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My Tower of Strength

When you were with us

| never fdt the need
to hug you, to remain with you
You were our part and parcel
which would newer part
| never thought you'd leave and go
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Chapter 1

INTRODUCTION

Enormous theoretical and experimental research has been carried out in the area of ion-solid
interaction; most of the work is concerned with the source of probes, the beam of particles-
photons, electrons or ions, the interaction cross-section and the emergent e.m. radiation e z
Rutherford Backscattering is one among these fundamental processes in which an energetic pos-
itively charged particle (a proton, an a-particle or a heavy ion) is bombarded on a target and
the emerging backscattered particle/radiation flux is studied to get the information on the com-
position, thickness and structure etc of the target. When an ion beam impinges on a crystalline
solid in a direction parallel to one of the mgor crystallographic directions. the ioas tend to be
steered by the rows or planes into the regions between the atoms. This steering effect causes the
projectiles to follow trajectories in the open channels between rows and planes. This phenomenon
Is known as channeling. The range of channeled particles is anomalously large and close impact
phenomena like Rutherford Backscattering Spectrometry (RBS)or Inner Shell excitation yield
are reduced drastically, indicating the alignment of the beam with axes or planes. Three essential
requirements must be met for a particle to get channeled. First, it must find transparency in the
form of an open channel between rows or planes of atoms. Secondly, there must be a force acting
which steers the particle towards the middle of the channel. Thirdly, for the channeled trgjectory
to be stable, the particle must not approach the rows or planes of atoms too closdly otherwise
the gentle steering effect of many glancing collisons will be replaced by a wide angle deflection in
one or more violent collisons with individual atoms. Thus one requires transparency, steering
and stability (Fig. 1.1).

The fird extensive and comprehensive treatment of channeling is that due to Lindhard [1]

with the following four basic assumptions. First, the angles of scattering of the incident particle
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are small even if the particle is a fast heavy ion. Scattering at large angles would imply that the
origina direction as well as correlations associated with it arc completely lost. The scattering of
the projectile is due to nuclear collisons where it interacts with the charge distribution of an atom
as awhole, the collision being nearly elastic. Secondly, since a collison demands that the particle
comes close to the atom, strong correlations between collisions occur if the particle moves at a
small angle with a row of atoms; if it passes close to one atom in the row, it must also pass close
to the neighbouring atoms in the same row. Thus the atom effectively sees one string of atoms
at a time which is characterized by the lattice parameter d only. Strings belonging to low index
directions aave a small value of d, and are most pronounced ones. Correlations weak« r than those
of strings are expected for crystal planes. The third assumption is that, classical orbital pictures
may be used to a large extent. The classica description of many successive collisions with atoms
in astring (or aplane) is "valid" at high velocities. Fourth, the idealized case of a perfect lattice,
a perfect string and ideal plane are adopted. The thermal and zero point vibrations are negligible
~ompared to the successive collisons with many atoms in a string or plane.

Assumption 2 tells us that a channeled particle will not be able to fed the interaction due
to individual atoms sitting at various lattice sites but rather experiences a collective cffect of al
atoms sitting along that particular axial or planar direction. This is valid so long as the angle
of incidence is less than a critical angle v.,;; the incident beam then undergoes reflection from a
string or plane. For angles of incidence less than the critical angle; an aligned beam of particles
is generated. In other words, it experiences only continuum strings or planes. The phenomena’

is also studied by defining a limiting distance of approach to the atomic rows/planes of atoms
which in turn again depends on the critical angle (Fig. 1.2).
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Fig 1.1: The Channeling phenomenon, showing how the particle is steered

by glancing collisions along an open passage in the crystal [4].
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Fig 1.2: A channeled trajectory showing various quantities such as the
incident angle, minimum distance of approach and the interatomic distance.



1.1 Lindhard’s Continuum M odel

With the basic assumptions discussed above, the channeling phenomena is explained by Lindhard
in a step by step way. The particle velocity component parallel to the axial or planar direction
is such that the time of flight to cross one lattice spacing is less than the collision time with any
individual target atom. As a consequence, before it can fed itsalf to be in the potential field of
one atom, it is already in the fidd of next atom along the string or plane and it will fed only
continuum potentials. Therefore the critical angle and corresponding closest distance of approach
are very essential parameters, in channeling situations. If ¢ is the angle the incident particle
makes with the channel axis, v is its velocity, 7., the minimum distance of approach and d is
the interatomic spacing aong the axis, then the above condition for continuum approximation

written as

min d
T‘ > : (1.2)
U s1n v v COS 1
If ¢» isfc&osmall, thenweget
T min : d
v v
o
T i > d’ d (12)

Under continuum approximation, r.i, IS obtained by equating the repulsive interaction due
to continuum string, with the transverse kinetic energy, the effect of other strings being negligible

when the probe is approaching one of them.
Ultwin) = Esin® ¢ ~ Ev* (1.3

The motion of a channeled particle is in effect governed by a transverse potential corresponding
to the average of the crystal potential along an axis or plane, over the coordinates parallel to
direction of propagation. For positive particles, the transeverse motion perpendicular to the axis?

or plane is confined to the region around a potential minimum between the strings or planes of



atoms. The continuum axial potential is derived by averaging the interatomic potential aong the

string and is given by [1-4]

Ur) = [ LFE T d (14)

d

where r is the distance from the string and V(r) is the interatomic potential. Extensive work
has been done regarding the choice of interatomic potential. These potentials are derived by
various methods and each of them has its own advantages and draw backs. These statistical
potentials can be broadly classfied in two groups namely, the power law potentials and the ex-
ponential potentials. In the first category of power law potentials come the Lindhard’s potential
[1 and its modifications by Pathak and Mory [2] and Pathak [3]. In the category of exponential
potentials come”Moliere potential [3 and the Biersack's Universal potential [4]. Lindhard's stan-
dard potential has been most frequently used [5] for calculating various parameters like critical

angle ete. This potential is given by

Vii(R) = Z1Z,¢°

1 1
— — _ (1.5)
R R? + C?%at

where C is Lindhard constant (= v/3) and app is Thomas-Fermi screening radius given by

[)8853&()
arrp = )

o 16
(Z;/:* 4 ZE/-‘)]/:: (16)

where a, is Bohr radius. The corresponding continuum potential for the planar case is derived

Py averaging over the particular plane and is given by

Y(y) = Ndy [ ”V(\/?—Tfﬂ) 2rrdr €7

Here, N is the bulk density of atoms in the crystal, »» the interplanar spacing and y the distance
measured from the plane.

One can see the difference between the axial continuum potential and the planar potential.
For the axial case, the continuum potential rapidly decreases for values of r comparable to or less

than the Thomas-Fermi screening distance. At small nuclear(seperations, it is appropriate to use



screened potential with a screening function given by the Thomas-Fermi TF model. The general

form of TF potential can be written as

V(R) = ﬁij“’( : )

= (1.8)

arr /

where 2\ and Z, arc the atomic numbers of projectile and t arget atoms respectively. ¢(x) s
the Thomas-Fermi screening function. It is an established fact that this choice of TF screening
function and hence the interatomic potentials is not unique. The TF model possesses the distinct
advantage of simplicity combined with increasing validity for heavier atoms. In addition, it
provides ar initial hypothesis for some more reliable theoretical potentials at closq s« perations.

The study of point defects in the crystals, their lattice location etc.have been among the first
applications of RBS/Channecling technique, over three decades back. The interaction potential
between the probe projectile and the heavy impurities is appreciably modified due to the presence
of host crystal electrons (conduction and vaence) on the one hand and the atomic electrons of
the, impurity, on the other. The response of the eectrons and, indirectly, the neighbouring metal
atoms to the introduction of point charges like hydrogen or positive pions and unions is a basic
problem for the theory and a starting point for the description of point defects in genera (4].
Pions that are incident upon a crystalline solid occupy a lattice site and then decay into muons of
energy 4.12 MeV which undergo channeling effects. The scattering cross-section of pions by an
interstitial impurity is a topic of special interest. For a systematic study of various phenomenog
in the fidd of lattice steering of muons by the decay of pions, areliable and yet analytically simple
potential is needed.

1.2 Interatomic Potentials

The interaction between a positive particle and a target maybe analytically described by the TF
statistical model, neglecting the velocity dependence of the ion-atom field. The potential is given
by equation (1.8). For the Lindhard’s model, the TF function is mathematically ssmple and lends



itself readily to computational purposes, and is given by [6]

' R _ ‘ Ca 7
c:(”)_lg[lwt(—ﬁn)} (1.9)
Equation (1.9) has a drawback in that for the planar case that it does not yield anaytically

handy expressions for various quantities as dechanneling parameters. The most widely used

potential along with Lindhard's is the Moliere potential [3

QZ Z'l(‘-':‘ np A Y
VM“(R) — ___‘](T;(()':{'r",( 0.3R [a) 4 0.55¢! 1.2R/a) 4 0.1¢ 1-h;u‘i] (110)

The corresponding axial and planar potentials are given by

f 22,2Z,¢° R , {1.2v 6r
Ua(r) = ——5— {(l.:gr.}\,, (-—T-) 4 (l.ﬁ.’;]\,,( ’) { H.]I\'.,( 5 )] (1.11)
d a f-‘ (1
and
Uni(y) = 2w 2, Z:€*N,, (1.16ae " 4 0.46ac ' #¥/* 4 0.016ac %) (112

Moliere potential smplifies only if one leading term is taken [10] even for the perfect crystal
case. Another potential which is of mogt vaue in providing a simple functional form for ion-atom

and atom-atom collisions at lar9e distances is the Born-Mayer potential [11] which can be written

as

-R
Vim(R) = Apa exp ( ) (113

apM
where Agyand apy  are determined phenomenologically by fitting elastic moduli. But this results
in a purely exponential interaction potential which is not suitable for describing close ion-atom
collisions. Its application is therefore restricted to interactions where the particles are heavy ions
with energies in the keV range. In order to obtain some analytical results in complicated prob-
lems involving effects of defects in channeling and to study the detailed behaviour of transmitted
patterns involving the solution of Boltzmann transport equation, alternative mathematical ap-

proximation of both the axia and planar potentials have been made [12, 13, 14], justified by



showing that this corresponds to the physicaly understandable interatomic potential [3], given

by
ZI 2202 C(IQ

R (R+a) (1.14)

There is one small difficulty with the above equation,namely the screening function goes to

Vem(R) =

C(=+/3) rather than to unity for R going to zero. Also the basic requirement of charge neutrality

is not met [15] by this potential. Pathak et al.handled this difficulty [16] by replacing Lindbhard’s

constant C by a function (TZJr_Qa; without disturbing the basic simplified form to be used for
a
analytical calculations. This potential now takes the form
Z Zz(.’"z 20-2
VI’I’I(R) — 1 (1.15)

R (R+a)(R+ 2a)

All these potentials, as mentioned earlier, are statistical in nature and give a rough estimate
of the ion-solid interactions. In what follows in the succeeding subsections, we discuss apout the
smplest of adl the TF functions, namely the Screened Coulomb potential for a point charge and

for an ionized impurity in a host lattice.

121 Potential Around A Point Charge

The potential around a point charge is a screened Coulomb potential and beyond a fev multiples
of the screening parameter, the charge cannot be seen by the incoming particle. In metals, this
radius is of the order of an interatomic spacing; in semiconductors it is much larger.

"
D€ (1.16)

Vir)=

"
This potential can be described by a dielectric function e(g) invoking the concept of static
screening [12]
/\2

da) =1+ (1.17)

A is the screening radius which decreases rapidly as q increases. It is very difficult to make
the electron distribution screen out potentials of short wavelength. The influence of a medium

characterized by e(¢) on a potential V(r) is related to the Fourier transform U(q) as



v
Vir) - Ug) = 2 1L19)
€(g)
Thus U(Q) can now be written as
e 4mre?
Ulg) = 212255 e (1.19)

This is the potential for the interaction of a probe with a point charge. This indicates that
the effective potential acting on the electrons is divided by a dielectric constant e(¢,w) whichis a
function of the wavelength and frequency of the applied perturl ation. Assuming this perturbation
to be static(w — 0), €(g) is now a function of q only. Equation (1.17) is an approximation for
screening at short wavelengths. When g — 0, A is related to the density of states at the Fermi
levd N(Ef)

A\ = 4me’ N(EF) (1.20)
3n W k3

Here N(Er) = TR Ep = 5 E and kr = (37’n)'®, n being the electronic concentration of the
VA g o m

host lattice given by the product of the number of outermost electrons and the atomic concen-

tration. This gives
31 Bmn /3

N(Er) = T = (.358 states/eV atom.

Potential (1.16) decays very rapidly with increasing r, becoming invalid at separation greater
than a few tenths of an angstrom. Beyond a few multiples of —, the external field is completely
screened out almost entirely by the flow of electrons.

In a nutshell, we can say that a phonon of wave-vector q sets up a potential due to the motion
of the ions. The electrons move to screen this field. The ions therefore now interact with each
other via this screened field which is inversely proportional to e(¢). Hence, the forces between
the ions will be modified and the lattice frequency of this mode of vibration will depend on €(gq).
The same effect is likely to be seen in other system of wave propagation in the solid, if they
interact with the conduction electrons. The above calculation thus offers a general method for
the investigation of the Fermi surface-although the detection of the effect may not be practically

feasible.
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122 Potential Around An lonized Impurity In Solids

An impurity in an otherwise perfect single crystal causes dechanneling of energetic particles
propagating along the major crystallographic directions [2]. Chylinski et a [§ have carried
out a comparative study of a-particle dechanneling by hydrogen and carbon interstitials in thin
palladium foil; the results were based on the assumption that the interstitials act mainly by
obstructing the channels and do not deform the neighbouring atomic planes by any significant
amount. The extent and magnitude of the effects depend upon the strength of the potential
presented by these impurities to the incoming channeled particles. This potential is complicated
by two effects; first du to the atomic electrons of the impurity, which is determined by the charge
state of the impurity, and second due to the electronic structure of the host material.

Considering now the interaction of a positively charged particle with a crystal lattice, the
same equations hold good and the screening is provided by the conduction electrons of the host.
And if this host lattice has interstitial impurities, then the screening becomes twofold; the atomic
electrons of the impurity also contribute to the screening and the corresponding screening param-
eter )\, is given by

0.8853a,

N e (1.21)

where a, = 0.0529 nm (Bohr radius), Z; is the atomic number of the impurity and Z;
the degree of ionization of the impurity atom. As stated earlier, the choice of Thomas-Fermi
screening radius is not unique; for this interaction, )\, is the TF radius [12, 13]. Taking into
account interaction between a positive probe (either a or #*, u™ or hydrogen atom) and a host
lattice with partially ionized impurities! the electron gas of the host screens the interaction further.
U(q) of equation (1.20) comes out to be

4e’ q°

A+t X+ ¢

Ulg) = Z:Z; (1.22)

which, in direct space is given by

4Z,Zime*q? o
V( ( ) jor 123
/// A+ N+ 1 (1.2)




Angular integration gives

2% oo ¢’ sin gr
Vir)= 2,2,=— x d 124
( ) 1 ]WT‘./q_U(/\n’+q2)(,\2+q2) q ( )
Using [21]
_ ®  gsinmazdr 7 [e™ —e™e
d —]u (@ + 22) (b + x2) 7 [ a? — b? } )
and
d*] [ a>0, b>0
dm? | ., 5 0 a#b ‘
we obtain
el Aﬂi!(,_—).ar — Ne—Ar ‘
V(T) = le]? [ ,\ng Y ‘| },f /\a % A (125&)
and
e? AT
V(r) = Z‘.{Z]? [fﬁ_"xr - 7(3‘\7'] if Aa=A (1.256)

This double screened potential is due to Chylinski et d [§ and we have used this as a prelude
to some of the calculations for ionized oxygen in tantalum crystal [18, 11]. In chapter 2 of the
thesis, we have derived another screened potential in the long wavelength limit; this potential
Is then used to derive the dechanneling cross-section of a positive probe in a host with ionized
point defects. Dechanneling cross-sections are modified for various charge states of impurity in
different planar directions since the potential thus derived considers both the effect of both atomic
electrons of the impurity and conduction electrons of the host lattice. It carries the signature of
weekly decaying nature and the formulation highlights the role played by the atomic electrons
of the impurity and the conduction eectrons of the host lattice [23]. This model is expected to
be applicable in various situations where long range electron-ion interactions affect the potentials

due to heavy impurities seen by external probe particles in otherwise perfect crystals.



13 Applications of Channeling

lon channeling is widely used to study the lattice location of impurities in crystalline materials,
defect dengities and aso dlows determination of the strain in epitaxial layered structures. Utiliza-
tion of the ion channeling for characterizing synthetically modulated structures like semiconduc-
tor superlattices is another area of specia interest. Strained Layer Superlattices SLS are layered
structures of alternating composition of materials having a small mismatch (~ 0.1 to 2.0%). This
gnd|l lattice mismatch is accommodated by biaxia (compressive and tensile) strains in the plane
of the layers and each layer acquires a perpendicular lattice constant due to strain accommodation
[8]{38]. The ahility to tailor the energy bandgap in SLSs is one of the properties which is utilized
In the manufacture of various devices like photodetectors and quantum wel lasers. SLSs thus
have wide ranging applications in many frontier areas of science and technology. Strain accommo-
dation in .S is limited by the thickness of the epilayer and beyond a critical thickness of layer,
characteristic of the material grown, the system starts relaxing giving rise to midfit didocations
in the sample. Typical layer thicknesses are limited to a fev hundred angstroms for lattice mis-
matches ~ 1%. The presence of defects deteriorates the performance of these devices and thusit is
important to characterize strain and strain-relief mechanisms in the structures and aso the limits
of strained-layer growth. Rutherford Backscattering Spectrometry (RBS/channeling) is one such
technique by which one can determine the thickness, composition, defect densities and strain.
For a fully commensurate structure, the magnitude of strain depends directly on the composition
of the layer and the substrate. RBS anayss dlows determination of layer composition, unifor-
mity and thickness and can be applied readily to the superlattices. lon channeling is a specid
cae of RBS and is one of the sengtive characterization techniques which provides a measure of
crystalline quality. xm: Which is the ratio of the backscattered particles when adigned (A) to a
crystallographic axis to that in the random (R) condition (i.e., Xmin — Ya/Yris a measure o the
crystaline quality of the sample. A typical x.... vaue of avery good crystalline sample will be
around 2-3%. It aso dlows one to determine the strain in epitaxial layered structures. This is

accomplished by carrying out angular scans dong the off-normd axis using which, the strain in



the epilayers is evaluated. The difference between the dips on angular axis of these angular scans
between epitaxial layers is a direct measure of the strain between the layers. Raman Spectroscopy
adso permits one to determine the strain quantitatively from the shift in the wavenumbers between
commensurate and incommensurate layers. The longitudina optic phonons in the Ing1GaosAs

layers exhibit two-mode behaviour, which helps in fitting the curve accordingly. In chapter 3
of the thesi's we describe the growth and characterization of SLS by Ion Channeling, which is

compared with XRD and Raman Spectroscopy.

1.4 Catastrophic Dechanneling Resonance

Another method of determination of strain in SLS by ion channeling is based on a resonance
condition in which if the period of .S structure matches with the average channeled-particle
wavelength, there will be arapid increase in dechanndling after a certain depth. This phenomenon
Is caled Catastrophic Dechanneling Resonance CDR and occurs when the haf wavelength (3)
of the oscillatory motion of the channded ion matches with the path length per layer (s) of the
SLS. This technique is attractive for strain andyss a, very low strains: it is the most sengitive of
dl the ion-channeling techniques for strain measurements. In contrast, axial channeling angular
scan is the most versatile; each layer strain can be determined over a wide range of strain mag-
nitudes and layer thickness for both single-strained layers and superlattices. C DR dependence
on various parameters like energy of the incident ion, incident angle, tilt angle etc. have been
studied using Moaliere potential on Ing,GagsAs | GaAs and Ing;GaygAs/GaAsuperlattices with
He' as the probe aong the (110) direction. In chapter 4 of the thesis, the CDR studies are be
described in detail.

The present dissertation is thus organized as follows In chapter 2, we derive the dechanne-
Ing cross-section of a positive probe in a host lattice with ionized point defects. Chapter 3 is
application oriented and we discuss there the use of ion channeling for the strain measurement of
Strained Layer Superlattices. The samples of .S are grown at TIFR, Mumbai; the description of

these samples has also been given in detail. The experiments of ion channeling have been carried
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out at IoP, Bhubaneswar, IIT, Kanpur and Alabama A & M Univeristy, Alabama. Raman Spec-
troscopy and XRD have dso been done and the results are compared with those obtained from
channeling studies. In chapter 4, we discuss one more less commonly known technique namely
the Catastrophic Dechanneling Resonance for strain analysis. Finally in chapter 5, we conclude

the work and aso discuss the future direction of work.
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Chapter 2

DECHANNELING BY POINT DEFECTS

Practically dl the crystals will have one defect or the other. Even in the so cdled perfect
crystals some amount of defects are dways present, however small. The most common defects are
vacancies, self-interstitials, foreign asoms, stacking faults, grain boundaries, disocations, voids,
gas bubbles etc. A particle propagating through a solid can see the presence of the defects through
the effects these defects will produce in the solids; either the particle path is directly obstructed or
a distortion is produced in the crystal (or both). When the projectile hits the defect directly or is
scattered in the potential fied of the defects thereby modifying the trgjectory (e.g. stacking faullts,
interstitial atoms, grain or twin boundaries), the effects are said to be obstruction dechanneling.
If the defects give rise to distortion in a certain region of the crystal disturbing the regularity of
the material in that region, the effects are known to be distortion dechanneling. The important
example hereisthat of didocations. Some defects such as Guinier-Preston zones, voids, gas bubbles
and antiphase boundaries give rise to obstruction as wdl as distortion effects and a composite
dechanneling is to be consdered for these defects. The point defects introduced into a crystal
produce obstruction dechanneling due to direct scattering of probe particles. Heavy impurity in
a host lattice may result in negligibly small amount of distortion dechanneling. This fact is used
to find the lattice locations of the implanted species in the crystals with the help of channeling
technique. If the impurity is situated on a regular lattice site (substitutional), it will have no
efect on the channeling spectrum. When it is located at an interstitial position, it may obstruct
the path of the channeled particles dong certain directions and may be shadowed by the atomic
strings aong certain other directions (Fig, 2,1). The trgjectory of a particle getting channdled in
acrystal lattice will be determined by the strength of the potential presented by the target atoms
to the incident channeled particle. It would be interesting thus to consider the probability that

17



the projectile gets scattered in a crystal with impurities (interstitial or substitutional). Jousset
et a [l]-[3] have studied the dechanneling of a-particles by hydrogen and carbon interstitial in
palladium crystals for the planar case, assuming that the dechanneling is caused by Rutherford
scattering of a-particles from the impurities.

The possibility of pions and muons being used as probe particles for defects studies in materials
research has been looked into for the past thirty years. In the sequence of the hydrogen isotopes
extending from positron (e*) to triton, the positive pion (n*) stands closest to muon. As light
isotopes of hydrogen, =+ and p* can tell us the details about the crystallographic sites preferred
Py particles of unit electrical charge. They can also be used as probe atoms that may get trapped
at crystal defects in much the same way as positrons. The application of #* in defect studies
is closdly related to the diffusion studies of the #*. With the mass lying between those of the
muon and the proton, the #* will help us to understand quantum mechanical processes in the
diffuson of light positive particles [4, 5]. It was as early as 1957 that the use of the positive
muon as a probe of the condensed matter was suggested. The work of Garwin et a [6] along with
other pioneering works [7] were the turning points of the invention of uSR technique. We will
not discuss here the essentials of uSR techniques; but the application of muon (and analogously
pion) channeling cannot be overlooked. Muons have intrinsic angular momentum (spin 5) whereas
pions are spinless particles and hence the probability of muon emission is isotropic in the pion
rest System.

T —ut +u,
Since this is a two-particle decay, the muons resulting from it are monoenergetiand their kinetic

energy in the pion rest system is given by

(M, — m,)*c

in = =4.12MeV,
2m.,
their momentum by
MM 99 73MeV
p= S c=29. eV/e,
and their velocity by
m2 —m?

V=

Ee =0.27c

2 2
RE <+ m;,



The mass ratio of pion and muon is

rity fimy = 1.32

Wo have discussed till now, the similarities between pions and muons and therefore their uses as
solid state probes. On the other hand, these particles show marked differences in some aspects
and thus provide us access to different regimes of solid state parameters. The most significant
difference is the lifetime of these particles. Pion has a lifetime of 2.6 x10°® sec whereas union's
lifetime is 2.2x10° % sec. Consequently, the observable range of rates of kinetic processes e.g. of
thermalisation, diffusion, trapping, and detrapping at defects, atom formation or reactions with
foreign atoms, are shifted with respect to each other by about a factor of 10%

Being treated as light hydrogen isotopes, the mass difference between pions and muons is
crucial. It enables us to supplement the isotope effects of lattice locations, diffusivities, reaction
rates. In addition to these, pion experiments do not require special properties of the material
eg nuclear magnetic moments or high scattering cross-sections for neutrons: only crystals of
good quality (high perfection) would sufficee We can thus state that it is possible to perform
experiments on short-lived elementary particles of the same charge as hydrogen. Using positive
pions we can partly bridge the gap between the positron, muon and the proton mass. It is much
lighter than the hydrogen nuclides and thus the quantum effects are more profound. At the same
time it is heavier compared to e' so that the theoretical treatment of its behaviour is similar to
that of protons, deuterons, tritons and positive muons.

In times shorter than their lifetime, implanted pions are dowed down; the electrostatic re-
pulsion of the nuclei tends to localize the =* in interstitial sites. Trapping at defects leads to
different 7" sites in the crystal [5]. To get information on these sites, we may use muons as
signals obtained from pion decay as shown above. Pion sites in a channel lead to an increase of

the muon intensity profile (channeling) whereas the pions located in the chain of host atoms lead

to a decrease in it (blocking) (figure 2.2).
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The interaction between an incident charged particle and a host lattice is described by a
screened Coulomb potential which fals df exponentialy. Chylinski et d [§ have calculated
the dechanneling cross-section using a double-screened potential for a-particles in palladium with
hydrogen impurity. The same modd was again used [9 to evaluate the dechanneling cross-section
and corresponding scattering cross-sections of muons and pions propagating in tantalum crystal
with oxygen impurity. Since muons and pions are considered as the light isotopes of hydrogen, the
study of pion decay and muon channeling can yidd more intuition to the hydrogen studies. The
effects of screening are of fundamental importance for their consequences on, and in determining

the behaviour of any charge carrying disturbance in a metal.

21 Scattering Cross-section of 7/ u* by Defects (O in Ta)

In order to estimate the probability that a channeled particle (muon) will get scattered inside the
crystal (Ta) with impurities (O), we proceed as follows A steady beam of = is bombarded on the
target (Ta) for a long time such that the incident flux > (the number of pions crossing unit area
taken normal to the beam direction per unit time) is independent of time. The impurities present
in the target crystal modify the interaction potential between the incident pions and the target
atoms. There are 73 protons in the tantalum nucleus and a positive pion getting channeled inside
it possesses a repulsive potential. Because of the presence of oxygen which is a lighter nuclide,
the potential as experienced by the »* near these defects is effectivdy less repulsive; in other
words, in the background of highly repulsive interaction with pure Ta, =* a the impurity Sites
experiences a relatively attractive potential. The probability that these pions will get trapped
a these impurity sites or will be diffusaed can be estimated applying the scattering theory, in
particular the Born approximation. The same approach is aso used in the case of possible muons
scattering after the decay of pions.

The differential scattering cross-section, in Born Approximation, is given by

o )

where (0, ¢) is given as
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. 1 > - e | \tf' - -
£(6.0) = =2 Im [ Fe I (7) dR 2.27)
where K = |K| = 2ksin . K =2mE/W and U(F) = (2m/h*)V (r) and V(r) is the double-
screened potential [8, 9]
O e © . . )
f6) = “ﬁhh”.[ (Nl M — NN )dr

L 2mZe’K? (2.28)
RP(A2 + K2)(A? + K?) '

Therefore the total scattering cross-section is

o) = 2 [0

2567 Zim*elk?! / sin® ¢ cos ¢ 5 df
= 2 — 2.29
X Jo (A2 + 4k? smﬁ) (A? +4£ sin® {f) (2.29)
Let sin g =F :', Cos gdﬂ = dz;
g=0, =0 b=m, z=1.
Therefore
512w Zim?*e'k* /1 ’dr
_ 2.30
% W ). DI AR (N T AR (2:30)

which on integration comes out to be [10, 11]

32w Zim?e! A2 A2 ‘ AZN2 A2(A? + 4k?) .

O = =5 + = = == —In % (2.31)
hY(A2 — A2)2 |\ 2(A% + 4Kk?)  2(A2 + 4K?) 4k2(A% — A2) A2(A2 + 4k?)

One can infer from this formulation that as the velocity of pions increases, the scattering cross-

section decreases, which implies that the probability of pions getting trapped in crvstal increases.

Same trend in muons shows the greater dechanneling probabilty of muons at lower energies.
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22 The Dielectric Function

The double-screened potential. as described in chapter (1), around a partially ionized impurity

can be written as [8, 9

, ¢? [AZe~hr — X2 ¥
Vi) = 7% | -] 2.32)

5
Z\ here is the atomic number of the probe particle and since Z, — Z, = 1, it is omitted in the
above equation; A, is the Thomas-Fermi screening radius given by [12, 13]
1 ~ 0.8853a,

(2.33)

RS AL
where a, is the Bohr radius, Z; is the atomic number of the impurity, Z; is the degree of ionization
of the impurity atom. A ineg. (1) isthe screening parameter which is associated with the screening
of the electron gas of host lattice and can be related to the density of states at Fermi leve N(E)-)

by the equation

A = 4ne’ N(Er) (2.34)

with N(Ef) = 3n/2Er, Er = h’k}/2m and kr = (3n?n)'/?

where n is the concentration of conduction electrons in the host lattice (Ta), given by the product
of the number of outermost conduction electroas in each atom and the atomic concentration.
The interaction between a positive probe and a host lattice with ionized point defects is described
by the static screening concept connected to a dielectric function e(¢) [12, 14]. The detailed g
dependence of the static dielectric function is given by [12]

B 22 O
e(g) =1+ %%3 % + %lnl;ﬁ J_r ‘;’| (2.35)

The effective screening length 1/X tends to increase as g increases. Equation (5) has a singu-
larity at ¢ = 2k and is not analytic at that point. As a result of this singularity, the potential,
instead of being a smooth exponential function, contains well known Friedel oscillations of wave-

number 2ky. Assume X = . Expanding the log terms in the parenthesis, we get

2k F A
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6me’n [1  1- X2 X+ Xt
€(q.0) =1+ — -+ 14—+ — + ... . 2.36
(2.0) ¢°Er [2 2 ( ety )] 36)

which gives

ql(l _ ,.}.23) + X.! _ l.f'.’q-l
¢* '
where 3 = anc?/l]ﬁhzvrk}. A% = me’ /3R rky (2.38)

€(q) =

(2.37)

The Thomas-Fermi model [12, 14] defines the dielectric constant €(¢) which is wave vector depen-

dent as

a2

A..
e(g) =1+ p (2.39)

We can see that €(g) of this equation is small ¢ limit of equation(2.4).

2.3 Screened Potential of a Positive Probe in a Host Lattice with lonized Point

Defects

Following the formulation of Chylinski et al,[8, 9]. we write down the potential between an

mpurity ( atomic number Z; ) and the probe particle as

2
v = B2 ar (2.40)
@
where
= = m,—; ag = 0.0529 nm (Bohr radius). (2.41)

Aa (21— 2})3
The Coulomb potential between a target particle Z, and a probe Z, in the direct and Fourier

space can be written as [9]

Z] chz s

V(r) o V(g) = ;zlzgzm;‘;5 (2.42)

r

It is here that we invoke the dielectric function due to electron gas derived in the previous section.
The double screened potential for such a system of interacting particles can now be written as
2

47e? q
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When ¢ becomes comparable to 2kp, there is considerably more structure to €(g) which is not

analytic at ¢ = 2kp. The potential then, as predicted by Lindhard [14], at large distances goes as

o(r) ~ —]{ cos(2kpr) (2.44)

’
substituting the value of €(g) from equation(2.6) and noting that

Vig)

U —
@ €(q)

E 4?TZ| 4'1(""
142! ‘ 245
vla) (@P(1 ~42) + X% — B¢} (A3 +¢%) (243)

which after integration comes out to be

: ) ¢ '? 08 TP il o /\2 = Mgl
Ur) = VAVAL: i} T im rf v f — __‘_)..__ff(__f...... ‘-,‘) . (2.46)
r B2 \z(z2 4 A2y  22(A2—9%) (A3 +a2?)(Ad —9P)
’\\-'}l(‘]‘('
— A2 XF ) |
o= [—1‘573—)'- b= 2=+ (247)
r = (2 +a)?, y = (z—a)t (2.48)

The weakly decaying nature of this double screened potential shows its signature in the poten-
tia given by the above equation(2.15) which is otherwise not observed elsewhere [14]. 1t is dso
evident from the above equation that the electrons screen out the field of external charge and the
characteristic distance beyond which the field is effectively screened out is — ¢ In other words,
the electron gas distributes itself in the presence of external charge distribution so as to shield or
screen the fields produced by that distribution. The figures (2.3 to 2.6) show the variation of the
potential thus derived for carbon and hydrogen impurities in various states of ionization [7]. We
expect this model to be applicable in various situations where long range electron-ion interactions
afect the potentials due to heavy impurities seen by external probe particles in otherwise perfect

crystals.
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2.4 Dechanneling Cross-section of Energetic Particles by lonized Point Defects

When a charged particle is incident on a crystal, electrons are readjusted and there will he changes
in the charge state of the incoming probe particle. The' interaction between atomic eectrons of
the target and the probe is in genera not taken into account. One talks about the interaction
of the target and the probe with conduction electrons of target providing the screening. When
we consider the effects of atomic electrons of impurity along with conduction electrons of host
lattice, there is an increase in screening beyond the distance 1/A,. The impurities present in the
target crystal modify the interaction potential between the probe particles and the target atoms
11]. The electrons around the impurity are not smply heaped up but haloes of electrons will be
distributed around the impurity and correspondingly the potential function will also have similar
variations as shown in the figures. The planar potential between a channeled particle (in our
case am' or au™) and the two planes between which it moves was given by Lindhard [1]; in the

hyperbolic approximation it can be written as

Viz) = 55— (2.49)

where
A= 6nZr.e*°Nya; Y =d+ ar/2

and
0.88H3a,,
arp = S SRRy _I/.’i
2/3 2/3,1/:
(2" +(2,")
N, is the atomic density of the channeling planes (= Nd,, d, is the interplanar distance). The

critical angle for channeling is defined by
Ey?+V(z=0)= V() (2.50)
Substituting the value of V(x) from equation (2.18), the critical angle can now be written as

Ve = Y(Y?-2) E (2.51)
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Following the formulation of Chylinski et al-[8], the dechanneling cross-section for the potential

{equation (2.15)} [8, 9] can be written as

o(E) = KB [_].. ( . T .U) | -
BN+ ) (A2 - y%)  22(A2 - ¢¥) |

where

K =

and

Using the parameters listed in tables (1) and (2), we calculated the dechanneling cross-section
of a—particles by carbon and hydrogen impurity atoms in palladium crystal which are shown in
table (3). We have also evaluated the dechanneling cross-section of a 4.12 MeV u' by oxygen
impurity atoms in Ta using equation (2.18), which is shown in table (4). The results ac' compared
with the work of Chylinski et al [8]. Our results match with their experimental values in the case

of carbon impurity.



Table 1:
The values of the parameters used for calculating dechanneling cross-section of a 4.8 MeV o

by carbon and hydrogen impurities in Pd

Planar Atomic Interplanar
4 A K

direction | conc. (N) | distance (d,) T,
(eV'/* nm)

10%em * | (10 'nm) | (10 'nm) | (10 'nm) | (¢V nm)
3.892 1.822654 | 2.007673 | 10.05474 3.54296

{100} 68.0
{111} 68.0 2.246 0.999654 | 1.184673 | 5.80240 4.93282 |
A B z 4 Y

(10" "am~") | (10" 'nam) | (10°0m ?) | (10 " nm) | (10" ' nm)

2.44949 0.036160 | 350.6714 26.3579 2.5700

Table 2:
The values of the parameters used for calculating dechanneling cross-section of a 4.12 MeV

by oxygen impurity in Ta.

Planar Atomic Interplanar
Te Y A K

direction | conc. (N) | distance (d,)
(10 'nm) | (¢V nm) | (eV'? nm)

107 em (107'nm) | (10 'nm)
0.71593 | 0.879509 | 2.13704 5.23774

{100} 55.0 1.65
{111} 55.0 0.952628 0.367297 | 0.530822 | 1.23382 7.83221
A e 2 ® Yy

(10! nm') | (10"'nm) | (10?am2) | (10! nm) | (10" nm)

[

1.732051 1.02276 41.8013 8.9453 1.8932

e




Table 3:

The dechanneling cross-section (o) of a 4.8 MeV a by carbon and hydrogen impurities in
salladium crystal.

For Carbon Impurity

Planar | Experimental o (10 "nm?) Finite g o (10 "nm?) Small g [i_
direction | & (10 *nm?) | Singly | Doubly | Triply | Singly Doubly !
Ref.[8]Z; < 2 | ionized | ionized | ionized | ionized ionized
—
{100} - 2.743 2.874 3.043 - -
{111} 3.6 to 5.6 3.819 | 4.001 | 4.237 | 6.766 6.978
Planar Ao (10mm~1)
direction Singly Doubly Triply
ionized ionized ionized
{100} 3.650028 3.388389 3.078508
{111} 3.650028 |  3.388389 |  3.078558
For Hydrogen Impurity
Planar Ao (10mm~") o (10 *nm?*)Finite q o (10 *nm?)Small g (1]
direction | No ionization Single No ionization Single No ionization Single
ionization lonization jonization
{100} 2.134561 0.00 6.15 1.143 5 "
{111} 2.134561 0.00 0.8571 1.591 1.019 1.304
Table 4:
The dechanneling cross-section (o) of a 4.12 MeV p" by oxygen impurity atoms in Ta
Planar e (10nm~") o (10-5nm?)
direction | Singly Doubly Triply | Singly Doubly | Triply
jonized | ionized | ionized | ionized | jonized | jonized
{100} | 4.083242 | 3.878732 | 3.650028 | 3.692 3.909 4.170
{111} | 4.083242 | 3.878732 | 3.650028 | 5.521 | 5.846 | 6.236
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Chapter 3

CHARACTERIZATION OF STRAINED-LAYER
SUPERLATTICES

The tailoring of bandstructures of semiconductor devices to enhance their electronic and optical
properties has become, over the past two decades, one of the major driving forces in semiconduc-
tor physics. The three maor phenomena used for band tailoring are; (i)aloying of two or more
semiconductors, (ii)use of heterostructures to cause quantum confinement of formation of super-
lattice @and (iii)use of built-in strain via lattice mismatch epitaxy. Alloying of two materials is one
of the oldest techniques to modify and improve the properties of materials. In semiconductors,
this is motivated by the sole objective to alter the bandgap of the material to a pre-chosen value;
and aso to create a material with proper lattice constant to match or mismatch with an available
substrate. There are other potential advantages aso like improved carrier transport, fabrication
of heterostructures etc.

When two semiconductors A and B are mixed via an appropriate growth technique, then the
information on the crystalline structure of the lattice and the ordering of the atoms (arrangement
of A and B atoms in the aloy) are to be consdered very carefully. While in most semiconductors
the two or more components of the dloy have the same crystal structure, mixing a diamond
lattice material (e.g Ge) with a zinc-blende material (e.g. GaAs) can lead to some very interesting
structures [1]. Figure 3.1 shows the changes in the bandgaps of various material combinations,
the solid lines represent direct bandgap regions and the dotted lines the indirect gap regions. The
ordering of the atoms in the dloy is aso extremely important since the band-structure depends
strongly on ordering. The arrangements of the atoms A and B in the aloy may have the following

cases.
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Fig 3.1: The bandgap range achievable by alloy formation in some 111-V

compund semiconductors [1].



« All of the A atoms are locdized in one region while the B atoms are localized in anot her

region. Such alloys are called phase separated.

» The probability that an atom next to an A-type atom is A is X and the probability that it
is B is (1-X). Such aloys are caled random &loys.

* The A and B atoms form a well-ordered periodic structure leading to a superlattice.

A few specific cases of these dloys are, (i) GaAs-AlAs dloy which gives AlGaAs system,
the most important component of high speed electronic and optoelectronic devices. Nearly all
kinds of quantum well structures can be formed utilizing its perfect lattice match with GaAs. It
ds interestingly exliibits switching of the bandgap from direct to indirect. (ii) InAs-GaAs dloy
giving rise to the InGaAs system. These are active components of very high speed electronic
and optoelectronic devices. InAs and GaAs have a lattice mismatch of 7%. InGaAs also shows

excdlent low and high field transport properties and is the oncé studied in this work. (iii)
i

HgTe-CdTe giving HQCdTe. HgTe and CdTe are very wel |attice matched, do not show miscibility
gap and span a bandgap of 0 to 15 eV. HgCdTe has a direct bandgap throughout the composition
range and is used for very smal bandgap device applications. Also, it can be grown on CdTe,
ZnTe and even S and GaAs substrates. (iv) S-Ge dloy; this aloy alows the heterostructure
concepts to be used in S technology since it can be a component of S-SiGe structure. Apart
from this, these structures don’t find potential applications in the optoelectronic devices. Silicon
and germanium have a lattice mismatch of 4% and hence a suitable substrate to grow this aloy
on cannot be found eadly.

The basis of all the advantages of bandgap tailoring is the charge confinementhat is achieved
through this process. This is done by growing a thin layer (~ 100 A ) of one semiconductor
sandwiched inside a different semiconductor with different bandgap. The electrons (or holes)
are then confined in the smaller gap material by the potential barriers arising from the bandgap
discontinuity at the interface. As a result, the quantization energy shifts the band edge to a higher
energy; the electrons and holes are brought closer and the density of states becomes independent

of energy. If the confinement is realized in one dimension, the resulting device is quantum well,
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two dimensional confinement gives a quantum wire and three dimensional confinement gives a
guantum dot. The present discussion is focussed on quantum wel devices; the fabrication Of
these devices by the latest cpitaxial growth technologies is relatively simple as compared to the
processing of quantum wires or dots. The origina idea of fabrication of a quantum wdl structure

was proposed by Esaki and Tsu [2].

31 Epitaxial Growth

The fabrication of these types of devices became possible only after the major advancements in the
technology of epitaxial crystal growth techniques like Molecular Beam Epitaxy AIBE. Meta Or-
ganic Chemical Vapour Deposition A OCVD, Organo Metallic Vapour Phase Epitaxy OMVPE,
Atomic Layer Epitaxy ALE and Hot Wel Epitaxy HWE. Epitaxy literaly means outer, upon
or attached to (Greek epi) + arrangement or order (taxis). The thickness of the layers grown
ran be controlled to one atom layer a the rate of one micron per minute with the help of these
techniques. Much improved crystalline quality, accurate control over substitutional doping and
control of interface roughness to less than a couple of monolayers could also be achieved. Thus, by
growing materials with different bandgaps, bandgap "tailoring" or "engineering" can be achieved.
Therefore epitaxial growth, used to grow layers of elemental and compound semiconductors, &
compared to dl other crystal growth techniques, which provides better control of purity and per-
fection as wdll as doping level, is a wdl controlled phase transition leading to a single crystalline
solid, and is the exclusive growth technique for semiconductor aloys such as Al,Ga, ,As/GaAs
and In,Ga,_, As/GaAd he thermodynamics of the phase transition is the first basic tool to be
considered carefully. Since this is a dynamic and not an equilibrium process, the kinetics of both
the mass transport and of surface processes must aso be considered carefully. Defect generation
is another problem to be dealt with, since the epitaxial growth is normally at low temperatures
and has a high growth rate. In OMVPE, the growth is carried out in a cold wall reactor; the

growth is generated by the following reaction

Ga(CHs)(g9) + AsHs(g)— GaAs(s) + 3CH,(g)
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far trimethyle-Ga and
Ga(CyHs),(g) + AsHa(g) — GaAs(s) + 3CyHe(g)

far triethyle-Ga. The absence of Cl precludes the etching reaction and smplifies the kinetics Ly
eliminating the possibility of adsorption of chloride species on the surface. The ratiok of As to
Ga in the input gas stream is greater than one for the most favourable growth conditions. The
flow rate is linearly proportional to the gallium flow rate.

Crystalline defects such as grain boundaries, stacking faults, twins and dislocations are known
« get generated during the growth process, deteriorating the device prop.rties. These defects
have been shown to act as non-radiative recombination centres in many materials [4, 5], and
reduce the minority carrier lifetime and growth efficiency in LED [6, 7] apart from degrading the
performance of transistors, solar cdls, detectors and other devices. Considerable effort has been
devoted to the study and elimination of these crystalline defects in semiconductor materials.

All these growth techniques, till recently, concentrated on the use of lattice-matched epi-
taxy, limiting the associated development of electronic and optoelectronic semiconductor device
structures considerably. Wavelengths of laser emission, frequency response and output power of a
traasistor, al suffered limitations in lattice-matched systems. Strained-Layer Superlattices (SLS)
have unique electronic and optoelectronic properties [8]; in these structures the lattice parameter
of the deposit is different from that of the substrate which is accommodated by strain in the
layers. In lattice-matched epitaxy (fig. 3.2a), the deposit and the substrate have the same lattice
parameter; the epilayer atoms getting deposited onto the substrate locate the potential minima
corresponding to the substrate lattice Sites easily. In St rained-Layer structures, deposit atoms
are constrained to the substrate interatomic spacings in the plane of the interface [9], although
the lattice parameters of the substrate and the epilayer are different, resulting in a strain in the
epilayer and at the interface (fig. 3.2b). The magnitude of this strain directly depends on the
composition of the layer and the substrate. This elastic strain energy for a given lattice mismatch
increases with the epilayer thickness and beyond a critical thickness, al the strain in the epilayer

isrelaxed. This process occurs via the introduction of slipped regions into the crystal, bounded by
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line defects called the "misfit dislocations'. Structures that are strained are termed commensurate
or coherent and the strain relaxed materials (fig. 3.2c) are called discommensurate structures.
Midit dislocations are the unwanted defects in the solid which deteriorate the performance of
the devices and hence it is important to characterize strain, strain-relieving mechanisms and the
limits of strained layer growth. A number of theories exist for the critical layer thickness [5-15]
far given structures; the most relevant being the one due to Matthews and Blacleedee [10, 11, 12].

The critical layer thickness for In,GageAs material lies between 100 A- 300 A. With aview
to determine the exact thickness a which tin's system (Ir,Gag9As/GaASLS) relaxes, we have
grown a series of such structures and characterized them by ion channeling. Other complimentary
characterization techniques like High Resolution XRD and Raman Spectroscopy have also been
carried out on these structures and the results are compared. The description of these SLS and

ds0 some samples that were obtained earlier is given in the forthcoming section.
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LATTICE-MATCHED STRAINED DISLOCATED
LAYER

Fig 3.2: Schematic illustration of (a) lattice-matched heteroepitaxy, (b) co-
herently 1attice-mismatched heteroepitaxy and (c) relaxed lattice-mismatched
heteroepitaxy [9].



32 Sample Description

Some of the SLS samples were obtained from the Tata I nstitute of Fundamental Research, Mum-
ba, India. These are listed below.
(100) growth direction on GaAs substrate

30 alternating layers of Iny¢Gay 3 Aswith thickness 55 A and GaAs with thickness 225 A
atop cap-layer of GaAs 0.3;: thick and a buffer of 0.64.

o 30 alternating layers of Ing50.5As with thickness 45 A and GaAs with thickness 225 A a
top cap-layer of GaAs 0.12u thick and a buffer of 0.6p.

30 alternating layers of Ing¢GagsAs with thickness 55 A and GaAs with thickness 900 A
a top cap-layer of GaAs 0.12/J thick and a buffer of 0.64.

5 alternating layers of GaAs of 200 A and In, .GaysAs of 70 A.

Some samples have been grown on the Organo Metallic Vapour Phasc Epitaxy( OMVPEjacil-
ity at the Solid State Electronics laboratory of Tata Institute of Fundamental Research, Mumbai.
All the experiments have been carried out on these samples. The sample specifications are

shown below.

Table 3.1: Samples grown at TIFR. Indium content in al the casesis 0.1. /All samples grown on
GaAs substrate and 5000 A thick GaAs buffer.

Sample No. Specification Thickness (In the same order
9702 GaAs/InGaAs/GaAs(Buffer) 250 A/ 350 A /50(;{5 A
9706 InGaAs/GaAs(Buffer) 300 A /5000 A
9850 InGaAs/GaAs(Buffer) 100 A /5000 A
9851 InGaAs/GaAs(Buffer) 200 A /5000 A
9853 GaAs/InGaAs/GaAs(Buffer) 300 A/500 A/5000 A

9854 GaAs/InGaAs/GaAs(Buffer) 300 A/200 A /5000 A
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33 Rutherford Backscattering Spectroscopy/Channeling

Rutherford backscattering Spectrometry (RBS/channeling) is one technique which
can determine the thickness, composition, defect densities, uniformity and strain, and can be
goplied readily to the superlattices [8, 9, 11].

RBS is based on four basic physical concepts corresponding to specific physical phenomena;
each one has a particular capability or limitation of backscattering Spectrometry. These are listed

below with brief descriptions.

331 Basic Physical Concepts

» Energy transfer from a projectile to a target nucleus in an elastic two body collision.
This process leads to the concept of kinematic factor and to the capability of mass per-
ception. When a projectile of mass M; moving with an energy E, collides elastically with
a stationary particle (target) of mass M,, energy will be transferred from the moving to
the stationary particle. This interaction is assumed to be elastic with the condition that
the projectile energy E, must be much large than the binding energy of the atom and
nuclear reactions and resonances are absent. If E\ is the energy with which the projectile is
scattered back, O is the scattering angle and ¢ the recoil angle, then the kinematic factor it

Is defined as the ratio of the projectile energy after the collision to that before the collision;

k :
E, (3.53)
The energy and momentum conservation principles give
2 \ 2
1— (M) sin?6]: + (M) cosé
kg, = [ (Mz) ] ( M,) (354)

M
1+ (3)

Thus, with a knowledge of E), E,and hence k, the mass of the target can be found out.
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The probability that an elastic two-body collision occurs. This loads to the concept Of
scattering cross-section which in turn leads to quantitative analysis of atomic composition.
Suppose a narrow beam of particles impinges on a wide target; a detector is placed a an
angle 0 from the direction of incidence which counts each particle scattered in the differentiad
solid angle direction df2. If Q is the total number of particles that have impinged on the
target and dQ is the number of particles recorded by the detector, then the differentia

. . da . .
scattering cross-section a0 denined as

d 1,dQ.
5 = w7l(55)/Q) (355)
(

where N is the volume density of atoms in the target and t is its thickness. Ni, therefore
is the zreal density of the target. The average number of scattering events faling within a

"finitep solid angle 2 is then given by
L [(%y40 (350)
° s:z.[,,(;z(z)" '

The tetal number of particles detected or the backscattering yield is written as

Y = oQIQN1 (3.57)

number. of a total number of number of target
= T B
detected particles incident particles atoms per unit area
Thus, when ¢, 2 are known and the number of incident and detected particles are counted,

the number of atoms per unit area, Nt, can be determined quite accurately.

Average energy loss of an atom moving through a dense medium. This leads to the
concept Of stopping cross-section and to the capability of depth perception. The likelihood
of a Rutherford scattering collison is very less and most often, the projectile penetrates

into the target. As it pushes itsaf through the target, it dows down and its kinetic energy
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decreases. The amount of energy lost per unit distance A:r, which is measured by recording
the energy difference before and after the transmission through the target, defines the

specific energy loss

AE dF
Ain‘]“ y el (E) (3.58)

The energy at a given depth x below the surface is then given by

g dF
=B = [ : (359)
0 rir
dL z dB _
- is a function of energy and not x and so / (— )dz cannot be evaluated without the
I Jo o A

knowledge of the energy as a function of », E(x). But E(z) is unknown in the equation;
the difficulty is resolved by regarding = as a function of E, rather than F as a function of

x. Then,

dr = E[—:(L’)rff (3.60)
Therefore,
£ = / (EE JdE = [11(%) \dE (3.61)
Or
o= (B~ E)(E)" Ik 362)
If S is the target area illuminated by the beam, N the atom density in the target and Az
the thickness of the target, then % = SNSA:r. = NAz.ThereforeAFE is set proportional

to NAz and the proportionality factor is known as the "Stopping Cross-Section £".

dFE

(N)(EE) (3.63)



o Satistical fluctuations in the energy loss of an atom moving through a dense medium.
This process leads to the concept of energy straggling and to a limitation in the ultimate
mass and depth resolution of the backscattering spectrometry. An energetic particle that
moves through a medium loses its energy via many individual encounters. As a result,
identical energetic particles, which al have the same initia velocity, do not have the same
energy after passing through a thickness Ax of a homogeneous medium; they are no more
monoenergetic. This results in fluctuations in the energy loss which places a finite limit
for the precision on both the mass and depth perception. For these reasons, it is very
important t0 have quantitative information on the magnitude of energy straggling for any

given combination of energy, target material, target thickness and projectile.

When the incident ion beam is directed dong a high-symmetry crystal direction, ion channeling
occurs [20, 21]. xmiwWhich is the ratio of the backscattered particles when aligned (A) to a
crystallographic axis to that in the random (R) condition (i.e, Xm. — Ya/Yr) iS @ measure
of the crystalline quality of the sample. A x.... vaue of a very good crystalline sample will be
around 2-3%. With ion channeling one can determine the tetragonal distortion in the epilayer and
consequently the in-plane strain (whether compressive or tensile) can be determined. Therefore,
the use of ion channeling in conjunction with RBS provides a measure of the crystalline quality
as a function of depth and also dlows determination of the strain in epitaxial layered structures.
Strain measurements by ion-channeling technique in multi-layered structures is based on the
tetragonal distortions induced in the layers.

To align the sample that is cut so that the [001] axis is norma to the incident beam, the axis
of rotation of the goniometer is given atilt of 3“ from the incident direction. A "¢" rotation is
then given in steps of 1.5° and the backscattered yield is recorded each time. The same procedure
is adopted for a tilt of 6°. The position of the most pronounced minima are recorded on polar
coordinates. The lines connecting the minima then correspond to {100}, {110} and {111} planes,
The intersection of these lines correspond, to the [001] axial direction. The coordinates of the
point of intersection give the goniometer position that will line up the [001] axis with the be

[21].



The two components of strain are defined as

S d —d ) 364
: d- (364)

(d) —d)
o = g (3.65)

where d} and d] are the interplanar spacings of the strained layer in the direction perpendicular
and parallel to the interface respectively. d* and d'are the corresponding values for the free lattice

of the epilayer material. The tetragonal distortion in the epilayer ¢, is related to ¢y and ¢, as

A6
G =y i (3.66)

sinf cos

where 0 is the angle between the positions of [100] and [110] directions where wo get minimum

yidd in the substrate and AG is the difference in the position of the minimum yield dip of substrate
and epilayer.

44 High Resolution XRD

High Resolution X-Ray Diffraction (HRXRD) has become an essential and versatile tool to
characterize heteroepitaxial structures, and, often complementary to other characterization tech-
niques. XRD is very senditive to the lattice strain. Point defects are too small to be observed
by conventional imaging techniques but they do have appreciable effects on the X-ray intensity
profile. With the advent of increasingly perfect single crystals and crystalline layers, a need for
refined characterization emerged and HRXRD stands ofié among the most powerful and non- -
destructive techniques. Under the optimum conditions, HRXRD is capable of detecting strains
with a sensitivity of about 10-° [22]. It provides information on the interface structure with
monolayer precision.

HRXRD gives a Fourier transform of a crystal volume of typically 1 mmx 1 mmx (56— 50)um.
The data are X-ray intensity distributed in the vicinity of a reciprocal lattice point (or a Bragg
peak). which is integrated over the direction normal to the diffraction plane by a detector wide-

open in that direction. A high angular resolution, and thus a high strain sensitivity is achieved by
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monochromating and/or collimating the incident X-ray beam, the procedure for which is given
in ref. [22].

The relation between the chemica composition and the lattice parameter form the bass for
HRXRD. The lattice parameters of the aloys gradually change with the chemica composition
ad can be approximated by a linear interpolation of the lattice parameters of the binary end
members. This relation is known as Vegard's Lawv [23, 24]. With HRXRD, the lattice parameter
ad the lattice mismatch can be determined exactly and from this the chemica composition can
be deduced. Consider the system of AlGaAs on GaAs. Because of the similar lattice parameters
{0,(GaAs)= 5.563A4, a,(AlAs)= 5.6611 A }, the lattice mismatch determination &, the Cu -
Ka, —GaAs {(004) reflection } mud, be accurate to 2.7 x 10" corresponding to an angular width
of the layer peak (A~ 0.001), if the chemical composition is to be determined with an accuracy
of 1 %.

Another analytical am of HRXRD is the determination of layer thickness. In measurements
of extremely thin single layers, the smal reflectivity presents the difficulties, rather than the
angular width of the layer peak. Therefore for carrying out HRXRD, one needs to have an
angular resolution of at least 0.001° and a dynamical range of intensity.

As stated earlier, HRXRD measures the intensity of scattered X-rays,; these are distributed
in the neighbourhood of a reciproca lattice point. k, is defined as the incident wave vector, k
as the diffracted wave vector inside the crystal and K, and K are defined as the incident and
diffracted wavevectors outside the crystal, conventionally. So the reciproca lattice point serves
as a reference position in the reciproca lattice space in describing the distribution of scattered
intensity as a function of deviation (q) of the scattered wave-vector K from the reciprocal lattice
point. The g-vector lies within the diffraction plane because the scattered intensity distributed
in the direction normal to the diffraction plane is integrated by a wide-open detector.

If we define 95 as the angle at which the Bragg reflection takes place, (fss,the Bragg angle
for the substrate and s, , that for the epilayer), then the Bragg condition is written as

2dsinflp = A (3.67)
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Differentiating the above equation, we get

Ad

— =€, = —cotlg Al (3.68)
For GaAs samples and materials grown on them, (004) (224) (224) (115) and (115) arc the
directions in which the Bragg equation is satisfied. If w, is the incident angle of the X-ray beam
to the substrate and wi that to the epilayer, ¢ the inclination of the Bragg plane to the substrate
and 7; that to the epilayer, then wes = @ps+ 75 is called the High Incident angle and wgs = 05— 75,
the Low Incident angle for the substrate. Similarly w; = 6p; + 71 is the High Incident angle and

w; =0p; — 71, the Low Incident angle for the epilayer. We then have (25, 26],

COs Tg Sin By o
= —— e . ] (3.69)
cos 7, sinfyy,

sin 7 sin g -
& = e — = =1 (3.70)
' osin 7y sin gy

The tetragonal distortion e is then given by

l=v)e, + ve ,
€ = (1 = v)e; +ve (3.71)
1+v
where v is the Poisson ratio which is given by
€12

¢+ C12

= (3.72)

for the (001) surface and ¢;; are the elastic constants [22].

Determining ws, wy,fps and Oy, one can evauate the strain straightforwardly. If the thick-
ness of the epilayer exceeds the critical thickness, the layer relaxes giving rise to misfit dislocations;
the tetragonal symmetry is cancelled and the unit cells of the layer assume a cubic symmetry. In
the case of fully strained layer, € is zero and when the layer partialy or fully relaxes, € ; is no
longer zero. Thus by carrying out HRXRD, one can establish whether the sample has relaxed or
not and also quantify the strain if the system has not relaxed.

3.5 Raman Spectroscopy

Raman Spectroscopy also alows one to determine this strain. Constant et al,[27] determined

the internal strain in the pseudomorphic In,Ga, ,As/GaAstructures over a wide range of
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compogtion X. The gquantitative measurement of strain is obtained from the phonon wave number
shift between commensurate and incommensurate layers, governed by the formula
1év

=5~ (3.73)

wheare 3 is a constant which depends on the material, growth direction and conditions and phonon
type mode. v, is the wave number of the strain relaxed material for the same composition, which
is evaluated from figure 3 of ref [27]. This vaue is compatible to the LO phonon wave number
(v) of In,Ga,, As/GaAstructure with InGaAs thickness 500 A which is expected to be relaxed.

bv is the wave number shift.

36 Experimental

Sample of Ing1Gap9As/GaAsused in this work was grown by Organometallic Vapour Phase
Epitaxy (OMV PE) at 100 torr pressure and 640° C growth temperature using alkyles trymethyle
gdlium, trimethyle indinm and the hydride arsine. Epilayers arc grown on nominal (001) GaAs
substrate on a 5000 Athick epitaxially grown GaAs buffer layer. The V/I1I ratio used on this
growth is about 150.

On sample 9706, RBS and channeling have been carried out by 15 MeV and 3 MeV He'*
beaan at Institute of Physics, Bhubaneswar, at a scattering angle of 150°. The scattering chamber
is equipped with a goniometer with five® degrees of freedom (=, y, 2,6, ¢).On the goniometer, the
9 precision is of 0.1° and the ¢ rotation has a precision of 0.3°. The beam is collimated by a pair
of collimators of dia 1.5mm, seperated by a distance of 0.5 meter. The details of this setup are
given in [29].

On other samples, RBS and channeling bave been carried out at the 2 MeV Van de Graaff
accelerator at Indian Institute of Technology, Kanpur. He* beam of energy 12 MeV has been
utilized at a scattering angle of 150°. The scattering chamber is equipped with a goniometer with
gx degrees of freedom; three translational motions (+10mm) along the X, y, and z directions,

and three rotational motions namely the 9 rotation (180°) around the beam direction (x) with
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aprecison of 0.0125° the ¢ rotation (360°) around the axis perpendicular to the beam in the
veticd plane with a precision of 0.018 and the ¥ rotation (£3.5") around the axis perpendicular
to the beam in the horizontal plane with a precison of 0.007".

RBS and channeling have been carried out again on these samples duo to some ambiguity
in the channeling results of IIT, Kanpur. This work is carried out & Center of Irradiation Of
Materids, Alabama A & M University, at 3058 MeV He** beam at a scattering angle of 170¢
ad a solid angle of 0.2249 msr, the total FWHM is about 35-40 keV. The goniometer of this setup
hes four degrees of freedom; x (horizontal transversal), z (vertical transversal) with a precison
of 0.0025mm each, 9 rotation (about the z-axis) of 0.(1° precision and a ¢ rotation (about the
beam direction) of 0.001° precison. The beam is collimated by a pair of collimators of 15 mm
and 2 mm respectively.

A brief description of the Philips XTERT Materials Research Diffractometer {MED) at TIFR,
Mumbad, is given here.

()A series of Pre-aligned Fast Interchangeable X-ray (PREFIX) optical modules for point and
line focus applications. Each PREFIX optica module is fitted to a U-shaped mounting bracket
which has precisely machined, highly polished surfaces. It aso has the ability to rotate ceramic
insulated X-ray tube from point to line focus. Because of this feature the system can be changed
from a High Resolution or Stress/Texture point focus application configuration into a normal
Bragg configuration using the appropriate PREFIX optical modules for line focus applications,
in avery less time without losing the alignment. (ii))A PW3040/00 Coasole comprising the X-ray
generator, electronics racks with CPU and source controller. The electronics rack contains two
position controls to drive the horizontal goniometer, Dua Seder boards for the detectors and ad-
ditional multiple DC Motor drive boards to drive the MRD cradle. (iii)A PW 3050/20 horizontal
goniometer equipped with two optical disks for Theta and 2Theta. The goniometer is controlled
by two position controls (Pps. Con. 2) which are able to drive 9 and 29 in steps of 0.0001¢ with a
reproducibility of +0.0001, (iv)The MRD cradle has five following motorized movements; (a) a
phi ¢ rotation (360° step sjze 0.02) with a reproducibility of +0.01° 4pq aslew speed of 70¢/sec
(b) a Psi tilt ¥ (180° step size 0.01°) with a reproducibility of £0.01¢ ynd a slew speed of 2¢/sec
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(© X/Y translation for wafer mapping (£50 mm) with a step size of 0.01 mm and a precison of
10, (d) Z translation (x5 mm) with a step size of 0.001 mm and a precision of 1u () Sample os-
cillation around any point on the X and Y table perpendicular to the diffraction plane. The cradle
ran be used as a programmable automatic sample changer for multiple samples that have different
heights and shapes. (v)Three PREFIX primary 4-crystal monochromators and a Ge[220] primary
collimator. The Ge-crystals are factory aigned, tilted and set-up in either the Gg/440] or Ge[220)
reflection to use the system in the High Resolution mode. The specifications of the assemblies are
(@ 4 crystal symmetrically cut Gg440] setting: A8 ~ 5" (b) 4 crystal symmetricaly cut Ge|220]
setting: AB ~ 12" (¢) 4 crystal asymmetrically cut Ge[220] setting: A6 = 18" (d) 2 crystal
symmetrically cut Geg[220] collimator: Kaland Ka2. (Vi)A PREFIX crossed dlits collimators
with filter slots, used for Texture or Psi-stress measurements. Opening 10 x 10mm continuoudly,
sde 0.02 mm. (vii)A PREFIX Fixed Divergence Slit Assembly with Masks. A programmable
divergence dlot assembly is optional. (viii)A PREFIX Secondary HR-Rocking Curve Assembly
with rotatable dlit section. (ix)A PREFIX Secondary HR-Rocking Curve/Triple Axis Optics As-
smbly with rotatable dlit section. (X)A PREFIX Secondary parallel plate collimator (thin film
attachment). (xi)A PREFIX Secondary Diffracted Beam Optics Assembly with programmable
recaiving dlit. (xii)General Data Collector Windows Software.

Raman spectra are recorded in the backscattering geometry so as to observe the LO vibrations
of the singlet type [30], which correspond to the phonons that propagate along the axis of the
strained samples [31, 32]. Verticaly polarized 514.5 nm argon-ion laser beam of 100 mW power
was used to excite the Raman spectra. Scattered light from the samples was collected using a
camera lens (Nikkon) and focussing lens. It was dispersed using a double monochromator of model
Spex 14018 and detected using a cooled photomultiplier tube of model ITT-FW 130 operated in
the photon counting mode. The dit width of the monochromator corresponding to 4.2 em~'in
terms of FWHM of the instrument resolution function was employed. The scattered light was
integrated for 10 seconds and digitally recorded at 0.5 cm"! wavenumber interval. The optical

absorption spectra are recorded usng a Chemita 599 UV-VIS spectrophotometer.
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37 Results and Discussion

RBS spectrum of 15 MeV He++ on the sample 9706 is shown in figure 3.3. From this random
spectrum and the thicknesses of the epilayer are confirmed. The atomic fraction of In is found
to be 0.1. The In signa from the epilayer is easily resolvable but the Ga and As signals from
epilayer could not be distinguished from those of the buffer. Picraux et a [34] have carried out
RBS on Ing 19 Gag, &1 A SGaAs multilayered (31nm/layer) superlattice. They found that the In
fraction (x=0.19) in the alternating layers gives rise to major oscillations and is resolvable upto
16 layers. These oscillations are not seen in the present studies, owing to the lesser semposition
of incium content [10].

In our study the Ga signa in the In,Ga,;.,Aés reduced as also the As. The amount of
reduction in the yield depends on the crystalline quality of the sample material. For instance, the
xmin  Of indium for al the samples is around 10% indicating reasonably good crystallinity of the
epilayer. Strain measurements by ion-channeling technique in multi-layered structures is based on
the tetragonal distortions induced in the layers. These experiments for SLS have been performed
in early eighties [11],[35]-[43]. Picraux et a [39 have determined strain in GaAs; ;Sb,/GaAs
grown by MBE. We have determined the tetragonal distortion using formula (3.14). A#, the shift
in the minimum yield and the corresponding tetragonal distortion, e, ha¥ been found out from
figure 3.4. The results are tabulated in table 3.2. The shifting of the minimum yield towards left
with respect to the substrate indicates that the distortion is compressive. This is expected since
the lattice parameter of In,.Ga, . Aks larger than that of GaAs. No separation in the minimum
yield dip of the substrate and the buffer has been observed.

On samples 9702 and 985 series, RBS/C experiments are carried out at Alabama A & M
University. 985 series samples show that the atomic fraction of indium has changed to 0.075 as
against 0.1. This is later confirmed by HRXRD. The results of the available data are shown in
figures 3.5 - 3.7 and are tabulated in table 3.2.

Channeling at 1.2 MeV on these samples were first carried out at Indian Institute of Technol-

ogy, Kanpur. The results of this experiment shows that all the samples are relaxed. But High



Resolution XRD and Raman Spectroscopy show a finite strain in al the samples. At these low
cnergies, the critical angle for channeling becomes larger than the angular misalignment [41] and
becomes complicated and often ambiguous due to the beam steering effects, in that some of the
channeled ions become random in one layer, although aligned in one. This steering effect can also
dter the symmetry of angular scan profiles of deep layers [44, 45]. For instance, figure 3.8 shows
the angular scan around <011> axis, of sample 9702. The shift in the minima of epilayer from
that of substrate is less than 0.1°, giving a tetragonal distortion of ¢, — 0.17%. This indicates
that the sample has relaxed, contradicting the experiments of HRXRD and Raman Spectroscopy.
It was then decided to carry out channeling at 3 MeV and the samples (other than sample 9706)

were subsequently studied at Alabama A & M University; the results of which are reported here.
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X-ray measurements of (004) reflection along four azimuth directions give mean separation
between the GaAs Bragg peak and the In,;GaggAsBragg peak AQ) such that ¢, and ¢, e
evaluated straightforwardly. We have measured the asymmetric 224 and 224 reflections also for
this sample, from which, €., €; and hence the strain are found out and tabulated in table 3.2
Figures 3.9 - 3.13 show the X-ray spectra of al the samples.

SLS s of {n.Gai-,As/Gahave been studied by Raman Spectroscopy rigorously [28] and all
such studies reveal that InGaAs presents a two mode behaviour; the GaAs-like LO phonon mode
and InAs-like | O phonon mode. The GaAs-like LO phonon is more dominant and the TO mode
is not observed at all. The wavenumber of INGaAs is shifted from both the LO phonon modes of
the bulk GaAs and the GaAs-like LO of the ternary dloy for the same composition. This feature
is the superposition of the GaAs LO and the GaAs-like LO of I1,Ga, , Asshifted by the efforts
of strain in the opposite direction. v, is found to be 288.3 ¢! and v is noted down in figures
3.14 - 3.19 for each sample. (3 value for the indium content of 10% has been found by least square
fit of the values given in table 3 of reference [27]. It comes out to be 1.6602. Strain vaue is
then evaluated using equation (3.20). The results are tabulated in table 3.2 aong with those of
ion-channeling and HRXRD.

Table 3.2 The values of strain for various samples using lon Channeling, XRD and Raman

Spectroscopy.
Sample No. Strain (&%) Strain (e, %) Strain (€,%)
By lon Channeling By HRXRD By Raman Spectroscopy
9702 1 0.96 1
9850 0.7565
9706 0.7 1 13
9851 0.7 0.92 0.945
9853 0.7 1 1

9854 0.7 0.85 0.9
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Strain values in such technologicaly important SLS can aso be found out by empirical formula.

R . Sl (3.74)

1]

and

€ == S—=—— (3.75)
where a; and a} are the lattice constants of the strained layer in the direction perpendicular and
parallel to the interface respectively. a and &' are the corresponding values for the free lattice

of the epilayer material. The tetragonal distortion in the epilayer ¢, isrelated to ¢y and ¢, as

ff :(l *(l (376)

These can be calculated by finding out the lattice constants of I,Ga,. . Assing the Vegard's

law

Aly,.Ga) - As = TlpAg i (] = “E)(',‘(:IIAh (3??)

and the lattice constants agqas = 5.6532A and a4, = 6.0584A | we find @, ,Gageas = H.6937A.

¢, and €, are related to each other by the elastic constants c11, 12 etc as

n

. (3.78)

2cqy

which again can be found by Vegard's law. Assuming fully strained epilayer, the expected vaue
of €, is 0.014 which is higher than the ¢, values obtained from the two measurements described
above. The lower ¢, value can occur if the strained layer relaxes. The critical thickness for strain
of 0.01 obtained from the Matthews and Blackesee formulation is close to 200 A. Therefore a
partial relaxation of the strain in the epilayer cannot be ruled out at this stage.

The lattice constant of unstrained Ing;Gage Will henceforth be named as a.,; and that of the
GaAs as ag. According to the definition, the tetragonal distortion that one determines from
ion channeling is the change in the lattice parameter from unstrained to strained vaue. X-ray

scattering determines the strain from the lattice parameter the epilayer takes with respect to the

substrate lattice parameter.



The two can thus be related as follows:

lon Channeling:

Af

€ s —
sin # cos ¢

€ — €]

!’L‘H — Q)

Qepi

XRD:

_ aH‘_ﬂJ

[ —
/ ag

(3.79)

(3.80)

(3.81)

This /7 is evaluated from the F)Ifm? that is determined from X-ray measurements as follows

[22]
_a; v as d _ 2 —@as
€, = -_.:_____-. an E“ = e
al b
Nhen the epilayer is fully strained,
‘1|1 = dag and SO E,| — ()
_ _ ﬂ'i\ - a'c;m o - &
€z = Fyy - = €| i
ag
a;, — a‘t.’p]
€, = ——— =€, —¢€
2 as
2v
= = €za
1—v
2v l1—-v

€y
‘s 1+VE“+1+U

So, in the case of a fully strained sample, ¢y = 0 and hence,

l1-v
€f — €1
T 14w
where v is the Poisson ratio = ¢j5/¢;; + ¢p2.
a, —as
€, = —

ag

(3.82)

(3.83)

(3.84)

(3.85)

(3.86)



and thus,

gl () (3.87)

{1'!']” .

The strain values that are tabulated in table 3.2 can be compared straightforwardly.
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Chapter 4

CATASTROPHIC DECHANNELING RESONANCE
STUDY OF InGai.x,AYGaAs MULTILAYERS

There are three widely used methods of ion hanneling to measure strain in SLS. First, deter-
mination of strain from the shift in the channeling dips and secondly the influence of crystal
imperfections on ion channeling in SLS which results in dechanneling along the inclined direc-
tions. The third method is based on a resonance condition in which if the period of SLS structure
matches with the average channeled-particle wavelength, there will be a rapid increase in dechan-
neling after a certain depth. This phenomenon is cdled Catastrophic Dechanneling Resonance
(CDR), which is less commonly used but highly sensitive method for strain measurements in
SLS. The channeled particles oscillate between the planes and have a classical trajectory wave-
length which starts with all the particles in phase. Since the wavelength varies only moderately
for particles of different amplitude, phase matching is retained to moderate depths. At shalow
depths, the channeled yield is similar to that of a bulk crystal and after penetrating a few layers,
a very strong increase in the channeled signa occurs until almost all the beam is dechanneled.
This method is suitable only for thick layers since the haf wavelength of channeled particles is of
the order of 30nm; this must be made equal to the path length per superlattice layer along the
inclined planar channeling direction- Inspite of this constraint, CDR technique is attractive for

strain analysis at very low strains: it is the most sensitive of al the ion-channeling techniques for

strain measurements.

The above mentioned behaviour is readily understood in a phase-plane description (fig. 4.1).
The incident beam is represented by a line on a diagram of normalized transverse momentum

(i.e. angle) versus normalized position in the channel.
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This line rotates as the channeled beam penetrates the crystal and undergoes a vertical shift
at each interface according to the sign and magnitude of the tilt angle Avy.. As a result, in
the simple modified harmonic model, the focus point of the beam moves close to the channel
wall in each successive layer until the particles have sufficient transverse energy to penetrate the
planes. In penetrating each layer, the beam changes direction since this corresponds to travelling
a haf wavelength, but the crystal planes aso change their direction by A+. Thus, the angle
of the channeled particles relative to the crystal planes increases at each interface until they
become sufficiently large so that particles can no longer be stecred by the crystal planes and are
dechanneled. The layer in which CDR occurs is directly related to the tilt angle Ay at each

interface and incident angle of the beam with respect to the superlattice planes.

We have undertaken systematic experimental and theoretical study [12] on strain and strain
relieving mechanisms in technologically important SLS using ion channeling methods. CDR
occurs when haf wavelength — of oscillatory motion of a planar channeled ion beam matches the
path length per layer (s) of SLS which leads to sudden increase in the dechanneling after a certain
depth. Study of this resonance gives the information on the strain present in SLS. Harikumar et
a [ have theoretically studied the parameter dependence of CDR (energy, incident angle, tilt
angle etc) in GaAs, P, ,/GaRsing Thomas Fermi type potentials and a realistic Shell model
potential and their calculations [2-4] were in good agreement with experimental results [4]. Here
we report, to the best of our knowledge, for the first time, the calculations of the parameter
dependence of CDR for He4 ion beam along (110) plane in Ing,Gay9As/GaAsuperlattices using
Moliere potential. A similar study was earlier carried out for Ing.GagsAs/GaAs using Biersack
and Shell Model Potential. The Shel potential is free from the statistical nature and takes into
account the detailed atomic shell structure of the target material. The shell model charge density
and shell potential is earlier used successfully by Harikumar et a [5 for various other problems

like stopping power, channeling radiation etc. in the related problems of ion channeling studies.
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4.1 Dechanneling in SLS

Under CDR conditions, a large fraction of planar channeled particles is simultaneously focused
onto the channel wall as a consequence of resonance. The minimum impact parameter r. defines
the cut-off distance for a channeled trajectory, and if a particle approaches a plane within this
distance r. of that plane, it is considered to be dechanneled. The equation of motion for the
planar channeled particle in an SLS is given by [1-5

‘Lf + %&d‘;}am = i(-n-’mfaa(z ~ js) (4.88)

F=ll
where x and z are the transverse and longitudinal displacements of the channeled particle

respectively and x is measured from the midpoint between the planes. E. is the longitudinal
energy and almost equals the incident energy E, n is the number of layers and tilt Av) is aresult
of the elastic accommodation of the strain and is a direct measure of strain in SLS. Y,(x) is the
averaged continuum model planar potential due to two planes surrounding the particle trajectory.
The wdl known Moliere potential for planar channeling situation can be written as ([2] and further
references therein)

e by

Y(y) = 2nNd,Z, Zze"’ZalT (4.89)

i=1
Here Z\ and Z, are the atomic numbers of the projectile and the target atoms (SLS) respec-
tively, eis the electronic charge, N is the bulk density of atoms in the crystal, d, is the interplanar
distance, y is the distance measured from the plane and a; and b; are fitting constants. The total

transverse energy E, is conserved and is given by [6]
E, = E(=)* 4 Ya(z) (4.90)
where dx/dz= 1) is the incident angle. From this we get

dz = VB %% (4.91)
El = YYQ(:E)



which yields after integration, the wave length of particle trajectory as a function of transverse

energy as

% | e (4.92)

Here a is the amplitude of motion defined by Yz(a) = E, .

Corresponding planar Shell potential is given by (2, 3]

2n; 2ni-k m
W, S ~2¢; Y
Ys(y) — 27TNde]€2 Z '—?-i"' kz: k(QEJ)Q {=K Z e 25y = (2£j)2'lj—k“"" I (493)
j =1 m=o *

where n; is the principal quantum number, w; is the occupation number of the j-t"y shell, §;
is the optimized orbital exponent.

For each incident angle ¥'», the trajectory calculations are carried out for 200 incident parti-
cles spaced uniformly between the planes(i.e varying the initial transverse displacement z, from
-i%dpan —2—11 The trajectory is traced by numerically integrating (equation 4.1)for a given initial
P (Y =,), (= x,) and z(= z,). A particle is said to be dechanneled if it penetrates within a
minimum impact parameter r. = 1.25ap of that atomic plane. When a particle crosses the first
interface (z = g,5 = 1) there should be a change in v by an amount equal to —A. At second
interface (z = 2s,7 = 2), this amount should be +A% because of opposite tilt. We have used
this criterion for checking the program for various values of A+ and . Distributim;uf x, and v,
are tabulated and sorted to give the depth profile of dechanneling. Total distributibn of incident

particle is normalized to unity which implies that total dechanneling corresponds to a situation

where yield x becomes unity. All the numerical calculations were carried out at MicroVax II

system with the help of IMSL Math/Lib™.

4.2 Modified Harmonic Model

Let 1. be the critical angle for channeling, and = be the critical distance defined such that

Tmin = Gp/2 — .. Since the transverse energy is conserved, critical transverse energy I, . can

be written as

E¢! = Y(x,) (4.94)
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Equation (4.90) can be smplified if the potential is approximated by a simple harmonic
potential, Yz(x) o< x?, giving

(dx/dz)? z’
— 3 = =7 (4.95)

In the modified-harmonic model all particles have the same wavelength (equation 4.92) because
of the harmonic nature of the potential and motion of a particle in the phase plane is on a circle of
radius r, with co-ordinates (2x/xz.,(dz/dz)/v.) as shown in figure 4.1 [8, 9]. (For simplicity the
critical distance z. on the phase circle was shown as dp/2 ). Unit circle (Fig. 4.1) corresponds
to critical transverse energy for particles to remain channeled [10]. A uniform incident beam of
particles is represented by a horizontal line Son a diagram of normalized transverse momentum
(angle) versus normalized lateral position in the channel. This assumption is possible because
in harmonic approximation the wavelength is independent of transverse energy [8]. For larger
incident angles (+%,), the line will be placed higher above the x - axis and for negative incident
angles the line will be placed below the x - axis. This line rotates as the channeled beam penetrates
the crystal, and undergoes a vertical shift at each interface according to sign and magnitude of
the tilt A+ [4]. Since the path length per layer sis haf the wavelength (A) of the beam (See Fig.
4.2), while penetrating each layer the beam changes its direction. At the interface the crystal
plane also changes its direction by A with respect to the sign of the incident angle. Thus,
the angle of the channeled particles relative to the crystal planes increases at each interface until
they become sufficiently large so that continuum potential can no longer restrict the motion of
the particles with in the plane and consequently dechanneling of the particles occur. Since the
outer circle corresponds to the maximum transverse energy for which particles remain channeled,

the complete dechanneling situation corresponds to the shifting of line S completely outside the
circle (shown in Fig. 4.1.)
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Fig 4.2: (a) The trajectory of a planar channeled particle. d, is the inter-
planar spacing, r. is the minimum impact paramter for channeling, ¥ is the
incident angle and a is the amplitude of motion of a charged particle. (b)
Schematic diagram of <110> planar channel of an SLS. Ay isthe tilt angle
and sis the path length per layer of the SLS.



4.3 Results and Discussions

The calculated trajectories for 1.2 MeV ‘Hechanneled in a SLS for incident angles ¥, = — Av/2
and v, = +Av /2 respectively are aso shown in figure 4.1 from where it is evident that there
is a delay in depth for catastrophic dechanneling of one layer for ¢, = —A+v'/2 case. Since the
starting line in the phase plane is below the origin for particles incident at an angle ¥'» = — Av"/2,
its evolution out of the circle at each interface trails that of particles incident at an angle v, =
+Avy /2 by exactly one layer.

Moving the incident angle to increasingly larger negative values shifts the line Slowe r on the
unit circle and there Py delays the focusing of the channeled particle into the planar wall [10].
It can be inferred from above mentioned phase-plane analysis, that if one reduces the incident

direction ¢, by A% it delays the depth of the CDR by one layer. Let D (v,) denote the depth of
the CDR,then

De(y,) = De(t = A¢) = -1 (4.96)
and hence
AD.(v,) -1
— 4.97
i o (4.97)

Thus the CDR depth versus incident angle should have an average sope —1/A+ and thus be
a measure of strain in the Srained Layer superlattices. Using the phase plane analysis we can
calculate the CDR depth as a function of incident angle .. It can be shown that the jumps in

the CDR depth at interface j occur at the corresponding incident angle 4, such that [9]

J =1 = 9% J/AY(A = o /tPm) (4.99)

Where A = [1 - (1 — x.)d,/2z.)%]"/*and x. is the dechanneling level. The Catastrophic
Dechanneling depth increases when the angle of incidenceisvaried from—v, to+, andisshown
explicitly in figure 4.3. The calculations were done for the dechanneling depth corresponding to

a dechanneling level x.= 0.85 (i.,e. 85 % of the particles were dechanneled at this depth).



Thus slope of the lino in figure 4.4 which is calculated using modified harmonicapprozrimation
(equation 4.98) is equal to the reciprocal of tilt angle Al". This model alows rapid evaluation
of results without the extensive numerical calculations. The staircased structure shown for CDR
depth calculations using Molicre potential contains both strain and potential information and
to a first approximation, the slope of the straight line passing through these staircased structure
is equal to the reciprocal of the strain tilt angle Av.

This CDR study has been made in the energy range of 0.5 to 2.0 MeV to folow up the
experiments at the low energy accelerators available in India. We can still go further down in the
energy range but then one has to consider the electronic energy loss of the probe beam in SLS.
As mentioned earlier, CDR technique can be effectively used to determine the strains in SLS; its
sensitivity is due to the fact that the tilt angle A+ is of the order of critical angle for channeling
. [4]. This calculation is done for Ing.GaosAl GaAs,200 A, six layered each (s=282.2 A ) and
Ing1GaggAs/GaAs,300 A , six layered each (s=424.26 A) assuming that this thickness is within
the critical layer thickness of the sample such that misfit dislocations are not generated. The
probe is He'. The average dechanneling fraction xin the second layer is taken as the criterion for
fixing the CDR energy. For Ing.GagsAs/GaAgase, Ay = 0.782° and since the critical angle for
channeling is less than the tilt angle, (). = 0.39° for 0.7 MeV He' ions) the complete dechanneling
of the probe beam occurs at the second layer itself (Fig 4.5) indicating thereby that this sample
is not suitable for CDR studies. The critical angle and the tilt angle are in competition with each
other and this calculation is done assuming two tilt angles. For Ing,GaygAs/GaAwye find the
CDR energy to be 12 MeV by varying the energy over a considerable range. This is shown in
figure 4.3 which shows the depth Vs dechanneling fraction for (i) +0.15° (ii) 0° and (iii) —0.15¢
incident angles. We have assumed here atilt of 0.2° at each interface which we had experimentally
determined in an earlier study [7], on these samples. Incident Angle Asymmetry (1AA) is observed
wherein the particles that are incident at an angle in positive direction are dechanneled between
the 2nd and 3rd layer whereas those with 0° incidence and negative angle incidence go quite deep
inside. This asymmetry in the incident angle can be understood qualitatively from the phase

plane analysis based on modified harmonic model discussed above [8, 9].
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Chapter 5

CONCLUSIONS

With a preview to ion channeling, the dechanneling due to defects in solids and the utilization of
ion channeling for defects and/or strain in synthetically modulated structures like semiconduc-
tor superlattices have been addressed to, in this thesis. The first extensive and comprehensive
treatment of channeling is that due to Lindhard [1] with the following assumptions that (i) angles
of scattering for a particle are small, and (ii) collisons occur with one string or plane of atoms
at a time. This continuum approximation due to Lindhard describes completely the channeling
phenomena, and provides analytically handy expressions. The case of a particle in-e channeled
in a crystal with point defects and/or with extended defects (like stacking faults or dislocations)
need to be addressed to, in detail. A detailed knowledge of interatomic potentials for such chan-
neled particles is needed for proper understanding and interpretation of various observations.
Utilization of ion channeling for defects studies and characterization is another area of special
interest. This thesis is an effort to address these two problems and hence is divided into two
parts viz. (i) theoretical work on the interatomic potential for a positively charged particle,
channeled in a crystal with point defects and (ii) characterization of Strained-Layer Superlattices
(SLS) by channeling and comparg it with other characterization techniques like XRD and Raman
Spectroscopy.

The interaction potential between a positively charged probe particle and impurities in alattice
(target) has been discussed in detail. Extensive research has been done regarding the interatomic
potentials which were derived by various methods; each of them applicable to a certain regime.
Out of these, Lindhard's potential [1], statistical potential, power law potential proposed by
Pathak[2], exponential forms like Moliere potential [3 and the Biersack's Universal potential [4]

are most frequently used potentials [5]. At small nuclear seperations, the most appropriately-used-
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is the screened Coulomb potential with a screening function given by the Thomas-Fermi model
[6]. This model possesses the distinct advantage of simplicity combined with increasing validity
for heavier atoms, apart from providing an initial hypothesis for some of the reliable theoretical
potentials at close separations.

The interaction between an external probe particle and a host lattice with dmpuritiesis
described by a modified sereened Coulomb potential which is based on the static screening
concept connected to a dielectric function €(g). The formulation is then extended to include higher
order terms in the dielectric function which defines the screening parameters of this potential. This
IS covered in chapter 2 aong with a discussion on the pions and muons in materials research. The
weakly decaying nature of the potential thus derived manifests itself in dechanneling process and
scattering cross-section. The formulation aso highlights the role played by the atomic electrons
of the impurity and conduction electrons of the host lattice. The dechanneling cross-section,
which is then derived for this modified double screened potential for a-particles dechanneling by
hydrogen or carbon impurities in palladium crystal and muon dechanneling by oxygen impurity
in tantalum, is modified for various charge states of impurity in different planar directions, when
the effect of both the atomic electrons of the impurity and conduction electrons of the host lattice

are considered. These are compared with earlier calculations and available experimental results
and are tabulated [7].

Rutherford Backscattering Spectroscopy /Channeling is a very powerful technique using which
one can determine the thickness, composition, uniformity defect densities and. can be readily
applied to superlattices [8, 9, 11]. lon channeling is a special case of RBS and is one of the
sensitive characterization techniques which provides a measure of crystalline quality. It aso dlows
one to determine the strain in epitaxial layered structures. This is accomplished by carrying out
angular scans along the off-normal axis using which, the strain in the epilayers is evaluated [10].
The difference between the dips on angular axis of these angular scans between epitaxia layers
is a direct measure of the strain between the layers. We have grown some samples of SLS at the
OMVPE facility of TIFR, Mumbai. Chapter 3 of the thesis covers the growth and characterization
of SLS by lon Channeling, which is compared with XRD and Raman Spectroscopy.



Strain values in such technologically important SLS can aso be found out by empirical formula

based on Vegard’s law.
Aln,Ga;_.As = TAInAs + (1 - *T')”'(JQA.-; (599)

and the lattice constants aceds = 5.6532 Aand a4 = 6.0584 A, we find s i Caysde = D.6937T
A. In table 3.2, we have tabulated the results of strain analysis by ion channeling, HRXRD and
Raman Spectroscopy.

Another method of determination of strain in SLS by ion channeling is based on a resonance
condition in which if the period of SLS structure matches with the average channeled-particle
wavelength, there will be arapid increase in dechanneling aft: r a certain depth. This phenomenon
is called Catastrophic Dechanneling Resonance CDR and occurs when the haf wavelength (%)
of the oscillatory motion of the channeled ion matches with the path length per layer (s) of
the SLS [12]. This technique is attractive for strain analysis afid at very low strains: it is the
most sensitive of al the ion-channeling techniques for strain measurements. In contrast, axial
channeling angular scan is the most versatile; each layer strain can be determined over a wide
range of strain magnitudes and layer thickness for both single-strained layers and superlattices.
C' D Rdependence on various parameters like energy of the incident ion, incident angle, tilt angle
etc. have been studied using Molicre potential have been carried out on IngGaysAs/ GaAs and

Ing1GageAs/GaAsuperlattices with Hed as the probe dong the (110) direction [13]. CDR

studies are described in detail in chapter 4 of the thesis.

5.1 Future Plan of Work

We have developed a theoretical formulation for dechanneling by point defects. The dechanneling
cross-section of a-particles in palladium with carbon and hydrogen impurities and muons in
tantalum crystals with oxygen impurities are calculated along various planar directions. The
interaction potential used here is a modified double screened potential; the screening effects have
been incorporated using dielectric mechanism including the higher order terms in the Fourier

component of the screening potential. This gives fluctuations in the local charge density (Friedal



oscillations). To get a better perspective of this interaction, the obvious choice is to gencralizce
the screening effects to incorporate the electron-electron interaction and work in this direction is
in progress.

Ing1GayyAs/GaAssamples were grown, systematically varying the thickness of the samples
from 100 A to 500 A keeping the indium constant. lon channeling has been carried out at
Institute of Physics, Bhubaneswar; High Resolution XRD has been carried out at Tata Institute
of Fundamental Research, Mumbai and Raman Scattering work has been done at Indira Gandhi
Centre for Atomic Research, Kalpakkam. The analysis is carried out from the point of view of
theory of Matthews and Blackeslee on the onset of misfit dislocation upon strain relaxation.

All aong, the samples were grown keeping the composition of indium constant and varying the
thickness systematically. We plan to grow some samples keeping the thickness constant and vary
the composition of indium systematically and then characterize them by ion channeling, in order

to complete the study of the onset of misfit dislocations at a given thickness and composition.
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