak, kinematical
step model also shows the same'result. From this technique
satellite peak shape obtained is more close to the shape
of experimental peak. The presence of stronger higher-
order péak in the simulated profile show the abruptness

of the interfaces.

S CONCLUSION

The effect of composition variation has been observed
to change the satellite peak position and thier amplitude
in the same way as has been observed in kinematical
and Takagi-Taupin dynamical models. For a small wvariaztlon
in thickness of well and barrier, the present model

is found to be more sensitive, than kinematical and

Takagi-Taupin dynamical models.

The experimental rocking curve for InGaAs/GaAs

SLS simulated by all the three models show the same
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angular position, for same growth parameters. Experi-
‘mental curve has wider satellite peaks. This peak broadening
is due to mosaic structure formed by the misfit dis-
locations. The epilayer thickness sensitivity eof the
model has been wused to simulate three c¢rystal X-ray

scan of the superlattice structure.



CHAPTER 9

GENERAL DISCUSSION AND CONCLUSION
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There is a strong motivation to develop InGaAsP/InP
material systems because of their potential application
as sources for transmission through low loss optical fibres.
Significant advances have been made in recent years in
the development of strained layer materials and devices.
Strained-layer InGaAs-GaAs lasers have been fabricated
using molecular beam epitaxy (MBE) and metalorganic chemical
vapour deposition (MOCVD) reported in the literature.
These lasers have threshold current and photoexcitation
power densitieg comparable to Jattice-matched structures.
Recently it has been demonstrated by Camaras et al that
strained-layer superlattices can be grown almost free
of defects at heterointerfaces to make possible stimulated
emission. Further tests indicate that strained layers

with a longer life may be possible.

In the present thesis the quantum-wells and strained-
layer superlattices grown by MBE and MOCVD have been studied.
It has also been found necessary to have a knowledge of
growth process for the characterization of InGaAsP systems
stuperlattices. Numerous presently available methods of
characterization like PLy TEM, AES, RBES, X-ray diffraction
etc. have been revieWed. A-ray diffrestion ie a nondestrug—
tive and is capable of measuring strain from 10—8 upwards.
However, the experimental X-ray diffraction method can
not reveal the details of individual layers inside a super-

Isttingd. The present thesis discusses kinematical and
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dynamical simulation techniques, which are developed to
simulate experimental rocking curves using a computer
program. The techniques are nondestructive and can provide

more accurate inside details superlattice structures.

For the detailed study a number of rocking curves
have been simulated using a kinematical model. A variation
in the composition x for InXGal_XAs/GaAs SLS results in a
change in the satellite peaks position and amplitude,
while a wvariation in the pumber of periods and epilayer
thicknesses changes the peak amplitude with peak position
remaining the same. By fitting experimental curves using

the kinematical model details of the actual structure

have been obtained. However, kinematical model has 1 ks
own limitations. In a particular example InGaAs/GaAs SLS
with period thickness BOOK y» by increasing the number

of periods beyond 10 same rocking curve is observed. Also

the susbtrate peak is missing.

Therefore a dynamical model has been developed incor-
porating the extinction effect. The rocking curves generated
with this model however, takes more comptutation (CPU) -
time. For different composifion x the rocking curves genera-
ted show wvariation in satellite peaks position and their
amplitudes. In this simulation substrate peak is clearly
visible, and beyond 10 periods upto 150 periods, satellite

peaks with varying amplitudes exists.
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A number of experimental rocking curves are simulated
and a close fit achieved. An experimental rocking curve
of InGaAs/GaAs SLS reported in the literature has been
simualted by both the techniques. The simulations show
that the dynamical results are more accurate and close
10: ‘experimental .- A close fit of 1InGaAs/InP superlattice
rocking curve shows that this simulation technique can
identify the carryover of As into the InP barriers and
the concentration and distribution of As are easy to

determine.

Further more the effects of thermal annealing Zn
diffusion, and lonimplantation processes on the sdper—
lattices have been studied using this computer simulation
technique. In a thermally annealed InGaAs/GaAs SLS experi-
ment performed by Joncour et al rocking curves for different
annealing time 15,24,39,55,72 hours at B850°C have besn
obtained. In the ©present studies, the dynamical model
has been modified and rocking curves for these thermally
annealed SLS are simulated by assuming a suitable In-Ga
interdiffusion coefficient D. Finally a value of D for
each annealing time has been obtained after achieving
a close fit to experimental curves, these values are then
compared with those obtained from kinematical simulations..
Comparison show both the results are nearly same, the:

slight variation may be due to the thin superlattice

structure.
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The same model when applied to Zn diffused InGaAs/GaAs
SLS rocking curve simulation, D obtained after achieving
a close fit to the experimental results of Laidig. =% =&k,
have proved that Zn diffusion enhances the interdiffusion
or intermixing 10 to 20 times that of thermally annealed
SLS. The diffusion depth profiles have also been obtained.
Interdiffusion coefficient D for In-Ga obtained from,
direct experimental rocking curves measurement using Chan's
modified model, have been compared with those obtained
from the simulation techniques, were found close. Disordering
or intermixing of superlattice periods due to thermal

annealing and Zn diffusion also have been studied.

Beryllium implanted GaAsP/GaP SLS rocking curve
reported by Myers et al has been simulated using modified
dynamical model,and characterized 1in this thesis. The
present dynamical model gives similar results as reported
by Myers et al using kinematical theory. Match to (the
experimental rocking curve provides damage and strain
depth distribution within the implanted layers. The linear
expansion of the layers due to point defect generation
for the 1x1015 Be/cm2 implant is determined tobe 0.29%. The
Beryllium implantation effects observed in the present
simulation studies, directly reflect the stability of
GaAsP/GaP SLS, this is because no interdiffusion or inter-
mixing of superlattice periods have been included in the

simulation.
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A new technique of dynamical simulation based on
Abeles' matrix method has been used to generate rocking
curves. Significant results obtained in this simulation
studies, are sharp satellite peaks and less computation
time compared to Takagi-Taupin model. Experimental rocking
curves reported in the literature are simulated and perfect
match to experimental results have been obtained. In this
simulation it was found that intensity of the satellite
peaks and their relative positions are very much sensitive
to epllayer thickness of the superlattice period. Even
+1A changes the rocking curve reasonably. Therefore as
far as the superlattice period thickness 1is concerned
this method found to be more accurate in predicting well

and barrier thicknesses.

This technique have also been successfully applied
to three crystal XE-ray sScanm simulation. Looking to the
satellite peak amplitude and effect of slight well or
barrier thickness variation sensitivity. A little change
in phase thickness due to interfaces has been incorporated
in the characteristic matrix element calculations, which
results in & close fit to the experimental three crystal
X-ray acan, The reeults obtained from this new technique
have been compared with those obtained from kinematiddl
step model. Significant differences have been observed,
the satellite peaks are of similar nature as in the sxperi-

mental results.
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